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Preface

Iron-sulfur (Fe-S) clusters are versatile prosthetic groups that enable their associated 
proteins to perform numerous functions, ranging from electron transport to substrate 
ligation, structural support and DNA repair. Fe-S proteins did not become a focus of 
research until the late 1950’s, when spectroscopy techniques evolved sufficiently to 
identify features that were specific for Fe-S clusters. Initially identified in mamma-
lian succinate dehydrogenase, Fe-S clusters were subsequently found in numerous 
bacterial proteins that performed complex functions, including nitrogenase, which 
transforms atmospheric nitrogen into ammonia, generating an accessible source of 
nitrogen for synthesis of proteins and nucleic acids. Understanding how Fe-S clusters 
and proteins work has occupied many scientists for decades, and important break-
throughs regarding the mechanisms of nitrogenase and hydrogenase have occurred 
in just the last few years.

Not only is it a challenge to understand how Fe-S proteins work, but it is also 
a challenge to understand how Fe-S clusters are synthesized and inserted into Fe-S 
proteins in living organisms. Studies originally performed in bacterial model systems 
have revealed basic mechanisms of biogenesis that are conserved in all the kingdoms 
of life. Moreover, it has become apparent that flaws in the Fe-S assembly process 
cause several human diseases. As a result, biomedical researchers working on the 
 pathophysiology of rare diseases such as Friedreich’s ataxia have begun attending 
conferences at which chemists and physicists discuss Fe-S research based on complex 
spectroscopic studies and computational analyses. Researchers from different ends 
of the spectrum have struggled to bridge the large gap between the physics and chem-
istry of Fe-S clusters and the important biological questions associated with their 
functions. 

Despite a growing need for cross-disciplinary communication, there was no 
single book devoted to Fe-S proteins that provided a basic and broad overview of the 
subject as it evolved over the last several decades until the first edition of this book 
was published in 2014. This book represents the second edition of “Iron-sulfur clus-
ters in chemistry and biology”, which was written to make the subject of Fe-S proteins 
more widely accessible to students and researchers by including a short history of 
Fe-S research, chapters that highlight the unique chemistry of Fe-S clusters and tech-
niques important in analysis, and reviews from leading researchers on well-known 
Fe-S proteins such as nitrogenase and hydrogenase. In addition, numerous chapters 
focus on Fe-S synthesis and regulation in model organisms, and in mammalian bio-
genesis, DNA metabolism and human disease. Concluding with a discussion on the 
potential role of Fe-S clusters in capturing reducing power and contributing to the 
origin of life on earth, the final chapter touches on questions about how metabolic 
pathways initially developed. Because of the rapid growth of the field, this book is now 
divided into two volumes. The first volume focuses more on fundamental  chemistry 
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and important enzymatic mechanisms. The second focuses more on Fe-S  proteins 
in biological systems, the mechanisms by which Fe-S clusters are synthesized and 
correctly targeted to recipient proteins, and important regulatory functions of Fe-S 
proteins. Multiple chapters were updated to reflect rapid progress, and new chapters 
were added to expand coverage of methodologies used for characterization of Fe-S 
proteins, chemical principles that render Fe-S clusters unique, including their sensi-
tivity to nitric oxide, and roles in DNA signaling and repair. Other new chapters cover 
the Fe-S biogenesis process in E. coli, new insights into how Fe-S recipient proteins 
acquire their clusters, and expansion of the chapters on human diseases that result 
from failures of Fe-S protein biogenesis and function.  

I am indebted to my many outstanding and generous colleagues, who spent con-
siderable time and effort in writing the chapters in this book. I hope that this book will 
be useful to those interested in the subject of Fe-S from many different perspectives, 
and that researchers from related disciplines will gain a greater sense for the context 
of their own work. 

I want to thank Stephanie Dawson, who perceived that there was an unmet intel-
lectual need and initiated this project in 2014 while she was an editor at De Gruyter. 
I also gratefully thank Julia Lauterbach, Ria Fritz, Anne Hirschelmann, and Vivien 
Schubert of De Gruyter for their tireless support and guidance in turning this book 
into a reality. My family and friends have graciously supported me when I needed 
time to work on the project long known to them as “the book”, and I’m thankful for 
their help.  

Tracey Rouault, July, 2017
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1  A retrospective on the discovery of [Fe-S]  
cluster biosynthetic machineries  
in Azotobacter vinelandii
Patricia C. Dos Santos and Dennis R. Dean

1.1 Introduction

Iron-sulfur clusters ([Fe-S]) clusters are inorganic prosthetic groups that participate in 
many essential life processes. Despite their relatively simple structures, the biological 
assembly of [Fe-S] clusters is complicated and the defining features of the process 
have only emerged over the past two decades. The biosynthetic process involves two 
principle interacting proteins, an l-cysteine desulfurase and a molecular assembly 
scaffold. In this chapter, a retrospective is provided that describes the initial discovery 
of the mechanism for the assembly of [Fe-S] clusters in the nitrogen-fixing organism 
Azotobacter vinelandii. Why and how the study of biological nitrogen fixation ulti-
mately contributed the key insights into the general process of [Fe-S] cluster assembly 
is described.

Beinert, Holm, and Munck, pioneers in the field of bioinorganic chemistry, have 
aptly described biological iron-sulfur clusters ([Fe-S] clusters) as nature’s modular, 
multipurpose structures [1]. What are [Fe-S] clusters, why do they exist in nature, 
and why are they so important to so many biological processes? [Fe-S] clusters were 
originally discovered as inorganic prosthetic groups composed exclusively of iron 
and sulfide contained in a class of redox-active proteins denominated as ferredoxins 
[2, 3]. Ferredoxins are electron/proton carrier proteins that contain [Fe-S] clusters, 
usually in the form of rhombic [2Fe-2S] or cubane [4Fe-4S] clusters (Fig. 1.1). [Fe-S] 
clusters are most often covalently attached to their cognate protein partners through 
cysteinyl thiolate ligation to their metal sites, although other ligation modes are also 
known to exist and not all of the metal sites are necessarily coordinated by a pro-
tein-donated ligand [4]. Ferredoxins represent a specialized class of a wide variety 
of proteins, now generically designated as [Fe-S] proteins, that contain one or more 
[Fe-S] clusters. It is the capacity of [Fe-S] clusters to exist in multiple oxidation states 
that endows [Fe-S] proteins with their ability to serve as electron/proton carriers. 
Indeed, the reversibility of redox properties of [Fe-S] proteins is an integral aspect 
of  essential energy transducing processes in nitrogen fixation, photosynthesis, and 
respiration. The key involvement of [Fe-S] clusters in such life-sustaining processes 
is intimately linked to the wide range of redox potentials they can attain as a conse-
quence of their respective polypeptide environments [5]. However, the ability of prote-
ins to tune the redox potentials of their cognate [Fe-S] clusters is not the only feature 
of [Fe-S] clusters exploited by nature. The chemical and structural versatility of [Fe-S]  
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2   1 [Fe-S] cluster biosynthetic machineries in A. vinelandii

clusters, uniquely achieved by combining the individual chemical properties of Fe 
and S, has enabled [Fe-S] proteins to fulfill other important biological roles inclu-
ding activation of substrates for chemical transformations, serving as environmen-
tal sensors, providing structural determinants within proteins, and functioning as 
agents of gene regulation [4, 6].

Although [Fe-S] clusters play a central role in many biological processes, there is 
also a significant penalty associated with their use. Indeed, Fe2+ and S2−, necessary 
for both the assembly and disassembly of [Fe-S] clusters, are toxic to a wide variety 
of cellular processes in aerobic organisms. How then did [Fe-S] clusters become so 
pervasive in biology? The answer to this question is not known for certain but could 
be linked to the “iron-sulfur world” theory, which proposes that chemical reactions 
associated with formation of the organic building blocks necessary for the emergence 
of life on earth occurred on metal-sulfur surfaces in the highly reducing environment 
of prebiotic earth [7, 8]. Certain aspects of such chemistries might have been captured 
in primordial organisms in the form of [Fe-S] clusters, particularly when considering 
that facile “spontaneous” assembly of [Fe-S] clusters occurs under reducing condi-
tions. This possibility finds some credence when it is considered that life likely origi-
nated in an anoxic environment in which free Fe2+ and free S2− did not pose the same 
risk as is associated with the oxygen-saturated environment that dominates life on 
earth today. For example, the potential for lethal formation of reactive oxygen species 
(ROS) through Fenton chemistry did not exist for emergent life forms. This luxury 
was eliminated, however, by the advent of oxygenic photosynthesis, which gradually 
converted the biosphere from a reducing environment to a primarily oxidizing envi-
ronment. Given that fundamental life sustaining processes requiring [Fe-S] clusters 
were almost certainly well developed by the time photosynthesis emerged, the spon-
taneous assembly of [Fe-S] clusters from free Fe2+ and S2− could not possibly continue, 
even if that was the case in primordial life. What this means is that at some point 
during evolution and certainly upon transition of earth to an oxidizing atmosphere, 
living organisms needed to develop a way to construct [Fe-S] clusters such that free 
Fe2+ and free S2− were not required [9, 10]. In other words, these elements needed to 
be trafficked and combined in nontoxic forms or living organisms needed to evolve 
alternative strategies to replace the many functions supplied by [Fe-S] proteins.

Considering the importance of [Fe-S] clusters in sustaining essential life proces-
ses [11] as well as the striking structural simplicity of most [Fe-S] clusters, it might 

[2Fe –2S] [3Fe –4S] [4Fe –4S]

Fig. 1.1: Simple [Fe-S] cluster types found in nature.
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seem curious that so little was known about their biological assembly until relatively 
recently. However, as is discussed in this narrative, there are very good reasons why a 
fundamental understanding of the assembly of [Fe-S] clusters took so long to develop 
when compared with our understanding of the biosynthetic pathways for formation 
of many other organic cofactors. One reason is that the critical importance of [Fe-S] 
clusters to so many biological processes prevented fortuitous discovery of assem-
bly factors in genetic screens because assembly factors were necessary for survival. 
Another reason is that the structural simplicity of [Fe-S] clusters, and the ability 
to form them spontaneously in situ from free Fe2+ and S2−, failed to inspire serious 
inquiry into potential mechanisms for their biological formation. In this chapter, we 
provide a retrospective about the work using the bacterium Azotobacter vinelandii, 
and studies on the specialized process of biological N2 fixation, that ultimately led to 
some of the key insights about the [Fe-S] cluster assembly process.

1.2 An introduction to nitrogenase

Serendipity is defined as the accident of finding something good or useful while not 
specifically searching for it. Initial work on nitrogenase was not aimed at understan-
ding how simple [Fe-S] clusters are formed in biological systems. Instead, the focus 
was directed at understanding the genetic determinants and chemical mechanism of 
biological N2 fixation, an essential contributor to the biogeochemical nitrogen cycle. 
Here we discuss some of the general features of the enzyme nitrogenase, the catalytic 
component of N2 fixation, and the initial approaches that were used to explore its 
function [12, 13]. It will be seen that, by both chance and design, these approaches 
inexorably led to the discovery of unifying features involved in the assembly of simple 
[Fe-S] clusters necessary to sustain cellular metabolism.

Simple rhombic [2Fe-2S] and cubane [4Fe-4S] clusters (Fig. 1.1), composed only 
of Fe and S, represent the dominant forms of [Fe-S] clusters in biological systems 
[4]. However, there are also other types of [Fe-S] clusters that have higher nuclearity, 
those that contain another metal in addition to Fe, and those that also contain organic 
constituents [13, 14]. A broad spectrum of [Fe-S] cluster types can be found in nitroge-
nase, the enzyme that catalyzes the nucleotide-dependent reduction of N2 to yield two 
molecules of ammonia (NH3) (Fig. 1.2). Nitrogenase is a two component enzyme that 
contains a canonical [4Fe-4S] cluster, involved in electron transfer, a novel [8Fe-7S] 
cluster (P-cluster) that also serves as an agent of electron transfer, and a [7Fe-9S-Mo-
C-homocitrate] cluster (FeMo cofactor, or FeMoco), which contains molybdenum (Mo) 
and provides the site for N2 activation and reduction [15]. One component of nitro-
genase is called the Fe protein, a name derived from the observation that it contains 
a single [4Fe-4S] cluster bridged between two identical subunits. Each Fe protein 
subunit also contains a nucleotide-binding site. The other component of nitrogenase 
is called the MoFe protein, a name derived from the fact it contains FeMoco. The MoFe 
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4   1 [Fe-S] cluster biosynthetic machineries in A. vinelandii

protein is an α2β2 heterotetramer that, in combination with two Fe proteins, appears 
to contain two independent catalytic units. One P-cluster is located at the interface of 
each MoFe protein αβ interface and one FeMoco is buried entirely within each MoFe 
protein α subunit. During catalysis, the Fe Protein and MoFe protein cycle through a 
series of sequential single electron transfer events and each cycle is coupled to the 
binding and hydrolysis of two ATPs. FeMoco becomes activated for N2 binding and 
reduction once the MoFe protein has accumulated a sufficient number of electrons 
that have been delivered by the Fe protein [16].

Models for how intermolecular electron transfer is coupled to nucleotide hydro-
lysis, where and how nitrogenase substrates interact with FeMoco, and how FeMoco 
is activated for substrate binding have been proposed [17–19]. These models were 
developed through application of the biochemical-genetic approach described in 
a following section, advanced spectroscopic analyses, and consideration of high-
resolution crystallographic structures of the Fe protein and MoFe protein. However, 
when the biochemical-genetic approach for analysis of nitrogenase structure and 
function was initiated, the structures of nitrogenase proteins and their associated 
metalloclusters were not known, nor was the identity, organization, and function of 
genes associated with formation of an active nitrogenase understood. During the late 
1970s, a variety of approaches were undertaken with the goal of understanding how 
nitrogenase functions at the mechanistic level and how the complex [Fe-S] clusters 

2 NH3 � H2

e�

e�
N2 � H�

Fig. 1.2: Mo-dependent nitrogenase and its associated [Fe-S] clusters. (left) Ribbon representation 
of a Mo-dependent nitrogenase catalytic unit. The MoFe protein α-subunit is shown in light blue, 
and the β-subunit is shown in dark blue. The Fe protein is shown in a complex with the MoFe 
protein, and the identical Fe protein subunits are indicated in light and dark green. Nucleotides 
bound to the Fe protein and the associated [Fe-S] clusters are shown as space-filling models. (right) 
Ball-and-stick representations of the nitrogenase-associated [Fe-S] clusters: [4Fe-4S] cluster (top), 
[8Fe-7S] P-cluster (center), [7Fe-9S-C-Mo-homocitrate] FeMoco  structure from PDB 3U7Q (bottom). 
The electron flow direction and site of nitrogen reduction is indicated.
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associated with its activity are formed [20, 21]. There were two practical reasons for 
wanting to understand the mechanism of nitrogenase at the chemical level as well as 
for understanding the pathways involved in assembly of its associated [Fe-S] clusters. 
First, a mechanistic understanding of nitrogenase might be useful for the develop-
ment of synthetic biomimetic catalysts for N2 reduction. Second, attempts to endow 
higher plants with the capacity to produce their own nitrogenous fertilizer necessa-
rily depend on a fundamental understanding of the genetic and biochemical determi-
nants required for formation of an active nitrogenase.

Attempts to elucidate the organization and function of genes associated with 
nitrogenase predated the availability of genomic sequences. The pioneering work in 
this area of research was performed in the late 1970s and early 1980s and used the 
N2-fixing facultative anaerobe Klebsiella pneumoniae as an experimental organism. 
As a starting point, this work involved the isolation of mutant strains having point 
mutations or insertion mutations that resulted in a defective capacity for N2 fixation 
[22, 23]. The chromosomal position of each mutation was subsequently determined 
by classical genetic mapping technologies using phage transduction and three factor 
crosses, and the individual proteins affected were identified by protein mobility shifts 
that could be recognized by analysis of mutant crude extracts using two-dimensional 
gel electrophoresis [24–28]. In retrospect, it is amazing that, without the benefit of 
DNA sequencing technology, nearly every gene associated with N2 fixation in K. pneu-
monia, collectively designated as nif genes (for nitrogen fixation), was correctly iden-
tified in this way, as were their relative chromosomal locations, and their organization 
into transcriptional units (Fig. 1.3) [29, 30].

NIF

NIF (major)

ANF

VNF

A. vinelandii

K. pneumoniae

NIF (minor)

H D K T Y E N X U S V W Z M F L A B Q

13 H D T YK NE X 3 4 fesl 11 iscAn S12 1 2 10 5 U V cysE 8 W Z M clpX F

R DK H A anfUO G
L fdxOQ rhdA B grx5n

Y DK H X vnfUFG N E A

Fig. 1.3: Nitrogen fixation-associated gene regions in K. pneumoniae and A. vinelandii. The 
organization of gene regions for the three nitrogen fixation systems, Nif, Anf, and Vnf, is indicated. 
Genes encoding nitrogenase catalytic components are shown in light gray; genes known or 
suspected to be involved in [Fe-S] cluster assembly or trafficking are shown in black.
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Once the fundamental genetic determinants necessary for N2 fixation by 
K. pneumoniae were established, a variety of investigators turned their attention to 
A. vinelandii as the experimental organism because (i) A. vinelandii fixes N2 under 
aerobic growth conditions, making large-scale growth possible without requiring 
specialized fermentation facilities, (ii) this bacterium abundantly produces nitro-
genase when grown under conditions that impose a need for N2 fixation, (iii) it is 
tractable to facile genetic manipulation, and (iv) it produces multiple, genetically 
distinct, forms of nitrogenase (discussed later). A. vinelandii turned out to be an 
excellent choice as an experimental organism and proved to be instrumental in 
advancing the current mechanistic understanding of N2 fixation. For example, the 
highest resolution structures currently available were produced using nitrogenase 
isolated from A. vinelandii [31–33]. Also, current mechanistic models for nitroge-
nase are based on interpretation of biochemical and biophysical analyses of altered 
nitrogenases produced by mutant strains derived from A. vinelandii [15]. Finally, a 
comprehensive understanding of the mechanism for assembly of FeMoco, which 
provides the N2 activation and reduction site, has emerged from studies on compo-
nents isolated from A. vinelandii [34, 35].

Foundational work using K. pneumoniae proved to be valuable when investiga-
tors initiated serious studies on the biochemical-genetic analysis of N2 fixation in 
A. vinelandii because it provided a genetic roadmap and a baseline analysis for estab-
lishing gene-product relationships. Early efforts to construct a physical map of genes 
involved in N2 fixation in A. vinelandii revealed a much more complex picture than  
that established for K. pneumoniae (Fig. 1.3) [36, 37]. For example, not all A. vinelandii 
genes associated with N2 fixation are physically linked on the genome, as was true  
for K. pneumoniae. Also, there are many more N2 fixation-associated genes in A. vine-
landii when compared with K. pneumoniae. Finally, it was discovered that A. vinelandii 
encodes three genetically distinct N2-fixing systems, two of which do not require Mo 
for their respective activities [38]. One of these is designated as the “V-dependent” nit-
rogenase [genetically indicated as vnf because its counterpart to the FeMoco  contains 
the transition metal, vanadium (V) in place of Mo]. The other is designated as “Fe-
only” nitrogenase (genetically indicated as anf) because it represents a counterpart 
to the FeMoco in which Fe substitutes for the Mo atom [39–41]. There is a hierarchy 
of physiological expression of the different nitrogenases. Notably, the  V-dependent 
enzyme is expressed only when Mo is not available in the growth medium but V is 
available. The Fe-only nitrogenase is expressed only when neither Mo nor V is availa-
ble in the growth medium. Such hierarchical expression of genes that encode the 
different nitrogenases might reflect the catalytic efficiencies of the corresponding 
enzyme systems, with the Mo-dependent enzyme being the most efficient and the 
Fe-only enzyme being the least efficient [42]. Although the catalytic components of 
the different nitrogenases are genetically distinct, they all appear to share common 
mechanistic features. The entire suite of genes associated with all three systems was 
ultimately established by determination of the genome sequence of A. vinelandii and 
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transcriptome analyses of gene expression under conditions favoring each of the res-
pective systems (Fig. 1.3) [43–46].

1.3  Approaches to identify gene-product and product-function 
relationships

Two related biochemical-genetic approaches were initially used to establish gene-
product and product-function relationships in N2 fixation [12] prior to the advent of 
the field now known as genomics. The first of these involved searching for mutant 
strains defective in N2 fixation followed by identification of the affected gene, and 
subsequent characterization of the specific biochemical phenotype associated with 
loss of that function. The second approach used in vitro biochemical complemen-
tation experiments, involving the mixture of extracts, or purified proteins, prepa-
red from separately isolated mutant strains that were each defective in a particular 
function, in an attempt to rescue a biochemical function. The power of such classical 
approaches, first developed in the 1940s, has been tremendously augmented over 
the past several decades through application of recombinant DNA technologies and 
the capacity for rapid and accurate DNA sequence analyses. Among the many tools 
now available to researchers that have been applied to the analysis of N2 fixation are 
included: (1) prediction of possible functional features based on deduction of primary 
structures from DNA sequences; (2) heterologous production of proteins at prodigious 
levels using recombinant expression plasmids; (3) directed in vitro mutagenesis and 
gene replacement; and (4) placement of affinity tags within a gene that encodes a 
protein of particular interest to facilitate its purification for subsequent biochemical 
analysis. We now describe how these technologies, in combination with the classical 
biochemical-genetic approach, were applied to provide an understanding of some of 
the basic features associated with N2 fixation-specific [Fe-S] cluster formation.

1.4  FeMoco and development of the scaffold hypothesis  
for complex [Fe-S] cluster formation

Two aspects of N2 fixation make it particularly amenable to application of the 
biochemical-genetic approach for the study of [Fe-S] cluster biogenesis. First, the 
ability to fix N2 is dispensable for the growth of N2-fixing organisms when an alterna-
tive nitrogen source, for example, ammonia, is supplemented in the growth medium. 
In other words, mutant strains defective in N2 fixation grow normally and are indis-
tinguishable from wild-type strains, unless they are cultured under conditions that 
demand N2 fixation [47]. The other reason N2 fixation is amenable to biochemical-
genetic analysis is that nitrogenase is a very poor catalyst [48], and therefore, it must 
be produced at very high levels to sustain growth under conditions that demand N2 
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8   1 [Fe-S] cluster biosynthetic machineries in A. vinelandii

fixation. Consequently, N2-fixing cells also have a high demand for the acquisition of 
the Fe and S needed for assembly of nitrogenase-associated [Fe-S] clusters. It is the 
conditional dispensability of the capacity for physiological N2 reduction as well as the 
high levels of nitrogenase production in N2 fixing cells that proved to be important 
aspects in the discovery of how Fe and S are combined for formation of both complex 
and simple [Fe-S] clusters.

It has already been noted that the FeMoco  provides the site for N2 binding and reduc-
tion. This feature was firmly established using a variety of experimental methods, but 
there were two, simple, but elegant, approaches that first led to discovery of FeMoco 
and subsequently to the concept of a molecular scaffold involvement in complex [Fe-S] 
cluster assembly. In the early analysis of mutant strains defective in N2 fixation, several 
mutants that were specifically defective in MoFe protein activity but lacked mutations in 
the structural genes that encode the MoFe protein, nifD or nifK, were identified (Tab. 1.1). 
Rather, these mutant strains had mutations in genes designated nifE, nifN, or nifB [12, 30]. 
It was then discovered that extraction of purified MoFe protein using a chaotropic organic 
solvent, N-methyl formamide, released a factor that contained Fe and Mo, which could be 
added to extracts of nifB, nifE, or nifN mutants to reconstitute MoFe protein activity [49]. 
Because the released factor contained both Fe and Mo, it was designated FeMoco, and 
nifB, nifE, and nifN were recognized to be necessary for FeMoco formation.

Tab. 1.1: Gene-product relationships and phenotypes associated with selected  
A. vinelandii nif genes.

Gene Product and function Fe proteina MoFe 
proteinb

Required for V- and 
Fe-only nitrogenases

nifH Fe protein subunit NA NA No
nifD MoFe protein α-subunit A NA No
nifK MoFe protein β-subunit A NA No
nifE FeMo-cofactor assembly A NA No

scaffold α-subunit
nifN FeMo-cofactor assembly scaffold β-subunit PA NA No
nifB SAM-dependent C-insertion into FeMoco A NA Yes
nifU Simple [Fe-S] cluster assembly scaffold PA PA Yes
nifS Cysteine desulfurase PA PA Yes
nifV Homocitrate synthase A PA Yes
nifM Fe protein maturase NA PA Yes

cis-trans Prolyl-isomerase

a Fe protein activity (nmol of ethylene/min/mg of crude extracts) after addition of saturating levels  
of purified MoFe protein.
b MoFe protein activity (nmol of ethylene/min/mg of crude extracts) after addition of saturating 
levels of purified Fe protein.
A, activity detected ( > 50% of wild-type levels); NA, no activity ( < 1%); PA,  partial activity detected 
(5%–40%).
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It is now well understood that the biosynthesis of FeMoco  involves the products of 
nifE, nifN, and nifB as well as the participation of other nif gene products, for example, 
nifV, which encodes a homocitrate synthase (Tab. 1.1) [50, 51]. However, none of the 
specific functions of these proteins was known during the early development of the 
scaffold hypothesis for complex [Fe-S] cluster assembly. With respect to assembly of 
FeMoco, one possibility was that Fe, S, Mo, and organic constituents could be sepa-
rately inserted into the MoFe protein. Such an assembly path is analogous to on-site 
construction of a house within a neighborhood using brick, wood, and other const-
ruction materials separately delivered to the construction site. The other possibility 
was that FeMoco could be preassembled and then inserted into MoFe protein as an 
intact entity. This latter type of construction is analogous to the prefabrication of a 
house, followed by subsequent delivery of the house to the neighborhood. To diffe-
rentiate between these possibilities, extracts of mutant strains that do not produce 
MoFe protein but express functional products of all of the other nif genes were mixed 
with extracts of strains that are defective in nifE, nifN, or nifB, which all produce an 
inactive FeMoco-less MoFe protein [52, 53]. In this experiment, MoFe protein activity 
was reconstituted, demonstrating that FeMoco can be assembled in the absence of 
MoFe protein (produced in extracts that do not contain MoFe protein) and therefore 
must be pre-constructed and subsequently inserted intact into a cofactorless form of 
MoFe protein (produced in extracts of strains lacking NifE, NifN, or NifB function).

The above experiments were executed in the absence of any knowledge about the 
primary structure of NifE, NifN, or NifB and without direct knowledge about the distribu-
tion of the [Fe-S] clusters contained within the MoFe protein. However, there were already 
some clues available that made it possible to advance the “scaffold hypothesis” for for-
mation of FeMoco. The main premise of the scaffold hypothesis was that because FeMoco 
is synthesized separately from the MoFe protein, it could be anticipated that some aspect 
of assembly might occur on a molecular “scaffold” that duplicates certain structural fea-
tures of the MoFe protein, particularly within FeMoco-binding regions [54]. This hypo-
thesis was initially developed on the foundation of an apparent correlation between 
NifD (MoFe protein α-subunit) and NifE and between NifK (MoFe protein β-subunit) and 
NifN, respectively. Namely, it was already known from genetic mapping and two-dimen-
sional gel electrophoresis analyses that nifD and nifK were co-transcribed and expressed 
at approximately equal levels to each other and that nifE and nifN were separately co-
transcribed and expressed at approximately equal levels to each other, suggesting that 
the structural genes (NifD and NifK) were in a different operon from the cofactor assem-
bly genes (NifE and NifN). Furthermore, NifD was similar in size and isoelectric point to  
NifE, and NifK was similar to NifN [28, 55]. Elucidation of primary structures, deduced  
from DNA sequence analysis, did, in fact, reveal significant conservation in primary struc-
ture between NifD and NifE and between NifK and NifN, respectively [54, 56]. Particu-
larly rich sequence conservation between a segment of NifD and NifE, was observed in  
the region predicted to provide at least a portion of the FeMoco-binding pocket, on the 
basis of the NifD primary structure [57]. These observations provided powerful support for 
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10   1 [Fe-S] cluster biosynthetic machineries in A. vinelandii

the scaffold hypothesis and indicated that NifE and NifN might form a heterotetrameric 
complex that provides a transient site for an intermediate stage of FeMoco formation. The 
primary structural comparisons between NifD and NifE also suggested that FeMoco might 
be located entirely within the MoFe protein α-subunit and that the NifEN complex might 
contain another cluster, analogous to the MoFe protein P-cluster, bridged between the 
NifE and NifN subunits. All of these predictions turned out to be correct [58–60].

1.5 An approach for the analysis of nif gene product function

Details concerning other specialized aspects of FeMoco  assembly, for example, the 
formation and attachment of the organic constituent, homocitrate, and the insertion 
of the central carbide atom [35], will not be discussed in detail here, although some of 
these are summarized in Tab. 1.1. The topic of FeMoco assembly has been exhaustively 
reviewed [34, 35] and is discussed elsewhere in this volume. Nevertheless, as will be 
discussed below, efforts to understand the biochemical and regulatory functions of all 
the nif-associated gene products ultimately led to the discovery of general principles 
concerning how simple [Fe-S] clusters can be assembled on molecular scaffolds. In this 
regard, it is interesting and instructive that analysis of the assembly of nature’s most 
complex [Fe-S] cluster known to date, FeMoco, provided the conceptual starting point 
for understanding how simple [Fe-S] clusters are assembled on molecular scaffolds.

The size and complexity of the nif regulon, together with the fact that nitrogenase, 
and some of its assembly factors, are oxygen sensitive, prohibited transferring the entire 
system to a tractable host such as Escherichia coli for heterologous expression and sub-
sequent analysis. Instead, the ability to efficiently transform A. vinelandii using isola-
ted DNA, and the inherent capacity of this organism for frequent homologous recom-
bination, was exploited to place in-frame deletions within the A. vinelandii genomic 
region for each of the nif-associated genes, separately, and in various combinations [61]. 
This simple strategy (Fig. 1.4) involved the use of restriction enzymes to delete known 

AmpR

�

nifH nifK

nifH nifD nifK

Chromosome

Chromosome

Recombination

nifD�

Fig. 1.4: Diagrammatic representation of A. vinelandii mutant strain construction.  A specific 
deletion carried within a plasmid can be transferred to the chromosome by reciprocal 
recombination.
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 1.5 An approach for the analysis of nif gene product function   11

 segments of nif genes contained in recombinant plasmids and subsequent transfer of 
such deletions to the corresponding region of the chromosome through transformation 
and reciprocal recombination. The values of this approach were that the native orga-
nism could be analyzed without disrupting the coordination and balance of nif gene 
expression and the precise nature of every genetic lesion was defined.

Because nitrogenase activity requires both the Fe protein and the MoFe protein 
and because neither protein exhibits any catalytic activity in the absence of the other, 
mutants that are specifically defective in one component or the other can be readily 
identified by adding either purified Fe protein or MoFe protein to mutant strain ext-
racts in an attempt to reconstitute activity. One example of this type of experiment is 
that extracts of a mutant strain deleted for nifB exhibit no nitrogenase activity, but 
activity can be detected when isolated MoFe protein, or FeMoco  extracted from MoFe 
protein, is added to the crude extract [12]. Hence, NifB is required for formation of an 
active MoFe protein and, more specifically, for formation of FeMoco. It was this type 
of analysis that launched the discovery of the roles of NifS and NifU as representing 
nature’s minimum tool kit for formation of simple [Fe-S] clusters.

1.5.1  Phenotypes associated with loss of NifS or NifU function indicate their 
involvement in nitrogenase-associated [Fe-S] cluster formation

Strains in which either nifS or nifU were deleted revealed phenotypes that, in aggregate, 
distinguished them from all other N2 fixation deficient mutant strains (Tab. 1.1). These 
phenotypes included the following: (1) negligible growth when cultured in the absence 
of a fixed nitrogen source under conditions that require expression of the Mo-dependent 
nitrogenase, the V-dependent nitrogenase, or the Fe-only nitrogenase; (2) significant 
descrease in the activities of both the Fe protein and the MoFe protein in crude extracts; 
(3) loss of the dark brown color characteristic of extracts prepared from N2-fixing wild-
type cells in extracts prepared from nifU- and nifS-deletion strains [62–65].

A common feature of all three nitrogenase systems is that they require [Fe-S] 
clusters for their respective activities. Similarly, the common feature of the Fe protein 
and MoFe protein is that they also both require [Fe-S] clusters to sustain a functional 
nitrogenase. These considerations indicated that NifS and NifU might have comple-
mentary functions related to the mobilization of the S and Fe necessary to assemble 
both the simple and the complex [Fe-S] clusters associated with nitrogenase. Because 
the characteristic dark brown color of extracts prepared from N2-fixing cells is derived 
primarily from nitrogenase-associated [Fe-S] clusters, the relatively light color of NifS- 
and NifU-deficient extracts also implied that [Fe-S] cluster assembly was defective in 
nifS and nifU mutant strains. However, loss of NifS or NifU function does not comple-
tely eliminate nitrogenase activity [65] and therefore does not eliminate the assembly 
of nitrogenase-associated [Fe-S] clusters. This observation was interpreted to indicate 
that separate cellular functions, independent of N2 fixation, might replace the func-
tions of NifS and NifU but very inefficiently. In aggregate, these possibilities resulted 
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12   1 [Fe-S] cluster biosynthetic machineries in A. vinelandii

in the design of experiments that led to the discovery that NifS encodes a cysteine 
desulfurase involved in mobilization of S for [Fe-S] cluster assembly [66] and that NifU 
provides a molecular scaffold for the assembly of simple [Fe-S] clusters [67, 68]. They 
also led to an appreciation that the functions of NifS and NifU represent general fea-
tures of [Fe-S] cluster formation throughout nature [6].

1.5.2 NifS is a cysteine desulfurase

One technical problem associated with functional analysis of proteins involved in 
maturation of nitrogenase components is that such proteins are only produced at 
very low levels because they engage in multiple turnovers. Therefore, as a way to 
gain insight into the possible function of its product, the nifS gene was heterolo-
gously expressed at very high levels in E. coli using a recombinant plasmid cons-
truct. Purification and initial analysis of NifS produced in this way revealed that 
it was a homodimer that exhibited a visible spectrum characteristic of pyridoxal-
phosphate-dependent (PLP) enzymes [66]. Subsequent chemical analysis indeed 
confirmed that NifS contained PLP and, therefore, the possibility that l-cysteine 
is a substrate for NifS was investigated for the following reasons: (i) PLP enzymes 
are frequently involved in the elimination or rearrangement reactions involving 
amino acid substrates, (ii) a gene encoding a CysE homolog, which catalyzes the 
 rate-limiting step in cysteine biosynthesis, is co-transcribed with nifS, and (iii) 
involvement for NifS in the mobilization of S was predicted based on the various 
phenotypes of a NifS-deficient strain. This possibility was confirmed by showing 
that, of all the amino acids, only the addition of l-cysteine to NifS resulted in a tran-
sient shift in its visible spectrum. Furthermore, prolonged incubation of l-cysteine 
with NifS resulted in the precipitation of colloidal sulfur and accumulation  
of l-alanine, demonstrating a role for NifS in S mobilization [69].

Basic features of the NifS l-cysteine desulfurization mechanism were elucidated 
using a combination of approaches [66, 69]. First, the production of colloidal S from 
l-cysteine indicated the likely participation of a protein thiol group in the S mobiliza-
tion reaction, consistent with the observation that NifS catalytic activity is extremely 
sensitive to thiol alkylating reagents, such as N-ethylmaleimide. Second, phyloge-
netic comparisons of NifS primary structures from a variety of N2-fixing microorga-
nisms revealed that residue Cys325 is strictly conserved. Third, substitution of Cys325 
by Ala325 resulted in complete loss of NifS activity and an A. vinelandii mutant strain 
that produces the Ala325-substituted protein exhibits the same phenotype as a strain 
deleted for nifS. Fourth, treatment of NifS with the l-cysteine analogues, l-allylglycine 
or vinylglycine, were shown to irreversibly inactivate NifS by respective formation of a 
γ-methylcystathionyl or cystathionyl residue derived from Cys325. Fifth, the formation 
of an enzyme-bound cysteinyl persulfide, located at the Cys325 position, was iden-
tified as an intermediate in the NifS-catalyzed l-cysteine desulfurization  reaction. 
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Finally, evidence was obtained for the occurrence of an enamine intermediate in the 
NifS-catalyzed formation of l-alanine. These observations indicated that a cysteinyl 
persulfide could be formed on NifS through nucleophilic attack by the active site 
Cys325 thiol on a cysteine-PLP ketamine adduct and that formation of a NifS-bound 
cysteinyl persulfide could represent a benign way to activate and traffic S for nitro-
genase [Fe-S] cluster formation. Subsequent to the initial characterization of the NifS 
cysteine desulfurase reaction, other studies established that NifS represents a broad 
class of enzymes that use l-cysteine and PLP chemistry to accomplish the activation 
and mobilization of S for biosynthesis of many S-containing biomolecules (Fig. 1.5)  
[70, 71]. Analysis of other cysteine desulfurases, including crystallographically deter-
mined high-resolution structures [72–76], has provided detailed insight into the proba-
ble NifS mechanism (Fig. 1.6).

The overall function of cysteine desulfurases can be considered to occur in two 
stages, formation of the enzyme-bound persulfide and subsequent delivery of S to an 
acceptor molecule. All cysteine desulfurases are thought to share similar mechanis-
tic features in the first stage, whereas the second stage appears to vary with overall 
functionality of the cysteine desulfurase type and its corresponding delivery target 
(Fig. 1.5). The proposed intermediates formed during the first stage are shown in 
Fig. 1.6 [69, 77]. In the NifS resting state, PLP is covalently bound to the conserved 
Lys202 residue through a Schiff base (intermediate 1). The binding of cysteine to PLP 
is proposed to occur through formation of a tetrahedral C4′ intermediate, geminal 
diamine (intermediates 2–3). This results in the displacement of Lys202 from PLP and 
formation of an external Cys-aldimine Schiff base (intermediate 4). A key step invol-
ves proton abstraction by a protein residue serving as a general base (intermediate 5).  
Because a monoprotic residue facilitates intermediate 5 formation, this function is 
unlikely to involve the active site Lys202 residue [77]. Also, formation of the proposed 
quinonoid (intermediate 6) is independent of the active site cysteine residue because 
the NifS Ala325-substituted variant is still able to bind cysteine and to form intermedi-
ates 2–5. It appears likely that a histidine residue conducts the nucleophilic attack on 
the α-proton and either His100 or His201 are candidates to perform this role.

NifS inactivation studies using the suicide inhibitors, allylglycine and vinylgly-
cine, have eliminated the possible involvement of Cys325 during conversion to the Cys-
quinonoid form (intermediate 6) [69]. Instead, inhibition profiles favor the involve-
ment of the active site Cys325 residue serving as a general acid during the protonation 
of C4′ of the Cys-PLP quinonoid adduct. Hydrogen bonding between the imine hyd-
rogen and the phenolate oxygen allows expansion of the π-orbital system leading to 
a highly conjugated structure of PLP, therefore permitting electron  delocalization. 
The committed step of the NifS reaction is characterized by nucleophilic attack of the 
deprotonated active site cysteine thiol on the thiol group of the substrate (intermedi-
ate 7). This event leads to formation of the persulfide bond, and conversion of cysteine 
to an alanine-enamine intermediate (intermediate 8). In vitro reactions performed in 
2H2O confirmed that α and β hydrogens are exchanged during the reaction, supporting 
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16   1 [Fe-S] cluster biosynthetic machineries in A. vinelandii

the occurrence of intermediate 8 [69]. Furthermore, the subsequent release of alanine 
is proposed to follow the same steps but in reverse order: ketamine (intermediate 9), 
quinonoid (intermediate 10), aldimine (intermediates 11–12), and gem-diamine (inter-
mediates 13–14) to restore the internal Schiff base with Lys202 and form the persul-
furated Cys325 residue. Formation of persulfurated NifS form (intermediate 15) marks 
the end of the first half of the cysteine desulfurase reaction, apparently common to 
all cysteine desulfurases. The second step, involving delivery of S for [Fe-S] cluster 
formation, is not yet clearly understood, but the mechanism of S delivery appears 
to differ among the different cysteine desulfurase types and their various targets 
(Fig. 1.5). The involvement of NifS in providing S for formation of [Fe-S] clusters on 
NifU is discussed in Section 1.5.3.

1.5.3 Extension of the scaffold hypothesis to NifU function

The apparent involvement of NifS in the mobilization of S for nitrogenase-associated 
[Fe-S] cluster assembly naturally led to an investigation of a possible complementary 
role for NifU in mobilizing Fe and/or serving as a scaffold for [Fe-S] cluster formation 
[78, 79]. A capacity for NifU to bind [Fe-S] clusters had in fact already been suspected 
on the basis of its primary structure [80] because phylogenetic comparisons indica-
ted that NifU is comprised of three modules, and each module contains conserved 
cysteine residues (Fig. 1.7). The prediction that NifU might contain an [Fe-S] cluster 
was confirmed by analysis of the isolated protein heterologously produced in E. coli. 
This analysis, together with analysis of different recombinant NifU forms, each having 
one of the nine-conserved cysteine residues substituted by alanine, showed that NifU 
contains a redox-active [2Fe-2S] cluster, attached to the central domain through thio-
late ligands provided by NifU residues Cys137, Cys139, Cys172, and Cys175.

Once it was discovered that overexpressed and purified NifU contained two [2Fe-
2S] clusters, one cluster within each central domain of a NifU dimer [78], the possi-
bility that such clusters represent precursors for nitrogenase-associated [Fe-S] clus-
ters became an obvious consideration. It was expected that if the [2Fe-2S] clusters 
contained within recombinantly produced NifU were capable of being transferred to 
another protein, they would be labile and could easily be removed by treatment with 
metal chelating reagents. However, the [2Fe-2S] clusters attached to as-isolated NifU 
are quite stable, even when exposed to oxygen, and they are released only very slowly 
by treatment of NifU with Fe chelators, such as α-αʹ dipyridyl [78]. Alternative possibi-
lities for the function of the [2Fe-2S] clusters contained in the central domain of NifU, 
now designated as the “permanent clusters,” include a redox role in the release of the 
persulfide from NifS, a redox role in the assembly of “transient” clusters contained 
in other NifU domains, or as a structural element. The function of the NifU perma-
nent [2Fe-2S] clusters remains elusive. However, given the conservation of cysteines 
in the N- and C-terminal domains of NifU and the precedence of the role of NifEN as 
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18   1 [Fe-S] cluster biosynthetic machineries in A. vinelandii

an assembly scaffold for FeMoco, the possibility that NifU serves as a scaffold for the 
formation of transient [Fe-S] clusters was an attractive one. Evidence supporting this 
possibility was obtained using a combination of approaches: (i) physiological analy-
sis of defects associated with substitution of each of the conserved cysteine residues 
contained in the N- and C-terminal domains of NifU [68, 79], (ii) NifS-assisted assem-
bly of [Fe-S] clusters within isolated NifU and NifU fragments [67], (iii) activation of a 
cluster-less nitrogenase Fe protein using either isolated NifU or NifU fragments that 
contain [Fe-S] clusters formed in vitro [68, 81], (v) isolation of NifU or NifU fragments 
produced in vivo that contain labile [Fe-S] clusters having the same biophysical fea-
tures of [Fe-S] clusters formed on NifU in vitro.

1.5.3.1 Physiological characterization of nifU mutants
An important catalytic role for Cys325 was indicated for NifS by showing that the Ala325 
substitution resulted in the same physiological phenotype as a strain deleted for nifS. 
However, a similar approach in the assessment of NifU function was much more com-
plicated because nine conserved cysteines were identified, rather than the single con-
served cysteine contained in NifS. Functional roles for conserved NifU cysteines were 
evaluated by substituting each of them, separately, and, in combination, by alanine. 
It was found that individual substitution of Cys35, Cys62, or Cys106 by alanine or the 
combined substitution of all three residues, resulted in the same moderate impairment 
in N2-fixing growth when compared with the wild-type strain [68]. In other words, no 
cumulative effect was manifested upon combined substitution of conserved cysteines 
in the N-terminal domain, indicating these residues might all participate in the same 
quasi-dispensable function. Given the potential for cysteinyl residues to provide thio-
late ligands for [Fe-S] clusters, the results suggested the possibility that, in aggregate, 
NifU residues Cys35, Cys62, and Cys106, could provide a nucleation site for the forma-
tion of “transient” [Fe-S] clusters destined for incorporation into nitrogenase. Similar 
to the situation with the N-terminal domain, there was only a very minor effect on the 
capacity for N2-fixing growth when either of the two conserved cysteine residues in the 
C-terminal domain of NifU, Cys272 and Cys275, were substituted by alanine. However, 
a combination of alanine substitutions for conserved cysteines located in both the N- 
and C-terminal domain of NifU resulted in a severe defect in the ability for the respec-
tive strains to grow under N2-fixing conditions. These results led to the proposal that 
the N- and C-terminal domains of NifU could have either redundant or complementary 
functions related to formation of transient [Fe-S] clusters at both sites [68].

1.5.3.2 In vitro NifS-assisted formation of [Fe-S] clusters on NifU
As a way to test if NifU can serve as an assembly scaffold for [Fe-S] cluster forma-
tion, isolated recombinant NifU, containing only the intact permanent [2Fe-2S] 
clusters, was incubated under anoxic conditions in the presence of Fe2+, l-cysteine, 
and NifS. The results of these experiments demonstrated that NifS facilitated the 
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Fig. 1.8: NifU is an [Fe-S] cluster assembly scaffold that can be used to activate the nitrogenase  
Fe protein. As-isolated NifU dimer contains a redox-active [2Fe-2S] cluster located within the central 
domain of each NifU monomer (shown in pink). Upon incubation with NifS, cysteine, and Fe2+, NifU 
undergoes sequential assembly of [2Fe-2S] clusters at the N-terminal IscU domain (shown in green). 
Prolonged incubation results in the formation of [4Fe-4S] at the C-terminal NfU domain (shown in 
violet) and subsequent appearance of a [4Fe-4S at the N-terminal domain.

 formation of [Fe-S] clusters within NifU in a Fe2+- and l-cysteine-dependent manner 
(Fig. 1.8). An analysis of the time-dependent [Fe-S] cluster formation process using 
spectroscopic and analytical methods indicated that, ultimately [4Fe-4S] clusters 
were assembled in both the N- and C-terminal NifU domains and that [2Fe-2S] clus-
ters were initial intermediates in that process. Details of the process were further 
explored by testing if isolated NifU fragments, containing either the N- or C-termi-
nal domain, could serve as in vitro assembly scaffolds [68, 81]. The results of these 
experiments revealed that NifS-dependent formation of the [4Fe-4S] cluster within 
the N-terminal NifU domain followed formation of [2Fe-2S] cluster intermediates, 
although no intermediates could be detected in formation of the [4Fe-4S] cluster 
within the C-terminal domain. It is not clear why there are two, apparently sepa-
rate, [Fe-S] cluster-assembly sites located within NifU. However, it is noteworthy 
that there are genes associated with the vnf and anf systems that encode paralogues 
to the NifU C-terminal domain (Fig. 1.7) [44]. Given that NifU is required for all three 
nitrogenase systems and that the N-terminal domain of NifU apparently plays the 
dominant functional role, it could be that the NifU C-terminal domain and its cor-
responding VnfU and AnfU paralogues could function primarily as agents of deli-
very rather than assembly. In other words, [Fe-S] clusters formed on the N-terminal 
domain could be transferred to the C-terminal NifU domain types to provide target 
specificity.

 1.5 An approach for the analysis of nif gene product function   19

 EBSCOhost - printed on 2/13/2023 8:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



20   1 [Fe-S] cluster biosynthetic machineries in A. vinelandii

1.5.3.3 Activation of Fe protein using cluster-loaded NifU
Assembly of [Fe-S] clusters within the N- and C-terminal domains of NifU, and 
demonstration that conserved cysteine residues within these domains are required 
for such assembly provided strong circumstantial evidence that NifU provides a scaf-
fold for [Fe-S] cluster assembly. Nevertheless, two other experimental approaches 
were necessary to establish the role of NifU in simple [Fe-S] cluster formation. First, 
the capacity for [Fe-S] cluster-loaded NifU to activate a nitrogenase target protein was 
needed. Second, it was necessary to establish that [Fe-S] clusters assembled on NifU 
in vitro faithfully duplicated an in vivo process.

It was known that binding of MgATP produced a conformational change in the 
Fe protein that exposed its [4Fe-4S] cluster to solvent, and this property was exploi-
ted to produce apoprotein needed for [Fe-S] cluster transfer experiments. Solvent 
exposure of the cluster makes it susceptible to removal by treatment of metal che-
lators such as α-αʹ -dipyridyl [82, 83]. Chelation of the [4Fe-4S] cluster, followed 
by a desalting step, performed in the presence of a reductant, such as dithionite, 
removed the released Fe2+ and S2−. The resulting apo-Fe protein was then used as a 
target for cluster transfer experiments by mixing with cluster-loaded NifU prepared 
in vitro.

The initial [Fe-S] cluster-transfer experiments involved mixing NifU, NifS, Fe2+, 
and l-cysteine to accomplish cluster assembly on the NifU scaffold. After removal of 
the excess Fe2+ and l-cysteine, the sample was mixed with apo-Fe protein, and acti-
vation was evaluated by subsequent measurement of recovered activity. The results 
showed that mixing with the reconstituted holo-NifU resulted in rapid and nearly 
complete restoration of Fe protein activity, whereas omission of any of the assembly 
ingredients resulted in no recovery of Fe protein activity in control experiments. In 
addition, removal of NifS from the reaction mixture, post-assembly, had only a very 
modest effect on the capacity for apo-Fe protein activation, indicating that, although 
NifS is required for in vitro assembly of [Fe-S] clusters on the NifU scaffold, transfer of 
the [Fe-S] cluster does not require the participation of NifS [68].

In light of the results from genetic and in vitro assembly experiments, indica-
ting the capacity for [Fe-S] cluster formation on both the N- and C-terminal domains, 
the ability to transfer [Fe-S] clusters assembled on either NifU domain was evalua-
ted. One approach involved using a full length NifU, in which either the N-terminal 
domain or the C-terminal domain was inactivated. In these experiments, activation 
of the Fe protein could be accomplished, whereas no activation occurred when a 
full length NifU inactivated in both the N-terminal and the C-terminal domains was 
used. A second series of experiments involved successful apo-Fe protein activation 
using preparations of [Fe-S] cluster-loaded N- or C-terminal fragments. In these expe-
riments, the various NifU samples used for cluster transfer contained spectroscopi-
cally defined [Fe-S] cluster species shown primarily to be in the form of [4Fe-4S] clus-
ters, suggesting that [4Fe-4S] clusters are transferred intact from NifU to the apo-Fe 
protein [81].
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1.5.3.4 [Fe-S] clusters are assembled on NifU in vivo
A final approach used to establish that NifU functions as an [Fe-S] cluster assembly 
scaffold involved testing whether or not a cluster-loaded form of NifU could be produ-
ced in vivo. This effort faced a number of technical challenges. For example, [Fe-S] clus-
ters assembled on NifU are labile because they must have a capacity for facile release to 
accomplish their delivery to target proteins. Such lability is manifested by rapid degra-
dation when transient [Fe-S] clusters assembled on NifU in vitro are exposed to oxygen, 
reducing reagents, such as dithionite, or treated with chelating reagents. Consequently, 
a procedure for gentle and rapid purification of NifU was needed. Another challenge 
was related to the dynamic nature of in vivo cluster assembly and delivery. What this 
means is that [Fe-S] clusters assembled on NifU must be transiently located on the scaf-
fold as they must be constantly delivered to other target proteins. Consequently, the 
occupancy level of the NifU cluster assembly sites could not be anticipated. Finally, 
because NifU is involved in the catalytic activation of other proteins, the physiological 
requirement for NifU is relatively low and it is accordingly produced in low quantities.

The technical aspects were overcome by decoupling the expression of nifU and nifS in 
A. vinelandii from nitrogen fixation by placing their expression under control of a strong, 
inducible promoter [84]. The rationale of the approach was to produce NifU and NifS at 
high levels in the absence of nitrogenase target proteins, reasoning that the absence of 
target recipients for [Fe-S] clusters might cause [Fe-S] clusters to accumulate on the NifU 
scaffold (Fig. 1.9). In addition, a benign affinity tag was placed within NifU such that its 

A. vinelandii DJ1626
chromosome(a)

��

(b)

nifU nifS nifU nifS

NIF ARA

Arabinose

Fig. 1.9: A. vinelandii arabinose-controlled expression of NifU and NifS. (a) Schematic representation 
of gene regions containing nifU and nifS of A. vinelandii strain DJ1626. It contains two copies of the 
nifU-nifS genes. The nif-regulated copy contains an in frame deletion (black-colored region), whereas 
the second copy is located at a different chromosomal position. Expression of the second nifUS copy 
is under control of the arabinose regulatory system. (b) Resuspended cell pellet of A. vinelandii cells 
cultured in media supplemented with ammonia in the absence (–) or presence of arabinose (+). Note 
that the dark color of cells cultured in the presence of arabinose indicated a high level of [Fe-S] cluster 
accumulation.
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22   1 [Fe-S] cluster biosynthetic machineries in A. vinelandii

rapid and gentle purification could be accomplished. This strategy was successful, as 
shown in Figs. 1.9 and 1.10. Namely, NifU produced in A. vinelandii, under conditions 
where no other nif genes were expressed, and therefore, no acceptor proteins were pro-
duced, contained transient [Fe-S] clusters. The nearly identical spectra of cluster-loaded 
forms of NifU prepared in vitro or in vivo (Fig. 1.10) indicated that they were likely to be 
identical. These spectroscopic results, and the fact that cluster-loaded NifU produced 
in vivo can also be used for the effective in vitro activation of apo-Fe protein, provided a 
final compelling argument to support the scaffold hypothesis for the assembly of simple 
[Fe-S] clusters. It should be noted that the function of NifU is not limited to the activation 
of Fe protein. Indeed, there is now also in vitro evidence that simple [Fe-S] units assem-
bled on NifU provide the building blocks necessary for the assembly of the more complex 
FeMoco [64]. Also, the scaffold hypothesis, originally developed for FeMoco, has been 
further developed to include the participation of a series of assembly scaffolds as well as 
carrier proteins that traffic [Fe-S] cluster intermediates.

1.5.4  Discovery of isc system for [Fe-S] cluster formation and functional  
cross-talk among [Fe-S] cluster biosynthetic systems

A variety of considerations indicated that the functions of NifU, and NifS might repre-
sent a duplication of “housekeeping” functions involved in the assembly of general 
[Fe-S] clusters, involved in other aspects of cellular metabolism unrelated to nitrogen 
fixation. First, there are many cellular processes that depend on [Fe-S] proteins, so 
there must be a mechanism for the assembly of their associated [Fe-S] clusters [11]. 
Second, nitrogenase is produced at very high levels in N2 fixing cells, so it seemed 
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Fig. 1.10: UV-vis absorption spectra of NifU. (a) Spectra of NifU before (dashed line) and after (solid 
line) in vitro Fe-S cluster assembly. The dashed-line spectrum represents the as-isolated form of 
NifU that contains only the permanent [2Fe-2S] clusters. The solid line spectrum represents in 
vitro reconstituted NifU that contains both the permanent [2Fe-2S] clusters and transient [4Fe-4S] 
clusters. (b) Spectrum of [Fe-S] clusterloaded NifU produced by A. vinelandii strain DJ1626 (Fig. 1.8).
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reasonable to expect that NifU and NifS could represent a mechanism to specifically 
satisfy an increased demand for [Fe-S] cluster formation. Third, there was already 
evidence in the literature that l-cysteine can serve as the ultimate S source for for-
mation of [Fe-S] clusters in E. coli, a non-N2-fixing organism [85]. Fourth, E. coli ext-
racts exhibited l-cysteine desulfurase activity and, based on this feature, a protein 
having PLP-dependent l-cysteine desulfurase activity and primary structure simila-
rity to NifS was isolated [86]. Finally, elimination of NifU or NifS function did not fully 
eliminate the capacity for producing active nitrogenase components, indicating that 
limited functional replacement of NifS and NifU activities were mediated by some 
other cellular components [65].

A search for a “housekeeping” [Fe-S] biosynthetic system in A. vinelandii was ini-
tiated by purification of a protein having l-cysteine desulfurase activity from extracts 
of a mutant strain in which nifS was deleted [87]. Because this effort predated the 
genomics era, the gene region that encoded the protein with cysteine desulfurase acti-
vity was isolated using a reverse genetics approach that relied on using the sequence 
of peptides generated by trypsin digestion to predict the DNA sequence. Examination 
of this region revealed that the gene encoding a NifS-like protein was contained in an  
apparent transcriptional unit that contained a total of seven genes. These genes were, 
respectively, designated iscR, iscS, iscU, iscA, hscB, hscA, fdx, and iscX (Fig.  1.11) 
and their proposed functions are shown in Tab. 1.2. Primary structural comparisons 
revealed strong similarity between components of the Nif and Isc systems: NifS was 
homologous to IscS, the N-terminal domain of NifU was homo logous to IscU, and 
a nif gene product, now designated IscANif, was homologous to IscA. Fdx does not 
bear primary structure similarity to any of the nif gene products, but it does contain 
a [2Fe-2S] cluster that might serve a function similar to the permanent [2Fe-2S] cluster 
located in the NifU central domain. There is no counterpart to the NifUC-terminal 
domain encoded within the isc gene cluster, but there is a gene, designated NfuA 
[88], located elsewhere on the genome that shares primary structure similarity when 
compared with the NifU-terminal domain, including the two conserved cysteinyl resi-
dues. There are no nif counterparts to iscR, hscB, hscA, or iscX. A description of the 
details of the Isc system is beyond the scope of the present discussion, and this topic 

Nitrogen fixation Fe-S biosynthetic gene region
iscAnif nifU nifS

Housekeeping Fe-S biosynthetic gene region
iscAnif nifU iscU iscA hscB hscA fdx iscX

nfuA

Fig. 1.11: [Fe-S] cluster biosynthetic gene regions in A. vinelandii. Genes whose products display 
primary structure similarities are color-coded accordingly.
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24   1 [Fe-S] cluster biosynthetic machineries in A. vinelandii

is reviewed elsewhere [4, 6]. However, it is noteworthy that, although the Isc system 
for the assembly and delivery of [Fe-S] clusters appears to be more complicated than 
the Nif system, both are unified by the involvement of an l-cysteine desulfurase and 
an assembly scaffold. All of the essential mechanistic elements discovered for the Nif 
system have also been independently established for the Isc system.

1.6 The Isc system is essential in A. vinelandii

Identification of the Isc system provided insight into why the mechanism for assem-
bly of such an important and simple prosthetic group took so long to discover. The 
answer to this question was expected to be associated with the participation of [Fe-S] 
proteins in so many essential biological processes. In other words, impairment in the 
ability to assemble [Fe-S] clusters would be manifested in the loss of many, apparently 
unrelated, essential metabolic processes. Circumstantial evidence for this possibility 
was found in the instability of mutant strains when attempts were made to incorpo-
rate targeted genetic lesions into the isc gene region [87]. A more direct and definitive 
approach to assess the importance of [Fe-S] cluster formation involved the develop-
ment of a system for the controlled expression of the isc genes [89].

The controlled expression of isc genes was accomplished by introducing a second 
copy of the isc gene region within the A. vinelandii genome [89]. In this genetic con-
struction, the expression of the duplicated isc gene copy was decoupled from the 
normal isc regulatory elements. Instead, their expression was placed under control 
of the sucrose catabolic regulatory elements, designated as scr (Fig. 1.12). When cells 
containing the duplicated genes are grown in the presence of sucrose, they produce Isc 
components from both the isc-regulated genes and the scr-regulated genes. However, 

Tab. 1.2: Selected A. vinelandii proteins known or suspected to be involved in simple [Fe-S] cluster 
assembly and their proposed functions.

Gene product Proposed function

NifU [Fe-S] cluster assembly scaffold/ [Fe-S] cluster carrier
NifS Cysteine desulfurase
IscAnif [Fe-S] cluster carrier
IscR [Fe-S] cluster transcription regulator
IscS Cysteine desulfurase
IscU [Fe-S] cluster assembly scaffold
IscA [Fe-S] cluster carrier
HscB [Fe-S] cluster delivery chaperone
HscA [Fe-S] cluster delivery chaperone
Fdx Ferredoxin, specific function unknown
IscX Unknown
NfuA [Fe-S] cluster carrier
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when such cells are grown in the absence of sucrose, for example, when glucose is 
used as the sole carbon source, only the isc-regulated copy is expressed. The approach 
of using an inducible copy of each Isc gene enabled researchers to assess whether or 
not individual Isc components were essential. An example of this approach is illus-
trated in Fig. 1.12, which shows how growth of a strain deleted for the isc-regulated 
iscS gene can be supported by activation of the scr-regulated copy of iscS. This strain 
cannot grow when cultured in the absence of sucrose because the capacity to produce 
IscS is eliminated. In contrast, when sucrose is added to the growth medium robust 
growth is restored. Using this controlled gene expression approach, IscS, IscU, and 
Fdx were also demonstrated to be essential in A. vinelandii [89].

1.7  There is limited functional cross-talk between the Nif  
and Isc systems

The fact that neither a nifU nor a nifS deletion eliminates the capacity for assembly 
of an active nitrogenase represented a major clue that ultimately led to the disco-
very of the Isc system. On the basis of minimal retention of activity, it was suspec-
ted that, under N2-fixing conditions, NifU and NifS might represent a specialized 
way to meet the increased demand for [Fe-S] clusters in the abundantly produced 
[Fe-S] cluster-containing nitrogenase components. It was not possible to directly test 
this possibility by asking if the combined elimination of NifS and IscS function or 

Copy 1

ISC

Copy 2

SCR

iscR iscS iscU iscA hscB hscA fdx iscX

iscR iscS iscU iscA hscB hscA fdx iscX

Sucrose Glucose

Fig. 1.12: Sucrose-dependent expression of iscS. (top) Schematic representation of duplicate isc 
gene regions contained in A. vinelandii strain DJ1422. The isc-regulated copy carries an in-frame 
deletion within the iscS coding sequence (black-colored region within iscS), whereas the second 
copy, whose expression is under control of the scr regulatory elements, is intact. (bottom) A. 
vinelandii strain DJ1422 cultured on Petri plates using sucrose or glucose as the only carbon source.
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26   1 [Fe-S] cluster biosynthetic machineries in A. vinelandii

 combined  elimination of NifU and IscU function completely eliminated the capacity 
for  producing an active nitrogenase because IscS and IscU are both essential. Instead, 
an orthogonal approach, which exploited the negative regulation of isc genes by IscR, 
was used. Inactivation of IscR results in highly elevated expression of all the other 
housekeeping [Fe-S] cluster biosynthetic components. Therefore, the ability of ele-
vated expression of the Isc system to increase the capacity for N2 fixation in strains 
deleted for nifU or nifS was tested, and rescue of the very slow N2-fixing growth phe-
notypes associated with deletion of nifU or nifS was achieved through high Isc expres-
sion [84]. Although this result does not eliminate the possibility that other factors can 
also replace NifU and NifS function in A. vinelandii, it does establish that the capacity 
for limited functional cross-talk exists between the Nif and the Isc systems.

1.8 Closing remarks

In this chapter, we have not attempted to provide a comprehensive summary of the 
overall process of the assembly of [Fe-S] clusters. This topic represents a very active 
and rapidly advancing area of research. Among the many important and fascinating 
features not addressed in this narrative are included the regulation of [Fe-S] cluster 
formation, trafficking of [Fe-S] clusters, and the repair of damaged [Fe-S] proteins. 
Here we have only provided a personalized perspective on the conceptual and expe-
rimental basis from which the field emerged. Emphasized here is the role of nitrogen 
fixation research as providing some of the foundational discoveries that underpin 
the importance of S trafficking and participation of molecular assembly scaffolds for 
the assembly of [Fe-S] clusters, in most, and perhaps all, biological systems. It is of 
particular interest that the peculiarities of the N2-fixing system for specialized [Fe-S] 
cluster formation contributed so significantly to these discoveries.
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2.1 Introduction 

As early as the 1970s, it was shown that in vitro iron-sulfur (Fe-S) clusters can be spon-
taneously assembled from ferrous and sulfide salts and ligated to proteins [1]. The in 
vivo situation proved to be more complex, and in the 1990s, Dean and collaborators 
discovered that cells employ complex protein machineries for cluster biosynthesis 
[2] (see Dos Santos and Dean, pp. 1–30, this volume). The Fe-S biogenesis machiner-
ies are widespread and highly conserved in eubacteria and eukaryotes (reviewed in 
[3–6]). One obvious advantage is that like for any cellular process, Fe-S biosynthesis-
assisted systems allow for better specificity and higher speed. Moreover, with respect 
to Fe-S biology, Fe-S cluster biogenesis systems may also protect the surrounding 
cellular components from deleterious effects of free Fe2+, Fe3+, and S2– ions, espe-
cially under oxidative conditions. To date, three machineries have been described, 
NIF, ISC, and SUF. In all three cases, the process of Fe-S cluster biogenesis can be 
described in two steps: assembly and delivery (Fig. 2.1). The assembly step is the 
actual building of the Fe-S cluster and the delivery step is routes taken by clusters to 
reach their final apo-targets. Hereafter, we shall summarize the state of knowledge on 
the Escherichia coli ISC system, which has homologs in yeast, plants, and humans. 

2.2  The ISC system, the general housekeeping system for Fe-S 
biogenesis

2.2.1 Description and function

The ISC system of E. coli is comprised of eight proteins (Fig. 2.2) (reviewed in [5, 6]). 
The eukaryotic ISC system is primarily located in the mitochondria and shares many 
components and mechanistic details with prokaryotes [3, 4]. IscS (Nfs1 in eucaryotes), 
is a cysteine desulfurase that releases sulfur from L-cysteine [7–9]. IscU (Isu/IscU in 
eucaryotes) acts as a scaffold for the actual assembly of the Fe-S cluster by capturing 
both IscS-produced sulfur and iron [10–15]. The source of iron remains elusive and a 
dedicated donor might not exist. Fdx (Arh in eucaryotes), a ferredoxin, interacts both 
with IscS and IscU and could act as an electron donor for sulfur transfer from IscS to 
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IscU [14, 16–18]. CyaY (frataxin [Fxn] or Yfh1 in eucaryotes) and IscX could act as regu-
latory proteins that tune the activity of IscS-IscU-assisted Fe-S assembly according 
to bioavailable iron concentrations [19–22]. The HscB and HscA are specialized co-/
chaperones from the DnaJ/DnaK family that initiate the delivery step by facilitating 
release of the IscU-bound Fe-S cluster [23, 24]. The cluster is then transferred to IscA, 
a Fe-S cluster transporter, which will hand it over either directly to an apo-target or 
to another set of carriers (ErpA, NfuA) [25–29]. The actual function of A-type carrier 
proteins (ATCs-IscA, SufA, ErpA) has been long debated. Initially proposed as scaf-
folds, they were later thought to be iron donors and are presently thought to be Fe-S 
carriers. The arguments for and against all of these possibilities were discussed in 
detail in Roche et al. [5]. Main arguments supporting the view of A-type proteins as 
carriers are that (i) in vitro, they receive clusters from scaffolds and transfer them to 
apo-targets and to other scaffolds, and (ii) in vivo, they cannot substitute for  scaffolds 

IscS Iron

CyaY

Fdx

IscU
HscB

HscA

IscA

ErpA

Target proteins

Fe-S
Assembly

Cys Ala

Fe-S
Delivery

ATP

ADP

e–

Fig. 2.1: Model of functioning of the E. coli ISC system. Sulfur (black dot) is produced from cysteine 
(Cys) by the action of the cysteine desulfurase IscS and is then transferred to the sulfur acceptor 
IscU. The activity of IscS can be controlled by CyaY and IscX. The ferredoxin might provide electrons 
(e-) at the assembly step. The Fe-S cluster (half black/red square) assembly takes place on IscU. The 
chaperone/co-chaperone HscAB assists Fe-S transfer from IscU (or possibly the IscS/IscU complex) 
to IscA, with concomitant ATP hydrolysis. Depending on the environmental conditions, the Fe-S 
cluster is transferred from holo-IscA to target cellular apo-proteins directly or indirectly via an Fe-S 
relay involving another ATC, such as ErpA in aerobic conditions.
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but they are important for cluster acquisition by many apo-proteins. The iscA dele-
tion mutant exhibits milder phenotypes than deletion of the scaffold mutant iscU 
regarding growth parameters and activity of the Fe-S-containing enzymes, such as 
GltS and Sdh [30]. Construction of the double deletion mutants, iscA sufA and iscA 
erpA, revealed more growth impairments, likely because of redundancy between IscA 
and the two other ATCs [27]. IscA is thought to assist delivery to most, if not all cellular 
apo-proteins, when cells grow under favorable conditions such as anaerobiosis and/
or nutrient-rich environments. Under less favorable conditions (aerobiosis) or Fe-S 
destabilizing conditions (oxidative stress, iron limitation), other delivery routes that 
rely on ErpA, NfuA, and/or SufA are utilized. IscA might contribute to these routes, 

RhyB
RNA Degradosome

iscR iscS iscU iscA hscAhscB fdx

Traduction

Transcription
iscRSUA

–

ISC
machineryIscR

(a) Iron replete

iscR iscS iscU iscA hscAhscB fdx

iscRSUA

ISC
machinery

IscR

(b) Low iron

Fig. 2.2: Regulation of the isc operon in E. coli. The isc operon is depicted and its expression is shown 
to be under the influence of IscR and of the small noncoding RNA, RyhB. (A) Under normal conditions, 
the IscR regulator acquires its Fe-S from the ISC system and represses its expression to give rise to 
an autoregulatory circuit that senses the Fe-S state of the cell. The ryhB gene is not expressed under 
such conditions. (B) Regulation of the isc operon in low-iron conditions is also illustrated. The sRNA 
RyhB, which is regulated by ferric-uptake-regulation protein (Fur), causes differential degradation 
of the polycistronic isc mRNA. Under low-iron conditions, RyhB is expressed and pairs with the 5ʹ 
untranslated region of iscS. This promotes recruitment of the RNA degradosome and degradation of 
the downstream isc mRNAs whereas the strong secondary structure at the 3′ end of iscR protects this 
transcript from degradation. Expression of RyhB leads to increased expression at the iscR promoter 
owing to the fact that IscR no longer acquires its Fe-S cluster from the downstream Isc operon.
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depending upon the conditions and which particular apoprotein is the intended Fe-S 
recipient protein such as in the case of IscR, whose activity was decreased by the 
same order of magnitude in the iscA and iscU mutant. The case of IscR may relate 
to its specific recruitment in the isc operon to sense the functional status of the ISC 
machinery. 

2.2.2 The putative role of Fxn in early Fe-S biogenesis by the ISC system

In humans, defects in ISC factors lead to pathological disorders as they provoke 
defects in Fe-S-dependent proteins, such as respiratory complex I or the TCA cycle 
enzymes, aconitase and succinate dehydrogenase. Another illuminating case 
is Fxn. In eucaryotes, Fxn deficiency causes Friedreich’s ataxia, an autosomal 
recessive neurodegenerative disease [31, 32]. A consequence of Fxn deficiency is 
decreased Fe-S enzyme activities. However, the precise role of Fxn has remained 
unclear, in particular because Fxn deficiency is responsible for multiple pheno-
types, and associated defects in Fe-S biosynthesis might be indirect [33]. However, 
thanks to studies establishing the chronology of pathological events, it is now clear 
that defects in Fe-S biogenesis represent an early event, strongly supporting the 
idea that Fe-S deficiency is a direct consequence of loss of Fxn [34, 35]. Moreover, Fxn 
is part of a quaternary complex including NFS1, the cysteine desulfurase-stabilizing  
factor Isd11, a stabilizing factor absent in E. coli, and Isu [36–39]. Surprisingly, 
in E. coli, Fe-S biogenesis is only marginally affected by the absence of CyaY, the  
bacterial homologue of Fxn [40–42]. We recently elucidated that this is due to the 
nature of the 108th residue in IscU [43]. Hence, an Ile residue at that position allows 
the ISC machinery to work in the absence of Fxn, while a Met residue leads to Fxn 
dependency of the system. Remarkably, the same rule holds true for the yeast mito-
chondrial ISC system [44]. Additional studies both with human and E. coli models 
established Fxn as a bona fide ISC factor, possibly acting as a positive factor within 
the assembly step [45, 46].

2.2.3  Stress represses ISC functions and enhances SUF pathway activity

Genetic and physiological observations established that the ISC system carries out 
Fe-S cluster assembly under normal conditions, whereas the SUF pathway is the 
stress-responsive system that functions in the presence of exogenous ROS and iron-
limited conditions (see Outten, F., this volume). Recently, kinetic analysis demon-
strated that the IscU-bound Fe-S cluster exhibits a much shorter half-life [fivefold to 
sevenfold] than the SufB-bound cluster when exposed to O2 or oxygen peroxide [47]. 
The IscU-bound cluster is also much more easily destabilized by iron limitation. The 
presence of the chaperone components failed to significantly enhance the stability 

 EBSCOhost - printed on 2/13/2023 8:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



 2.3 Genetic regulation of ISC synthesis    35

of the FeS cluster bound to IscU [47]. Structural data of the IscU-bound cluster are 
eagerly awaited to provide molecular rationale for its features. 

2.3 Genetic regulation of ISC synthesis 

Transcription of the iscRSUAhscBAfdx, encoding the ISC machinery, is mainly 
driven by the transcriptional regulator IscR, itself the product of the first gene of 
this operon (see Kiley et al., p. 75–92 in this book and [48, 49]). IscR is a 2Fe-2S-
containing protein, which can be found either in its holo or apo form depending 
on the physiological state of the cell and on Fe-S demand [50, 51]. Holo-IscR acts  
as a transcriptional repressor of the expression of many genes (>150) in addition to 
the isc operon [52]. Crucial to the understanding of the homeostatic regulation of ISC 
synthesis is that IscR acquires its cluster from the ISC system itself. Hence, under 
favorable conditions, IscR is present in its repressing holo-form and very few ISC 
proteins are synthesized (Fig. 2.2A). However, if cells experience a slight increase in 
Fe-S demand, the apo-IscR form can predominate, thereby ceasing to repress the isc 
operon whose expression will increase to satisfy the demand for Fe-S synthesis. This 
autoregulatory circuit functions as a rheostat that regulates Fe-S cluster homeostasis 
under routine conditions. This model implies that IscR is a poor ISC substrate, so 
that general Fe-S cluster demand must be met before IscR acquires its cluster and 
represses isc expression. In line with this idea, coordination of the 2Fe-2S cluster on 
IscR involves an atypical His residue in place of one Cys, which might endow it with 
peculiar sensing/stability properties [53].

In addition to this homeostatic regulation of Isc, IscR will also react to condi-
tions that are unfavorable to the Fe-S production or that may be detrimental to Fe-S 
stability, such as iron starvation, ROS production, NO, or toxic metals such as cobalt 
[54–58]. In such conditions, the apo form of IscR will also tend to accumulate, induc-
ing the transcriptional expression of the isc operon. 

Transcriptional activation of the isc operon during iron starvation has long 
been puzzling since it was earlier noted that SUF, not ISC, was the dedicated system 
for Fe-S biogenesis when iron is scarce [54]. The key to the understanding of this 
apparent paradox came with the discovery of the posttranscriptional regulation of 
isc expression by the small regulatory RNA (sRNA) RyhB. RyhB is an sRNA whose 
expression is under the direct control of the Fur repressor, the major iron homeos-
tasis regulator [59]. When iron concentration is low, Fur repression is alleviated and 
RyhB is expressed [60]. With the help of the RNA chaperone Hfq, RyhB will in turn 
basepair to and repress expression from numerous mRNAs encoding nonessential 
iron using proteins, thereby redirecting iron usage to crucial iron-using proteins [61]. 
RyhB basepairs to the iscRSU mRNA directly upstream of the iscS gene [59], and it is 
critical for the regulation of Fe-S biogenesis. Binding upstream of iscS induces deg-
radation of the 3ʹ part of the iscRSUA mRNA by the RNA degradosome, leaving the 5ʹ 
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end that encodes iscR intact (Fig. 2.2B). Thus, under such conditions, ISC expression 
is turned down, but IscR expression remains high, ultimately leading to the accu-
mulation of apo-IscR, which has been shown to be critical to the induction of SUF. 

The double regulation by IscR and RyhB under iron starvation is not restricted to 
isc. Indeed, it was recently shown that another gene shares the same double regula-
tion by RyhB and IscR: erpA, which encodes an Fe-S carrier essential under aerobic 
growth [62]. In this case, it was shown that this mechanism allows fine-tuning of erpA 
expression relative to iron concentrations. Indeed, erpA expression relative to iron 
concentrations has a typical “bell shape”: erpA expression is minimal either when 
iron is abundant (because of IscR repression) or when it is scarce (because of RyhB 
repression) but maximal at moderate iron concentrations (because both repressions 
are alleviated). Indeed, the ISC system is also subject to the same regulation by RyhB 
and IscR. It is thus very likely that a parallel mechanism may be at work behind 
expression of the isc operon to favor its expression under certain conditions; however, 
this concept requires further investigation. 

2.4 The role of the ISC system in antibiotic resistance

Fe-S cluster biology influences the level of antibiotic resistance/sensitivity of E. coli. 
The connections between Fe-S biology and antibiotic resistance are multiple, and we 
shall illustrate two of them as they are highly dependent upon ISC. 

2.4.1 The proton motive force link

Recently, Fe-S cluster biology was put in the center of the question of how bac-
tericidal antibiotics kill [63–71]. The proposal was that bactericidal antibiotics 
would alter functions of the respiratory chain, thereby inducing ROS production. 
Enhanced ROS production would in turn be destabilizing to solvent exposed 
Fe-S clusters, which would release Fe atoms that would fuel Fenton chemistry, 
thereby amplifying the ROS-dependent damage and cell death. In this context, 
the enhanced resistance pattern of the iscS mutant was concluded to be due to a 
lack of Fe-S clusters [66]. A problem arose when it was realized that a iscU mutant, 
which experiences a drop in Fe-S biogenesis comparable to a iscS mutant, failed 
to exhibit resistance to all bactericidal antibiotics comparable to those of mutant 
iscS strains [68]. Other interpretations were sought for and proposed as briefly 
accounted below. 

The energy-converting NADH:ubiquinone oxidoreductase, respiratory complex I,  
plays a central role in cellular energy metabolism, as it couples NADH oxidation to 
proton translocation, thereby giving rise to proton motive force (PMF) for energy-
consuming processes such as ATP synthesis, active transport, and motion. Complex I  
from E. coli is made up of 14 different subunits and one flavin mononucleotide and nine 
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Fe-S clusters as cofactors for the electron transfer reaction. Because PMF is central to 
bacterial import of many antibiotics, the level of antibiotic resistance is expected to 
depend on complex I activity levels. Accordingly, it was shown that an iscU deletion  
conferred enhanced resistance to aminoglycoside because it hampers complex I  

MutYYoaA
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Fe-S proteins DNA repair

Gyrase

Quinolone
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3x
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H+

Aminoglycoside

H+ H+

H+
H+ H+

Q/
QH2

Q/
QH2

Q
Oxidase

Complex I Complex II
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Fig. 2.3: The influence of the ISC machinery on susceptibility to antibiotics. The connection between 
the ISC system and aminoglycoside is shown (top of the figure). The ISC system provides Fe-S 
clusters to complex I (nine Fe-S clusters) and complex II (three Fe-S clusters), thereby generating the 
PMF that is necessary for the transport of aminoglycosides. The connection between the ISC system 
and quinolone is represented (bottom of the figure). E. coli contains at least four Fe-S proteins 
that are involved in DNA damage repair (Nth, MutY, DinG, and YoaA). The ISC system supplies Fe-S 
clusters to these proteins, and thereby participates in the repair of quinolone-induced damages. 
The contribution of SUF to the maturation of these proteins remains to be investigated. 
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activity and reduces PMF production sufficiently to prevent gentamicin uptake [68].  
A strain lacking ISC but engineered such that it makes Fe-S clusters with SUF under all 
conditions showed that levels of complex I activity were too low to support gentamicin 
uptake, and as a consequence, this strain was found to exhibit enhanced resistance 
to gentamicin. As explained above, E. coli uses ISC under iron-replete conditions and 
SUF under iron-limiting conditions. Hence, this study demonstrated that Fe-S cluster 
production does not potentiate the action of gentamicin, but rather influences the 
level of PMF produced as a function of whether the ISC or the SUF system is involved in 
providing Fe-S clusters to complex I (Fig. 2.3). Presumably, and for unknown reasons, 
complex I is less accessible to SUF components. Hence, this study fully demonstrated 
that iron levels influence levels of gentamicin resistance by determining at the genetic 
level which Fe-S cluster assembly machinery is functional [68]. 

2.4.2 The DNA repair connection

Another type of link between Fe-S cluster and antibiotic susceptibility is to be found 
with Fe-S proteins involved in the repair of DNA damage. In E. coli, there are four 
known enzymes: the Nth endonuclease III, the MutY glycosylase, the DinG, and the 
YoaA helicases, all of which contain a 4Fe-4S cluster [72–76]. Hence, perturbing the 
ISC system is likely to alter Fe-S acquisition of these proteins and their efficiency in 
repairing fluoroquinolone-induced damages (Fig. 2.3). 

2.5 The role of the ISC system in bacterial pathogenesis

During the course of the infection, bacterial pathogens encounter environments with 
variable levels of oxygen and iron. Because iron limitation and oxidative stress are 
detrimental for Fe-S enzyme biogenesis, several studies addressed the involvement 
of the ISC and SUF machineries in sustaining bacterial virulence. Recently, it was 
shown that in Salmonella enterica, the ISC machinery is required during the first step 
of its infectious cycle [77]. The ISC mutant was found to be impaired in the expres-
sion of a Type Three Secretion System (TTSS)—which is essential for the first stage 
of Salmonella infection—and exhibited a reduced invasion in epithelial cells and 
virulence attenuation in mouse. Moreover, the Fe-S cluster sensor IscR was shown to 
repress hilD—which encodes the master regulator of the TTSS—supporting the idea 
that the ISC machinery is important for Salmonella virulence through the ability of 
IscR to regulate the TTSS gene expression [77] (Fig. 2.4). Interestingly, Yersinia pseu-
dotuberculosis IscR was shown to bind upstream of the operon encoding the TTSS 
master regulator LcrF, endowing IscR with a positive role in transcription of Yersinia 
TTSS genes [78]. Thus, IscR plays a primary role in the virulence program of both  
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pathogens in targeting TTSS regulation in opposite ways, as an activator in Yersinia 
and a repressor in Salmonella.

In Shigella flexneri, inactivation of the ISC system prevents formation of plaques 
because the strain is noninvasive [79], whereas in Mycobacterium tuberculosis, the 

Spi1 TTSS
Virulence

[Fe++] ↑
[O2] ↓ 

hilD

HilD

HilD

Holo-IscR

iscR

Spi1 TTSS

[Fe++] ↓
ROS ↑

hilDiscR

1 2

1 2

(a) GUT

Apo-IscR

(b) MACROPHAGE

Fig. 2.4: A simplified model for the regulation of the Salmonella TTSS Spi1. (A) The first step of 
Salmonella infection process occurs in the gut, where iron is available and oxygen concentrations 
are low. Such environments favor Fe-S cluster stability, resulting in iscR repression by holo-IscR 
(1). Low levels of holo-IscR will poorly compete with HilD, yielding an activation of hilD, Spi1 TTSS 
gene full expression, and invasion of epithelial cells (2). (B) During the second step of the infection, 
Salmonella survives and replicates in macrophages within a membrane-bound compartment called 
the Salmonella-containing vacuole using a TTSS encoded by Spi2. The oxidizing and iron-poor 
environment of this compartment is detrimental for the biogenesis and stability of Fe-S clusters. 
Therefore, apo-IscR predominates and alleviates iscR repression, leading to an increase in apo-
IscR cellular content (1). In this context, the repression of hilD by apo-IscR is stronger, reducing 
the expression of Spi1 TTSS genes and limiting energetic expenses as Spi1 is not required for 
Salmonella proliferation within macrophages (2).
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SUF system was shown to be essential for survival and required for virulence [80]. 
More recently, deletion of Mycobacterium iscS was found to render the cells micro-
aerophilic, hypersensitive to oxidative stress, and impaired in Fe-S cluster-depend-
ent enzyme activity, indicating that IscS was associated with Fe-S cluster assembly 
in this bacterium [81]. Earlier, we had found the SUF and ISC systems to be required 
for full virulence of the plant pathogen Dickeya dadantii [82, 83]. Surprisingly, the 
iscR mutant was shown to be noninvasive on Saintpaulia ionantha plants (because 
the SUF system could not be activated by IscR), whereas this mutant exhibited a 
wild-type phenotype on Arabidopsis thaliana, probably because the demand in Fe-S 
clusters was satisfied by the ISC machinery [83]. Mutations in iscR also reduce the 
virulence of other pathogens like Pseudomonas aeruginosa and Xanthomonas camp-
estris, whereas in enterotoxigenic E. coli, IscR was shown to bind upstream of cfaA to 
activate CFA/I fimbriae production in response to iron starvation [84–86]. In Vibrio 
vulnificus, the disruption of iscR resulted in a reduction in motility and adhesion to 
epithelial cells, as well as resistance to ROS [87]. Together, these studies indicate 
that the ISC and SUF machineries contribute to the success in the pathogenesis of 
many bacterial species. Particular attention must be given to IscR, which was shown 
to regulate the expression of virulence genes in addition to Fe-S cluster biogenesis 
operons.

2.6 Conclusions 

Two decades of studies have provided a detailed understanding of many aspects 
of the ISC system, from structural description to physiological roles. Uncertainties 
remain on the specific contributions of some of the components, either isolated or 
as part of the ensemble. For instance, the actual role of Fxn within the assembly 
step is still open to question as it could be involved in iron sensing, cysteine desul-
furase activity, or structural rearrangements of the initial Fe-S synthesis complex. The 
actual source of iron remains a mystery, and whether there is a single dedicated iron 
donor or a series of iron-binding components from which ISC extracts iron remains 
unknown. Recent years have widened the physiological role of ISC and its impact 
in cell biology. A most spectacular aspect is the connection between ISC and antibi-
otic resistance/sensitivity of host target cells. Another important topic involves the 
role that ISC plays in bacterial pathogenicity. In all of these cases, a key question is 
to know how directly ISC function can be linked to the phenotype under considera-
tion. In any case, these recent studies clearly reinforce the view that bacteria exploit 
features of Fe-S based biology using an impressive array of maneuvers to enhance 
their growth. In this regard, studies aimed at appreciating the contribution of ISC 
biology within the contexts of medical or environmental microbiology are likely to 
gain increasing importance in the near future.
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3  A stress-responsive Fe-S cluster biogenesis 
system in bacteria – the suf operon  
of Gammaproteobacteria
F. Wayne Outten

3.1 Introduction to Fe-S cluster biogenesis

Iron-sulfur (Fe-S) clusters are minerals captured by the biosphere and integrated into 
cellular metabolism at the earliest stages of life [1, 2]. The elegant work of Holm and 
others suggests that early Fe-S cluster incorporation into metabolism may not have 
required any biogenesis machinery [3–6]. Fe-S clusters are thermodynamically stable, 
especially in anaerobic environments, and can undergo facile ligand exchange with 
small molecule (i.e. nonproteinaceous) ligands in vitro. Iron and sulfide were both 
abundant in certain environmental niches of the early anaerobic earth, for example, 
in hydrothermal vents where some of the most phylogenetically ancient organisms 
still thrive [7]. The earliest precursors of modern cells may have simply encapsula-
ted preformed Fe-S clusters, concentrating them within membranes to be bound 
by metalloproteins or other metabolites with suitable ligands and/or binding site 
 geometry (see discussion in Chapter 17 in volume 2 by Boyd et al.). It is likely that the 
first piece of the  biogenesis machinery to have evolved is the Fe-S scaffold protein, 
which allows cells to physically sequester Fe-S clusters and direct them into specific 
target metalloproteins. A scaffold protein helps to limit nonspecific incorporation of 
Fe-S clusters into proteins with potential metal-binding amino acid residues. Such 
cluster misincorporation is still a technical problem that must be overcome by experi-
mentalists characterizing new candidate Fe-S proteins [8].

What makes a good Fe-S cluster scaffold protein? The scaffold structure must 
promote formation of a stable cluster during assembly but be flexible enough to effici-
ently release the Fe-S cluster for insertion into a target metalloprotein. These require-
ments are further complicated by the potential need for the scaffold to accommodate 
multiple cluster types with very different geometries (planar vs cuboidal, for example). 
Elegant biophysical characterization of the IscU Fe-S cluster scaffold protein from E. coli 
has clearly shown that the scaffold is metamorphic, that is, it can exist in two intercon-
vertible conformations that are similar in their free energies [9–11]. The partially disor-
dered (D) state of IscU promotes sulfur acquisition during cluster assembly as well as 
transfer of the fully formed cluster. In contrast, the structured (S) conformation of IscU 
facilitates iron binding and iron-sulfide interactions to initially assemble the de novo 
cluster. Interconversion between these different conformations is partially controlled by 
cis-trans isomerization of two peptidyl-prolyl peptide bonds in IscU as well as by inter-
action with molecular chaperones that preferentially bind a specific conformation [9].
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As Fe-S cluster metabolism became more predominant among early lineages of 
life, there was likely selection for specific iron and sulfide donation pathways. Orga-
nisms that filled some environmental niches may have struggled with limited access 
to bioavailable iron and sulfur sources, a problem that was certainly exacerbated by 
the accumulation of oxygen after the development of oxygenic photosynthesis [12–14].  
This scarcity selected for the evolution of high affinity uptake transporters and dedi-
cated intracellular homeostasis systems for iron and sulfur, at least partially to ensure 
continued biogenesis of Fe-S clusters required for core metabolism. We will discuss 
each in turn, beginning with sulfur trafficking, which is better characterized than in 
vivo iron donation.

3.2 Sulfur trafficking for Fe-S cluster biogenesis

Among the Bacteria and Eukarya, the cysteine desulfurase enzyme family cont-
rols sulfide donation for Fe-S cluster assembly (Fig. 3.1). Cysteine desulfurases are 
homodimeric enzymes that utilize pyridoxal-5ʹ-phosphate (PLP) as a cofactor to cata-
lyze the removal of sulfur from l-cysteine  substrate [15, 16]. The sulfur is abstracted 
from l-cysteine by nucleophilic attack from the thiolate anion of a Cys residue in 
the desulfurase active site on the PLP-l-cysteine protonated quinonoid adduct. This 
results in the sulfur atom forming a persulfide bond (R-S-SH) at the active site Cys 
residue of the cysteine desulfurase enzyme. The remaining backbone of l-cysteine 
is released from PLP as l-alanine. The persulfide sulfur is then transferred from the 
cysteine desulfurase to a partner protein (usually the scaffold) via a thiol exchange 
reaction in which a Cys residue from the partner protein carries out a nucleophilic 
attack on the persulfide of the donor (Fig. 3.1). This sulfur trafficking pathway likely 
limits the release of sulfide in vivo during cluster biogenesis. Because sulfide is toxic 
to most aerobic organisms, the controlled trafficking of a persulfide species avoids 
deleterious side reactions during cluster assembly. The persulfide is S0 and must 
be reduced to S2- during the subsequent steps of cluster assembly. Recent evidence 
suggests that the source of reducing equivalents for this may be provided by partner 
redox proteins, such as [2Fe-2S] Fdx in the Isc pathway, that directly donate electrons 
for sulfur reduction [17, 18]. It also has been proposed that oxidation of Fe2+ to Fe3+ 
during formation of the first [2Fe-2S]2+ cluster intermediate may provide some of the 
reducing power for sulfide formation. Despite numerous published results, it is still 
difficult to establish if persulfide and iron are donated sequentially (and if so, which 
comes first) or if they must be provided simultaneously for proper cluster assembly. 
Results obtained in vitro are often complicated by the lack of one or more potential 
partner proteins for the cysteine desulfurase and/or scaffold protein, which may sig-
nificantly alter the biochemical behavior of the system. Context is everything in Fe-S 
cluster biogenesis.
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3.3 Iron donation for Fe-S cluster biogenesis

The donation of iron for Fe-S cluster biogenesis is still largely uncharacterized. It 
is generally accepted (although not proven experimentally) that iron used for Fe-S 
cluster biogenesis comes from a ferrous pool of “labile” iron. The nature of the labile 
iron pool is still under investigation, but it is thought to consist of weakly chelated 
Fe2+ that is routed into iron metallocofactor biogenesis. This pool also is sensed by 
iron metalloregulatory proteins that control cellular iron homeostasis. To direct labile 
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Fig. 3.1: Core components of Fe-S cluster assembly. (top) Diagram of persulfide transfer from cysteine 
desulfurase to scaffold protein. Iron donation and cluster assembly proceed and then cluster transfer 
occurs to a target Fe-S metalloprotein. (bottom) Structures of IscS cysteine desulfurase (green) and 
IscU scaffold (blue) are shown (from co-structure of IscS2-IscU2 in PDB 4EB5) [19]. [2Fe-2S] monothiol 
glutaredoxin 4 (Grx4) is shown in purple as a target protein (from PDB 2WCI) [68].
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iron into Fe-S cluster biogenesis, the scaffold protein could directly bind iron from this 
pool. Multiple studies to address this question have not resulted in a clear answer. Alt-
hough Azotobacter vinelandii and Escherichia coli IscU scaffolds do not appear to have 
appreciable iron binding capability, Thermotoga maritima SufU can bind either Fe2+ 
or Fe3+ with affinities that range from the high nanomolar to low micromolar [20–22].

Alternatively, iron donation may require a separate iron “chaperone” protein that 
specifically interacts with the scaffold protein. Metallochaperones have been identi-
fied for other essential metals, such as copper and cobalt. Examples of well-studied 
copper chaperones include Atx1 in eukaryotes and CopZ in bacteria. Atx1 efficiently 
traffics copper and releases it upon direct protein-protein contact with its cognate 
acceptor Ccc2 [23–25]. An analogous iron chaperone would ensure that a subpopu-
lation of the labile iron pool is dedicated for Fe-S cluster biogenesis as opposed to 
heme biosynthesis or maturation of mono- and di-nuclear iron enzymes. A number of 
candidate iron donor proteins have been put forth over the last two decades, of which 
frataxin is the most thoroughly studied (see volume 2, chapter 10 by Tong). There is 
clear evidence that frataxin is intimately involved in Fe-S cluster biogenesis by the 
Isc (iron-sulfur cluster) pathway, both in Bacteria as well as in the mitochondria of 
Eukarya. E. coli contains a microbial frataxin (CyaY). CyaY binds two Fe2+ ions with 
a weak affinity (Kd  =  3.8 µM) [26]. The weak affinity of CyaY for Fe2+ is in contrast to 
other metallochaperones that typically have metal-binding affinities of picomolar or 
lower for their target metals [27, 28].

CyaY can also mediate the controlled oxidation of ferrous iron to ferric iron in the 
presence of H2O2, thereby avoiding hydroxyl radical generation [26]. This reaction is 
fundamentally similar to that of the mini-ferritin protein Dps (see Section 3.8.2), which 
sequesters ferric iron under oxidative stress in E. coli. CyaY can accommodate appro-
ximately 26 Fe3+, likely in the form of polynuclear iron hydroxo(oxo) species that are 
only partially associated with the protein. Iron associates with CyaY at the carboxyl 
side chain of conserved aspartate and glutamate residues [29]. Since carboxyl groups 
are less susceptible to oxidation than the thiol side chain of cysteine ligands that are 
prevalent in ferrous iron-binding proteins, it is proposed that CyaY sequesters ferric 
iron in the presence of hydrogen peroxide to help minimize the production of hydroxyl 
radicals [27]. Based on these studies and analogous work on eukaryotic frataxins, it 
was originally proposed that CyaY may be an iron donor for the Isc pathway [30].

However, a role for CyaY in iron donation has recently been called into question 
[31–34]. In E. coli, CyaY has been shown to inhibit in vitro [2Fe-2S] cluster formation 
on IscU when using IscS as the sulfur donor. The presence of CyaY does not facilitate 
iron delivery for cluster reconstitution on IscU, regardless of whether iron is added 
in solution or bound directly to CyaY. CyaY inhibition likely occurs through direct 
binding of CyaY to the IscS-IscU co-complex such that CyaY inhibits a step in cluster 
assembly, such as persulfide transfer from IscS to IscU. It was shown that CyaY resi-
dues that bind iron are also involved in binding to IscS because mutation of these 
residues diminished the ability of CyaY to inhibit IscS. The presence of iron slightly 
enhanced the inhibitory effect of CyaY on IscS-IscU cluster formation, leading to the 
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proposal that CyaY may act as a gatekeeper to control Fe-S cluster assembly based on 
in vivo iron levels [31]. One could imagine a model where in vivo oxidation of Fe2+ to 
Fe3+ on CyaY during oxidative stress might enhance CyaY repression of IscS-IscU to 
limit Isc-mediated cluster assembly. Such regulation would be consistent with other 
post-transcriptional repression of Isc under certain stress conditions (see below in 
Section 3.5). Further studies are necessary to confirm the exact function of frataxin.

In addition to frataxin, in eukaryotes the poly(rC)-binding proteins (PCBPs) were 
shown to be required for efficient in vivo iron loading into the ferritin iron storage 
protein as well as iron- and 2-oxoglutarate-dependent dioxygenases [35–37]. PCBP1 
can bind up to 3 iron ions with high nanomolar to low micromolar affinity and was 
shown to directly interact with ferritin in a Fe2+-dependent manner. However, close 
PCBP homologues are largely absent in currently sequenced microbial genomes; thus, 
it is not clear if they play any role in iron trafficking in non-eukaryotic organisms.

Unlike copper, specific high-affinity metallochaperones for individual iron- 
containing enzymes have not been identified in bacteria. This difference may be due 
to the abundance of iron containing enzymes in the cell, which requires a large labile 
iron pool and makes a “one chaperone per metalloenzyme” system less tenable. 
The labile copper pool is quite small (less than femtomolar) due to tight buffering 
by metallochaperones and glutathione (GSH) [29, 38, 39]. In contrast, the labile iron 
pool is thought be considerable (low micromolar) in most cell types. It is possible 
that the use of metallochaperones for other metals besides iron may have arisen to 
protect weakly chelated iron pools from direct competition by metals like copper and 
zinc. CuII and ZnII should bind more tightly to cellular ligands than FeII based on their 
relative positions in the Irving-Williams series. This explanation certainly seems plau-
sible in the case of copper, which has been shown to disrupt iron homeostasis when 
present in excess of the cell’s copper buffering capacity [40, 41]. In that particular 
case, CuI may be the culprit due to its thiophilic nature, which allows it to compete 
strongly for binding to Cys thiolates in cluster-binding sites. At present iron donation 
for Fe-S cluster biogenesis is perhaps the least well-defined step of the entire pathway. 
We will come back to this topic in more detail later.

3.4 Fe-S cluster assembly and trafficking

As iron and persulfide are mobilized to the scaffold protein, the cluster assembly pro-
ceeds. In the well characterized U-type scaffolds (such as IscU and the N-terminus 
of NifU), the first observable intermediate in cluster assembly is a [2Fe-2S]2+ cluster  
[42–47]. This cluster type can then be transferred from IscU to target apo-proteins 
with the assistance of heat shock cognate molecular chaperones (HscA and HscB in 
E. coli) [48–51]. Depending on the target apo-protein, the chaperones can enhance 
cluster transfer rates from [2Fe-2S]2+ IscU up to 700-fold [50]. Structural analysis and 
 biochemical experiments suggest that the molecular chaperones are required to ini-
tiate ligand exchange during cluster transfer by promoting dissociation of one of 
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the IscU Cys ligands from the Fe-S cluster [48, 50–53]. Opening this coordinate site 
presumably allows the target apo-protein to access the cluster and initiate the trans-
fer process. Molecular chaperone proteins also help control the equilibrium between 
structured and partially disordered conformations of IscU via an ATP-dependent 
binding cycle [49, 54, 55].

With additional iron and sulfide donation, the [2Fe-2S]2+ form of the IscU dimer 
can further assemble a second [2Fe-2S]2+ cluster. At this stage, the addition of one 
electron to each cluster will catalyze reductive coupling of the 2  ×  [2Fe-2S]+ clusters 
into a single [4Fe-4S]2+ cluster on IscU [44, 48]. The [4Fe-4S]2+ cluster can be transfer-
red to a target apo-protein but does not require molecular chaperones for the transfer 
[56]. The [4Fe-4S]2+ cluster on IscU is sensitive to oxygen, and upon oxidation, it may 
“disassemble” back to the [2Fe-2S]2+ form in vitro. The oxygen-sensitive cluster con-
version process may create an in vivo pool of IscU that contains both [4Fe-4S]2+ and 
[2Fe-2S]2+ clusters, which are, by far, the most common cluster types required by Fe-S 
metalloproteins. The equilibrium between cluster forms of IscU would be controlled 
by oxygen and by the specific target apo-proteins that are drawing Fe-S clusters from 
the biogenesis pool. The number and types of various target Fe-S apo-proteins would 
in turn be controlled by cellular metabolic requirements.

Recently, it has also become clear that in vivo Fe-S cluster metabolism requires 
an array of Fe-S cluster trafficking proteins, including the A-type carrier (ATC) family 
[54–63] and the monothiol glutaredoxins [16, 64–68]. ATC proteins directly inter-
act with the scaffold proteins and are highly efficient at accepting the clusters and 
passing them to target apo-proteins. Meanwhile, retrograde cluster transfer from the 
carrier back to the scaffold is typically unfavorable. The Fe-S cluster trafficking carrier 
proteins may provide an additional layer of in vivo specificity that would be difficult to 
encode directly in a single scaffold. For example, both ErpA, and IscA are required for 
full maturation of the Fe-S subunits of formate-hydrogen lyase complex in E. coli [69]. 
Similarly, Fe-S cluster acquisition by the Fe-S metalloregulatory proteins IscR and 
NsrR is controlled by different ATC proteins in vivo [70, 71]. Another possible use of 
carrier proteins in vivo is to act as a way station where clusters can accumulate while 
they await cellular demand. If sulfur trafficking, iron donation, and de novo cluster 
assembly are the slowest and/or most sensitive steps of Fe-S cluster biogenesis, there 
may be a physiological advantage to loading a pool of Fe-S carrier proteins to mini-
mize reliance on the early steps in biogenesis. There is also strong evidence that the 
ATC proteins can reversibly interconvert [4Fe-4S]2+ and [2Fe-2S]2+ clusters in response 
to oxygen [72, 73]. Monothiol glutaredoxins are also known to accommodate multi-
ple cluster types [74]. Cluster interconversion could allow them to load Fe-S clusters 
into multiple types of enzymes. Cluster interconversion may also provide the various 
 trafficking proteins with a mechanism to “protect” sensitive [4Fe-4S]2+ clusters by car-
rying out a controlled oxidation and disassembly to the [2Fe-2S]2+ form in response to 
oxygen toxicity. In some cases all-ferric [2Fe-2S]2+ clusters are more resistant to oxida-
tion than [4Fe-4S]2+ clusters that contain a mixture of Fe2+/Fe3+.
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3.5 Iron and oxidative stress are intimately intertwined

From the observations described in Section 3.4, it is clear that oxygen is a major  
antagonist of Fe-S cluster metabolism, likely through the production of ROS such as H2O2  
and superoxide (O2•). Superoxide is electrostatically attracted to the iron cations of 
the Fe-S cluster and can directly oxidize Fe2+ to Fe3+ [75]. Cuboidal [4Fe-4S] clusters 
in most proteins are not stable in the [4Fe-4S]3+ state. Cluster oxidation leads to ejec-
tion of iron and further oxidation of the remaining iron or sulfide (S2-) causes cluster 
disassembly (described in detail in Chapter 12, volume 1 by Nicolet and Fontecilla-
Camps) (Fig. 3.2). Some Fe-S clusters are protected from direct disruption by being 
buried in a solvent-protected environment within the metalloprotein. However, many 
Fe-S cluster-dependent dehydratase enzymes require that an open coordination site 
on one Fe atom be exposed to solvent to bind and activate the enzyme substrate. Fe-S 
clusters in this class of dehydratase are some of the most sensitive targets of oxidative 
stress [75–83]. ROS such as H2O2 also react readily with the thiolate anion form of 
cysteine,  resulting in oxidation of the organosulfur to sulfenic, sulfinic, and sulfonic 
acids (Fig. 3.2) [84]. Because Cys residues are often used to coordinate Fe-S clusters, 
oxidative modifications of the active sites of Fe-S metalloproteins (including Fe-S 
cluster scaffolds) would block binding of Fe-S clusters. The protein-bound persulfide 
species carried on the cysteine desulfurases and trafficked by Fe-S cluster biogenesis 
proteins is also sensitive to oxidation providing a further mechanism by which Fe-S 
cluster biogenesis can be disrupted by oxygen toxicity.

Oxygen also has an indirect effect on the ability of organisms to acquire iron. 
In the presence of oxygen, Fe2+ is readily oxidized to the ferric ion Fe3+. In aqueous 
solutions near neutral pH, Fe3+ will hydrolyze H2O to generate ironIII oxide-hydroxide 
compounds. Iron hydroxides can then polymerize via a pH-dependent process known 
as olation, thereby forming insoluble iron hydroxide precipitates. The aqueous che-
mistry of ferric iron results in vary low amounts of bioavailable iron in many environ-
ments that are otherwise favorable for life and often makes iron a limiting nutrient 
for growth. Although multiple strategies have evolved to circumvent iron limitation 
(including use of non-iron alternatives in many metabolic pathways), there appear to 
be a subset of absolutely essential iron metalloproteins in many organisms [60, 85].

Clearly, iron metalloproteins are a target of oxidative stress; however, iron also 
directly contributes to oxidative stress. This is because weakly chelated Fe2+ partici-
pates in the production of hydroxyl radicals via Fenton chemistry (Fe2+ + H2O2 → Fe3+ 
+ -OH + ·OH). To avoid toxicity, bacterial cells dynamically regulate iron distribution 
to maintain iron homeostasis [86, 87]. Multiple strategies are used to maintain neces-
sary intracellular iron levels: secretion of iron-scavenging siderophores, regulation of 
iron import systems, utilization of iron storage proteins, and controlled distribution 
of iron to various pathways [88]. Intracellular iron availability is sensed by several 
global transcriptional regulators, including the ferric uptake regulator (Fur) and the 
iron-sulfur cluster regulator IscR (see Chapter 13 by Mettert et al.). Fur directly binds 
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iron, and under iron-replete conditions Fe2+-Fur represses the transcription of genes 
that encode iron starvation stress response proteins (such as siderophore biosynthe-
sis systems, iron uptake transporters, and non-iron alternative enzymes) [87, 89]. As 
cellular Fe2+ levels drop, apo-Fur dissociates from its binding site at target promoters 
and thereby allows RNA polymerase access to initiate transcription. For example, 
Fe2+-Fur represses suf transcription when cellular iron levels are adequate, but this 
repression is abolished under iron starvation conditions [90, 91]. Fur also indirectly 
regulates many mRNA transcripts in E. coli by repressing the transcription of the RyhB 
small RNA under iron-replete conditions [92–94]. Under low iron conditions, the RyhB 
small RNA is expressed and binds to target mRNAs to regulate their stability or trans-
lation. For example, when RyhB is expressed, the small RNA binds to the isc mRNA 
and promotes RnaseE-mediated degradation of isc transcript under iron starvation 
conditions (Fig. 3.3).

Primary pathway

Downregulated
RyhB

Iron-replete conditions

Downregulated

Primary pathway

RyhB
Iron-starvation conditions

iscR iscS iscU iscA hscB hscA fdx iscX

sufA sufB sufC sufD sufS sufE

IscRIscR

IscA
ErpA[2Fe-2S]

Fur
Fe2�

iscR iscS iscU iscA hscB hscA fdx iscX

sufA sufB sufC sufD sufS sufE

IscR

Fur

Fig. 3.3: Iron-dependent regulation of isc and suf operons in E. coli. Gray dashed boxes indicate 
transcriptional or post-transcriptional downregulation of mRNA. Red boxes indicate increased 
expression of mRNA. RyhB interacts with the iscS region of the polycistronic isc mRNA and does not 
appear to decrease iscR expression.
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56   3 Stress-responsive Fe-S cluster biogenesis system

Deletion of Fur leads to a decrease of total cellular iron (due to the reduced expres-
sion of some iron storage proteins) but causes an increase in the labile pool of iron 
due to increased iron uptake and decreased iron utilization by iron metalloproteins. 
The increase in labile iron causes increased sensitivity to hydrogen peroxide (H2O2) 
and other ROS that react with Fe2+ via the Fenton reaction [78, 95, 96]. It has also been 
shown that fur expression is upregulated in response to H2O2 induction via the OxyR 
transcriptional activator that senses peroxide stress. Increased Fur expression helps 
to replace Fur protein damaged by ROS [97] and allows Fur to both sequester labile 
iron released from damaged iron metalloproteins and to tightly repress any further 
iron uptake during the oxidative stress.

These complex regulatory loops show that iron starvation and oxidative stress 
responses are intimately intertwined in E. coli. Both conditions result in disruption 
of iron metabolism and de facto iron limitation for iron cofactor biosynthesis in vivo. 
In the case of oxidative stress, iron limitation occurs due to increased iron demand to 
replace damaged iron enzymes, decreased iron uptake due to Fur upregulation, and 
increased iron sequestration in iron storage proteins (such as Dps and Bfr, see Section 
3.8.2) (Fig. 3.2). E. coli attempts to circumvent iron limitation by expressing non-iron  
alternative enzymes and by decreasing production of non-essential iron metalloprote-
ins. However, as noted above, there are at least a handful of iron-dependent enzymes 
that cannot be replaced and their maturation must be maintained for cell survival.

3.6 Stress-response Fe-S cluster biogenesis in E. coli

Oxygen-dependent disruption of Fe-S cluster metabolism has selected for the evolution 
of Fe-S cluster biogenesis pathways that are able to maintain cluster biogenesis under 
stress. The most well-studied example of a stress-response Fe-S biogenesis pathway is 
the Suf system found in many facultative anaerobes among the Gammaproteobacteria, 
such as E. coli. The Suf pathway is broadly distributed among Archaea and Bacteria, 
where it is often the primary housekeeping pathway for cluster biogenesis (see Chapter 1,  
volume 2 by Dos Santos and Dean for more discussion of housekeeping Suf systems in 
Gram-positive Bacteria) [98]. However, in some Bacteria, and in a limited set of Euka-
ryotes, Suf appears to have taken on the role of either a stress-response system or an 
organelle-specific system for Fe-S cluster biogenesis (for Eukaryotic Suf systems, note 
the role of Suf in some plant chloroplasts as described in Chapter 16, volume 2 by Ye).  
In those cases, Suf augments other housekeeping cluster biogenesis pathways (typi-
cally the Isc pathway, see Chapter 4, volume 2) and is a bona fide stress-response 
system for maintaining Fe-S cluster biogenesis under a variety of stress conditions.

E. coli switches between the Isc and the Suf systems based on environmental 
conditions using multiple transcriptional and post-transcriptional regulatory mecha-
nisms (Fig. 3.3). Transcription of the iscRSUA-hscBA-fdx-iscX operon is controlled 
by the IscR metalloregulatory protein (for a comprehensive description of IscR, see 
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Chapter 4, volume 2 by Mettert et al.) [99]. Briefly, IscR regulates global Fe-S metabo-
lism in response to Fe-S cluster demand [71, 100–102]. IscR itself binds a [2Fe-2S] cluster 
and holo-IscR represses isc transcription. As Fe-S cluster demand exceeds the ability 
of the biogenesis machinery to load the [2Fe-2S] cluster into IscR, the apo-IscR predo-
minates, leading to increased isc transcription. Interestingly, apo-IscR is not inactive. 
Instead, loss of the Fe-S cluster allows apo-IscR to acquire a new set of target promoters 
for which it activates transcription [101, 103]. Although isc transcription is generally 
responsive to a certain window of Fe-S cluster demand, under severe iron limitation, 
the isc mRNA is selectively degraded by RNaseE due to the action of the RyhB small 
RNA regulator (Fig. 3.3) [104]. Under such conditions, the cell begins to utilize the Suf 
pathway for Fe-S cluster biogenesis while minimizing its reliance on Isc.

Transcription of the sufABCDSE operon is increased under iron starvation stress 
via two mechanisms. First, the suf promoter is activated by apo-IscR, which will pre-
dominate when iron is limiting for Fe-S cluster biogenesis [101, 103]. Second, under 
iron-replete conditions, the transcription of suf is repressed by Fe2+-Fur, an iron metal-
loregulatory protein (Fig. 3.3) [90, 91]. During iron starvation, Fe2+-Fur repression is 
abolished, allowing suf transcription to increase. Transcription of suf also increases 
under oxidative stress by the concerted efforts of the OxyR peroxide stress response 
regulator and integration host factor (IHF) as well as through separate activation by 
apo-IscR [90, 105]. Due to this complex regulation, suf transcription should generally 
increase under any stress condition in which iron or Fe-S metabolism is disrupted, 
including iron limitation and oxidative stress.

The reciprocal regulation of Isc and Suf is also reflected in their respective mutant 
phenotypes [41, 62, 63, 90, 98, 106–110]. Although deletion of the isc locus causes a 
general defect in Fe-S cluster biogenesis under normal conditions, increased expres-
sion of suf is able to compensate for the lack of Isc function. Similarly, deletion of the 
suf operon has little effect on Fe-S cluster biogenesis under normal growth conditions, 
but the suf mutants are sensitive to stresses that disrupt Fe-S metabolism. The alternate 
regulation and phenotypes associated with Isc and Suf raises the question of what are 
the specific adaptations of the Suf pathway in organisms such as E. coli that allow it to 
maintain Fe-S cluster biogenesis when the housekeeping Isc pathway is compromised?

3.7 Sulfur trafficking in the stress-response Suf pathway

SufS is the cysteine desulfurase that mobilizes sulfur from l-cysteine  during Fe-S 
cluster biogenesis. This pyridoxal-5ʹ-phospate (PLP) dependent reaction results in an 
enzyme bound persulfide (R-S-SH) species on Cys364 of SufS. The steady-state activity 
of SufS is many-fold lower than that of the IscS cysteine desulfurase used by the Isc 
pathway. Comparison of the structures of the two provides a partial explanation for 
this difference (Fig. 3.4). Both cysteine desulfurases are homodimers with PLP binding 
sites located in the vicinity of the active site Cys residues used for sulfur  abstraction 
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58   3 Stress-responsive Fe-S cluster biogenesis system

from l-cysteine substrate. The active site Cys328 residue of IscS is on a flexible, solvent 
exposed loop. In most E. coli IscS structures, the active site loop is disordered and 
cannot be resolved. Figure 3.4 shows the A. fulgidus IscS co-crystallized with IscU, 
which has a well-defined active site loop containing Cys321 (analogous to Cys328). In 
contrast, the SufS active site loop is largely covered by a “lid” structure provided by the 
neighboring SufS monomer (Fig. 3.4). The active site lid restricts solvent access to SufS 
Cys364, and this important structural element is not present in IscS (Fig. 3.4). Cysteine 
desulfurase enzyme turnover requires release of the persulfide from the active site Cys 
residue, which depends on the ability of a reductant (usually DTT or TCEP in vitro or a 
partner protein thiol in vivo) to gain access to the persulfide species in the active site. 

Lid

(a) (b)

(c) (d)

IscS

Cys321 Cys364

SufS

Cys364SufS

IscS Cys321

Fig. 3.4: Comparison of IscS and SufS cysteine desulfurases. (a) A. fulgidus IscS homodimer with 
one monomer in green and one in violet (taken from IscU-IscS co-structure in PDB 4EB5). Active 
Cys321 is shown in orange with PLP cofactor in cyan. (b) E. coli SufS homodimer with one monomer 
in green and one in violet (take from PDB 1KMJ) [111]. Active Cys364 is shown in orange with PLP 
cofactor in cyan. Active site “lid” structure highlighted in surface representation (transparent 
gray). (c) FATCAT structural alignment of IscS (violet) and SufS (green) monomers from A and B [112]. 
Active site Cys residues are in orange. PLP is not shown and IscU is omitted for comparison of IscS 
and SufS structures. (d) Partial amino acid alignment of select cysteine desulfurases generated by 
FASTA. The lid region conserved in SufS family members is boxed with highly conserved residues 
highlighted in yellow.
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The structural lid over the SufS active site limits access of reductants to the Cys364 per-
sulfide and results in low steady-state activity of SufS compared with IscS [113–119]. At 
present, it is not clear if the rate at which SufS forms the enzyme persulfide is actually 
slower than IscS as direct quantitative comparisons have not been done between the 
two enzymes under pre-steady-state conditions. Possibly SufS reacts quickly to form 
the persulfide but then turns over at a much slower rate than IscS in the in vitro assays 
due to the failure to release persulfide [113].

Is there an advantage to this structural limitation of SufS? Recently, we deter-
mined that SufS Cys364 is more resistant to direct oxidation by H2O2 compared with 
IscS Cys328, indicating that the active site lid may prevent disruption of sulfur mobi-
lization by SufS in the presence of hydrogen peroxide [120]. These experiments had 
to be conducted in the absence of strong reductants such as DTT to prevent “repair” 
of partially oxidized Cys residues. As one might imagine, DTT and TCEP are not the 
physiological reductants for the persulfides on IscS or SufS in vivo. In both cases, the 
persulfide species is released from the cysteine desulfurase enzyme by the nucleophi-
lic attack of a thiol residue from a specific partner protein. For IscS, the Fe-S scaffold 
protein IscU is the partner protein that accepts the persulfide. The E. coli Suf system 
lacks a true IscU homologue (in contrast to Gram-positive Bacteria, as discussed in 
Chapter 5, volume 2 by Dos Santos) but SufS does interact with the SufE protein.

Although there is poor sequence conservation between the two proteins, SufE is 
structurally similar to IscU [121]. In contrast to IscU, there is no evidence that SufE can 
act as an Fe-S cluster scaffold because it lacks two of the three conserved Cys residues 
used by IscU to coordinate its cluster. Instead, SufE has a single conserved Cys residue 
at position 51 (analogous to IscU Cys63) that is used to accept sulfur from SufS. As a 
result, addition of SufE to the SufS activity assay results in a dramatic enhancement of 
basal SufS activity such that it reaches the level of IscS [116, 117, 122]. Addition of IscU 
can also mildly enhance IscS activity in vitro but only if the strong chemical reduc-
tants (DTT, TCEP) are omitted from the reaction until it is quenched. If the reductants 
are present during the reaction, they apparently release IscS persulfide much more 
efficiently than IscU such that activity enhancement by IscU is not observed [120].

Although the SufE Cys51 residue is on a loop structure near the surface of SufE, 
the Cys51 side chain is actually oriented into a protected groove in the SufE structure 
(Fig. 3.5) [121]. The groove is lined with hydrophobic residues and has limited solvent 
exposure. SufE Cys51 can be oxidized by H2O2 but is much less sensitive to oxidation 
than IscU Cys63, which is part of a more extended and exposed Fe-S cluster-binding 
site in IscU [120]. Recently, a co-structure was solved containing two close homologues 
of SufS and SufE, named CsdA and CsdE, respectively, which were identified in a third 
bacterial cysteine desulfurase system known as the Csd (cysteine sulfinate desulfi-
nase) system (Fig. 3.5) [123]. These proteins catalyze a cysteine desulfurase reaction, 
but the resulting persulfide appears to be donated to a partner protein known as 
CsdL for the synthesis of an unknown sulfur-containing metabolite or protein [124]. 
However, the co-structure of CsdA-CsdE is illuminating. In the structure, the SufE 
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homologue CsdE has adopted a confirmation in which the active site Cys residue that 
accepts persulfide sulfur is flipped out of its groove on the CsdE surface and is exten-
ded into the active site of the cysteine desulfurase CsdA [123]. Apparently protein-
protein interactions between CsdA and CsdE trigger this conformational change to 
facilitate sulfur transfer from the desulfurase to the acceptor proteins (Fig. 3.5). One 
would assume that SufE undergoes a similar conformational change upon interacting 
with SufS. In fact, using hydrogen deuterium exchange mass spectrometry, we have 
observed changes in solvent accessibility around SufE Cys51 when it interacts with 
SufS [125].

Does the presence of the partner proteins alter the sensitivity of SufS or IscS to oxi-
dative stress? We determined that addition of IscU to IscS actually made IscS activity 
more sensitive to disruption by oxidative stress [120]. In contrast, SufS activity was still 
enhanced in the presence of SufE and was not sensitive to H2O2 exposure. SufS-SufE 
maintained a higher level of absolute activity than IscS or IscS-IscU over the entire 
range of H2O2 concentrations tested (ranging from low to mid micromolar concent-
rations). When we measured the level of Cys oxidation at the active site Cys residues 
of each protein after H2O2 exposure, we observed that IscU was readily oxidized at its 
active site Cys63 and Cys106 residues and formed mixed disulfide species with Cys328 
of IscS. In contrast, we observed little oxidation of SufS Cys364 and only mild oxida-
tion of SufE Cys51 in response to H2O2 exposure. Thus, it appears that the Isc sulfur 
transfer pathway is inherently more sensitive to oxidative stress than the Suf pathway, 
providing a partial rationale for the cell to utilize Suf under oxidative stress conditions.

In addition to their differential sensitivity to oxidation, SufS-SufE and IscS-IscU 
also show differences in their relative activity levels under low l-cysteine  concent-
rations [120]. SufS-SufE are up to 6-fold more active at low l-cysteine concentrations 

CsdE
Cys61

SufE
Cys51

Fig. 3.5: Comparison of resting and active SufE/CsdE sulfur transfer shuttles. CsdE from  
co-structure with CsdA (PDB 4LW4) is shown in purple with active site Cys61 in stick representation 
[123]. SufE (PDB 1MZG) is shown in green with active site Cys51 in stick representation [121]. 
Structures were aligned using FATCAT [112].
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than IscS-IscU. The greater ability of Suf to maintain sulfide mobilization under low 
l-cysteine conditions may have in vivo relevance. Under oxidative stress, cellular 
l-cysteine pools may become transiently depleted as l-cysteine is used for GSH  syn-
thesis or to replace damaged thiols in oxidized proteins. Recently, it was also shown 
that l-cysteine biosynthesis is downregulated under iron starvation stress by RyhB to 
divert l-serine for siderophore production [126]. l-Serine is a common intermediate 
in both l-cysteine and enterobactin biosynthesis pathways. Thus, Suf may be better 
adapted than Isc to acquire sulfide under stress conditions in which the l-cysteine 
substrate is limiting (Fig. 3.2).

3.8 Stress-responsive iron donation for the Suf pathway

The complexity of in vivo iron homeostasis poses a significant challenge for under-
standing iron trafficking to Fe-S cluster biogenesis pathways. Iron is a required nut-
rient in E. coli (with total cellular iron content typically in the hundreds of micro-
molar range depending on environmental iron levels) [127]. Identification of an in 
vivo iron donor for Suf is complicated by a number of obstacles. Confirming a role 
for an iron donor in vitro is difficult because scaffold proteins can easily incorpo-
rate weakly chelated iron into nascent clusters. Any passive source of iron ions will 
“donate” iron to cluster assembly in vitro, making it difficult to evaluate the phy-
siological significance of previous studies [27, 31, 128, 129]. Based on the role of Suf 
during iron starvation and oxidative stress conditions that disrupt iron homeosta-
sis, it is reasonable to posit that E. coli Suf must acquire iron from a protected source 
that is resistant to these stresses. At present, the in vivo iron donation process is still 
under study. Here we will summarize the likely suspects for Suf iron donation and 
discuss the evidence for and against their role in iron trafficking to the Suf pathway.

3.8.1 SufD

The SufB, SufC, and SufD proteins are localized in the cytoplasm and interact as a 
stable SufBC2D complex (Fig. 3.6) [58, 116, 130–134]. The SufBC2D complex forms a 
novel Fe-S scaffold upon which iron and sulfide assemble into a stable cluster prior to 
transfer to target Fe-S proteins [58, 134, 135]. SufB is the final destination of iron and 
the site of cluster assembly, SufC has intrinsic ATPase activity, and the role of SufD in 
cluster assembly is not fully characterized. SufD is homologous to SufB (26% identi-
cal, 45% similar over the C-terminal ~150 residues) and likely resulted from a gene 
duplication of SufB. However, SufD does not appear to coordinate an Fe-S cluster on 
its own. SufB2C2 and SufC2D2 complexes have also been isolated, but the role of these 
sub-complexes has not been fully studied [59, 133, 133, 136]. We found that the absence 
of SufD diminishes in vivo iron incorporation into SufB with only a modest effect on 
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sulfide, suggesting that SufD may be required for iron acquisition [136]. A selective 
depletion of iron on SufB was also observed when SufC ATPase activity was altered 
by a point mutation that did not otherwise alter SufBC2D interactions. Based on these 
results, we proposed that SufC ATPase activity works in concert with SufD to facilitate 
iron delivery into the Suf pathway [136]. The iron donation step may require energy 
in the form of ATP hydrolysis to obtain iron and concentrate it for cluster assembly 
against an unfavorable concentration gradient.

The SufBC2D complex is isolated associated with 1 equiv. of FADH2 per complex 
[134, 136]. All three proteins are required for the full binding of FADH2 with a Kd for 
FADH2 of 12 µM. Reduced flavins are very efficient ferric iron-reducing agents and 
SufBC2D-FADH2 was shown to mobilize iron from ferric citrate and the iron-bound 
bacterial frataxin CyaY, presumably via a reductive mechanism [134]. It was proposed 
that SufBC2D uses FADH2 as a redox cofactor to mobilize iron for the Suf pathway  
although the in vivo iron donor remains unclear. CyaY does not appear to play a direct 
role in Suf mediated Fe-S cluster biogenesis and is instead closely linked to the Isc 
system (W. Outten, unpublished results) [137–139].

SufB SufD

ATP

SufC

SufC

Fig. 3.6: Model structure of complete SufBC2D structure. SufB is in blue, SufD is in red, and SufC 
monomers are in yellow. ATP binding sites on SufC are highlighted in green in stick representations. 
All Cys residues in SufB are highlighted in orange in stick representations. Surface representation  
is in transparent gray. SufB was modeled onto one SufD subunit from the SufC2D2 complex  
(PDB 2ZU0) [130].
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3.8.2 Iron storage proteins

E. coli contains four potential iron storage proteins that could release iron for Suf 
cluster assembly: ferritin A (FtnA), ferritin B (FtnB), heme-binding bacterioferritin 
(Bfr), and “DNA-binding protein from starved cells” (Dps) [140]. FtnA, Bfr, and Dps 
form multisubunit protein shells that oxidize Fe2+ to Fe3+ to store iron as ferric hyd-
roxide cores. Stored iron must be reduced to Fe2+ for iron to be mobilized for cell use. 
Bfr and FtnA are similar, and each forms a 12-faced polyhedron structure consisting 
of 24 subunits. Both proteins also have a similar ferroxidase center that utilizes O2 to 
catalyze ferrous iron oxidation during storage. One key difference between FtnA and 
Bfr is that Bfr incorporates twelve inter-subunit heme groups that are not present in 
FtnA [141–143]. Kinetic profiles of iron release from E. coli and A. vinelandii Bfr indicate 
that heme increases iron release by 2- to 4-fold using FMNH2 as the reductant [144]. 
It is not clear if FtnB is functionally similar to the other ferritins because it lacks the 
residues critical for ferroxidase activity and those residues important for multimeric 
protein assembly [145]. However, a role for FtnB in some step of Fe-S cluster repair was 
observed in Salmonella [146].

In contrast to FtnA, and Bfr, Dps quaternary structure only consists of 12 subunits, 
leading to a smaller overall capacity for iron storage (approximately 500 iron atoms 
compared with 4,500 iron atoms). Dps also contains a novel ferroxidase center that 
utilizes H2O2 to oxidize Fe2+ in a controlled reaction that produces H2O rather than 
hydroxyl radicals (in contrast to the Fenton reaction) [147–149]. Dps also has the addi-
tional ability to bind to DNA, possibly to protect DNA from Fenton chemistry through 
its iron sequestration and H2O2 reduction activities [150]. Dps is highly regulated in 
response to oxidative stress as well as during stationary phase in E. coli [151, 152]. 
At present, it is not clear if iron stored in Dps can be directly used as an iron source 
for metallocofactor assembly or if Dps is exclusively an iron detoxification system. 
However, its co-regulation with the Suf pathway under oxidative stress suggests it 
could serve as an iron source for that pathway.

In E. coli, transcription of both bfr and ftnA increases under iron-replete condi-
tions [153]. For bfr, it is not entirely clear how this regulation occurs, although it may 
be a target of the small RNA RyhB [94]. In the case of ftnA, this regulation is media-
ted through a complex regulatory mechanism whereby Fe2+-Fur binds upstream of 
the ftnA promoter and blocks H-NS repression of ftnA [154]. By relieving H-NS repres-
sion of ftnA, Fe2+-Fur indirectly activates ftnA transcription under high iron condi-
tions. Consequently, FtnA stores up to 50% of total cellular iron under iron-sufficient 
growth conditions, with the majority of ftnA expression occurring during the post-
exponential phase of growth [155]. In contrast, Bfr accounts for only 1% of total cellu-
lar iron under iron-replete conditions in E. coli. However, when cells are grown under 
more moderate iron levels (6 µM in minimal media), the relationship between Bfr and 
FtnA changes. Under low to moderate iron conditions, Bfr accounts for approximately 
14% of protein-bound iron, whereas FtnA accounts for only 5% [156]. Thus, it appears 
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that FtnA is primarily a storage protein for conditions of iron excess, whereas Bfr may 
be preferentially used for iron storage in growth conditions with low to moderate 
iron availability. Bfr expression is also controlled by the nutrient starvation regulator 
RpoS, such that it is likely to be more highly expressed in stationary or lag phase 
growth conditions.

The complex regulation of FtnA and Bfr complicates the interpretation of their 
physiological roles in iron trafficking. However, genetic evidence indirectly links the 
Suf pathway to Bfr in the Gram-negative plant pathogen Erwinia chrysanthemi [157]. 
In E. chrysanthemi strains lacking the sufC gene, iron release from Bfr is somehow 
impaired leading to iron accumulation in Bfr. In contrast, deletions of sufA, sufB, 
sufD, sufS, or sufE reduced the amount of iron loaded into Bfr in vivo. The results 
suggest that the Suf proteins directly or indirectly influence iron cycling through Bfr. 
Because of these phenotypes, it is tempting to speculate that Suf directly acquires iron 
from Bfr or another iron storage protein to bypass the labile iron pool. A dedicated 
iron trafficking pathway from storage proteins to Suf could be advantageous under 
iron starvation and oxidative stress conditions in which the labile pool of iron will be 
diminished.

3.8.3 Other candidates

YtfE contains a di-iron center and plays a role in in vivo Fe-S cluster repair after nitro-
sative and oxidative stresses. Deletion of ytfE caused defects in Fe-S enzyme activity 
in E. coli. Addition of holo-YtfE to cell lysates promoted the repair of the [4Fe-4S] clus-
ters of fumarase and aconitase. The results suggest YtfE donates iron for the repair of 
damaged [4Fe-4S] clusters in vivo [158–162]. To date, no results have been published 
indicating a direct relationship between Suf and YtfE.

YggX (yggX) and GSH contribute in an overlapping manner to the maintenance of 
labile iron homeostasis in Salmonella enterica [139, 163–165]. YggX is a small soluble 
protein that is regulated in response to oxidative stress [166]. Deletion of yggX in  
E. coli or S. enterica leads to specific defects in iron and Fe-S cluster metabolism [163, 
164, 166]. It was hypothesized that YggX may be an intracellular iron chaperone; 
however, subsequent studies suggest YggX cannot bind iron in vitro [163, 167]. It is 
clear that YggX plays some role in Fe-S metabolism, but the exact function of YggX 
in this process is not known. GSH is present at millimolar levels in the cell and is 
considered the main cellular reductant. GSH can chelate metals as well as reduce 
ferric iron and has been proposed as an iron chelator. It was also proposed that GSH 
facilitates binding of iron by Fur [165]. A gshA deletion mutant that is unable to syn-
thesize GSH showed sensitivity to H2O2 and impairment of Fe-S cluster repair [165]. 
The phenotype of a gshA deletion is aggravated when combined with the yggX gene 
deletion. An yggX gshA double-deletion mutant strain showed enhanced sensitivity 
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to streptonigrin and further increased sensitivity to H2O2 [165]. These results suggest 
that the pool of iron available for participation in Fenton chemistry increased. Inte-
restingly, the yggX gshA cyaY triple mutant strain has a strong phenotype, with incre-
ased nutritional auxotrophies and decreased activity of iron-containing and Fe-S 
enzymes [139]. At present, it is not clear if YggX (and GSH) are directly important for 
iron trafficking or if their effects on Fe-S cluster metabolism are indirectly caused by 
increased oxidative stress.

3.9 Unanswered questions about Suf and Isc roles in E. coli

There is growing evidence that Suf mobilization of iron and sulfide is more robust 
than Isc under stress conditions. However, there are other steps of cluster biogenesis 
where Suf and Isc may diverge in function. The inherent flexibility of the IscU scaffold 
protein likely renders it sensitive to disruption, especially by oxidation of exposed 
thiol ligands. It is possible that SufB and IscU are not equally sensitive to stress. SufB 
does not appear to catalyze cluster assembly via a stable [2Fe-2S]2+ intermediate as 
observed for IscU, although [4Fe-4S]2+ SufB can by converted into the [2Fe-2S]2+ form 
by air exposure [135, 136]. Interestingly, SufB contains some linear [3Fe-4S] cluster  
(in addition to [4Fe-4S]2+) after in vivo expression with SufCDSE [136]. The linear [3Fe-4S] 
cluster may represent a cluster intermediate or a cluster degradation product. Regard-
less, it is easily convertible back to the [4Fe-4S]2+ form by the addition of iron and one 
electron [168, 169]. Possibly, the ability to stabilize this particular cluster type provi-
des some advantage under oxidative stress conditions.

The Fe-S cluster trafficking steps may also be sensitive to disruption, but here, 
there is less divergence between Suf and Isc. Both pathways encode an ATC protein 
(SufA and IscA) that appear to overlap considerably in their in vivo function and  
in vitro biochemical characteristics [61, 62, 109, 170–172]. Although the downstream 
targets of the ATC proteins are likely to be specific for each ATC, the ATCs seem to 
share some ability to interact with both SufB and IscU scaffolds. Monothiol gluta-
redoxins may be used for Suf stress-responsive cluster trafficking, but the ability of 
the Grx4 to interface with Suf and Isc has not been carefully compared [173, 174]. It is 
likely that Suf and Isc differentially interact with currently uncharacterized pieces of 
the Fe-S cluster metabolism machinery in vivo. Future work in this field should help 
delineate the complex relationship between housekeeping and stress-responsive Fe-S 
cluster biogenesis.
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4  Sensing the cellular Fe-S cluster demand:  
a structural, functional, and phylogenetic  
overview of Escherichia coli IscR
Erin L. Mettert, Nicole T. Perna, and Patricia J. Kiley

4.1 Introduction

Given the versatile chemical reactivity of iron-sulfur (Fe-S) cluster cofactors, it is 
perhaps not surprising that in addition to serving structural, catalytic, or electron 
transfer roles for a variety of enzymes, Fe-S clusters enable many transcriptional regu-
latory proteins to sense specific environmental signals and respond appropriately by 
altering gene expression [1–4]. For the bacterium Escherichia coli, Fe-S cluster tran-
scription factors are known to differentially regulate gene expression in response to 
several redox active compounds or gases, such as O2, reactive oxygen species (ROS; 
e.g., hydrogen peroxide, superoxide), nitric oxide (NO), and redox-cycling drugs [3, 4]. 
As such, these transcription factors—by altering mRNA levels through transcriptional 
regulation—play an important role in managing redox stress in cells.

Perhaps the most well-known example, and the subject of many reviews, is the 
global regulator FNR, which directly senses O2 through the lability of its [4Fe-4S]2+ 

cluster [3–8]. During anaerobic growth of E. coli, acquisition of the [4Fe-4S]2+ cluster 
by FNR promotes protein dimerization, enabling FNR to bind site-specifically to DNA 
sites within promoter regions to control the transcription of genes encoding for pro-
teins involved in metabolism, among numerous other functions. This transcriptional 
response enables E. coli to adapt its metabolism to anaerobic environments. In the 
presence of O2, the [4Fe-4S]2+ cluster is converted to a [2Fe-2S]2+ cluster, thereby inacti-
vating FNR through loss of dimerization. This mechanism of cluster conversion serves 
as a paradigm for the O2 sensitivity of Fe-S clusters in general. 

Although the sensitivity of the [4Fe-4S]2+ cluster to O2 is optimized for the role 
of FNR in regulating relevant pathways under anaerobic conditions, the activities of 
many Fe-S enzymes are essential under both aerobic and anaerobic growth conditions.  
Thus, the innate instability of some Fe-S clusters to O2 and ROS [9–11] suggests that in 
vivo, the cellular requirements for Fe-S cluster biogenesis should vary with environmen-
tal changes in O2 tension. An initial clue that E. coli responds to changes in Fe-S cluster 
demand was based on the finding that expression of the housekeeping Fe-S cluster bio-
genesis system (the Isc pathway) [12] is upregulated under aerobic conditions compared 
to anaerobic conditions. Furthermore, we discovered that the transcription factor IscR, 
the first gene in the operon encoding the Isc proteins (iscRSUAhscBAfdx), is responsi-
ble for this O2-mediated differential expression by negatively regulating expression of 
the isc operon. Within the last 10 years, extensive studies have focused on how IscR 
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makes use of the ligation state of its own Fe-S cluster to assess the cellular Fe-S demand 
and accordingly globally alter gene transcription to maintain Fe-S cluster homeostasis. 
These studies have also revealed that, unlike FNR, IscR is a novel type of regulator in that 
both the Fe-S cluster-containing form and the clusterless, apo-protein form are active to 
modulate gene expression. Furthermore, these two forms of IscR differentially regulate 
gene expression by site-specifically binding to two distinct DNA motifs in response to 
O2 availability. In this chapter, we highlight the key structural features of IscR and relate 
these to the major findings that have established its critical physiological role in Fe-S 
homeostasis. In addition, we discuss the results of phylogenetic analyses, which have 
revealed insights into evolutionary aspects of IscR function. 

4.2 General properties of IscR

IscR is a member of the Rrf2 family of transcription factors that are widely distributed in 
bacteria and are responsible for sensing a variety of signals [13]. Other members include 
the nitric oxide sensor NsrR [14]; the Rhizobiaceae iron-responsive regulator RirA [15]; 
and the global cysteine regulator CymR of Bacillus subtilis [13]. Although this protein 
family has not been extensively studied, the crystal structures of several Rrf2 family 
members, including IscR, have been solved in recent years (Fig. 4.1) [13, 16, 17]. These 
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Fig. 4.1: Overall structure of an apo-IscR dimer bound to a 29-bp type 2 site derived from the hyaA 
promoter. In this crystal form, an IscR variant with three (Cys92, Cys98, and Cys104) of the four 
cluster ligands substituted with alanine (shown in magenta) was used. The IscR dimer is shown as a 
ribbon representation, with one subunit in gray and the other subunit in rainbow colors. Side chains 
making specific contacts to the hyaA DNA (shown in blue) are shown as sticks, and the dashed line 
indicates residues for which electron density was missing. 
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structures have revealed some key features common to members of the Rrf2 family, such 
as the presence of an N-terminal winged helix-turn-helix (wHTH) DNA-binding motif 
and a long dimerization helix. This long dimerization helix positions the wHTH at the 
extreme ends of the protein dimer, enabling these relatively small proteins to span 23–27 
bp of DNA [13]. In addition, sequence comparisons among Rrf2 members have revealed 
that a subset contain three conserved cysteine residues in their C-terminal region, sug-
gesting that some family members may ligate Fe-S clusters [13, 18]. 

While the apo-protein form of IscR was used to solve its crystal structure [16], 
several lines of evidence have demonstrated that IscR can indeed ligate an Fe-S 
cluster. Upon overexpression and isolation under anaerobic conditions, IscR is red in 
color and exhibits an absorption spectrum typical of a protein containing a [2Fe-2S] 
cluster [12]. The presence of a mostly reduced [2Fe-2S]1+ cluster in isolated IscR was 
supported by EPR and Mössbauer spectroscopies. Furthermore, Mössbauer studies 
using whole cells indicate that in vivo, the IscR [2Fe-2S] cluster is predominantly in 
the reduced (1+) state [12, 19]. Substitution of all three C-terminal cysteine residues  
(Cys92, Cys98, and Cys104) or just Cys92 with alanine, followed by purification 
yields IscR protein that does not contain any Fe-S cluster [18]. Thus, these results 
indicate that the conserved cysteine residues, in fact, serve as ligands for the IscR  
[2Fe-2S] cluster.

Until recently, it was unclear what residue provides the fourth ligand to the [2Fe-
2S] cluster since IscR only contains the three aforementioned cysteine residues. Anal-
ysis of purified [2Fe-2S]-IscR by resonance Raman and NMR spectroscopies revealed 
that the [2Fe-2S] cluster has partial noncysteinyl coordination. Indeed, subsequent 
mutational analysis identified His107 as the fourth ligand of the [2Fe-2S] cluster [19]. 
Although His107 is highly conserved among IscR orthologues, it is not conserved across 
all Rrf2 family members [13]. Furthermore, the (Cys)3(His)1 ligation is atypical since 
most [2Fe-2S] clusters have all cysteinyl (Cys)4 ligation, or in the case of Rieske proteins, 
a (Cys)2(His)2 ligation. Interestingly, the few proteins known to bind a [2Fe-2S] cluster 
with (Cys)3(His)1 ligation, such as the yeast Fra2-Grx3/4 protein complexes [20] and the 
mitochondrial mitoNEET protein [21], appear to have possible roles as sensors. Further 
work is needed to determine whether the unique cluster ligation scheme allows IscR to 
more efficiently carry out its function in sensing the cellular Fe-S demand. 

The apo-IscR crystal structure revealed that the electron density for residues 
encompassing the cluster-binding region were either weak or missing (Fig. 4.1) [16], 
suggesting conformational flexibility of this region in the absence of the [2Fe-2S] 
cluster. Nevertheless, the location of the weak electron density indicated that the 
cluster-binding site is exposed to solvent, perhaps allowing for efficient incorpora-
tion and/or loss of the [2Fe-2S] cluster. Additionally, the cluster-binding region from 
one monomer was proximal to the wHTH DNA binding domain of the other monomer, 
thus raising the possibility that upon [2Fe-2S] cluster ligation, a conformational change 
within IscR could influence DNA binding. Recent studies to address the mechanism of 
DNA binding by apo- and holo-IscR are described in further detail later in this chapter. 
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4.3  [2Fe-2S]-IscR represses Isc expression via a negative 
feedback loop

The significance of the [2Fe-2S] cluster for IscR transcriptional activity was recognized 
by the initial observation that a functional Isc pathway is required for IscR to repress 
transcription of the iscRSUAhscBAfdx operon in vivo [12]. Presumably, the Isc pathway 
provides IscR its [2Fe-2S] cluster and provides a link between IscR [2Fe-2S] cluster 
occupancy and the level of synthesis of the Isc pathway. Since this discovery, the 
IscR-dependent autoregulatory mechanism of Isc expression has been investigated 
in detail to better understand how Isc Fe-S cluster biogenesis machinery is regulated 
and, accordingly, how Fe-S cluster homeostasis is maintained. 

DNase I footprinting experiments revealed that [2Fe-2S]-IscR binds to three indi-
vidual sites within the iscR promoter region (PiscR; Fig. 4.2a) [22]; however, only two of 
these sites, designated site A and site B, are necessary for IscR-mediated repression 
of PiscR in vivo [23]. Because these sites partially overlap promoter elements recog-
nized by RNA polymerase (RNAP), we predicted that [2Fe-2S]-IscR represses PiscR by  
preventing RNAP from binding to the promoter. In support of this notion, DNase  
I footprinting revealed that simultaneous incubation of [2Fe-2S]-IscR and RNAP 
with DNA containing the iscR promoter region resulted in a pattern of protection 
from DNase I cleavage identical to the one when just [2Fe-2S]-IscR was present  
(Fig. 4.2b) [24]. This result indicates that binding of [2Fe-2S]-IscR to PiscR prevents 
RNAP from binding to the promoter and activating transcription.

The requirement of the [2Fe-2S] cluster in IscR-mediated repression of PiscR was 
definitively established by demonstrating that PiscR repression is relieved in strains 
expressing IscR mutants containing alanine substitutions of the cluster ligands (Cys92, 
Cys98, Cys104, and His107) [19, 23]. [2Fe-2S]-IscR is the form needed for DNA binding 
because fluorescence anisotropy assays revealed that in vitro, [2Fe-2S]-IscR binds 
to DNA fragments containing either site A or B from PiscR with much higher affinity 
than the clusterless variant IscR-C92A/C98A/C104A [23]. In addition, strains lacking 
individual components of the Isc pathway, such as IscS, IscU, or Fdx, yielded similar 
defects in PiscR repression as a strain lacking the entire Isc pathway (ΔiscSUAhscBAfdx)  
[12, 23, 25]. Although this defect was less severe in a strain lacking the A-type carrier 
(ATC) protein IscA [23, 25], recent studies demonstrated that another ATC, ErpA, also 
participates in IscR [2Fe-2S] cluster delivery [25]. Finally, in contrast to the Isc pathway, 
deletion of the sufABCDSE operon, encoding the alternate, stress-induced Suf Fe-S 
cluster biogenesis pathway, had no effect on the ability of [2Fe-2S]-IscR to repress 
PiscR in vivo [23, 25]. Taken together, these findings support the conclusion that the Isc 
pathway provides the [2Fe-2S] cluster required for IscR to repress PiscR expression.

In characterizing the Fe-S cluster maturation pathway for IscR, it was shown that 
while the ATC proteins IscA and ErpA participate in cluster transfer to IscR in vivo and 
in vitro, evidence also suggests that IscR may receive clusters directly from a scaffold 
protein (e.g. IscU) without the assistance of any ATC. This was in contrast to the Rrf2 
paralogue NsrR, which exhibited a strict cluster transfer requirement from a scaffold 
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Fig. 4.2: IscR prevents binding of RNAP to the iscR promoter in vitro. (a) Diagram of the iscR promoter 
region with the IscR binding sites A (underlined), B (double underlined), and C (underlined); the 
transcriptional start site (arrow); and the –35 and –10 promoter elements (shaded) indicated. (b) 
Results of a DNase I footprinting assay, carried out as previously described [22], to evaluate binding 
of IscR (500 nM dimers) or σ70-RNAP (100 nM) to the top strand of the iscR promoter. IscR, RNAP, or 
both were incubated with DNA radiolabeled at one end for 30 minutes at 37°C before the addition of 
DNase I for 30 seconds. Electrophoresis of the samples revealed the IscR- or RNAP-specific patterns 
of protection of the DNA from DNase I cleavage. The presence (+) or absence (-) of the proteins in the 
reaction and the extent of the IscR (solid line) and σ70-RNAP (dashed line) footprints relative to the +1 
transcription start site are noted. Samples were electrophoresed with a Maxam-Gilbert (A + G) ladder. 
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to either IscA or SufA and, subsequently, to ErpA [25]. These findings, together with 
those of additional studies [26–28] suggest that while cluster delivery is a versatile 
process, specific routes may depend on intrinsic features of the apo-protein substrate 
and/or environmental conditions. Furthermore, growing evidence has indicated that 
several non-A-type proteins, such as NfuA, GrxD, and Mrp, may also participate in 
cluster delivery [29–32]. With the exception of SufA, cellular levels of carrier proteins 
appear to be quite abundant under standard aerobic growth conditions [33]. Thus, a 
systematic approach will be necessary to further define the delivery routes by which 
IscR, and other apo-protein substrates, acquire Fe-S clusters.

4.4  IscR adjusts synthesis of the Isc pathway based on the 
cellular Fe-S demand

E. coli is predicted to contain greater than 150 proteins that contain Fe-S clusters, some 
of which are known to be sensitive to destruction or damage by O2 and ROS. Although 
it is not known in general how levels of these proteins compare between aerobic and 
anaerobic growth conditions, gene expression studies suggest that Fe-S proteins are 
highly expressed under both conditions [34]. Thus, to mitigate the damage to Fe-S 
clusters by O2 or ROS, the need for Fe-S cluster biogenesis or repair is likely increased 
in the presence of O2. Consistent with this notion, there is fivefold less PiscR repres-
sion under aerobic conditions than anaerobic conditions. Furthermore, this aerobic 
derepression of PiscR occurs despite IscR protein levels being ~10-fold higher under 
aerobic than anaerobic conditions [23]. Hence, we interpret this as indicating that the 
cellular Fe-S demand appears to be higher when O2 is present. 

Recent research has focused on how IscR may sense these changes in cellular Fe-S 
demand. Based on previous studies with FNR [35–37], it was reasonable to hypothesize 
that O2 may destabilize the IscR [2Fe-2S]1+ cluster, or as in the case for SoxR in response to 
redox cycling drugs [38], the oxidation state of the cluster may be altered, thereby affecting  
holo-IscR activity. However, results from in vitro experiments suggest that O2-mediated 
destruction of the IscR [2Fe-2S]1+ cluster does not occur at a biologically relevant rate 
[12] (Kiley and Fleischhacker, unpublished results). Furthermore, although Mössbauer 
spectroscopy revealed that the [2Fe-2S]+1 cluster is indeed subject to immediate oxidation 
to the (2+) state upon exposure to O2, [2Fe-2S]-IscR was shown to have similar affinity for 
DNA containing the PiscR site B in vitro regardless of the cluster oxidation state [19]. 

Rather, the current hypothesis is that IscR cluster occupancy differs between aerobic 
and anaerobic conditions due to competition between IscR and other Fe-S substrates for 
the Isc machinery (Fig. 4.3). This competition would be elevated under aerobic condi-
tions due to increased rates of O2- or ROS-mediated Fe-S cluster turnover for proteins 
containing labile clusters. In turn, this would lead to low IscR [2Fe-2S] cluster occu-
pancy and, thus, less repression of the iscRSUAhscBAfdx operon. Under anaerobic 
conditions, Fe-S clusters are predicted to be more stable, and thus, less competition 
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would exist between IscR and apo-protein substrates. As a result, IscR would be pre-
dominantly in the holo-protein form to repress expression of the Isc pathway. Consist-
ent with this model, IscR titration experiments revealed that half-maximal repression 
of PiscR in vivo required ~ninefold more IscR protein under aerobic conditions relative to 
anaerobic conditions [23]. If the concentration of holo-IscR is presumed to be equivalent 
to the IscR protein concentration required for 50% PiscR repression, these results indi-
cate that IscR [2Fe-2S] cluster occupancy is lower under aerobic conditions. Although 
direct measurement of IscR cluster occupancy would further support this hypothesis, 
we currently lack robust methods to assess cluster occupancy at physiological levels 
of Fe-S proteins. Nevertheless, overexpression of FNR, or FNR-L28H, which contains a 
leucine-to-histidine substitution that renders the [4Fe-4S] cluster resistant to oxygen, 
diminished aerobic PiscR repression, whereas anaerobic PiscR expression remained unaf-
fected [23]. This finding argues that under anaerobic conditions, there is sufficient Isc 
machinery present to efficiently respond to changes in Fe-S demand, thereby decreas-
ing the competition between IscR and substrate proteins for Fe-S clusters. 

Although this model provides an explanation for how E. coli exploits changes in 
IscR [2Fe-2S] cluster occupancy to sense and respond to differential requirements for 
Fe-S biogenesis, many questions regarding this proposed mechanism still remain. For 
example, as mentioned earlier in this chapter, it is not known whether the atypical 
(Cys)3(His)1 cluster ligation scheme or some other feature makes IscR a less  efficient 

iscR iscS iscU iscA hscB hscA fdx

apo-IscR

[2Fe-2S]-IscR [2Fe-2S]-IscR

apo-IscR

iscR iscS iscU iscA hscB hscA fdx

ROS, NO

?

Anaerobic Aerobic

Isc

Isc

Isc Isc

Isc

Isc

Fig. 4.3: Model describing how IscR responds to the differential demand in Fe-S cluster biogenesis 
between aerobic and anaerobic growth conditions. (Adapted from Giel JL, Nesbit AD, Mettert EL, 
Fleischhacker AS, Wanta BT, Kiley PJ, Mol Microbiol, 87, 478–92, 2013.) When O2 is present, the rate 
of general Fe-S cluster turnover is predicted to be high, resulting in an increased demand for Fe-S 
cluster assembly. This leads to competition between IscR and apo-protein substrates (gray squares) 
for the Isc machinery, resulting in low IscR [2Fe-2S] cluster occupancy and, thus, derepression of the 
iscRSUAhscBAfdx operon. ROS and NO may also directly destabilize the IscR [2Fe-2S] cluster to generate 
apo-IscR, although this has yet to be confirmed. In contrast, when O2 is absent, the demand for Fe-S 
cluster biogenesis is low due to heightened stability of Fe-S clusters. As a result, IscR [2Fe-2S] cluster 
occupancy is increased, culminating in repression of the Isc pathway. Although not depicted, under iron-
limiting conditions, synthesis of [2Fe-2S]-IscR may be decreased, leading to elevated levels of apo-IscR.
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competitor for the Isc machinery compared with other Fe-S substrate proteins. If 
IscR is less able to acquire its Fe-S cluster, then other important cellular Fe-S cluster 
requirements would be satisfied before IscR acquires its [2Fe-2S] cluster. Furthermore, 
whether (Cys)3(His)1 ligation makes IscR more prone to cluster loss upon exposure 
to ROS remains to be established. While expression of the iscRSUAhscBAfdx operon 
was induced upon exposure of cultures to H2O2 and the O2

--generating drug paraquat 
[39–42], further work is needed to establish whether ROS can directly target the stabil-
ity of the IscR [2Fe-2S] cluster, in addition to increasing the general cellular need for 
Fe-S synthesis. 

It is also possible that [2Fe-2S]-IscR responds to other environmental signals. For 
example, in response to excess amounts of cobalt, expression of iscRSUAhscBAfdx 
was increased [43], suggesting that [2Fe-2S]-IscR may indirectly sense cobalt stress. 
[2Fe-2S]-IscR may also sense NO, known to damage some Fe-S clusters [44, 45], and/
or levels of Fe. Indeed, in cells treated with the Fe2+-specific chelator 2,2’-dipyridyl, 
transcription of the iscRSUAhscBAfdx operon was upregulated [25, 39, 46]. Under 
these same growth conditions, however, the small regulatory RNA RyhB was found 
to target the iscSUAhscBAfdx transcript for degradation. In contrast, the iscR tran-
script remained relatively stable, presumably due to secondary structure within the 
transcript that protected the transcript from degradation by ribonucleases [47]. Thus, 
this differential transcript degradation could allow for IscR-mediated gene regula-
tion while simultaneously decreasing Isc-mediated Fe-S biogenesis under conditions 
when Fe is limiting. However, this mechanism could also simply increase expression 
of the regulator without coupling it to changes in levels of the biogenesis machinery, 
which are already fairly abundant [24, 33, 48, 49]. Resolving the role of Fe in the regu-
lation of IscR and Isc-mediated cluster assembly will require determining whether Fe 
limitation significantly alters IscR protein levels. Ultimately, these and future studies 
to decipher how IscR is regulated will provide key insights into understanding how 
Fe-S homeostasis is maintained throughout E. coli’s ever-changing environment.

4.5 IscR has a global role in maintaining Fe-S homeostasis

Subsequent to discovering that IscR functions as a repressor of the iscRSUAhscBAfdx 
operon [12], genome-wide transcription profiling data, in addition to findings from 
biochemical and genetic studies, have revealed that IscR either directly or indirectly 
controls the expression of more than 40 genes in E. coli [22, 40, 50–53]. Similar to the 
isc operon, IscR also represses the expression of ErpA and NfuA, proteins that have 
roles in Fe-S cluster assembly [22]. In addition, IscR is predicted to bind the promoter 
region of cysE [22]. CysE is a serine acetyltransferase that catalyzes a rate-limiting 
step in biosynthesis of cysteine [54], which is needed for Fe-S cluster assembly. Sur-
prisingly, IscR directly activates transcription of the sufABCDSE operon that encodes 
the alternate Suf Fe-S biogenesis pathway [22, 40]. Although Isc is considered to be 
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the housekeeping Fe-S biogenesis pathway, the Suf system is proposed to function 
primarily under oxidative and nitrosative stress and Fe-limiting conditions [39, 41, 55, 
56]. Thus, the role of IscR in maintaining Fe-S cluster homeostasis goes beyond that 
of simply regulating the Isc pathway.

4.6 Fe-S cluster ligation broadens DNA site specificity for IscR

To establish the consensus IscR DNA binding site, sequences of the IscR protected 
regions in DNase I footprinting experiments were analyzed. This analysis, in addi-
tion to further investigation by phylogenetic footprinting, revealed that IscR specif-
ically binds to two classes of DNA target sites, referred to as type 1 and type 2 sites 
(Fig. 4.4) [22]. However, as later studies revealed, the promoters of genes control-
led by type 1 and type 2 sites show differences in their regulation by IscR accord-
ing to the availability of O2. The different roles of these two sites in allowing IscR 
to maintain Fe-S homeostasis will be discussed later in the chapter. Because the 
nucleotide sequences of these sites differ, it was not immediately apparent how an 
IscR dimer, predicted to have a single wHTH DNA binding domain in each subunit, 
could distinguish between the two sites. Even more intriguing was the finding 
that IscR binding to type 1 and type 2 sites is differentially regulated depending 
on whether the IscR [2Fe-2S] cluster is present. In vitro studies revealed that only 
[2Fe-2S]-IscR binds with high affinity to a type 1 site (found in the iscR promoter), 
whereas both [2Fe-2S]-IscR and apo-IscR bind with similar high affinity to a type 
2 site (found in the hyaA and sufA promoters) [18, 23]. Because other known Fe-S 
cluster-containing transcription factors (e.g. FNR, SoxR) do not regulate transcrip-
tion when they lack a cluster [6, 57], the finding that both holo- and apo-IscR are 
both active forms of the protein was truly unexpected. Furthermore, since Fe-S 
cluster occupancy of IscR is regulated by O2 availability, broadening of IscR target 
site recognition upon [2Fe-2S] ligation revealed a very unique mechanism for dif-
ferential gene regulation.

Type 2 site

Type 1 site

�����������������������������������������������������������������������������������

������������������������������������������������������������������������������������
[2Fe-2S]-IscR

[2Fe-2S]-IscR apo-IscR

Fig. 4.4: The proposed consensus DNA binding sites for IscR are shown. [2Fe-2S]-IscR binds with 
high affinity to type 1 sites, whereas both [2Fe-2S]-IscR and apo-IscR bind with equally high affinity 
to type 2 sites. For the type 2 site, underlined is the symmetrical sequence present in each half 
site shown to be important for base-specific recognition by IscR. A, T, C, and G represent adenine, 
thymine, cytosine, and guanine, respectively; R represents A or G, Y represents C or T, W represents 
A or T, and x is undefined. Prototypical promoters that contain type 1 sites are iscR, erpA, and nfuA, 
whereas those that contain type 2 sites are hyaA, sufA, and hybO. 
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The crystal structure of apo-IscR bound to the type 2 site of the hyaA promoter has 
provided the major framework to understand how IscR distinguishes between two 
different DNA sites (Fig. 4.1). Although nonspecific interactions to the minor groove 
and DNA backbone provide much of the binding energy required to form the IscR-
hyaA complex, the structure also revealed nucleotide-specific contacts between the 
IscR recognition helix and major groove of the DNA [16]. These findings corroborated 
earlier mutational analysis of the hyaA type 2 site that identified the same nucleotides 
important for IscR site-specific binding [18]. In addition, alanine substitution of the 
residues participating in these specific contacts (Ser40, Tyr41, Glu43, Gln44, and 
Arg59) established their relative importance in IscR recognition of the symmetrical 
7CCxYA11 sequence (where x is undefined and Y is a cytosine or thymine) present in 
each half site of the type 2 motif (Fig. 4.4) [16]. 

The presence of Glu43 within the IscR-hyaA interface was particularly compel-
ling since acidic residues are not typically involved in nucleotide recognition due to 
potential electrostatic repulsion with the DNA backbone. Nevertheless, Glu43 was 
determined to be an important specificity-determining contact with the 7CC8 dinucle-
otides in each type 2 half site. While mutation of 7CC8 in one half site disrupted in vitro 
binding affinity for wild-type IscR, binding affinity of the mutant protein IscR-E43A 
was unaffected. Furthermore, unlike wild-type IscR, IscR-E43A did not discriminate 
between nucleotide bases at positions 7 or 8 [16]. These results suggest that the Glu43 
contacts with the symmetrical 7CC8 dinucleotides are critical for specific recognition 
of type 2 sites.

In contrast to the symmetrical type 2 site, the type 1 site is asymmetrical, contain-
ing 7CC8 in one half site and a 7’TT8’ in the other half site (Fig. 4.4). Since apo-IscR 
binds only type 2 sites with high affinity, it was proposed that an unfavorable inter-
action between Glu43 and 7’TT8’ may inhibit apo-IscR from binding type 1 sites. In 
support of this hypothesis, both apo- and holo-forms of the IscR-E43A mutant bound 
the iscRB type 1 site with similar high affinity in vitro [16]. Thus, Glu43 of the wild-type 
protein is vital for discrimination against apo-IscR binding to the type 1 site. Further-
more, this finding implies that in order for [2Fe-2S]-IscR to bind to the type 1 site, the 
electrostatic repulsion between Glu43 and 7’TT8’ must be removed. The current model 
proposes that ligation of the [2Fe-2S] cluster may induce a conformational change 
within IscR that repositions Glu43 away from 7’TT8’, allowing for favorable contacts 
with the type 1 site. 

Additional sequence differences in the two IscR binding motifs may also account 
for the differential regulation of type 1 and type 2 sites. Indeed, simply replacing the 
7’TT8’ dinucleotide of the iscRB type 1 site with cytosines was not sufficient to allow 
high-affinity binding by apo-IscR [16]. This suggests that the potentially favorable 
interaction between Glu43 and the CC dinucleotide may lock the IscR-DNA complex in 
such a conformation that essential contacts to other nucleotides in the type 1 site are 
not made. Although residues Ser40, Tyr41, Gln44, and Arg59 were found to be impor-
tant for [2Fe-2S]-IscR binding to both type 1 and type 2 sites, the relative  influence of 
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contacts made by Ser40 and Gln44 varied between the two sites [16]. Thus, it appears 
that upon [2Fe-2S] ligation, repositioning of Glu43 allows for a more flexible protein 
conformation such that IscR can make different nucleotide contacts to accommodate 
binding to type 1 sites. Studies to establish a structural basis for this model and to 
further characterize important nucleotides within the type 1 site are ongoing. 

Although IscR from E. coli represents the paradigm for understanding mecha-
nistically how a transcription factor is capable of binding site-specifically to two 
different sites, this may be an emerging property of other transcription factors. For 
example, the Fur proteins from Campylobacter jejuni and Bradyrhizobium japonicum 
and the Fur homolog BosR from Borrelia burgdorferi apparently recognize multiple 
DNA sequences, although the exact relationship between sequence specificity and 
affinity has not been established [58–60]. In addition, the functionality of both apo- 
and holo-forms may not be unique to IscR, whereas Fur requires its Fe2+ cofactor to 
repress transcription in most bacteria, apo-Fur appears to regulate expression of a 
few genes in C. jejuni and Helicobacter pylori [58, 61]. 

4.7 Phylogenetic analysis of IscR 

To establish the extent to which IscR is conserved among bacteria and, more spe-
cifically, how well the key IscR residues that allow differential DNA site regulation 
are conserved, we conducted evolutionary analyses. The primary IscR amino acid 
sequence from E. coli strain MG1655 was used to query the NCBI reference protein data-
base. This blastp search, plus further verification by sequence alignment, produced 
4,527 proteins similar to MG1655 IscR. Among these proteins, we identified four major 
clades (Fig. 4.5a): the first clade (1,209 proteins) includes E. coli IscR; the second clade 
(1,310 proteins) includes E. coli NsrR; and the third clade (1,292 proteins) includes 
B. subtilis CymR. This observation is consistent with the fact that all three of these 
proteins belong to the Rrf2 protein family. The fourth clade (715 proteins, designated 
here as Unknown clade) does not appear to contain any well-characterized transcrip-
tion factors, and literature in the PubMed database linked to these proteins almost 
exclusively consisted of genome sequence reports. Only one taxon, Gemmatimonas 
aurantiaca T-27 gi|226227389, could not be definitively assigned to one of these clades. 
Although taxonomic distribution does not reveal any obviously strict patterns, some 
interesting trends emerge among the four clades, which encompass a wide range of 
bacterial diversity (Tab. 4.1). For instance, the Unknown clade is dominated by Alp-
haproteobacteria and Actinobacteria. Gammaproteobacteria and Betaproteobacteria 
tend to have IscR and NsrR, but very few CymR and Unknown clade members. In addi-
tion, Bacilli and other Firmicutes tend to have NsrR and CymR, although there is some 
evidence for a few IscR and/or Unknown clade members in these taxa. 

We found that IscR is most prevalent in the Proteobacteria (primarily gamma, 
then beta and alpha), similar to what was observed previously [62]. However, it is 
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Fig. 4.5: (a) Shown is an unrooted tree for 4,527 proteins similar to E. coli MG1655 IscR. The MG1655 
IscR protein sequence was used to query the reference protein (refseq protein) database using 
blastp with an E value cutoff of 0.0001 and a maximum number of hits (20,000) that exceeded 
the number of matches retrieved. The search returned 4,529 hits. These, plus MG1655 IscR, were 
aligned with MAFFT (version 7) using the FFT-NS-1 option (PMID: 23329690). Three sequences 
from one organism were very poorly aligned (Saccharopolyspora spinosa), so they were removed, 
and the remaining sequences were realigned using the same options. Phylogenetic analysis was 
conducted using FastTree2 with default parameters (PMID: 19377059). Trees were visualized using 
Archeopteryx (PMID: 19860910). (b) Shown is the structure of apo-IscR colorized according to amino 
acid conservation. The conservation scores and mapping onto the structure (PDB ID: 4hf0) were 
performed using the ConSurf server (PMID: 20478830) with a MAFFT alignment of the 1,209 IscR 
clade proteins. (c) Shown is an alignment of a subset of IscR proteins. This is a portion of the 1,209 
protein IscR clade MAFFT alignment visualized using Jalview2.8 (PMID: 19151095) with gaps relative 
to the E. coli MG1655 IscR protein hidden. Red blocks mark columns of the alignment corresponding 
to Cys92, Cys98, Cys104, and His107. All cysteines (yellow) and histidines (orange) in this region are 
highlighted.
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Tab. 4.1: Taxonomic distribution of four clades of Rrf2 family proteins.

Taxonomya Cladeb Total

IscR CymR NsrR Unknown

Proteobacteria; Gammaproteobacteria 733 4 387 17 1,140
Proteobacteria; Alphaproteobacteria 162 56 276 268 762
Firmicutes; Clostridia 5 437 86 5 533
Firmicutes; Bacilli 0 224 191 9 424
Proteobacteria; Betaproteobacteria 259 10 104 0 373
Actinobacteria; Actinobacteridae 0 0 47 218 265
Proteobacteria; Deltaproteobacteria 8 91 44 20 163
Cyanobacteria; Oscillatoriophycideae 0 108 0 0 108
Firmicutes; Negativicutes 0 63 7 0 70
Cyanobacteria; Nostocales 0 57 0 0 57
Bacteroidetes; Flavobacteriia 1 1 21 32 55
Proteobacteria; Epsilonproteobacteria 0 22 5 27 54
Actinobacteria; Coriobacteridae 0 34 13 0 47
Bacteroidetes; Cytophagia 0 0 12 31 43
Spirochaetes; Spirochaetales 9 25 3 0 37
Deinococcus-Thermus; Deinococci 0 25 0 10 35
Bacteroidetes; Sphingobacteriia 0 6 9 17 32
Planctomycetes; Planctomycetia 0 0 8 19 27
Thermotogae; Thermotogales 16 1 5 0 22
Fusobacteria; Fusobacteriales 0 16 4 0 20
Cyanobacteria; Stigonematales 0 18 0 0 18
Synergistetes; Synergistia 0 6 6 4 16
Firmicutes; Erysipelotrichia 1 13 1 0 15
Bacteroidetes; Bacteroidia 0 5 6 3 14
Chlorobi; Chlorobia 0 1 12 0 13
Acidobacteria; Acidobacteriales 0 2 8 1 11
Deferribacteres; Deferribacterales 4 0 2 4 10
Nitrospirae; Nitrospirales 0 1 8 1 10
Actinobacteria; Rubrobacteridae 0 2 1 6 9
Cyanobacteria; Pleurocapsales 0 9 0 0 9
Proteobacteria; Zetaproteobacteria 6 0 3 0 9
Verrucomicrobia; Verrucomicrobiae 0 1 2 6 9
candidate division OP9 0 5 2 0 7
Aquificae; Aquificales 0 0 6 0 6
Bacteroidetes; Bacteroidetes Order II 0 0 6 0 6
Chloroflexi; Chloroflexales 0 6 0 0 6
Chloroflexi; Ktedonobacteria 0 2 3 0 5
Ignavibacteriae; Ignavibacteria 0 2 3 0 5
Actinobacteria; Acidimicrobidae 0 0 2 2 4
Cyanobacteria 0 4 0 0 4
Dictyoglomi; Dictyoglomales 0 4 0 0 4
Verrucomicrobia; Opitutae 0 0 0 4 4
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Acidobacteria; Holophagae 0 3 0 0 3
Acidobacteria; Solibacteres 0 1 1 1 3
candidate division OD1 0 2 1 0 3
candidate division OP8 0 1 1 1 3
Chloroflexi; Dehalococcoidia 0 3 0 0 3
Cyanobacteria; Gloeobacteria 0 2 1 0 3
Firmicutes; environmental samples 0 3 0 0 3
Thermodesulfobacteria 1 1 1 0 3
Verrucomicrobia 0 0 0 3 3
Armatimonadetes; Chthonomonadetes 0 1 1 0 2
Chloroflexi; Anaerolineae 0 0 2 0 2
Chloroflexi; Sphaerobacteridae 0 2 0 0 2
Firmicutes 0 2 0 0 2
Thermobaculum 0 1 0 1 2
Acidobacteria; Chloracidobacterium 0 1 0 0 1
Acidobacteria; Koribacter 0 0 1 0 1
Actinobacteria; Microthrix 0 0 0 1 1
Caldiserica; Caldisericia 0 0 0 1 1
Caldithrix; 0 0 1 0 1
Candidate division KSB1 1 0 0 0 1
Candidate division NC10 0 0 0 1 1
Candidate division NKB19 0 0 1 0 1
Candidate division OP3 0 0 0 1 1
Candidate division WS1 0 0 1 0 1
Chlamydiae; Chlamydiales 0 0 1 0 1
Chloroflexi; Herpetosiphonales 0 1 0 0 1
Chloroflexi; Thermomicrobiales 0 1 0 0 1
Chrysiogenetes; Chrysiogenales 0 1 0 0 1
Cyanobacteria; Prochlorales 0 1 0 0 1
dsDNA viruses; unclassified dsDNA phages 0 1 0 0 1
Euryarchaeota; Thermoplasmata 0 1 0 0 1
Fibrobacteres; Fibrobacterales 0 1 0 0 1
Lentisphaerae; Lentisphaeria 0 0 1 0 1
Metazoa; Ecdysozoa 1 0 0 0 1
Planctomycetes; Phycisphaerae 0 0 1 0 1
Synergistetes 0 1 0 0 1
Verrucomicrobia; Spartobacteria 0 0 0 1 1
Total 1,207 1,292 1,308 715 4,521

a Taxonomic information was extracted from Reference Protein XML records.
b Clades were assigned according to phylogenetic analysis (Fig. 4.5).

Tab. 4.1 Continued

Taxonomya Cladeb Total

IscR CymR NsrR Unknown
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also present in distantly related organisms, such as Spirochaetes and Thermotogae. 
Notably, the presence of IscR appears to be widespread among pathogenic bacteria 
and, accordingly, was demonstrated to be important for virulence by the plant patho-
gens Dickeya dadantii (formerly known as Erwinia chyrsanthemi) and Xanthomonas 
campestris and the human pathogens Pseudomonas aeruginosa, Vibrio vulnificus, 
Yersina pseudotuberculosis, and Shigella flexneri [63–68]. Remarkably, the key resi-
dues involved in IscR [2Fe-2S] cluster ligation and DNA binding are all highly con-
served among members of the IscR clade (Fig. 4.5b and c). This finding implies that 
the mechanism by which IscR regulates two different DNA target sites may also be 
highly conserved among numerous bacteria. 

Despite this high degree of conservation, we and others [62, 69] observed an 
intriguing variation among the Alphaproteobacteria; whereas most IscR proteins 
possess the [2Fe-2S] cluster ligands, these residues are not conserved in the Rhodo-
bacterales. Rather, a C-terminal cysteine residue that is not present at the same posi-
tion in E. coli IscR was recently shown to be required for Rhodobacter sphaeroides IscR 
to exhibit an absorbance spectrum that may be characteristic of a Fe-S protein [70]. 
More direct methods need to be employed to validate this finding. Additionally, the 
genomic context of Rhodobacterales is a combination of isc (iscRS) and suf (sufBCDS) 
genes. Since IscR-dependent repression of this hybrid pathway was relieved in iron-
limiting media, it was proposed that the function of the cysteine residue in Rhodo-
bacter sphaeroides IscR may be required for proper regulation of the iscRSsufBCDS 
operon [70]. Interestingly, the Alphaproteobacteria Caulobacter crescentus also has 
this hybrid operon, but its IscR protein has all of the conserved cluster ligands [71]. 
Thus, dissecting the mechanism by which IscR regulates this hybrid operon among 
Alphaproteobacteria will be important in determining how Fe-S homeostasis in main-
tained within this diverse class of bacteria. 

4.8  Binding to two classes of DNA sites allows IscR to 
differentially regulate transcription in response to O2 

By identifying which IscR-regulated promoters contain a type 1 site vs a type 2 site, 
it is apparent that the ability of IscR to discriminate between these two sites poses a 
major advantage for maintaining Fe-S cluster homeostasis. For example, type 1 site-
containing promoters include those of the iscRSUAhscBAfdx operon, erpA, nfuA, and 
cysE, all of which are known or are predicted to be repressed by [2Fe-2S]-IscR and 
encode proteins involved in Fe-S cluster assembly [22]. Because the Fe-S demand 
under anaerobic conditions is low, it makes physiological sense to have these genes 
repressed by [2Fe-2S]-IscR (Fig. 4.3). In contrast, under aerobic conditions, when the 
Fe-S demand is high and levels of apo-IscR increase due to competition with other 
substrate proteins for the Isc machinery, de-repression of iscRSUAhscBAfdx, erpA, 
nfuA, and cysE occurs so that the cellular Fe-S requirements can be met. Interestingly, 
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although all IscR-dependent promoters identified thus far contain a single target site, 
the one exception is the iscR promoter, which contains two type 1 sites [22], perhaps 
emphasizing the significance of regulating Isc Fe-S biogenesis in vivo. 

Although promoters containing a type 2 site can be bound by both apo- and holo-
IscR in vitro [18], transcription profiling results indicate that most of these promoters 
are limited to regulation by IscR under aerobic growth conditions when apo-IscR is 
the predominant form of the protein [22]. As previously mentioned, promoters with 
a type 2 site include that of the hyaABCDEF operon, encoding the anaerobic Fe-S 
enzyme hydrogenase 1. Two other anaerobic Fe-S enzymes, hydrogenase 2 and the 
periplasmic nitrate reductase, are also regulated by type 2 site-containing promot-
ers, hybO and napF, respectively. Under aerobic conditions, IscR represses transcrip-
tion of these enzymes, perhaps directing Fe-S cluster biogenesis toward Fe-S proteins 
that exhibit essential cellular functions in the presence of O2 [22]. IscR also activates 
the expression of some promoters that have a type 2 site. These include those of the 
sufABCDSE operon and sodA, encoding the Mn2+-containing superoxide dismutase 
(Mn2+-SOD) [22, 40]. Thus, IscR-dependent regulation of type 2 sites enables E. coli to 
maintain Fe-S cluster homeostasis not only by directly controlling Fe-S biogenesis but 
also by decreasing ROS and possibly protecting Fe-S clusters from destruction under 
conditions of oxidative stress.

Further investigation of promoters having a type 2 site revealed that several are 
regulated by additional transcription factors. For instance, sufA is regulated by Fur, 
OxyR, IHF, and NsrR [39, 41, 72–74]; and sodA is regulated by Fur, ArcA, IHF, and 
SoxS [75–77]. Therefore, it was hypothesized that coordinate regulation of type 2 site- 
containing promoters by multiple transcription factors may at least partially account 
for the decreased regulation by [2Fe-2S]-IscR under anaerobic conditions of this class 
of promoters. Indeed, this mechanism of O2-dependent regulation was recently dem-
onstrated for the hyaA and sufA promoters [78, 79]. In the case of hyaA, apo-IscR 
represses this promoter under aerobic conditions, whereas the anaerobic transcrip-
tion factors ArcA and AppY promote PhyaA transcription under anaerobic conditions by 
antagonizing IscR-mediated repression. Although the mechanism by which AppY pre-
vents IscR repression remains to be elucidated, ArcA was shown to compete with IscR 
in binding PhyaA in vitro. Furthermore, it was demonstrated that, in vivo, [2Fe-2S]-IscR 
exhibits weaker repressor activity at hyaA compared with apo-IscR [78]. This weaker 
repressor activity, in combination with antirepression by ArcA and AppY and the fact 
that anaerobic levels of [2Fe-2S]-IscR are low due to negative autoregulation, would 
ultimately lead to increased PhyaA expression under anaerobic conditions. Thus, in 
contrast to type 1 sites where O2-dependent regulation appears to primarily depend 
on changes in IscR [2Fe-2S] cluster occupancy, O2-dependent regulation of type 2 
sites may involve the combinatorial action of multiple transcription factors. Since the 
identity and number of transcription factors that regulate each type 2 site-containing 
promoter varies, further investigation is required to dissect the mechanism by which 
each promoter is coordinately regulated. In summary, the ability of IscR to recognize 
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two classes of DNA target sites provides a novel and efficient mechanism for sculpting 
the E. coli transcriptome in response to O2. 

4.9 Roles of IscR beyond Fe-S homeostasis

IscR also regulates type 2 sites in promoters of genes whose functional ties to Fe-S 
homeostasis are not currently obvious. For example, under iron-limiting condi-
tions, IscR directly activates transcription of fimE, encoding the FimE recombinase 
that decreases expression of type I fimbriae, thus reducing biofilm formation [50]. 
Also under iron-limiting conditions, IscR promotes expression of NrdEF, the Mn2+- 
containing ribonucleotide reductase [53]. Because IscR also upregulates Mn2+-SOD 
[22], it is intriguing that IscR upregulates several isoenzymes that contain Mn2+, 
which, unlike their counterparts that contain Fe2+, would not be sensitive to oxida-
tion. In conjunction with LexA, IscR represses cka, encoding the pore-forming toxin 
colicin K [52]; this coordinate gene regulation has shown to be important for delayed 
production of colicin K following induction of the SOS response, a global response to 
DNA damage that prompts DNA repair. In addition, IscR directly represses rnlA, an 
essential gene for the activity of RNase LS, an endoribonuclease important for RNA 
metabolism and antagonizing bacteriophage T4 [51]. Overall, these findings suggest 
that IscR may respond to stresses in addition to changes in the cellular Fe-S demand. 
Further investigation of the direct IscR regulon is needed to gain insight on ancillary 
regulatory roles of IscR.

4.10 Additional aspects of IscR regulation

Although the critical findings establishing IscR’s role in Fe-S homeostasis have 
been reviewed here, further research is needed to shed light on additional factors 
that enable IscR to carry out this vital function. For example, while IscR is a target 
of the ClpXP protease [80], it is not known how regulating IscR protein levels may 
influence expression of the IscR regulon. However, in the case of cka, decreased IscR 
levels in cells entering late exponential phase and early stationary phase are impor-
tant for derepression of colicin K production. This is apparently due to the fact that 
when IscR levels are sufficient, such as in nonstressed, exponentially growing cells, 
IscR stabilizes LexA at the cka promoter to prevent transcription [52]. Given that IscR 
levels in aerobic cells are very abundant (~10, 300 molecules per cell [23], compared 
with ~5,000 and ~4,100 molecules per cell for the global regulators Fur [81] and FNR 
[82], respectively), it is possible that posttranslational regulation may be important 
for decreasing the cellular concentration of IscR. Furthermore, stabilization of LexA 
by IscR at the cka promoter raises the question as to whether IscR employs a similar 
mechanism with other transcription factors to alter gene expression. Thus, future 
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studies will likely provide exciting new insight on additional mechanisms that regu-
late IscR.

4.11 Summary

Here, we have reviewed the structural and functional analyses of IscR that have 
advanced our understanding of how E. coli maintains Fe-S cluster homeostasis. Critical 
to this process is the ability of IscR to sense the demand for Fe-S synthesis through its 
[2Fe-2S] cluster and, accordingly, adjust transcription of relevant target genes through 
binding two different DNA sites. The capacity of IscR to distinguish between type 1 and 
type 2 sites based on its cluster ligation state is an extremely versatile trait, providing 
an efficient means to alter gene expression in response to environmental changes in 
O2 availability. As our phylogenetic analysis of IscR suggests, this mechanism of dif-
ferential gene expression by a single transcription factor appears to be conserved in 
numerous bacteria, further demonstrating the significance of IscR versatility. 
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5 Fe-S assembly in Gram-positive bacteria
Patricia C. Dos Santos

5.1 Introduction

Biosynthetic pathways involved in the assembly and trafficking of Fe-S clusters 
in Gram-positive bacteria are distinct from those found in Gram-negative bacteria 
and Eukaryotes. Inspection of Gram-positive bacterial genome sequences showed 
that only one type of biosynthetic pathway is represented in each species, which 
suggests that each pathway will be vital for function. These single pathways varied 
across taxonomic classes of Gram-positive bacteria where three types of geneti-
cally distinct pathways were identified: Clostridia-ISC, Actinobacteria-SUF, and 
Bacilli-SUF encoded by iscRSU, sufRCDBSUT, and sufCDSUB gene regions, res-
pectively. Close inspection of these systems show that they differ in the number 
of genes contained in each operon, genomic organization, and composition from 
previously studied systems. Although components of the Clostridia-ISC are more 
similar to the components of the Gram-negative ISC system, the components of the 
Actinobacteria- and Bacilli-SUF system share high levels of sequence similarities 
to each other and have more in common with SUF systems. The assembly of Fe-S 
clusters in Gram-positive bacteria containing the SUF systems involves SufS, which 
catalyzes the PLP-dependent Cys:SufU sulfurtransferase reaction. The subsequent 
assembly of Fe-S clusters is proposed to be mediated by SufU and/or the SufBDC 
complex. The distinct biosynthetic makeup of these systems combined with the 
essential role of their individual components render this pathway a potential target 
for specific pharmacological interventions in infections caused by Gram-positive 
pathogens.

5.2 Fe-S proteins in Gram-positive bacteria

The requirement for Fe-S clusters in promoting life-sustaining reactions discussed in 
previous chapters for nitrogen-fixing and Gram-negative bacteria is also an important 
metabolic feature in Gram-positive bacteria. As in other forms of life, Fe-S clusters, 
when associated with proteins, facilitate numerous reactions ranging from electron 
transfer, to substrate activation, to sulfur mobilization, to molecular signaling, to 
transcriptional and post-translational regulation of gene expression [1, 2]. The inhe-
rent oxygen sensitivity of Fe-S proteins and the existence of species-specific Fe-S 
cluster assembly machineries pose technical challenges for identification of their 
functionalities and their protein partners.

DOI 10.1515/9783110479850-005
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98   5 Fe-S assembly in Gram-positive bacteria

With the development of affordable technologies for genome sequencing, com-
putational tools have aided in the identification of putative Fe-S proteins and gene  
products involved in the biosynthesis and cellular trafficking of Fe-S clusters.  
Although bioinformatic predictions are in silico estimations of biological processes, 
they have provided direction for experimental validation of the involvement of Fe-S 
enzymes in metabolism. Sequence analysis of Fe-S cluster binding motifs using manu-
ally curated genomes showed that some microbial genomes encode a large number of 
Fe-S proteins (Tab. 5.1). The genome of the well-studied Escherichia coli, for example, 
encodes 143 known and putative Fe-S proteins, one-third of which are of unidentified 
function [1, 3]. Similarly, the genome of other Gram-negative bacteria, including Azo-
tobacter vinelandii and Salmonella enterica, encode over 100 proteins containing Fe-S 
binding motifs. In contrast, the genomes of selected Gram-positive bacteria encode 
fewer proteins that contain Fe-S binding motifs (Tab. 5.1), with the exception of the 
microaerophilic Clostridium difficile, which is predicted to encode nearly 100 proteins 
that have Fe-S binding motifs [3].

The reduced number of Fe-S proteins in Gram-positive bacteria may be attributa-
ble to multiple causes. First, these selected genomes often lack the duplicated genes 
that encode multiple versions of Fe-S enzymes that perform similar and overlapping 
functions. For example, the E. coli and A. vinelandii genomes encode two copies of 
aconitase, whereas Bacillus subtilis only expresses one. Second, some of the reactions 

Tab. 5.1: Number of bacterial proteins known or suspected to contain Fe-S cluster(s).

Fe-S proteinsa (total proteins)

Gram-negative bacteria
 A. vinelandii DJ 129 (5,050)
 E. coli MG1655 143 (4,519)
 Pseudomonas aeruginosa DK2 92 (5,884)
 S. enterica enterica serovar Heidelberg str. B182 113 (4,333)

Gram-positive bacteria
 B. subtilis subtilis 168 63 (4,229)
 C. botulinum B1 str. Okra 101 (3,862)
 C. difficile CD196 109 (3,444)
 En. faecalis OG1RF 25 (2,579)
 Lactobacillus casei BL23 8 (3,015)
 Listeria monocytogenes 07PF0776 29 (2,797)
 M. tuberculosis H37Ra 63 (4,034)
 St. aureus 04-02981 35 (2,650)
 Streptomyces avermitilis MA-4680 83 (7,681)

a Number of gene products identified through gene ontology classes: GO: 0051536, Fe-S cluster 
binding; GO: 0051537, 2Fe-2S cluster binding; GO: 0051538, 3Fe-4S cluster binding; GO: 0051539, 
4Fe-4S cluster binding.
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catalyzed by Fe-S enzymes in E. coli are performed by Fe-S independent enzymes in 
B. subtilis, as in the case of fumarase and ribonucleotide reductase. Third, in some 
species, pathways that contain Fe-S enzymes are not present at all, such as the isop-
renoid and quinolinic acid biosynthetic pathways in Staphylococcus aureus [3]. These 
modifications may be seen as evolutionary adaptation events in response to nutritio-
nal and environmental challenges faced by certain bacteria. Consequently, pathways 
involved in the assembly of Fe-S cofactors differ in their biosynthetic components and 
are subjected to distinct types of regulation.

5.3 Fe-S cluster assembly orthologous proteins

The Fe-S cluster biosynthetic pathways found in Gram-positive bacteria are different 
from those of well-studied Gram-negative bacteria. Initial identification of gene pro-
ducts suspected to be involved in Fe-S cluster formation was based on amino acid 
sequence similarity to proteins known to participate in the metabolism of Fe-S clus-
ters in other organisms (Tab. 5.2). Prior to experimental validation, their functions 
are proposed to be analogous to those identified in other bacterial model systems. 
Genomes of Gram-positive bacteria, despite a few exceptions, contain one single 
pathway for the assembly and trafficking of Fe-S clusters. The apparent lack of redun-
dancy suggests that gene-encoding components of this pathway are essential. In fact, 
high-throughput genomic analysis established that suf genes are essential in B. sub-
tilis [4]; likewise, inactivation of the Mycobacterium tuberculosis sufB demonstrated 
that SufB was essential [5, 6]. Disruption of the Str. thermophilus sufD gene resulted 
in a slow-growth phenotype under iron-limiting conditions [7]. Identification of main 
Fe-S biosynthetic components in Gram-positive species, exemplified for selected 
species in Tab. 5.2, showed the occurrence of three types of genomic arrangements 
found in Actinobacteria, Bacilli, and Clostridia taxonomic classes (Fig. 5.1). When 
compared with the systems found in Gram-negative bacteria, they vary in composi-
tion and gene organization.

5.3.1 Clostridia-ISC system

A shorter version of the ISC system from E. coli is found in Clostridium species, a group 
of mainly rod-shaped anaerobes that includes C. difficile, C. botulinum, C. beijerinckii,  
C. cellulolyticum, C. perfringens, C. thermocellum, and Carboxydothermus 
hydrogeno formans (Fig. 5.1). The first gene in the operon encodes a transcriptional 
regulator similar to IscR. The clostridial IscR consensus sequence retains the three con-
served cysteine residues proposed to coordinate a Fe-S cluster in the IscR homologue of 
E. coli but lacks the homologous histidine cluster ligand (His107 in E. coli). In  
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102   5 Fe-S assembly in Gram-positive bacteria

addition, clostridial IscR sequences also contain the conserved residues Tyr41, Glu43, 
Gln44, Arg59, which are involved in binding of IscR to DNA regulatory sequences [8]. 
Sequence similarities suggest that the mechanism by which clostridial IscR transcrip-
tion regulates transcription is likely similar to the one described for E. coli (Mettert  
et al., Chapter 13). Downstream of iscR, the iscS and iscU orthologous genes are 
located. Clostridial IscS is a class I cysteine desulfurase, similar to E. coli IscS and 
A. vinelandii IscS and NifS. It contains the conserved lysine involved in PLP binding 
and a conserved cysteine involved in the persulfide formation and sulfur trans-
fer. The IscU protein sequences share more than 50% identity with the well-studied 
Fe-S cluster scaffold protein, IscU of E. coli, including (i) three conserved cysteine 
residues along with an aspartate located two residues away from the first cysteine,  
(ii) the LPP(V/A)K chaperone binding motif, and (iii) a histidine that precedes the third 
cysteine (Fig. 5.2). Although clostridial species lack the hscA and hscB chaperone and 
co-chaperone genes, their genomes encode one to two copies of dnaK, grpE, and dnaJ 
genes, which are always remotely located but may function as chaperones. It has pre-
viously been shown that the Thermatoga maritima DnaK is able to bind to T. maritima 
and Homo sapiens IscU and that complex formation affects the rate of cluster transfer 
[9]. Based on these observations, it seems plausible to propose that the Clostridia-ISC 
system uses the generic DnaKJ pair as chaperones during Fe-S cluster assembly.

In most clostridial species, the mnmA gene, which encodes tRNA-specific 
2-thiouridylate, is located downstream of the iscU coding sequence. The proximity of 
the gene coding for the 2-thiouridylase MnmA to IscS suggests that IscS is involved 
in 2-thiouridine tRNA formation in clostridial species. Among Gram-positive bacteria 

Studied Fe-S cluster gene regions

Fe-S cluster gene regions in Gram-positive bacteria

nifU nifSiscAnif

iscR iscS iscU iscA hscB hscA fdx

sufA sufB sufC sufD sufS sufE1

NIF

ISC

SUF

iscR
Clostridia-ISC

iscS iscU

sufR
Actinobacteria-SUF

sufB sufD sufC sufS sufU sufT

sufC
Bacilli-SUF

sufSsufD sufU sufB

Fig. 5.1: Bacterial Fe-S cluster biosynthetic gene regions. Diagram representation shows the gene 
regions containing genes coding for the main Fe-S cluster biosynthetic components. Gene products 
displaying similar amino acid sequences are color-coded accordingly. Although not shown, some 
species of Actinobacteria class contain a ferredoxin-like coding sequence between sufD and sufC.
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with sequenced genomes, components of the Clostridia-ISC are phylogenetically 
closer to components of the ISC system found in Gram-negative bacteria but are 
very different from systems found in other Gram-positive bacteria (Actinobacteria-
SUF and Bacilli-SUF). This observation is not only supported by sequence identity of 
pathway components but also by potential involvement of the cysteine desulfurase 
IscS in the biosynthesis of Fe-S clusters and other thio-cofactors such as tRNA thio-
modification, which is a feature of other Isc systems.

Notable exceptions to the generalization that clostridial species rely mainly 
on Isc systems were found in the nitrogen fixing C. beijerinckii, C. lentocellum, 

IscU
(b2529)

IscU

SufU

* * * **

SufU
(BSU326880)

(a)

(b)

Fig. 5.2: Structural and amino acid sequence comparison among SufU and IscU sequences.  
(a) Ribbon representation of E. coli IscU (3LVIL) and B. subtilis SufU (1XJS). (b) Amino acid sequence 
alignment of IscU and SufU sequences from Gram-positive bacteria included in Tab. 5.1 and IscU 
sequences from E. coli (b2529) and S. enterica (SeHA_C2804). The alignment shows the three most 
conserved regions among IscU and SufU. The number of residues between regions are indicated. 
Strictly conserved residues in both SufU and IscU are highlighted in dark gray, whereas residues 
partially conserved are highlighted in light gray. The chaperone binding motif within IscU is colored 
in orange in the structure and the alignment. SufU sequences do not contain a standard LPPVK motif, 
but residues occupying equivalent positions show conservation within the last three residues (PAR), 
including the proline, followed by a small hydrophobic residue, and further followed by a positively 
charged residue. The 18–23 residue insertion unique to SufU sequences is colored in purple in the 
structure and the alignment. Although not shown in the figure, the consensus sequence of this 
insertion is FsemvqgkexvedxxxxilgD. Residues known to be important for the function of IscU and 
SufU are displayed in the structure as a stick-and-ball model and indicated with a star mark in the 
alignment. The zinc present in the SufU structure is displayed in space filling representation in red.
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104   5 Fe-S assembly in Gram-positive bacteria

and C. acetobutylicum. These species contain one copy of the Bacilli-SUF gene 
region (Fig. 5.1 and Tab. 5.2). Interestingly, C. beijerinckii contains two proposed 
Fe-S biosynthetic gene regions: one Clostridia-ISC and one Bacilli-SUF. Among 22 
(known or proposed) diazotrophic (nitrogen-fixing) Gram-positive bacteria with 
sequenced genomes, 20 are species of the Clostridia taxonomic class. None of 
nitrogen fixing Clostridia contain components of the nitrogen fixing (NIF) Fe-S 
cluster biosynthetic pathway, suggesting that the general Fe-S cluster biosynthe-
tic machinery is able to provide Fe-S clusters for both housekeeping and nitrogen 
fixation purposes [10].

5.3.2 Actinobacteria-SUF

In the species of Actinobacteria, aerobic bacteria that sometimes form branching fila-
ments, the main Fe-S cluster gene region includes genes with sequence similarity to 
the E. coli suf genes (Fig. 5.1). The first gene in the operon encodes a transcriptional 
regulator SufR, which is similar to the transcriptional regulator of sufBCDS operon in 
Synechococcus, a marine cyanobacterium. SufR orthologous sequences from Actino-
bacteria also contain the three conserved cysteine residues thought to be the ligands 
of a 4Fe-4S cluster in Synechococcal IscR [11]. Despite utilizing a similar mechanism of 
transcription regulation, SufR is not homologous to IscR; their amino acid sequences 
show less than 20% identity and the cysteine residues proposed to coordinate a Fe-S 
cluster do not occupy equivalent positions within the primary sequence.

The Actinobacteria-SUF system also includes the SufB, SufC, and SufD proteins 
similar to the SufBCD complex found in Gram-negative bacteria. In E. coli, SufC is a 
soluble ATPase that forms a complex with SufD and/or SufB [12]. The latter is thought 
to serve as a platform for the synthesis of Fe-S clusters [13]. In M. tuberculosis, SufB 
is thought to be essential because a viable deletion strain could not be obtained [5]. 
Interestingly, in this organism, the sufB gene contains an intein domain, and its post-
translational splicing of the peptide is crucial for the ability of SufB to interact with 
other SUF components, namely SufC and SufD [6]. Amino acid sequence alignment of 
SufB sequences indicated that there are only two cysteine residues, both of which are 
conserved and present in the E. coli SufB sequence (Cys254 and Cys405).

The sulfur mobilization step of Actinobacteria species is thought to involve the 
class II cysteine desulfurase, SufS. Its amino acid sequence is 64% and 60% similar 
to the B. subtilis and E. coli SufS enzymes, respectively. In this reaction, the sulfur 
is mobilized from the free amino acid cysteine to the proposed sulfur acceptor SufU 
via a PLP-dependent mechanism mediated by SufS. SufU shows 25% and 37% amino 
acid sequence identity to the Fe-S cluster scaffold IscU from E. coli and SufU from  
B. subtilis, respectively (Fig. 5.2). In some Actinobacteria species such as Arth-
robacter aurescens and Rothia dentocariosa, sufSU genes are located in a separate  
gene region away from sufRBDCT operon. As discussed later in this chapter, the  
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co-occurrence of a cysteine desulfurase SufS and a U-type protein SufU is not a unique 
feature of Actinobacteria-SUF because Bacilli species also contain the sufSU gene pair.

Downstream of sufU is located sufT, whose function remains unidentified. SufT 
is a member of the Domain of Unknown Function 59 family (DUF59), which also 
includes components of eukaryotic Fe-S cluster biosynthetic pathways, such as AE7 
[14], CIA2 [15], and the N-terminus of HC101 [16]. SufT orthologous sequences are also 
found in other Gram-positive species containing the Bacilli-SUF system but not in 
Clostridia-ISC or Gram-negative bacteria containing the ISC system (Tab. 5.2). The 
Cys62 residue in the M. tuberculosis sequence is conserved throughout SufT sequen-
ces from both Actinobacteria and Bacilli species.

5.3.3 Bacilli-SUF

The third and best studied Fe-S cluster biosynthetic gene region in Gram-positive bacte-
ria is the Bacilli-SUF. Genes encoding the SUF components are located in the sufCDSUB 
operon, which displays an alternate order of genes of the Actinobacteria suf gene region 
operon and lacks the regulator sufR. In this system, the cysteine desulfurase SufS along 
with the sulfur acceptor protein SufU catalyzes the sulfur mobilization step [17]. The 
Bacilli-SUF also includes the SufC, SufD, and SufB proteins similar to the SufBCD from 
Actinobacteria and Gram-negative bacteria. In B. subtilis, SufC is an ATPase that forms 
a transient complex with SufD, and the binding of SufD to SufC enhances the rate of 
ATP hydrolysis by nearly 30-fold (unpublished data). Neither the mechanisms of SufC 
activation nor the step(s) in Fe-S cluster biogenesis and trafficking that involves ATP 
hydrolysis have been determined in any arrangement of SUF system found in either 
Gram-positive or Gram-negative bacteria. In E. coli, the SufBC2D complex is proposed 
to be the scaffold for the synthesis of Fe-S clusters during iron starvation and oxidative 
stress conditions [18]. Although a similar role is anticipated for Gram-positive SufBCD 
proteins, this proposal remains to be verified in Gram-positive bacteria.

Transcriptomic and proteomic analyses indicated that patterns of expression 
of genes involved in Fe-S biogenesis change in species containing the Bacilli-
SUF system according to changes in environmental conditions. In a genome-
wide expression study, Nicolas et al. quantified expression levels of 5,874 unique 
transcript sequences of B. subtilis samples [19]. Levels of whole genome transcript 
expression varied under 144 growth conditions, growth stages, and stress condi-
tions such as temperature (16°C–51°C) and exposure to salt, H2O2, and paraquat. 
The suf genes were included in a subset of genes ( < 3% of coding sequences) that 
were always highly expressed, regardless of the condition tested. Additionally, a 
two-dimensional proteomics approach showed that SufC and SufB proteins accu-
mulated upon challenge with salt and paraquat [20]. Expression of genes involved 
in Fe-S metabolism including biosynthetic SUF and Fe-S enzymes were also sensi-
tive to copper stress through the copper-responsive transcriptional repressor, CsoR 
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[21]. In B. anthracis, proteomic and transcriptomic analysis after challenge with 
H2O2 and paraquat also showed increased expression of suf along with genes invol-
ved in Fe acquisition [22]. Likewise, Str. thermophilus suf genes have been associa-
ted with the defense against oxidative stress, as inactivation of sufD and sufU genes 
caused higher sensitivity to superoxide [7]. In group A Streptococcus, the expres-
sion of these genes was enhanced 2- to 4-fold upon challenge with H2O2 in both 
wild-type and perR deletion strains [23], indicating that upregulation of the Fe-S 
cluster biosynthetic system in this organism is not regulated by the peroxide stress 
response transcriptional regulator, PerR. Despite mounting evidence showing the 
expression of the suf genes, regulatory elements directly controlling expression of 
Bacilli-SUF have not been identified to date.

5.3.3.1 Sulfurtransferase reaction of SufS
The kinetic mechanism of the B. subtilis cysteine desulfurase SufS has been deter-
mined [17]. Although the overall mechanism of all cysteine desulfurases is thought 
to follow the same general path [24, 25], their physiological roles and catalytic reac-
tivities are very distinct in vitro. Like other cysteine desulfurases, the first half of the  
B. subtilis SufS reaction involves the binding of free cysteine to the active site 
pyridoxal-5ʹ-phosphate (PLP), leading to the formation of a Cys-PLP internal aldimine 
intermediate. This event triggers the activation of the substrate for the nucleophilic 
attack of the active site cysteine (Cys361 in B. subtilis SufS), which is the first commit-
ted step of the SufS reaction. The first half of this reaction is marked by the forma-
tion of a covalent enzyme S-intermediate (Cys361-persulfide) and release of the first 
product, alanine [17]. In vitro, the B. subtilis SufS can be partially regenerated through 
release of free sulfide by artificial reducing agents, such as DTT. In vivo, the second 
half of the reaction involves transfer of the terminal persulfide sulfur to the acceptor 
molecule SufU, which regenerates the SufS enzyme for the next catalytic cycle.

The B. subtilis SufS displayed very modest activity in vitro (~5 nmol alanine/min/mg)  
[17, 26]. These levels are comparable to the activities found for the E. coli SufS enzyme 
[27, 28]. Kinetic assays following the profile of alanine release showed that a kinetic 
burst was associated with the first turnover of the reaction. Interestingly, the amplitude 
of the burst phase (nanomoles of alanine product/nanomole of enzyme) was close to 
0.5, suggesting that only one active site of the SufS dimer would be active at a time. This 
behavior, also observed in dimers and tetramers of other PLP-dependent enzymes, is 
characteristic of a flip-flop mechanism [17]. Analysis of the crystal structure of Synecho-
cystis SufS enzyme (50% identical to B. subtilis SufS) shows that the protein environ-
ment surrounding the access of the active site is partially occupied by 13-residue loop 
from the other subunit of the dimer (residues 259–272 of the of Synechocystis SufS) [29]. 
This structural element could provide communication between subunits and serve as 
basis for a flip-flop mechanism. This segment is unique to class II cysteine desulfurases 
including enzymes from both Gram-positive and Gram-negative bacteria.

 EBSCOhost - printed on 2/13/2023 8:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



 5.3 Fe-S cluster assembly orthologous proteins   107

In the presence of its physiological substrate SufU, the catalytic rate of alanine 
and sulfide formation by SufS is enhanced nearly 200-fold. The kinetic scheme of this 
reaction has been characterized as a double displacement mechanism (ping-pong), 
wherein the release of the first product alanine precedes the binding of the second 
substrate, SufU. Besides the occurrence of the aforementioned kinetic burst, the 
characteristic activity profile of substrate saturation curves along with the essential 
role of the SufS Cys361 residue provided evidence for the proposed kinetic scheme  
(Fig. 5.3). The affinity of B. subtilis SufS for cysteine (KmCys of 86 μM) was found to 
be near the physiological concentration of reduced cysteine. The Km of the SufS for 
SufU was much lower (3 µM), indicating the high affinity of SufS for its sulfur accep-
tor molecule, SufU [17]. The cysteine:SufU sulfurtransferase reaction of the B. subtilis 
enzyme led to the proposal that other cysteine desulfurases would follow the same 
scheme. In fact, a recent study showed a similar kinetic profile for the cysteine:SufE 
sulfurtransferase reaction of the E. coli SufS enzyme [28]. However, in this case, the 
sulfur transfer reaction was resistant to reductive cleavage by DTT [27].

SufS is proposed to be the major S-donor for the biosynthesis of Fe-S clusters in 
Bacilli species. The reaction is thought to involve the direct sulfur transfer to SufU. 
However, it is possible that SufS also forms partnerships with yet-unidentified sulfur 
acceptor molecules and participates in additional sulfur transfer reactions for the bio-
synthesis of other thio-cofactors that do not contain metals.

5.3.3.2 Sulfur acceptor SufU
The second half of the cysteine desulfurase reaction is controlled by the nucleo-
philic attack of a thiolate group of SufU onto the persulfide sulfur of SufS Cys361. 
SufU has three conserved cysteine residues (Cys41, Cys63, and Cys128 in B. subti-
lis), which are mandatory for its sulfurtransferase activity [26]. Alkylation of SufU 
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Fig. 5.3: Kinetic scheme of the cysteine:SufU sulfur transferase reaction of SufS. The reaction 
proceeds via a ping-pong mechanism where the formation of a covalent S-enzyme intermediate at 
Cys361 of SufS and release of alanine precede the binding of the second substrate, SufU. In in vitro 
reactions in the presence of DTT, the second product, SufU-SSH, is recycled through release  
of sulfide (dashed lines).
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with iodoacetamide (SufUalk) eliminates its ability to participate in the sulfur-
transferase reaction of SufS; SufUalk acts as a noncompetitive inhibitor of Suf in 
competition assays, although SufUalk is still able to interact with SufS. The strong 
inhibition of SufUalk (IC50 of 0.37 μM) displays positive cooperative behavior, sug-
gesting that one molecule of SufUalk inhibits two active sites of SufS. This pattern 
of inhibition is consistent with the flip-flop mechanism of SufS where the binding 
of one molecule of SufUalk to one subunit of SufS inhibits both subunits of the 
SufS dimer [17]. Site-directed mutagenesis revealed that substitution of Cys41 to 
Ala uniquely elicited an inhibitory effect similar to that of SufUalk. Interestingly, 
the tight binding of SufS to the SufUC41A variant occurs only in the presence of 
cysteine, indicating that the SufUC41A does not interfere with the free form of the 
cysteine desulfurase [26].

In Enterococcus faecalis, another member of the Bacillus genus, SufU also enhan-
ces the activity of SufS [30]. Similar to B. subtilis, the three conserved cysteine resi-
dues (Cys35, Cys41, and Cys128) are also critical for the sulfurtransferase activity of 
the En. faecalis SufU. Mass spectrometry analysis of a trypsin digest of a reaction 
containing En. faecalis SufU, SufS, and cysteine showed that there was a +64 mass 
shift (i.e. two additional sulfur atoms) associated with the peptide containing the SufS 
active site Cys365. This analysis did not show the presence of any modifications in 
peptides containing the three conserved cysteine residues, but a +32 mass shift was 
identified in the peptide containing the Cys153 of SufU. Unlike other SufU sequences, 
the En. faecalis protein contains a fourth nonconserved cysteine residue (Cys153) near 
the C-terminal end [30].

SufU displays primary and tertiary structural similarities to IscU, with some 
notable differences. The structural alignment of the B. subtilis SufU NMR and IscU 
crystal structures shows on average 3-Å root mean square deviation, a measure of 
tertiary alignment according to a network service that compare three-dimensional 
protein structures, the DALI server (Fig. 5.2). The three conserved cysteines along 
with the aspartate (Asp43) are located in close proximity to both IscU and SufU 
structures. In the B. subtilis SufU structure, these residues provide the tetracoordi-
nation to a zinc atom [31]. Notably, zinc was also found in structures of IscU [32, 33]. 
However, the binding of zinc to IscU seems to be adventitious and does not interfere 
with the Fe-S cluster assembly reaction. Meanwhile, the binding of zinc to SufU is 
tight and it is not displaced under conditions known to retain a Fe-S cluster on scaf-
fold protein [62], indicating important differences between these two subfamilies for  
proteins. Diagnostic features of SufU sequences are the absence of a complete cha-
perone binding motif (LPPVK) and presence of an 18- to 21-amino acid sequence 
inserted before the third cysteine (Fig. 5.2) [34]. Interestingly, all SufU sequences 
also contain a conserved lysine residue (Lys127) in place of the essential histidine 
immediately preceding the last cysteine (His105 in E. coli IscU) [35]. Neither the 
function of the histidine on IscU nor the function of the lysine on SufU has been 
determined.
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In B. subtilis, inactivation of sufU has been suggested to be lethal [4], whereas a con-
ditional knockout strain showed pronounced growth defects [36]. Cell extracts deple-
ted of SufU have impaired Fe-S metabolism as evidenced by more than 50% reduction 
in the levels of aconitase and succinate dehydrogenase activity. Additionally, SufU was 
able to accelerate the rate of in vitro reconstitution of the yeast 4Fe-4S cluster-contai-
ning Leu1 enzyme upon incubation with iron and sulfide, leading to the proposal that 
this protein could serve as a platform for the synthesis of Fe-S clusters [36]. However, 
unlike the standard scaffold IscU, Fe-S cluster-loaded SufU has not been isolated, an 
observation that justifies additional investigation on the role of this protein.

5.3.3.3  Cysteine desulfurases involved in the biosynthesis of other  
thio-cofactors

The SufU-dependent activity of SufS suggests the existence of alternate routes for 
sulfur transfer. In fact, the B. subtilis genome contains four additional putative 
cysteine desulfurases genes: yrvO, nifS, nifZ, and ycbU. Amino acid sequence com-
parison to known cysteine desulfurases shows that all four are members of group I,  
which includes the studied NifS and IscS from Gram-negative bacteria [37]. Initial 
analyses of the kinetic properties of these enzymes showed that, with the exception 
of YcbU, all enzymes displayed reactivity toward cysteine [38, 39]. In E. coli and other 
organisms containing the ISC system, the biosynthesis of Fe-S clusters is coupled 
to the formation of other sulfur-containing cofactors [40]. First, IscS catalyzes the 
first step of sulfur mobilization for the synthesis other thio-cofactors. Second, Fe-S 
enzymes are essential participants in the biosynthesis of sulfur-containing cofactors 
such as thiamine (ThiH [41] and ThiC [42]), thio-tRNA (MiaB [43, 44] and TtcA [45]), 
biotin (BioB [43]), Mo-cofactor (MoaA [46]), and lipoic acid (LipA [47]). In Bacilli and 
Actinobacteria, the presence of additional cysteine desulfurases suggests that sulfur 
mobilization for the synthesis of thio-cofactors is not coupled to Fe-S cluster biogene-
sis, and their genomic locations gives hints into their physiological functions.

NifZ is a cysteine desulfurase devoted to the biosynthesis of 4-thiouridine tRNA 
[38]. In B. subtilis and most Gram-positive bacteria, a cysteine desulfurase gene (nifZ) 
is located adjacent to thiI. The co-occurrence of the nifZ-thiI gene pair in several Gram-
positive bacterial species suggests that they are partners in mediating sulfur transfer 
reactions. In E. coli and S. enterica, IscS and ThiI participate in the biosynthesis of 
thiamine and 4-thiouridine (s4U8) [48]. Gene inactivation studies in B. subtilis indi-
cated that both NifZ and ThiI are essential for the synthesis of s4U8 but not thiamine. 
Interestingly, complementation studies in ΔiscS or ΔthiI strains of E. coli showed that 
s4U8 synthesis was restored only when both NifZ and ThiI were present [38], indica-
ting their mutual dependence. It is possible that Gram-positive ThiI sequences, which 
lack the rhodanase sulfurtransferase domain, required a dedicated cysteine desulfu-
rase, as they do not compete well with other sulfur acceptors for the general cysteine 
desulfurase, IscS.
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A similar pattern of specific partnership between cysteine desulfurase and 
sulfur acceptor might also involve the cysteine desulfurase, YrvO from B. subtilis. 
Following a similar biosynthetic scheme as s4U8, post-transcriptional modifica-
tion of the wobble base on tRNALys/Gln/Glu involves the insertion of a sulfur atom at 
the C2 position of a uridine base (s2U34) [49]. In E. coli, this pathway also includes 
IscS, which transfers the sulfur indirectly to the activating thiouridylase, MnmA, 
via a five-component sulfur-relay system, TusABCDE [50]. In B. subtilis, the mnmA 
(trmU) gene coding for tRNA (5-methylaminomethyl-2-thiouridylate)-methyltransfe-
rase is adjacent to the yrvO coding sequence, and most Gram-positive bacteria lack 
the tusABCDE genes, leading to the hypothesis that YrvO provides sulfur directly to 
MnmA. Gene inactivation studies in B. subtilis indicate that both yrvO and mnmA are 
essential genes [4], suggesting that the sulfur transfer reaction from YrvO to MnmA 
is indispensible.

Located upstream of yrvO is cymR, which encodes the global regulator of cysteine 
metabolism. In St. aureus [51], this transcriptional regulator mediates changes in 
gene expression upon response to oxidative stress. It has been proposed that oxida-
tive challenge with H2O2 induces oxidation through formation of sulfenic acid on the 
single cysteine residue (Cys25) of CymR. This modification decreases its DNA binding 
affinity by nearly 20-fold [52]. In B. subtilis, deletion of cymR causes several metabo-
lic defects manifested by (i) slow growth rate, (ii) sensitivity to H2O2 and paraquat,  
(iii) depletion of branched chain amino acids, and (iv) elevated cysteine levels and 
hydrogen sulfide production [53]. CymR is a member of the Rrf2 family of transcription 
regulators along with IscR and NsrR, but it differs in that it lacks residues involved in 
Fe-S cluster coordination [54]. In fact, the B. subtilis CymR sequence does not contain 
any cysteine residues, indicating that it employs a distinctive mode of regulation. 
Unlike St. aureus, CymR affinity for DNA in B. subtilis is modulated upon complex for-
mation with CysK [55]. Nevertheless, the cymR-yrvO-mnmA operon connects distinct 
aspects of sulfur acquisition and metabolism to oxidative stress, conditions known to 
affect Fe-S metabolism.

NifS was the first cysteine desulfurase to be studied at the genetic level in  
B. subtilis. In 1993, Sun and Setlow [56] identified two genes upstream of the B. subtilis 
nadBCA operon associated with the biosynthesis of nicotinamide adenine dinucleo-
tide (NAD). The first gene, nifS, encodes a cysteine desulfurase, and nadR encodes a 
transcriptional repressor of both the nadBCA and nifS-nadR operons (Fig. 5.4) [57]. 
The B. subtilis ΔnifS strain is unable to synthesize quinolinic acid, an intermediate 
of the NAD pathway [56]. This metabolic defect can be circumvented by activating 
the salvage pathway through provision of nicotinic acid in the growth media. Neither 
nicotinic acid nor NAD are thio-cofactors, but the enzyme that catalyzes the second 
step in the de novo pathway, NadA, is a [4Fe-4S] cluster-containing enzyme [58]. 
Therefore, it has been suggested that NifS participation in NAD synthesis is indirect, 
as it facilitates the synthesis of the Fe-S cofactor of NadA, although a potential scaf-
fold partner for this NifS has not been identified.
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5.3.3.4 Additional proteins involved in Fe-S metabolism
Besides the main Fe-S biosynthetic system, additional coding sequences similar to 
proteins involved in Fe-S metabolism were identified in Gram-positive bacteria (Tab. 
5.2). Single copies of A-type Fe-S carrier similar to ErpA, IscA, and SufA are present 
in some species [59]. Amino acid sequence alignments showed that these sequences 
are more similar to ErpA than IscA and SufA. In E. coli, the three A-type carriers exert 
partial redundant functions in Fe-S metabolism and ErpA has been shown to be an 
essential respiratory protein required for activation of Fe-S enzymes IspH and IspG 
[60]. Although IspH and IspG are essential enzymes in B. subtilis, inactivation of the 
single A-type carrier gene sufA (yutM) showed no growth phenotype or any defects in 
Fe-S enzymes [36]. These observations indicate that in Gram-positive bacteria, A-type 
carriers may serve alternative cellular purposes or that the route of Fe-S delivery may 
also utilize a distinct subset of cluster carriers. Approximately 5 kb downstream of 
sufA, an nfu gene that encodes a second type of Fe-S cluster scaffold/carrier is found in 
Gram-positive bacteria. Similarly to A-type carriers, genes encoding Nfu domain pro-
teins are present as single copies, within small proteins that are devoid of additional 
domains. Nfu sequences from Gram-positive bacteria also contain a CxxC motif, sug-
gesting that these Nfu proteins may coordinate transient Fe-S clusters. Transcriptomic 
analysis in B. subtilis cultured under a variety of growth conditions and stress chal-
lenges showed that sufA and nfu were always expressed regardless of growth stage or 
condition similar to the expression pattern of the sufCDSUB genes. Interestingly, these 
seven genes, proposed to promote the assembly and trafficking of Fe-S clusters, were 
expressed on average five times higher than other B. subtilis genes [19].

Lastly, frataxin orthologous genes (related to Yfh of Saccharomyces cerevisisiae 
and human frataxin, which causes Friedreich ataxia when deficient) are scatte-
red across Gram-positive bacterial genomes. In B. subtilis, Fra (YdhG) is important 
for maintaining iron homeostasis. When cultured in minimum medium, B. subtilis 
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B. subtilis
genome

Fig. 5.4: Genomic location of genes known or suspect to be involved in Fe-S metabolism in  
B. subtilis. Diagram representation shows the relative chromosomal location, size, and orientation 
of genes included in Tab. 5.1 and the relevant genomic neighborhood.
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strains lacking Fra displayed severe growth defects. In rich medium, B. subtilis fra 
knockout strains lacked the bacillibactin siderophore and showed increased levels of 
iron and decreased activity of the Fe-S enzyme, aconitase [61]. In vitro assays showed 
that iron-bound Fra could serve as the iron donor for the SufU-mediated activation 
of aconitase. These observations led to a model of which Fra could serve as a cellular 
iron donor for the synthesis of Fe-S clusters by the SUF system [61]. Although Fra is an 
important component of iron-metabolism in B. subtilis, its function(s) are not limited 
to its role in Gram-positive SUF systems because phenotypes associated with its dele-
tion are distinct from those observed upon sufU deletion. In addition, fra is absent in 
most Gram-positive species that contain the SUF system.

5.4 Concluding remarks and remaining questions

In the last few years, the availability of genomic information has resulted in the identi-
fication of numerous proteins involved in Fe-S biogenesis, which has propelled initial 
biochemical investigation of their associated functions. However, many biochemical 
steps involved in the synthesis of Fe-S clusters remain to be explored. Apart from the 
involvement of SufS in sulfur mobilization, the subsequent reactions involving the 
synthesis and delivery of the Fe-S clusters have not been well defined. The identity and 
roles of proposed scaffold protein(s), the involvement of an ATP-dependent reaction 
during synthesis and/or delivery of clusters, and the participation of protein carriers 
constitute some of the key questions to be addressed in future studies. The Actinobac-
teria- and Bacilli-SUF systems contain SufU, a sulfur acceptor of SufS that is proposed 
to be a Fe-S cluster scaffold based on its sequence similarity to IscU and its ability 
to enhance the activation of Fe-S enzymes. This system also includes SufBCD, which 
is orthologous to the Fe-S cluster scaffold of the E. coli SUF system. The occurrence 
of two potential scaffolds within the main pathway seems paradoxical [62]. Whether 
these components have evolved to serve different cellular purposes or to assist Fe-S 
cluster biogenesis in a single concerted pathway remains to be identified. Interestingly, 
like the Gram-negative-SUF system, the Gram-positive SUF systems also include the 
SufC ATPase, whose activity is crucial for function of the pathway. The mechanisms by 
which ATPase activity of SufC enables cluster synthesis and/or delivery is not under-
stood. Furthermore, the involvement of additional cellular components such as SufA 
and Nfu remains to be identified. The lack of phenotypes associated with the inacti-
vation of SufA raises questions about its function: When are additional biosynthetic 
components recruited? Do they serve a specific clientele of Fe-S targets? Are they rec-
ruited during specific physiological conditions?

Although the essential role of SUF components in Gram-positive bacteria pro-
vides relevance for the study of Fe-S cluster biogenesis, it also poses a technical 
challenge for in vivo validation of proposed biosynthetic schemes. The dependency 
of Fe-S biosynthetic components for cell survival can be seen as a consequence of 
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the requirement for participation of certain Fe-S enzymes catalyzing indispensable 
reactions. The identification of Fe-S proteins performing critical reactions not only 
opens an avenue for the discovery of new metabolic targets to treat infections caused 
by Gram-positive pathogens but also enables the development of viable genetic 
approaches to study the functions of their biosynthetic components. It appears that 
species that contain fewer Fe-S enzymes (Tab. 5.1) may offer good model systems for 
dissecting the specific roles of Fe-S biogenesis enzymes.
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6 Fe-S cluster assembly and regulation in yeast
Debkumar Pain and Andrew Dancis

6.1 Introduction

The general scheme by which iron-sulfur (Fe-S) clusters are assembled has come into 
clearer view recently through work in the model eukaryote Saccharomyces cerevisiae. 
Fe-S cluster assembly components have been discovered by a variety of genetic screens 
based on iron homeostasis, amino acid biosynthesis, ribosome biogenesis, DNA repair, 
tRNA thiolation, and oxidant stress protection, all linking to Fe-S cluster assembly com-
ponents. The mitochondrial system, termed ISC for Fe-S cluster assembly, is a complete 
machinery and is able to synthesize Fe-S clusters on its own. The central feature is the Isu 
scaffold, and many components are involved in making the Fe-S cluster intermediate on 
the Isu scaffold. These include Nfs1/Isd11, which provides cysteine desulfurase activity 
and contributes sulfur from the amino acid cysteine. Several regulatory conformational 
changes in Nfs1 are associated with the cysteine desulfurase activity, including stimu-
lation by frataxin and Isd11. The Fe-S cluster intermediate on the Isu scaffold is trans-
ferred to recipients in a process involving ATP-dependent chaperones, Ssq1 and Jac1, 
and Grx5, a glutaredoxin able to coordinate Fe-S clusters in the presence of glutathione. 
Glutathione is involved in multiple stages of Fe-S cluster assembly via interactions with 
monothiol glutaredoxins inside and outside mitochondria. A parallel cytoplasmic Fe-S 
cluster machinery, termed CIA for cytoplasmic Fe-S protein assembly, has never been 
reconstituted, but its constituents, including scaffold, reductase, and transfer compo-
nents, are required for formation of cytoplasmic and nuclear Fe-S cluster proteins. The 
Atm1 transporter is an exporter of the mitochondrial inner membrane with its substrate-
binding site oriented toward the mitochondrial interior, and thus, it may export a sub-
strate or a signal from mitochondria to the cytoplasm. Defects of ISC components, but 
not the CIA components, lead to a special iron homeostatic phenotype, characterized by 
activation of the cellular iron uptake system and accumulation of iron in mitochondria.

6.2 Yeast and Fe-S cluster assembly – evolutionary considerations

All kingdoms of life contain Fe-S cluster proteins, and all kingdoms possess at least one 
Fe-S cluster assembly machinery. Prokaryotes use ISC, plants and Archaea use SUF (for 
sulfur mobilization), and high-output systems such as Azotobacter vinelandii with abun-
dant nitrogenase use NIF (for nitrogen fixation) [1]. The systems have common features 
such as the use of cysteine desulfurase to provide sulfur, the central role of scaffold pro-
teins for Fe-S cluster synthesis, and the chaperone functions to transfer Fe-S cluster inter-
mediates to recipient proteins [2]. In eukaryotes, such as the yeast S. cerevisiae, the ISC 
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 machinery was acquired from purple bacteria as part of the endosymbiotic events that 
gave rise to mitochondria. Thus, many of the components of the yeast mitochondrial Fe-S 
cluster system are conserved and are recognizable by orthology or homology with the 
 bacterial counterparts [3].

6.2.1 Nfs1 and the surprise of Isd11

The sulfur for Fe-S cluster synthesis is derived exclusively from the amino acid cysteine 
via the action of enzymes called cysteine desulfurases (Fig. 6.1). The role of these 
enzymes in Fe-S cluster assembly was discovered by the pioneering work of Dennis 
Dean. The A. vinelandii NIF operon carries NifS, the founding member of this enzyme 
group [4]. Key features of the enzyme include a substrate-binding site containing the 
cofactor pyridoxal phosphate that interacts with the substrate cysteine, and a cysteine 
residue in the active site that performs a nucleophilic attack on the enzyme-bound sub-
strate for sulfur abstraction [5]. The bacterial ISC operon carries a cysteine desulfurase 
with these features [2], and the yeast nuclear genome contains a single essential gene, 
NFS1, encoding the cysteine desulfurase [6]. In yeast, the Nfs1 protein is initially synthe-
sized on cytoplasmic ribosomes with an N-terminal mitochondrial targeting signal. Upon 
import into mitochondria, the targeting signal is removed by two distinct mitochondrial 
peptidases, generating the mature form of the enzyme [7]. Thus, Nfs1 is present primarily 
in mitochondria, although a small amount of the enzyme is found in the cytoplasm and 
nucleus [7]. The protein is essential for viability and functions to provide an activated 
form of sulfur for Fe-S cluster assembly and other vital cellular processes. The bacterial 
and mature yeast proteins exhibit 48.4% identity and 62.8% amino acid similarity. 
The E. coli protein has a characteristic biochemical activity – it acts on the amino acid 
cysteine, releasing sulfide that can be detected by a colorimetric assay [2]. A surprising 
result was that the mature yeast enzyme, even in the presence of the pyridoxal phos-
phate cofactor, was inactive [8]. This result was later explained by the discovery of Isd11 
[9, 10], a small mitochondrial protein that forms a tight complex with Nfs1 and is required 
for the Nfs1 cysteine desulfurase activity [8]. In vivo, Isd11 is required for cysteine desulfu-
rase activity [8], Nfs1 protein stability, and cellular Fe-S cluster assembly [9, 10]. Isd11 has 
no prokaryotic homologue and seems to be an entirely eukaryotic invention. Homolo-
gous proteins, however, are found in all eukaryotic subgroups, including plants, animals 
and lineages with reduced organelle contents such as hydrogenosomes of Trichomonas, 
and mitosomes of Cryptosporidium species [11]. In hydrogenosomes or mitosomes, the 
oxidative phosphorylation function has been lost, and only rudimentary components of 
Fe-S cluster assembly remain as organelle contents. The retention of Nfs1/Isd11 in these 
organelles suggests that the Fe-S cluster synthesis may be the most essential and irrepla-
ceable function. The evolutionary origin of Isd11 is unclear; it might have been origina-
ted at the time of the key endosymbiotic event shared by all eukaryotes [12]. The way in 
which this special eukaryotic component influences the process of Fe-S cluster assembly 
is still being worked out, and distinct regulatory features are being uncovered.
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6.2.2 Scaffold proteins in yeast mitochondria

The basic scheme for Fe-S cluster assembly in cells involves transient assembly of a 
cluster on a scaffold protein and subsequent transfer of the intermediate to recipients 
(Fig. 6.1) [2]. In yeast mitochondria, Isu1 and Isu2 are redundant scaffold proteins 
encoded by separate genes [13]. These proteins are synthesized on cytoplasmic riboso-
mes and are imported into mitochondria. Inside mitochondria, the targeting sequence is 
removed by the processing peptidase, and the proteins interact with other components 
of the Fe-S cluster assembly machinery. The yeast proteins are highly homologous to the  
E. coli IscU scaffold, exhibiting 62.4% identity and 74.4% similarity at the amino acid 
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Fig. 6.1: General scheme for Fe-S cluster assembly in yeast. A mitochondrial system termed ISC for 
Fe-S cluster assembly is complete and able to synthesize Fe-S clusters on its own [49]. The central 
feature is the Isu scaffold, and many components are involved in making an Fe-S cluster intermediate 
on the Isu scaffold [50]. These include Nfs1/Isd11, which contribute sulfur from cysteine [8],  
Arh1/Yah1, which provide electrons [51, 52], and Yfh1, which provides iron and/or regulates the 
sulfur donation [22, 23]. The intermediate on the Isu scaffold is transferred to recipients in a process 
involving ATP-dependent chaperones, Ssq1 and Jac1 [29], and Grx5, a glutaredoxin able to coordinate 
Fe-S clusters in the presence of glutathione [53]. A parallel cytoplasmic Fe-S cluster system termed 
CIA for cytoplasmic Fe-S protein assembly, has never been reconstituted and may be incomplete. 
It is made up of scaffold components (Cfd1, Npb35), reductase components (Dre2, Tah18), and 
transfer components (Nar1, Cia1) [3]. The iron source is not well defined. The sulfur intermediate, 
Sint, presumably originates from cysteine via cysteine desulfurase activity of Nfs1/Isd11, but it is 
also not well defined in terms of its chemical nature or its cellular source. The Atm1 transporter is an 
exporter of the mitochondrial inner membrane [54], and this may export a substrate or a signal from 
mitochondria to the cytoplasm. The output of the Fe-S cluster assembly systems is made up of critical 
Fe-S cluster holoproteins that perform many functions [1], some of which are listed.
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level. Accordingly, the bacterial protein targeted to yeast mitochondria by addition of 
a matrix targeting sequence, is able to complement the essential function of the yeast 
Isu scaffolds [14]. The yeast protein is also highly conserved with metazoan mitochon-
drial scaffold proteins exhibiting 64.9% identity and 73.9% similarity, and the human 
protein likewise can complement the yeast mutant lacking Isu1/2. The retention of 
high sequence similarity and orthologous relationships likely reflect constraints that 
result from multiple conserved protein-protein interactions with the scaffold that are 
required during the process of Fe-S cluster assembly [15].

6.2.3 Frataxin’s roles throughout evolution

Frataxin is a highly conserved protein, found in prokaryotes such as E. coli, in primi-
tive eukaryotes such as yeast, and in metazoans such as humans. The human frata-
xin was cloned in 1996 after identifying the disease locus of patients with the inhe-
rited neurodegenerative disease, Friedreich ataxia [16]. The homologous yeast gene 
(YFH1) was knocked out, and the phenotypic characterization of the deletion strain 
led to realization of its role in iron homeostasis, and Fe-S cluster assembly [17]. 
Recently frataxin was found to be a constituent of an Fe-S cluster assembly complex 
in mitochondria (Fig. 6.1), associated with Nfs1/Isd11, and Isu, and cells lacking 
components of the complex were found to be deficient in Fe-S cluster proteins [18, 
19]. A regulatory function of frataxin was hinted at early on because yeast mutants 
completely lacking the frataxin homologue (Yfh1) were still viable and exhibited a 
small amount of basal Fe-S cluster assembly [20]. The ∆yfh1 deletion strain accumu-
lated extragenic suppressor mutants [21]. By contrast, knockouts of integral compo-
nents (e.g. Nfs1) of the Fe-S cluster assembly machinery were completely nonviable 
with no detectable escape mutants. Frataxin might be involved in promoting and 
coordinating sulfur [22] and iron [23] delivery to Isu for the synthesis of Fe-S cluster 
intermediates, although the mechanistic details are still being clarified.

The E. coli genome carries a frataxin protein called CyaY, and it is not present on 
the ISC operon. CyaY was shown to function in yeast if properly targeted to mitochon-
dria; it was able to complement the Fe-S cluster assembly defect of the ∆yfh1 mutant, 
presumably by interacting with yeast Nfs1 and the Fe-S cluster assembly complex  
[24]. Whereas the eukaryotic Nfs1/Isd11 exhibited low cysteine desulfurase  activity that 
was stimulated by frataxin, the prokaryotic Nfs1 homologue, IscS, showed constitu-
tively high activity that was inhibited by frataxin [25]. Thus, the regulatory effects of 
frataxin were different for prokaryotes and eukaryotes. These differences were further 
underscored by the finding of a genetic suppressor of the yeast ∆yfh1 deletion that pro-
moted growth and Fe-S cluster assembly independent of frataxin. Specifically a single 
point mutation in Isu1 was identified with frataxin-bypassing activity. The substitution 
changed methionine 107, an amino acid present in all eukaryotic Isu proteins, to iso-
leucine, an amino acid present in E. coli, and many other prokaryotic Isu homologues 
[26]. The basal cysteine desulfurase of the yeast ∆yfh1 mitochondria was increased 
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in the presence of Isu1 (M107I), thus mimicking the situation in prokaryotes [27]. In 
summary, there appear to be fundamental differences between prokaryotic and mito-
chondrial Fe-S cluster assembly apparatus in the way the components are wired. A cri-
tical function of frataxin in stimulating cysteine desulfurase in yeast can be bypassed 
by a mutation that renders the Isu scaffold more “prokaryote-like.”

6.2.4 Ssq1 is a specialized Hsp70 chaperone arising by convergent evolution

Hsp70 chaperones and co-chaperones in mitochondria are required for the transfer of 
Fe-S cluster intermediates formed on Isu to recipient proteins (Fig. 6.1) [28]. In yeast, 
there are two mitochondrial Hsp70 (mtHsp70) proteins. The major one, Ssc1, is invol-
ved in protein import and protein folding in the organelle, and thus, it has innumerable 
substrates. The less abundant one, Ssq1, apparently arose by a gene duplication event 
about 300 million years ago, and over evolutionary time it became adapted to inter-
acting with a single client protein, Isu. The Isu scaffold contains the LPPVK motif that 
binds to the Ssq1 substrate-binding site, and this interaction is highly specific, as Ssq1 
does not interact with more general mitochondrial targeting peptides. The Ssq1 ATPase 
activity is optimally stimulated by the LPPVK peptide in conjunction with the specia-
lized co-chaperone, Jac1, a J protein that is not stimulated by other peptides [29]. In 
yeast mitochondria, Mge1 is required to release ADP from both Ssc1 and Ssq1, allowing 
initiation of another catalytic cycle. For the human and E. coli systems, the evolutionary 
aspects of the chaperones are somewhat different. In humans, the gene duplication 
giving rise to Ssq1 did not occur. Therefore, there is a single mtHsp70 that must handle 
all clients, including protein import substrates and Isu. The existence of a specific  
J protein, orthologous to the yeast Jac1 and adapted to interacting with Isu, however, 
may provide some degree of specificity to the system and allow efficient handling 
of Fe-S cluster protein substrates [29]. In E. coli, a specialized Hsp70 and J protein, 
called HscA and HscB, respectively, are found on the ISC operon. However, these pro-
teins arose from the major cellular Hsp70, DnaK, by an independent gene duplica-
tion. They are not considered to be orthologues of the yeast proteins but rather the 
products of independent convergent evolution. Remarkably, the substrate binding 
specificity of the HscA is identical to that of Ssq1, and the cognate scaffold protein 
has the  identical LPPVK motif [30]. Other subtle differences in the systems have been 
found; for example, the E. coli chaperones do not need a recycling factor because of 
their lower binding affinities for nucleotides [31].

6.2.5 Atm1 and CIA components

Atm1 is an ABC transporter, with its substrate-binding site oriented toward the 
mitochondrial matrix, suggesting that it exports its substrate(s) from the matrix to 
other compartments of the cell (Fig. 6.1). Atm1 in yeast has been implicated in Fe-S 
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cluster assembly and iron homeostasis. Strong homologues exist in proteobacteria, 
suggesting that it could have come along during the original endosymbiotic event. 
The importance of a transporter that would move its substrate from the inside to the 
outside of the bacterial cell is unclear, although one could imagine that some key 
activities for Fe-S cluster assembly take place in the periplasm. The substrate for the 
bacterial transporter is unknown, and phenotypes of the knockout have not been cha-
racterized. Therefore, this evolutionary link does not shed much light on the function 
of these proteins, but rather adds to the mystery.

CIA components are involved in cytoplasmic Fe-S cluster assembly (Fig. 6.1), 
and in yeast there are now eight constituents that have been identified [3]. They are 
thought to perform reductase (Dre2 and Tah18), scaffold (Nbp35 and Cfd1), and trans-
fer functions (Cia1, Cia2, Nar1, and Mms18), somewhat analogous to counterparts in 
the mitochondrial system. In terms of evolution, however, these genes are found in 
the last common eukaryotic ancestor before the diversification of eukaryotic lineages, 
and thus, they are present in protists and primitive eukaryotes [32]. Their prior origins 
in prokaryotes are harder to discern. In fact, only the scaffold components, Nbp35 and 
Cfd1, have a clear prokaryotic homologue. This protein, called ApbC, was studied in 
Salmonella enterica and shown to function in Fe-S cluster biogenesis. Furthermore, in 
vitro biochemical analysis showed that the purified ApbC could function as a scaffold 
in binding and transferring Fe-S cluster intermediates to Leu1, the yeast cytoplasmic 
Fe4S4 enzyme [33]. Interestingly, Archaea also have ApbC homologues that were able 
to functionally complement the S. enterica mutant, indicating that at least for this 
case, the CIA machinery seems to have origins in Archaea [34].

6.2.6 Yeast components are conserved with their human counterparts

Moving up the evolutionary ladder, the components of the human Fe-S cluster assem-
bly machineries (ISC and CIA) are conserved with yeast, with a few exceptions. Many 
human proteins have yeast orthologues, and the human proteins expressed in yeast 
often correct the Fe-S cluster assembly defects of the corresponding yeast mutants, 
demonstrating real functional equivalence. This is true for Isu1/2 (our unpublished 
data), frataxin [35], Atm1 [36], Dre2 [37], Tah18 [38], and others. Grx5 from zebrafish 
rescued the corresponding yeast mutant, and so this mitochondrial glutaredoxin 
is also conserved between yeast and metazoans [39]. The story for the yeast ferre-
doxin Yah1 is complicated by existence of two human ferredoxins encoded by sepa-
rate genes, Fdx1 and Fdx2. In one study, Fdx2 but not Fdx1 was able to complement 
the phenotypes of the Yah1-depleted yeast, including Fe-S cluster assembly, overall 
heme levels, and heme O formation [40]. In another study, knockdown of either Fdx1 
or Fdx2 in various human cell lines impaired Fe-S cluster assembly [41]. The basis 
for the specificity of the Fdx2 yeast complementation is unclear as both isoforms are 
very similar. As mentioned above (Section 6.2.4), human mitochondria make use of a 
single Hsp70 chaperone for handling protein import, protein folding, and Fe-S cluster 
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assembly. Thus, the human Hsp70 has multiple client proteins, including Isu1, as 
contrasted with the yeast specialized Hsp70, Ssq1, which interacts with Isu as its sole 
client [29]. The human Hsc20, which encodes a J protein with similarity to yeast Jac1, 
interacts with the human Isu1, although other substrates have not been ruled out. The 
presence of an insertion sequence between the aspartic acid of the HPD motif and 
an invariant serine in the helix 3 apparently enhances the interaction of the Hsc20 
with the generic mtHsp70 (called HspA9). In any case, the human Hsc20 is able to 
complement the yeast Jac1 deletion strain [42].

6.2.7 Yeast Fe-S cluster assembly mutants modeling aspects of human diseases

The yeast frataxin homologue (Yfh1), the scaffold proteins of mitochondria (Isu1/2), 
and the mitochondrial exporter (Atm1) all have human homologues. Human disea-
ses may result from deficiency of each of these conserved Fe-S cluster components 
[43]. Because Fe-S cluster assembly is essential for viability of all cells, the disease-
causing mutations are usually hypomorphic rather than complete loss-of-function 
mutations. The phenotype-genotype correlations for Fe-S cluster diseases are very 
complicated, especially as regards to tissue specificity. It remains unclear why one 
tissue is targeted in some cases and another is affected in other cases. Friedreich 
ataxia results from a GAA expansion in the first intron of the frataxin gene, resulting 
in decreased expression of frataxin [16]. The disease primarily affects certain nerves, 
especially dorsal root ganglion cells. Cardiomyocytes are also sensitive to lack of 
frataxin, and cardiomyopathy is a major feature of the disease [44]. Blood cells of 
various lineages are spared, even though frataxin is deficient in these cells and Fe-S 
cluster assembly is necessary for blood cell development [45]. In ISCU myopathy, 
skeletal muscles are particularly affected due to low levels of ISCU (homologous 
to yeast Isu1/2), with characteristic episodes of muscle fatigue and lactic acidosis. 
More severe stress leads to rhabdomyolysis and myoglobinuria as a result of muscle 
cell death. A tissue specific splicing defect interfering with expression of the ISCU 
gene may partly explain the predilection for skeletal muscle [46]. In a disease called 
XLSA/A, X-linked  sideroblastic anemia with ataxia, a defect in ABCB7 (homologous 
to yeast Atm1) has been implicated. A nonprogressive neurological defect causing 
ataxia and anemia are the principal manifestations. The anemia is characterized by 
ringed sideroblasts, indicating red cell precursors with mitochondrial iron accumu-
lations that stain with Prussian blue. The ring pattern derives from the propensity of 
iron-loaded mitochondria to encircle the nucleus in these cells [47]. Although these 
diseases are very different, each one is caused by deficiency of a protein involved in 
Fe-S cluster assembly [43]. In addition, in each case the diseased tissues show defi-
ciency of Fe-S cluster proteins and perturbed iron metabolism, thereby resembling 
the corresponding yeast mutants. The perturbed iron metabolism, also similar to the 
yeast mutants, is characterized by increased cellular iron and increased mitochond-
rial iron, primarily in a nonproteinaceous form [48].
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6.3  Yeast genetic screens pointing to the Fe-S cluster  
assembly apparatus

The constituents of the Fe-S cluster machinery were initially discovered by homology 
with components from other species, especially E. coli, or by genetic screens. The 
discovery of NifS in A. vinelandii by Dennis Dean opened the field and showed that 
Fe-S cluster assembly in cells was a catalyzed process [4]. This finding provided a 
fulcrum for uncovering other components of the Fe-S cluster assembly machinery, 
initially by association with operon groupings of genes in prokaryotes. The identi-
fication of the NIF operon for nitrogenase production and the ISC operon for house-
keeping Fe-S cluster assembly in A. vinelandii led to the identification of cysteine 
desulfurase, reductase, scaffold, and chaperone components [55]. These were found 
to have homologues in eukaryotes that localized primarily to mitochondria. Studies 
in yeast allowed for phenotypic characterization of the corresponding genes and pro-
cesses. Some components were not found on the operons, either because they were 
elsewhere in the prokaryotic genome (e.g. Arh1, frataxin) or because they were not 
present at all in prokaryotes (e.g. Isd11) [56]. The discovery of the role of frataxin 
was made possible following cloning of the human disease gene and identification 
of the yeast homologue. The yeast frataxin homologue was deleted, with striking  
phenotypic effects on iron homeostasis and Fe-S clusters [17].

The yeast S. cerevisiae is conducive to genetic screens, and many informative 
screens were performed. In general, mutants were identified with easy-to-score  
phenotypes: some mutants exhibited altered iron homeostasis [57], amino acid auxo-
trophies [58, 59], ribosome assembly abnormalities [60], DNA replication defects [61], 
or absent tRNA modifications [62]. The phenotypes were traced back to one or more 
Fe-S cluster proteins (in some cases, the relevant Fe-S cluster protein has not yet been 
identified) and to an underlying problem with Fe-S cluster synthesis. In this way, 
hypomorphic mutants in many of the constituents of the Fe-S cluster machinery were 
found (Tab. 6.1).

6.3.1 Misregulation of iron uptake

In yeast, the high affinity cellular iron uptake system consists of an externally direc-
ted surface reductase encoded by FRE1 and FRE2, and an oxidase-permease complex 
encoded by FET3/FTR1 [63]. The entirety is homeostatically regulated by iron avai-
lability via the Aft1 transcriptional regulator and the Cth1 and Cth2 RNA stability 
regulators, driving increased expression of the iron uptake system in response to 
iron deprivation [64]. For the screen, the FRE1 promoter was fused to the HIS3 open 
reading frame, and mutants were selected under iron replete conditions that consti-
tutively expressed His3. The selected mutants showed constitutively high iron uptake 
and included components of the mitochondrial Fe-S cluster assembly machinery, 
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including a hypomorphic allele of Nfs1 [6], loss-of-function mutants of Ssq1 [57], Jac1 
[67], and Atm1 [68]. Cytoplasmic Fe-S cluster assembly components such as Dre2 and 
others were not selected. The iron homeostatic effects of perturbing mitochondrial 
Fe-S cluster assembly led to activation of FRE1-HIS3 expression, allowing selection of 
the mutants.

6.3.2 Suppression of ∆sod1 amino acid auxotrophies

The Cu-Zn superoxide dismutase, Sod1, is responsible for defense against oxidative 
stress by dismutation of superoxide to peroxide and water. The yeast ∆sod1 mutant 
is sensitive to oxygen exposure, and in air, it develops lysine and methionine auxo-
trophies [59]. The most likely explanation for the auxotrophies is that a key step in 
the biosynthesis of these amino acids is sensitive to oxidants that are ordinarily inac-
tivated by Sod1. In a genetic screen, mutants of ∆sod1 were selected for the ability to 
grow in the absence of lysine and methionine. These mutants included partial loss-of-
function alleles of Nfs1, Ssq1, and Jac1 i.e. mitochondrial Fe-S cluster assembly com-
ponents [59]. The manner in which partial loss-of-function of Fe-S cluster assembly 
rescues Sod1 deficiency is not immediately clear. Interestingly, all of these mutants 
were associated with mitochondrial iron accumulation, and mutations minimizing 
this effect also abrogated the ∆sod1 suppression. Thus, the mitochondrial iron might 
cause a stress response in the mutants that enhanced specific pathways of amino acid 
synthesis [59].

Tab. 6.1: Yeast genetic screens leading to Fe-S cluster assembly components.

Genetic screen Mutant phenotype Fe-S cluster(s) 
targeted

Assembly  
components found

References

1 FRE1-HIS3 
selection

Misregulated iron 
uptake

Aft1, Fra1, Grx3/4 Ssq1, Nfs1, Jac1, 
Atm1

[57]

2 Sod1  
suppression

Lysine, methionine 
auxotrophy

Unknown Nfs1, Ssq1, Jac1 [59]

3 IRP1 in yeast Glutamate  
auxotrophy

IRP1 in cytoplasm Cfd1 [58]

4 Pol3 interaction pol3-13 synthetic 
lethality

Rad3, Met10, 
Dna2, Ntg2

Dre2, Tah18, 
Nbp35, Mms19

[61]

5 Mrs3/4  
interaction

∆mrs3 ∆mrs4  
synthetic lethality

Unknown Dre2 [37]

6 Ribosome 
processing

Rpl25-GFP in 
nucleus

Rli1 Cfd1, Nbp35, Nar1 [60]

7 Cytosolic tRNA 
thiolation

Sensitive to  
K. lactis killer toxin

Unknown Cfd1, Npb35, Cia1 [62, 65]

8 Yap5 high iron 
response

No Ccc1 induction ?Yap5 cluster Ssq1 [66]
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6.3.3 tRNA modification and the SPL1-1 allele

Nfs1 was first identified in a complicated genetic screen involving splicing of certain 
nuclear-cytoplasmic tRNAs [69]. Briefly, an opal stop codon was inserted into the 
HIS4 and LEU2 genes, leading to auxotrophy for histidine and leucine. A cytoplas-
mic/nuclear tRNA with a spliced intron introduced into this strain was able to relieve 
the auxotrophy by stop codon suppression. A modified and nonfunctional version 
of the suppressor tRNA with an altered splice site was introduced instead, and this 
was the starting point for the screen. A randomly selected mutant that conferred spli-
cing activity and stop codon suppression was identified, and the activity was found 
to depend on a dominant allele of Nfs1 called SPL1-1 for its newly acquired splicing 
activity [69]. It remains to be explained how the altered Nfs1 enhanced splicing of the 
inactive opal tRNA suppressor. However, subsequent studies have shown that some 
tRNA modifications such as tRNA thiolation are dependent on Fe-S cluster synthesis 
in general and cytoplasmic Fe-S cluster synthesis in particular [65]. One can imagine 
that an Nfs1 mutant could result in an altered tRNA, maybe incompletely thiolated, 
which might be a more efficient splicing substrate.

6.3.4 tRNA thiolation and resistance to killer toxin

Certain cytoplasmic tRNAs such as cy-tRNA-Lys2UUU and cy-tRNA-Glu3UUC carry a thiol 
modified uridine in the 5ʹ wobble position, the so-called mcm5s2U (5-methoxycarbo-
nylmethyl-2-thiouridine). The modification is essential for correct base pairing and for 
viability of the organism. A role for Fe-S clusters in cytoplasmic tRNA modifications 
was indirectly shown by cellular depletion experiments. The depletion of CIA compo-
nents (Cfd1, Nbp35, or Cia1) was associated with decreased tRNA modification [65]. The 
presumption is that a critical Fe-S cluster protein is involved in uridine thiolation, alt-
hough the identity and role of the presumed Fe-S cluster protein has not been clarified. 
A global genetic screen was undertaken to find the genes required for modification 
of the 5ʹ wobble nucleoside [70]. The idea for the screen comes from the observation 
that the γ subunit of the Kluyveromyces lactis killer toxin is a tRNA endonuclease that 
cleaves modified tRNAs 3ʹ of the wobble nucleoside, utilizing the modified base as 
a recognition motif. Mutants that fail to modify the uridine were identified based on 
their resistance to the killer toxin. Various resistant mutants including Urm1, Uba4, 
Ncs2, Ncs6, and Tum1 were found in this screen, and it is possible that one of these 
proteins carries an Fe-S cluster or requires an Fe-S cluster for its activation [70].

6.3.5 Cytoplasmic aconitase maturation

Aconitase, a [Fe4S4] cluster protein, is responsible for isomerizing citrate to isocitrate, 
which in turn gives rise to α-ketoglutarate as part of the tricarboxylic acid cycle. The 
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yeast ∆aco1 deletion strain is viable but develops auxotrophy for glutamate because 
of the inadequate supply of the α-ketoglutarate precursor. Interestingly, although 
yeast aconitase is primarily found in mitochondria, expression of aconitase (in this 
case, the human IRP1 [71]) in the cytoplasm of a ∆aco1 strain corrects the glutamate 
auxotrophy, probably via exchange of intermediates in and out of mitochondria [72]. 
The yeast ∆aco1 strain expressing IRP1 in the cytoplasm was the starting point for a 
genetic screen. Mutants with glutamate auxotrophy included a hypomorphic allele of 
Cfd1 in which the AUG start codon was changed to a less efficient AUA initiator. The 
auxotrophy for glutamate developed because the cytoplasmic IRP1 was no longer pro-
perly loaded with its [Fe4S4] cluster, and as a consequence, the enzyme was less active 
[58]. The results demonstrated that Cfd1 was required for cytoplasmic Fe-S cluster 
assembly, making it the first member of the CIA machinery to be discovered. The Cfd1-
depletion phenotype was instructive and novel because the defect was restricted to 
cytoplasmic Fe-S clusters, with preservation of the mitochondrial Fe-S cluster enzyme 
activities [58].

6.3.6 Ribosome assembly

The biogenesis of eukaryotic ribosomes is a highly coordinated process, beginning in 
the nucleus and ending with the assembly of 60S and 40S subunits in the cytoplasm. 
The nuclear export of various ribosomal components is subjected to quality control, 
and improper processing of ribosomal proteins leads to their retention in the nucleus 
[73]. For the screen, a fusion of the ribosomal protein Rpl25 (or Rps2) to GFP was inser-
ted into a library of temperature-sensitive mutants [60]. After shifting to non-permis-
sive temperature, mutants were identified with enhanced nuclear GFP fluorescence 
due to nuclear retention of the ribosomal precursor protein. The mutants identified in 
this manner, so called rix or ribosomal protein export mutants, included CIA compo-
nents Cfd1, Nbp35, and Nar1 [60]. The explanation for the ribosomal phenotype of CIA 
mutants was provided by the protein Rli1. Rli1 is required for rRNA maturation and 
nuclear export of 60S and 40S subunits, and Rli1 possesses two [Fe4S4] clusters that 
are critical to its function [74]. Thus, mutations interfering with Fe-S cluster assembly 
resulted in defects in Rli1 function and indirectly led to a block in nuclear-cytoplasmic 
trafficking of ribosomal proteins. The mutants could only have been discovered with 
such a library of temperature-sensitive alleles because the corresponding genes are 
essential and complete loss-of-function mutants are nonviable.

6.3.7 Synthetic lethality with the pol3-13 allele

DNA polymerases are multi-subunit enzyme complexes that are responsible for 
priming, initiating, and extending the lagging and leading strands of the double 
stranded genome during the process of DNA replication. The catalytic subunits, Pol1, 
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Pol2, and Pol3, contain conserved sets of cysteine residues in an essential carboxyl 
terminal domain [75]. A change of 104Cys to Ser in the carboxyl terminal domain of 
Pol3 conferred a temperature-sensitive growth phenotype, presumably because of 
compromised efficiency of replication [61]. This finding was the basis for a synthetic 
lethal sectoring screen, starting with the pol3-13 allele covered by a plasmid with the 
wild-type POL3. Synthetic lethal screens are commonly used in model organisms to 
identify other genes that function in the same genetic pathway. They identify other 
genes that are needed for survival in a compromised strain. The strain with the 104Cys 
to Ser in the carboxyl terminal domain of Pol3 was mutagenized, and mutants were 
recognized that were unable to survive without the plasmid-borne copy of wild-type 
POL3. The procedure identified second site mutations (mutations in other genes) that 
worsened the phenotype of the pol3-13 allele, and these included alleles of CIA com-
ponents such as Dre2, Tah18, Nbp35, and Mms19 [61]. These genes have been implica-
ted in assembly of cytoplasmic or nuclear Fe-S clusters. The observation linking Pol3 
and Fe-S cluster assembly was subsequently explained when Pol3 itself was found 
to coordinate an Fe-S cluster [76]. The cluster plays a role in stabilizing the protein 
and mediating critical protein-protein interactions among the DNA polymerase sub-
units. Thus, the synthetic lethal genetic relationship occurred because the pol3-13 
allele with 104Cys replaced by Ser was less effective in coordinating its Fe-S cluster, 
and second site mutations interfering with Fe-S cluster assembly made matters even 
worse. Another genetic screen was based on the putative mitochondrial iron car-
riers, Mrs3 and Mrs4. Cells lacking both of these carrier proteins grow robustly on 
rich media, and a synthetic lethal screen identified Dre2, an essential component 
of the CIA [37]. The dre2-137 mutant allele was synthetically lethal with the double 
mutant ∆mrs3∆mrs4. Other Fe-S cluster assembly components including Cfd1 and 
Atm1 showed a similar synthetic lethality when combined with ∆mrs3∆mrs4, and the 
synthetic lethality was made worse by iron deprivation [37]. A possible explanation 
for these findings is that mitochondrial iron (involving Mrs3/4) and cytoplasmic Fe-S 
cluster assembly (involving Dre2, Cfd1, and Atm1) are dependent on each other.

6.3.8 Factors needed for Yap5 response to high iron

The cellular responses to iron exposure involve downregulation of the cell surface 
iron uptake systems (Aft1 and Cth1/2 mediated) [64] and upregulation of vacuolar iron 
transport via increased Ccc1 expression (Yap5 mediated) [77]. The signals for the Yap5 
effects were unknown, and so a genetic screen was undertaken [66]. The Yap5 regu-
latory domain responsible for conveying the iron signal was fused to Gal4, thereby 
conferring an iron-dependent response to the GAL1 promoter. The GAL1 promoter was 
fused to HIS3, and the hybrid gene was used to identify mutants that are unresponsive 
to the iron signal. In a second construct, the CCC1 promoter was fused to lacZ. Selec-
tion of mutants that were histidine auxotrophs and were white identified genes that 
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were required for the Yap5-dependent iron induction. Interestingly Ssq1 mutants were 
identified in this screen, and mutants of Yfh1 and Isu1 were also shown to prevent the 
high iron response. The implication is that both low-iron (Aft1) and high-iron (Yap5) 
responses involve Fe-S cluster intermediates in the sensing pathways. An attractive 
possibility is that Yap5 itself might form an Fe-S cluster in its cysteine-rich domain [66].

6.3.9 Screening of essential genes coding for mitochondrial proteins

A genome-wide screen in yeast was performed by deletion and sporulation to identify 
essential genes. Isd11 was shown to be essential by this approach [78]. A separate 
screen for protein localization using GFP fusions identified Isd11 as a mitochondrial 
protein [79]. The essentiality and mitochondrial localization led to the conjecture that 
Isd11 must be involved in a critical function of mitochondria. Mitochondrial protein 
import has been known for a long time to be an essential process. However, Isd11 
mutants or conditional alleles exhibited normal protein import activity [9, 80]. Fe-S 
cluster synthesis is also an essential function of mitochondria. Therefore, Fe-S cluster 
assembly was examined in Isd11 mutants, and shown to be defective. No prokaryotic 
homologue exists, and so Isd11 could not have been found by comparison with proka-
ryotes [9, 80]. The Isd11 protein was found to form a tight complex with the cysteine 
desulfurase Nfs1 and to participate in stabilization of the protein in mitochondria  
[9, 80]. Isd11 was also found to activate Nfs1, enabling its cysteine desulfurase activity 
and promoting persulfide formation [8].

6.4 Mitochondrial Fe-S cluster assembly

Mitochondria possess a complete and functional Fe-S cluster assembly machinery. 
The basic pieces were acquired during evolution from purple bacteria, although 
important tweaking and major modifications occurred over evolutionary time [11]. 
Intact mitochondria isolated from yeast and “fed” metabolic precursors are capable 
of synthesizing new [Fe2S2] or [Fe4S4] clusters, and inserting them into endogenous 
or freshly imported apo-proteins [49]. For mitochondrial Fe-S cluster assembly to 
proceed, iron, sulfur, and various nucleotides are required.
1. Iron supply: Iron is already present inside mitochondria in a form that can be 

utilized for Fe-S cluster synthesis. The functionally important mitochondrial iron 
pool may correspond to the nonheme high-spin (NHHS) Fe2+ iron pool described 
by Lindahl and colleagues [81] in Mössbauer spectroscopic studies of isolated 
mitochondria. In some settings, iron in this pool is present at concentrations of 
100–200 μM, and the abundance is subjected to regulatory shifts depending 
on growth conditions. The precise chemical form and its ligands have not been 
ascertained, but the iron pool is sensitive to membrane permeable ferrous iron 
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chelators such as o-phenanthroline [81]. The iron in this pool can be “chased” into 
new Fe-S clusters as shown by experiments with isolated mitochondria, sugges-
ting that it functions as a true intermediate [82]. The source of this mitochondrial 
iron pool remains poorly defined. It is presumed to originate from cytoplasmic 
iron that is transported into mitochondria. The transporters responsible have not 
been clearly identified either, so this entire issue remains somewhat nebulous. 
Mrs3 and Mrs4 are redundant mitochondrial carrier proteins, and extensive work 
has shown that they play a role in providing iron to mitochondria for Fe-S cluster 
and heme synthesis [83, 84]. However, these proteins have never been reconsti-
tuted into liposomes and shown to transport iron or any iron ligand, and so their 
transport substrate remains unknown. Another mitochondrial carrier protein, the 
pyrimidine exchanger Rim2, also plays a role in iron delivery into mitochondria, 
and overexpression is able to completely rescue the phenotype of a ∆mrs3∆mrs4 
deletion [85]. Once inside mitochondria, iron must be delivered to the scaffold Isu, 
and frataxin may play a role here [18, 23].

2. Sulfur supply: The sulfur for Fe-S cluster assembly is derived from cysteine by 
the action of cysteine desulfurase [4]. Although Fe-S clusters can be made in vitro 
using sulfide and iron under defined conditions, only the cysteine desulfurase can 
supply sulfur for Fe-S cluster synthesis in intact cells or in isolated mitochond-
ria, and sulfur in other chemical forms cannot substitute [2]. The yeast cysteine 
desulfurase, similar to the bacterial enzymes, interacts with cysteine and forms a 
persulfide on the enzyme [82]. The persulfide sulfur is the real precursor, and is 
used in Fe-S cluster assembly following transfer to Isu. In the eukaryotic setting, 
the cysteine desulfurase Nfs1 requires Isd11 for its activity [8].

3. Nucleotide requirements: Mitochondria depleted of nucleotides are unable to 
synthesize Fe-S clusters, and thus, in vitro assays with isolated mitochondria 
must be supplemented with nucleotides for supporting efficient Fe-S cluster 
assembly [49, 86]. This is because key steps depend on NAD(P)H, ATP, or GTP. 
More specifically, NAD(P)H is required for reductases, such as the ferredoxin 
reductase (Arh1) that provides electrons to ferredoxin (Yah1) and then probably 
to an Fe-S cluster assembly complex. The reducing equivalents are needed for 
converting the persulfide sulfur (S0) on Nfs1 to S2– for incorporation into the 
nascent cluster on Isu [87]. Likewise, only ferrous iron is useful for the assem-
bly process, and the Arh1/Yah1 reductase chain may also be involved in main-
taining iron in reduced (Fe2+) form, as this may have a tendency to reoxidize. 
Furthermore, the conversion of [Fe2S2] to [Fe4S4] clusters requires additional 
electrons in a process called reductive coupling, and this might also depend on 
the mitochondrial NAD(P)H reductase system [88]. Like NAD(P)H, ATP is also 
required for one or more steps in the assembly process. The role of Hsp70 cha-
perones in Fe-S cluster assembly was discovered at the time of the discovery of 
the ISC operon because the Hsp70 HscA was found on the operon and linked 
to IscS and the other key elements for Fe-S cluster assembly [55]. The yeast  
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mitochondrial Ssq1, although not orthologous to HscA, is an Hsp70 that inter-
acts with Isu as its sole client. The requirement of ATP for the Hsp70 reaction 
cycle likely explains the requirement of ATP for mitochondrial Fe-S cluster 
assembly [29, 89]. Finally, GTP is required, although the target for this nucle-
otide requirement has not yet been identified. The role of GTP was discovered 
because mutant mitochondria lacking the GTP/GDP carrier, Ggc1, were deficient 
in both mitochondrial GTP and in Fe-S cluster assembly activity [90]. Presu-
mably, there exists a GTPase that interacts with the assembly machinery and 
conveys a signal or performs a key catalytic function. Thus, mitochondria pro-
vided with cysteine, iron, NAD(P)H, ATP, and GTP are able to catalyze efficient 
synthesis of new Fe-S clusters (Fig. 6.1).

4.  Synthesis of Fe-S cluster intermediates on Isu vs transfer of cluster intermedia-
tes to apo-proteins: The scaffold proteins, Isu1 and Isu2, in yeast mitochondria 
are redundant proteins, but at least one of them is absolutely essential [13]. The 
Fe-S cluster biogenesis can be understood in terms of two steps: formation of 
an Fe-S cluster intermediate on Isu and transfer of the intermediate from Isu to 
apo-protein recipients (Fig. 6.1) [50]. A number of independent components must 
interact in a complex choreography to perform each of these steps and to switch 
between them. To classify different components in terms of their importance for 
the synthesis or transfer step, an iron-labeling approach was undertaken. The 
yeast deletion mutant (or depleted strain if the corresponding gene was found to 
be essential) was labeled with radioactive iron (55Fe), and Isu was recovered by 
immunoprecipitation. If the mutant was defective in formation of the Isu inter-
mediate, 55Fe label on Isu was decreased. Conversely, if the mutant was capable 
of generating the Isu intermediate but defective in transfer of the intermediate to 
apo-proteins, 55Fe label on Isu was increased. In this manner, Fe-S cluster synthe-
sis/assembly components (Nfs1, Isd11, Yfh1, and Yah1) were distinguished from 
Fe-S cluster transfer components (Ssq1, Jac1, and Grx5) [50].

6.4.1 Mitochondrial cysteine desulfurase

Cysteine desulfurases are conserved enzymes that act on the substrate cysteine, 
removing sulfur and forming a covalent persulfide on the active site cysteine. It is 
this form of sulfur that is exclusively utilized in the synthesis of cofactors such as Fe-S 
clusters, biotin, lipoic acid, and thiamine [91, 92] and also for the thio modification 
of tRNAs [65]. In S. cerevisiae, Nfs1 is the only known cysteine desulfurase, and the 
enzyme is required for activities of the Fe-S cluster proteins throughout the cell, inclu-
ding aconitase (Aco1) in mitochondria and isopropylmalate isomerase (Leu1) in the 
cytoplasm [6, 93]. These enzymes require a [Fe4S4] cluster for activity. In the absence 
of adequate levels of Nfs1, cellular Fe-S cluster biogenesis does not occur, leading to 
global deficiency of these cofactors. Likewise, a hypomorphic mutant allele, nfs1-14, 
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was associated with low activities of Fe-S proteins in mitochondria and constitutively 
induced cellular and mitochondrial iron uptake activities [6]. Lipoic acid proteins and 
enzyme activities were also deficient in the nfs1 mutant because of deficiency of lipoic 
acid synthase, which requires Fe-S cluster cofactors [94].

Nfs1 forms a persulfide intermediate in mitochondria. Cysteine desulfurase acti-
vity can be assessed by incubating the enzyme with cysteine and DTT, and then asses-
sing the amount of sulfide released utilizing methylene blue and ferric chloride [95]. 
However, this colorimetric assay is too insensitive and is not suitable for detecting the 
cysteine desulfurase activity in mitochondria. The assay requires a minimum of 2–5 μg  
of the purified Nfs1/Isd11 complex or A. vinelandii NifS. Such an insensitive assay 
therefore cannot be reliably used for measuring the cysteine desulfurase activity in 
mitochondria in which Nfs1 is present in small amounts. Furthermore, mitochond-
ria with no detectable Nfs1 exhibit strong background sulfide-generating activity 
[8], likely due to cystathionine β-synthase or similar enzymes that release H2S and 
perform transulfuration reactions. A highly sensitive radioactive assay has therefore 
been developed based on the fact that the enzymatic cycle of cysteine desulfurase 
involves formation of a covalent persulfide on the active site. If the active enzyme is 
incubated with 35S-cysteine, the covalently attached 35S can be visualized on a nonre-
ducing SDS gel. The radioactivity on the active enzyme can be removed by reduction 
of the persulfide with DTT. By contrast with the spectrophotometric assays, the radio-
active assay using 35S-cysteine is at least 50–100 times more sensitive, and 35S-persul-
fide formation can be easily detected with as little as 5–50 ng of the purified Nfs1/Isd11 
complex or 50–200 μg of total mitochondrial proteins [8]. Nfs1 persulfide formation 
(a necessary step in cysteine desulfurase activity) requires Isd11. Nfs1-S-35SH, the Nfs1 
persulfide, cannot be detected in Nfs1-depleted or nfs1-14 mutant mitochondria. In 
these assays, several other radiolabeled proteins are also detected regardless of the 
presence or absence of Nfs1 in mitochondria. However, the authentic Nfs1-bound per-
sulfide (Nfs1-S-35SH) can be easily separated and distinguished from the Nfs1-indepen-
dent radiolabeled background bands by nonreducing SDS-PAGE [8].

Isd11 is required for Nfs1 to form a persulfide. Nfs1 cannot form persulfide in 
mitochondria lacking Isd11, and consequently, Fe-S cluster synthesis does not occur 
in these mitochondria. Cells depleted of Isd11 or carrying a temperature-sensitive 
allele that has been shifted to the nonpermissive temperature fail to make Fe-S clus-
ters [9, 10]. Bacterially expressed and purified Isd11 imported into these isolated 
mitochondria restores both of these processes [8]. Importantly, Isd11-independent 
and Isd11-dependent steps involved in the Nfs1-mediated cysteine desulfuration 
reaction can be distinguished. Nfs1 is able to bind the substrate cysteine but is 
unable to form the persulfide. Then Nfs1 with prebound cysteine, after interacting 
with Isd11, is able to form the persulfide bound to its active site. An interaction 
of Isd11 with Nfs1 may induce a conformational change in the enzyme that brings 
the active site cysteine and the bound substrate cysteine together, thereby allowing 
p ersulfide formation [8].
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Nfs1 persulfide formation is stimulated by frataxin. Another level of Nfs1 
 regulation involves a unique role of frataxin/Yfh1. A stimulatory effect of frataxin 
on cysteine desulfurase was first noted for the human enzyme [22]. In studies of 
the yeast proteins, frataxin directly interacts with Nfs1, exposing substrate-binding 
sites and enhancing the binding of cysteine. This function of frataxin does not 
require iron, Isu1, or Isd11. Once bound to Nfs1, the thiol of the substrate cysteine 
can be used to form the persulfide on the active site cysteine of the enzyme. Per-
sulfide formation depends on the interaction with Isd11. Thus, for full activation 
of cysteine desulfurase activity, the mitochondrial enzyme must undergo at least 
two conformational changes. One change is mediated by frataxin/Yfh1 interaction 
that promotes substrate binding. A second change is induced by Isd11 binding that 
brings the bound substrate in proximity to the active site cysteine for persulfide 
formation [27] (Fig. 6.2).

The Nfs1-bound persulfide functions as an intermediate in mitochondrial Fe-S 
cluster assembly. Upon incubation of isolated mitochondria with 35S-cysteine, a 
radiolabeled persulfide was detected on Nfs1 (Nfs1-S-35SH). The 35S label detected 
on Nfs1 depended on the cysteine desulfurase activity of the enzyme, and the radio-
active signal varied reciprocally with conditions that blocked or allowed Fe-S cluster 
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Fig. 6.2: Scheme for steps involved in cysteine desulfurase activation [27]. Yeast Nfs1 (green) 
contains pyridoxal phosphate (PLP) bound to lysine (263Lys) in the substrate-binding site. A free 
thiol is present on a cysteine of the active site loop (385Cys-SH, blue S). Step 1: Yfh1 binds to Nfs1-
exposing substrate-binding sites. Step 2: The substrate cysteine (Cys-SH, red S) binds to substrate-
binding sites on Nfs1, including sites exposed by the Yfh1 interaction. Step 3: Isd11 binds to Nfs1,  
producing a conformational change that brings the active site close to the substrate site with substrate 
already bound. Step 4: The persulfide (blue S and red S) is formed on the active site 385Cys of Nfs1.  
Step 5: Persulfide sulfur (red S) on Nfs1 is transferred from Nfs1 to recipients for Fe-S cluster 
synthesis and other uses including tRNA thiolation and lipoic acid synthesis.
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 synthesis in mitochondria. Nucleotide and/or iron depletion of mitochondria block 
Fe-S cluster synthesis, and the Nfs1-bound persulfide persisted under these condi-
tions. When nucleotides, and iron were added, the radiolabeled Nfs1 persulfide was 
greatly reduced and radiolabeled aconitase was formed. Thus, the persulfide sulfur 
was productively chased from Nfs1 and utilized for Fe-S cluster synthesis under 
optimal metabolic conditions of mitochondria [82].

In summary, the mitochondrial cysteine desulfurase activity is highly regulated, 
with important controls exerted by interactions with frataxin and Isd11. The optimal 
control of cysteine desulfurase activity is important for normal cellular functions, 
and it must be tightly regulated. Too little cysteine desulfurase activity leads to Fe-S 
cluster deficiency in mitochondria (e.g. nfs11-14 or Isd11-depleted mitochondria). Con-
versely, too much activity is toxic. Overexpression of the active Nfs1/Isd11 cysteine 
desulfurase complex causes the cells to become nonviable, whereas overexpression 
of Nfs1 alone (inactive without Isd11) is not toxic and does not confer a growth/via-
bility phenotype (Fig. 6.3). Regulation of cysteine desulfurase is thus critical for cell 
viability. The stimulatory effects of frataxin and Isd11 on cysteine desulfurase activity 
are apparently eukaryotic features, and the prokaryotic enzymes behave differently 
in terms of their regulation [25]. The mitochondrial Nfs1 is different from the bacterial 
cysteine desulfurases that are active in the absence of accessory  proteins [4, 5]. 
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Fig. 6.3: Toxicity of too much cysteine desulfurase. The following strains were tested for growth 
and viability on galactose plates. (a) Wild type. (b) Promoter swap strain overexpressing Nfs1 
from the Gal1 promoter. Isd11 was expressed from the genomic locus [6]. (c) Promoter swap strain 
overexpressing Isd11 from the Gal1 promoter. Nfs1 was expressed from the genomic locus.  
(d) Promoter swap strain overexpressing Isd11 from the Gal1 promoter [8] and overexpressing Nfs1 
from a high-copy-number plasmid YEp352-Nfs1. Note that the slow growth of (d) indicating toxicity 
of too much cysteine desulfurase was observed only when both Nfs1 and Isd11 were overexpressed 
together. Nfs1 overexpression alone (b) was not toxic because it was inactive as a cysteine 
desulfurase without Isd11.
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6.4.2 Formation of the Isu Fe-S cluster intermediate in mitochondria

Isu physically interacts with Nfs1/Isd11 and frataxin [19]. The multi-protein complex 
forms a core machinery for Fe-S cluster biosynthesis, facilitating and accelerating the 
formation of cluster intermediates on Isu [22]. The protein complex was isolated from 
yeast [19] and human [96] mitochondria, although no crystal structures are available 
and there is little overall structural information. Two particularly informative proka-
ryotic complexes have been structurally characterized. In one case, the Nfs1 (bacterial 
IscS) dimer was viewed in head to tail configuration [97]. Two Isu (bacterial IscU) 
monomers were seen binding at the ends of each Nfs1, maximally separated from 
each other and precluded from interacting with each other. Frataxin (bacterial CyaY) 
monomers were found in a groove between each Isu and the Nfs1 surface. The molecu-
lar stoichiometry (2 Nfs1:2 Isu:2 frataxin) and orientation of the components suggest 
that Fe-S cluster intermediates might be formed separately on each Isu monomer  
(Fig. 6.4). Isd11 was not present in this structure because it is not present in prokary-
otes [97]. In another structural study, the A. vinelandii NifS (Nfs1 homologue) with a 
D39A substitution was co-crystallized with the IscU scaffold (Isu homologue), and the 
Fe-S cluster intermediate was captured in the crystal [98]. The cluster was liganded 
by three cysteine residues from IscU, and surprisingly, the fourth ligand was provided 
by the active site cysteine from NifS. The presence of a complete Fe2S2 cluster within 
the NifS/IscU complex showed that the complex did not have to be dissociated for 
each cycle of cysteine desulfuration; two sulfur atoms were contained in the cluster 
intermediate and two cycles would be required to form it. Importantly, the fact that 
the cluster intermediate on IscU was captured in the crystal showed that synthesis 
could occur separately from transfer [98].

The protein-protein interactions in the Fe-S cluster assembly complex of mito-
chondria are important for formation of the Fe-S cluster intermediate on Isu (Fig. 6.4). 
The sulfur for the intermediate is probably directly transferred from the Nfs1 active 
site to Isu thiol, thus involving direct interaction between Nfs1 and Isu proteins [99]. 
The flow of sulfur to Isu must be regulated because too little sulfur is deleterious and 
too much is toxic (Fig. 6.3). The components of the Fe-S cluster assembly complex, 
frataxin and Isd11, both exert regulatory effects on the cysteine desulfurase for con-
trolling sulfur flow, but these effects are mediated differently. Frataxin stimulates 
cysteine binding to Nfs1 by exposing new substrate-binding sites. By contrast Isd11, 
induces a conformational change of Nfs1 that brings the protein loop with the active 
site cysteine into proximity with the substrate-binding site, so that the persulfides 
can be formed [27]. At this point, sulfur transfer to Isu can proceed, even without 
dissociation of the protein complex. Fe-S cluster assembly on Isu involves iron inser-
tion as well as sulfur donation, and this process too is stimulated in the setting of 
this protein complex (Nfs1/Isd11/Isu/frataxin), as assessed by in vitro assays using 
cysteine, ferrous iron, and dithiothreitol as a reductant [100].
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6.4.3 Roles of frataxin
Frataxin is the protein implicated in the inherited neurodegenerative disease Fried-
reich ataxia [16]. The finding that the yeast homologue associates with Nfs1/Isd11 and  
Isu in mitochondria underscores its important role in Fe-S cluster assembly [19]. Two 
functions ascribed to frataxin relate to sulfur and iron effects, and these are not mutu-
ally exclusive. Frataxin stimulates cysteine desulfurase activity of Nfs1 as noted above 
(Section 6.4.1; Fig. 6.2). Frataxin also plays a role in iron donation for forming the Isu 
intermediate. Evidence for this function is that iron was found to interact with an 
acidic surface of purified frataxin with a stoichiometry of 2 atoms per molecule, albeit 
with a low micromolar (3 μM) affinity [23]. In addition, the interaction of frataxin with 
the other core assembly components in mitochondria was shown to be iron dependent 
because it was enhanced by the addition of iron and inhibited by iron chelation [18]. 
Using purified proteins, Yfh1-Isu1 interaction was found to take place in 1:1 stoichio-
metry as assessed by ITC measurements, and the interaction occurred only if iron was 
added to the reaction [23]. Further evidence of frataxin’s role was provided by detailed 
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Fig. 6.4: Fe-S cluster assembly complex of the mitochondria. No structure for a eukaryotic or 
mitochondrial assembly complex has been obtained. The possible locations of key components 
were outlined based on the positions of the E. coli counterparts in the SASX structure [97]. Nfs1 is 
outlined in green, and it is shown as a head to tail dimer, with substrate-binding sites indicated as 
yellow “lakes” of PLP in each monomer. The Nfs1 protein loop with the active site cysteine is shown 
as a green “squiggle,” and the active site cysteine is shown as a brown circle labeled “persulfide” 
because this is the site of persulfide formation. The Isu1 scaffold proteins are shown as black 
polygons with three brown circles inside, indicating the cysteine residues that coordinate the Fe-S 
cluster intermediate [97]. The position of the active site loop is such that it could toggle between 
the Nfs1 substrate-binding site and the Isu1-liganding cysteines without dissociating the Nfs1-Isu1 
complex. The Yfh1 proteins are shown in red, and they fit neatly in a space between Isu1 and Nfs1. 
Isd11 is not present in prokaryotes [11], and so the binding sites in the complex are unknown. Isd11 
is shown modeled in purple interacting with Nfs1 and participating in the Nfs1/Isd11/Isu1/Yfh1 Fe-S 
cluster assembly complex. The manner in which Fe-S cluster assembly on each Isu1 monomer is 
coordinated (if at all) is unknown.
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studies using EXAFS, in which iron was tracked during transfer from frataxin to Isu. 
Oxygen and nitrogen liganding was detected for iron intermediates bound to frataxin 
or bound to Isu1, and only when a sulfur source was provided did sulfur ligation super-
sede the oxygen environment [23]. A picture can be imagined according to which the 
iron cofactor for Fe-S cluster assembly is bound to frataxin, an iron-dependent interac-
tion with Isu occurs, and iron is then transferred to Isu. When sulfur becomes available 
in the Fe-S cluster-binding site on Isu, iron migrates to that location and assembles to 
form the Fe-S cluster intermediate. Of course, iron and sulfur delivery for Fe-S cluster 
intermediate formation need to be coordinated because it does no good to have one 
without the other. To address this issue, an interesting set of experiments was perfor-
med with protein complexes reconstituted from the mammalian components [100]. In 
the three-component complex (Nfs1/Isd11/Isu), iron supplied as ferrous ammonium 
sulfate could be loaded on Isu, up to a stoichiometry of two atoms per complex. In 
the four-component complex (Nfs1/Isd11/Isu/frataxin), however, iron could not be 
loaded at all. Only when iron and cysteine were added together to the four-compo-
nent complex was iron loading achieved, and in that case, a complete Fe-S cluster 
intermediate was formed on Isu [100]. The implication is that frataxin was blocking 
iron entry into the Fe-S cluster assembly site on Isu until sulfur was provided via the 
cysteine desulfurase, and only then did it allow iron donation and cluster assembly. 
How such an iron-gating function would operate is unknown, but multiple conforma-
tional changes have been ascribed to Isu [15], and such a change induced by frataxin 
might close or open a pathway for iron entry into Isu.

6.4.4 Bypass mutation in Isu
A spontaneously occurring mutation in Isu1 was found to confer improved growth and 
improved Fe-S cluster assembly to a ∆yfh1 mutant [26]. The mutant Isu1 was able to 
stimulate cysteine desulfurase of purified Nfs1/Isd11 or of Nfs1 in isolated mitochond-
ria lacking frataxin [27]. These effects explain the frataxin bypass activity because the 
mutant Isu1 was performing frataxin’s function. Interestingly, the bypass substitution 
mutation altered an amino acid M107 that is conserved with all eukaryotic Isu scaffold 
proteins. By contrast, the substituted amino acid, isoleucine, occurs in many proka-
ryotic Isu scaffolds, including E. coli. The change can be envisaged as rendering the 
eukaryotic Fe-S cluster machinery into a more prokaryotic form. The stimulatory effect 
of frataxin on cysteine desulfurase is a feature of eukaryotic enzyme and contrasts 
with the prokaryotic enzymes, which are constitutively active. Thus, by changing M107 
of Isu1 to I, the need for the stimulatory effect of frataxin was lessened. A detailed exa-
mination of the bypass mutant phenotype, however, showed a more nuanced picture. 
Under usual laboratory conditions, the growth and Fe-S cluster proteins were restored 
to normal levels. However, under stress conditions exerted by peroxide exposure, the 
bypass suppressor grew more slowly than the wild-type strain expressing frataxin. 
The reason for this phenotype is that the bypass Isu mutant corrected the cysteine 
desulfurase deficit but did not restore the rate of Fe-S cluster assembly to normal [101]. 
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These data suggest that frataxin possesses an additional function (other than cysteine 
desulfurase stimulation) that is not replaced by the Isu suppressor substitution. A pos-
sibility is that iron donation or regulation of iron donation represents the function of 
frataxin that is not corrected in the bypass mutant.

6.4.5 Transfer of the mitochondrial Isu Fe-S cluster intermediate

The Hsp70s are a large group of chaperones that perform essential functions in protein 
folding and protein import [101]. They contain two domains – a substrate-binding 
domain and an enzymatic domain with ATP-binding and hydrolysis activity. The two 
domains talk to each other, such that substrate binding in one domain is influenced 
by the nucleotide binding state in the other. The higher affinity substrate binding 
state is conferred by ADP interaction in the nucleotide-binding site. Co-chaperones 
or special J proteins are important for conferring functional specificity, bringing the 
substrate to the substrate-binding site and enhancing nucleotide hydrolysis. Finally, 
recycling factors are needed to facilitate release of ADP and replacement by ATP [102].

The remarkable story of the mechanism of Isu cluster transfer in mitochondria 
relates to the special adaptation of a mitochondrial Hsp70 chaperone for this purpose. 
Ssq1 is an Hsp70 chaperone that has become specialized for handling a single client 
protein, Isu. The manner in which this specialized reaction cycle functions for acce-
lerating Fe-S cluster transfer is as follows. The Fe-S cluster intermediate is formed 
on the Isu scaffold, and the holo-Isu thus formed interacts with Jac1, a specialized 
co-chaperone [103]. Jac1 targets the holo-Isu1 to the ATP-bound Hsp70 chaperone, 
Ssq1, where it binds in the substrate-binding cleft via the conserved LPPVK motif of 
Isu [104]. Substrate binding to the Hsp70, especially in the context of Jac1 interaction, 
triggers a burst of ATP hydrolysis and a conformational change in the chaperone [29]. 
The conformational change compels release of the Isu-bound cluster intermediates 
with concomitant transfer to the recipient apo-protein. Finally, recycling of ADP and 
binding of ATP to the nucleotide-binding domain of Ssq1 is facilitated by Mge1, the 
recycling factor, and this step induces release of apo-Isu1 and initiation of another 
reaction cycle [31]. In this way, the transfer of Fe-S cluster intermediates is coupled 
to the activity of the Hsp70, which has been especially adapted for this purpose. The 
design of the chaperone machinery also adds another level of regulatory control 
because cluster transfer depends on the ATPase activity of Ssq1, and the latter is acti-
vated only when presented with the Isu1 client in the context of Jac1 [29].

6.4.6 Role of Grx5
Grx5, the monothiol glutaredoxin, is a conserved protein required in the later stages 
of mitochondrial Fe-S cluster assembly [105]. The ∆grx5 mutant accumulates Fe-S 
cluster intermediates on Isu, showing that it is not required for the formation of the 

 EBSCOhost - printed on 2/13/2023 8:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



 6.4 Mitochondrial Fe-S cluster assembly   139

intermediates but that it is required for transfer of the intermediates [50]. In addi-
tion, the Grx5 protein is able to coordinate an Fe-S cluster via thiols of two mono-
mers and two glutathione molecules [106]. A missing link in the larger scheme then 
was to show that Grx5 interacts with the chaperones in some fashion and that the 
Grx5-bound cluster functions as an intermediate in Fe-S cluster synthesis. Two recent 
papers provide some new information on these points. In experiments with the bac-
terial constituents, Johnson and colleagues [106] were able to show that Fe-S clusters 
assembled on IscU were transferred to Grx5-gluathione much more efficiently in the 
presence of chaperones HscA and HscB. In experiments with yeast proteins and yeast 
mutants, Uzarska et al. showed that holo-Isu1 and apo-Grx5 were able to bind Ssq1 
simultaneously, with the Grx5 binding outside of the substrate-binding pocket [107]. 
Such interactions would be well poised to facilitate transfer of the Fe-S cluster inter-
mediate from Isu to Grx5, while all the constituents were still bound on the surface of 
the Hsp70 chaperone. After forming on Grx5, Fe-S cluster intermediates are probably 
further modified and distributed to specialized branch pools. Some [Fe4S4] proteins 
such as mitochondrial aconitase apparently need special components (e.g. Iba57) for 
maturation of its cofactor [108] and others such as lipoic acid synthase use different 
maturation factors (e.g. Nfu1) [109, 110].

6.4.7 The switch between cluster synthesis and cluster transfer

Fe-S cluster synthesis in mitochondria involves assembly protein complexes (Nfs1 
containing) and transfer protein complexes (Jac1 containing) that are set to function 
sequentially. Recently, it was found that Nfs1 and Jac1 interact with Isu1 at the same 
site, implying that there must be a switch such that Nfs1 comes off Isu and Jac1 comes 
on [111]. The physiological signal for the switch has not been identified with certainty, 
but a logical scheme would be for the switch to depend on the presence or absence of 
the Isu Fe-S cluster. A proposal for how this might work is as follows: if Isu is in the 
apo form, it assumes an unstructured conformation, as described for the disordered 
form of the bacterial IscU [15]. In this form, it is more adapted to Nfs1 binding and Fe-S 
cluster formation. Meanwhile, if Isu is in the holo form, it assumes a compact confor-
mation, as described for the structured form of the bacterial IscU [15]. In this form, it 
is more adapted to Jac1 binding and Fe-S cluster transfer. Thus, the formation of the 
Fe-S cluster on Isu may generate the structural features suited to interacting with the 
chaperone system, initiating the switch from cluster forming to cluster transferring 
protein complexes [111].

In summary, Fe-S cluster assembly in mitochondria involves the formation of 
intermediates on the Isu scaffold, as performed by closely coordinated cysteine desul-
furase activation and iron donation steps. More than one cycle of cysteine desulfu-
rase can occur without disassembling the protein complex, and the cluster assembly 
can occur independent from transfer. The iron source and means of coordinating iron 
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with sulfur delivery are still poorly characterized, although frataxin plays a role. A 
switch probably initiated by a conformational change in Isu promotes formation of 
the Fe-S cluster transfer complexes with Hsp70 chaperones and co-chaperones. The 
Hsp70 reaction cycle, specially adapted to Isu, facilitates Fe-S cluster transfer. Fol-
lowing this, glutathione and Grx5 receive and distribute the clusters. Insights into 
the molecular details of this process have been achieved over the last few years, and 
genetic and biochemical experiments using S. cerevisiae have played an important 
part in providing these insights.

6.5 Role of glutathione

Glutathione is a conserved tripepide consisting of glutamate, cysteine, and glycine 
[112]. It is synthesized in sequential steps mediated by Gsh1 and Gsh2, and the 
process is independent of ribosomal protein synthesis [113]. Although these enzymes 
reside in the cytoplasm, glutathione is found in millimolar amounts in all cellular 
compartments (cytoplasm, nucleus, endoplasmic reticulum, and mitochondria), 
implying that specific transporters exist for distributing the compound within the 
cell, although these putative transporters have not been molecularly identified [114]. 
Glutathione serves two different roles: on the one hand, it performs a redox buffe-
ring function, and on the other hand, it interacts with iron and Fe-S clusters. For the 
redox buffering function, the effect is mediated by interconversions between reduced 
(GSH) and oxidized (GSSG) forms, controlled by oxidative stresses and enzymes such 
as glutathione reductases [114]. The balance between the two forms defines a redox 
state characteristic of each cellular subcompartment, and this may be important for 
protein folding within that compartment [115]. For the iron-related function, it is sig-
nificant that glutathione can interact directly with Fe2+ via its free thiol, reducing and 
maintaining solubility of the metal. According to one hypothesis Fe2+ glutathione 
may serve as a labile pool in cells, facilitating trafficking and transfer steps before 
being incorporated into Fe-S clusters and other cofactors [116]. A new insight into the 
functions of glutathione came with the discovery of a unique property of monothiol 
glutaredoxins. These proteins were found to be capable of coordinating Fe-S clusters 
using the thiols from their CGFS peptide motif and thiols from glutathione [117]. The 
[Fe2S2] ligation was achieved by the contribution of two glutaredoxin molecules and 
two molecules of reduced glutathione. The lability of these glutaredoxin-glutathione 
clusters under some in vitro conditions led to the suggestion that these molecules 
might function as biosynthetic intermediates, binding and transferring cofactors or 
cofactor constituents for downstream utilization. Molecular genetic approaches in 
yeast have highlighted the roles of monothiol glutaredoxins in mitochondrial Fe-S 
cluster assembly, both inside mitochondria (Grx5) [118] and outside mitochondria 
(Grx3 and Grx4) [119]. These proteins appear to act by forming Fe-S cluster interme-
diates with glutathione.
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The yeast ∆gsh1 mutant was instrumental in the discovery of a role for gluta-
thione in Fe-S cluster assembly. The deletion mutant was found to be auxotrophic 
for glutathione [120]. Growth of ∆gsh1 yeast slowed progressively as the intracellular 
glutathione level declined, reaching about 60 μM after three divisions (down from  
3 mM), and growth stopped completely after about ten divisions [121]. Examination of 
the phenotypes as the fuel ran down, so to speak, revealed striking changes. Genes 
involved in iron uptake were strongly induced, and genes involved in iron utilization 
were repressed, consistent with Aft1 activation and an iron starvation response [121]. 
Tests of iron homeostasis showed induction of cellular iron uptake and simultaneous 
mitochondrial iron accumulation as nanoparticles, similar to some mutants with Fe-S 
cluster deficiency [122]. In terms of Fe-S cluster proteins and activities, the observed 
effects depended on the degree of glutathione depletion achieved. In the early stages, 
cytoplasmic Fe-S clusters were more strongly affected [122], whereas in later stages, 
mitochondrial Fe-S cluster proteins were also deficient [121]. Leu1, a cytoplasmic Fe-S 
cluster protein, was deficient and activity was almost undetectable after seven divi-
sions, whereas mitochondrial aconitase, Aco1, was relatively preserved but also defi-
cient at this point. Interestingly, during the time course of depletion, oxidant stress 
genes were not induced. Yap1, a redox sensor transcriptional activator, remained in 
the reduced state and so was not turned on. Aft1, an iron sensor and transcriptio-
nal activator, was turned on, indicating that the iron uptake response was occurring 
earlier (at a higher glutathione threshold) than the oxidative stress response [121]. 
The experiment of progressive cellular glutathione depletion may be pointing to the 
existence of different thresholds that titrate different targets of glutathione action: 
one for cytoplasmic Fe-S cluster synthesis, another one for mitochondrial Fe-S cluster 
synthesis, and a third one for oxidative stress responses [121].

6.5.1 Glutathione and monothiol glutaredoxins in mitochondria

In yeast, Grx5 is the only monothiol glutaredoxin found in mitochondria. The dele-
tion mutant phenotype was associated with deficiencies of Fe-S cluster proteins 
and iron homeostasis abnormalities [118]. This phenotypic analysis suggested that 
it was acting in the same pathway as other mitochondrial ISC components. Additio-
nal observations placed Grx5 as a late acting component. In an iron-labeling epista-
sis experiment, the deletion strain was found to accumulate 55Fe on Isu, suggesting 
that synthesis of the Fe-S cluster intermediate was able to proceed, whereas transfer 
of the Fe-S cluster intermediate was blocked [50]. The phenotype was similar to the 
Ssq1 Hsp70 chaperone mutant, and Ssq1 and Grx5 were recently shown to physically 
interact. Interestingly, the Ssq1 interaction with Grx5 could occur simultaneously 
with Isu1 interaction i.e. outside the substrate-binding site and without stimulation 
of ATP hydrolysis [107]. Thus, Isu1 with bound scaffold intermediate was probably 
interacting with the Ssq1 chaperone and Grx5, facilitating transfer of the Fe-S cluster  
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intermediate to Grx5. Glutathione was presumed to be an essential ligand of the 
cluster intermediate on the glutaredoxin Grx5 and therefore required for the transfer 
step. Change of the cysteine residue of the CGFS motif in Grx5 to alanine or serine 
abrogated or decreased the transfer activity [107].

A direct demonstration of a role for glutathione in Fe-S cluster transfer to Grx5 
was achieved by elegant experiments with A. vinelandii constituents [106]. Fe-S 
cluster transfer between IscU and Grx5 was monitored by circular dichroism. There 
was very little basal transfer even in the presence of glutathione; however, a tremend-
ous rate enhancement was achieved by the addition of the chaperones HscA, HscB 
(homologues of the yeast Ssq1 and Jac1), and MgATP in the presence of glutathione. 
The second-order rate constant of the transfer of the [Fe2S2] clusters increased from  
30 to 20,000 M-1 min-1 [106]. Such a tremendous in vitro effect reflecting synergistic 
interaction among these components almost certainly reflects a physiological role 
in Fe-S cluster transfer. This experiment also directly demonstrated a role for gluta-
thione because glutathione had to be included in the assays for cluster transfer to 
occur. Identification of the downstream acceptors for Grx5-glutathione intermediates 
has not been accomplished as of yet, but candidates include cluster apo-proteins, 
both [Fe2S2] and [Fe4S4] proteins, and carrier proteins of branch pathways such as 
A-type and Nfu1-type carriers. Although these experiments were performed with 
bacterial proteins, the eukaryotic homologues, Isu1/2, Ssq1, Jac1, and Grx5, will very 
likely interact with glutathione and behave in a fashion similar to their prokaryotic 
counterparts during Fe-S cluster transfers.

6.5.2  Glutathione and monothiol glutaredoxins Grx3 and Grx4  
outside of mitochondria

In yeast, two redundant monothiol glutaredoxins, Grx3 and Grx4, reside outside of 
mitochondria, primarily in the cytoplasm and nucleus [53]. In addition to a glutare-
doxin domain, these proteins also possess an amino terminal thioredoxin domain 
and a carboxy terminal Aft1-binding domain [53]. The Grx3 and Grx4 proteins, like 
Grx5, were shown to coordinate Fe-S clusters [123]. This ability required the presence 
of the critical cysteine of the CGFS motif and glutathione, as demonstrated by in vivo 
55Fe immunoprecipitation studies [119] as well as by in vitro reconstitution [123]. The 
loss-of-function ∆grx3/∆grx4 mutant or the C-to-A (AGFS) allele, exhibited a com-
plicated iron regulatory phenotype, in part due to Aft1 activation and in part due to 
other downstream effects [119]. In these mutants, cellular iron uptake was increased, 
reflecting Aft1 activation, and a direct interaction of the C-terminal domain of Grx3 or 
Grx4 with Aft1 was shown [124, 125]. The manner in which the iron regulatory signal 
was conveyed to Aft1 is thought to involve the Fe-S clusters on Grx3/4. When the Fe-S 
clusters on Grx3/4 were present, there was a direct physical interaction with Aft1 
protein and other intermediate regulators, e.g. Fra1, causing Aft1 to be retained in 
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the cytoplasm and preventing the translocation of Aft1 to the nucleus. Conversely, in 
the absence of the Fe-S clusters on Grx3/4, Aft1 did not interact and nuclear translo-
cation occurred concurrent with transcriptional activation of iron uptake and other 
effects [124].

The iron-related phenotypes, however, were more complicated and not entirely 
explained by the Grx3/4-Aft1 axis. In the ∆grx3∆grx4 mutant, iron uptake was acti-
vated but mitochondrial iron accumulation did not occur, distinguishing this phe-
notype from other mutants with Fe-S cluster assembly deficits [119]. Another unique 
aspect of the phenotype was a more global iron deficiency, affecting iron proteins 
in various cellular compartments and with various types of cofactors. Heme and 
di-iron proteins were also found to be deficient in these mutants, suggesting that a 
global problem with biological iron was affecting all types of cellular iron proteins. 
The problem affected both cytoplasmic and mitochondrial proteins. For example, 
nuclear-cytoplasmic ribonucleotide reductase, which requires a di-iron cofactor for 
generating a critical sulfur radical was deficient in grx3/4 mutants [126]. Similarly, 
Coq7, a protein located on the matrix face of the mitochondrial inner membrane, uti-
lizes a di-iron cofactor for synthesis of ubiquinone in mitochondria. This enzyme was 
also deficient in the grx3/4 mutant as shown by accumulation of the DMQ6 precursor 
metabolite in the matrix fraction [119]. The implication is that Grx3/4-glutathione Fe-S 
clusters may be involved, either directly or indirectly, in providing iron for synthesis 
of cellular iron proteins. It is not yet clear how this works. Possibly, iron atoms of 
the Grx3/4-glutathione Fe-S clusters are cannibalized in a process that generates iron 
intermediates for biosynthesis of iron cofactors. In one scheme that has been propo-
sed, an iron-glutathione conjugate with iron bound to the free thiol of a GSH molecule 
acts as the low molecular weight labile iron pool [116]. Measurements of this pool 
suggest it may measure about 1 μM in the cytoplasm of most cell types [116]. The cyto-
plasmic pool could then be tapped for cytoplasmic cofactor synthesis and transfer 
into mitochondria for mitochondrial Fe-S cluster and heme synthesis.

6.6  Role of Atm1, an ABC transporter of the mitochondrial 
 inner membrane

Atm1 is an ABC transporter of the mitochondrial inner membrane [54]. A key feature 
has to do with its topology, with its predicted ATP- and substrate-binding sites ori-
ented toward the interior or matrix side of mitochondria [54]. The implication of this 
finding is that Atm1 likely exports its substrate(s) from inside to outside of mitochon-
dria. A major missing piece of the puzzle is the unknown identity of the substrate(s).

The ATM1 gene was disrupted, and the mutant phenotypes were determined. The 
mutant grew slowly on rich medium and did not grow at all on minimal medium. 
The mitochondrial genome was destabilized, and the isolated mitochondria were 
completely white, indicating a lack of cytochromes [54]. Fe-S cluster proteins were 
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also  deficient in the mutant. In some studies, both mitochondrial and cytoplasmic 
Fe-S clusters were deficient [127], whereas in others, mitochondrial Fe-S clusters were 
relatively preserved [93]. The iron accumulation phenotype characteristic of Fe-S cluster 
deficiency was prominently displayed by the ∆atm1 mutant, with loss of homeostasis 
and iron accumulation in mitochondria [68, 128]. The biophysical characteristics of the 
mitochondrial iron were investigated [127]. Similar to the situation for mitochondrial 
Fe-S cluster assembly mutants (e.g. Yah1- or Yfh1-deficient cells), mitochondrial iron in 
Atm1-depleted cells accumulated as ferric phosphate nanoparticles. Fe-S clusters and 
heme detected by Mössbauer and spectroscopic methods were decreased, but an NHHS 
Fe2+ (nonheme high-spin ferrous) species was noted [127]. Evidence has been presented 
that this mitochondrial iron species, abundant in atm1 mutant and also present in wild-
type cells, could represent an iron intermediate for Fe-S cluster and heme synthesis [129].

Microarray analysis of Atm1-depleted cells revealed a large number of induced 
and repressed transcripts [130]. The effects reflected a general iron starvation res-
ponse. The Aft1 regulon was strongly induced, causing activation of the cellular iron 
uptake systems. Transcripts for Isu1/2 scaffold proteins were increased, whereas Grx5 
was repressed. The genes for citric acid cycle enzymes and for proteins involved in 
oxidative phosphorylation and ergosterol biosynthesis were repressed, consistent 
with an effort to conserve iron by minimizing utilization. The effects were virtually 
identical to the phenotypes of Fe-S cluster deficiency associated with depletion of the 
mitochondrial ferredoxin, Yah1 [130]. However, there was a set of genes that did not 
match. The retrograde response genes encoding citrate synthase (CIT2), dicarboxylic 
amino acid permease (DIP5), and isocitrate dehydrogenase (IDH2) were induced by 
Yah1 depletion and not by Atm1 depletion [130]. The retrograde response refers to the 
effects of an unknown signal, produced by dysfunctional mitochondria and acting on 
rest of the cell, likely mediating different types of compensatory responses [131]. The 
inability of atm1 mutant mitochondria to induce a retrograde response could mean 
that Atm1 in some fashion mediates this signaling pathway.

6.6.1 Cells lacking Atm1 lose mtDNA

Iron accumulates in Atm1-deficient cells, causing oxidative damage to cellular con-
stituents, and iron proteins are deficient in mitochondria and cytoplasm. Thus, 
the pleiomorphic phenotypes of these cells make it very difficult to determine the 
primary function of the exporter. Two types of experiments have aided in further 
parsing these phenotypes. If Gal-Atm1 cells were grown under repressing conditions 
(glucose) and at the same time were kept anaerobic, Atm1 was depleted from the cells, 
but the characteristic iron accumulation was abrogated. The lack of iron accumula-
tion was associated with improved heme and improved Fe-S cluster levels. Oxidative 
damage to mitochondrial proteins as assessed by carbonyl adducts was also preven-
ted [127]. By contrast, cytoplasmic isopropylmalate isomerase (Leu1), which requires 
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a [Fe4S4] cluster for catalyzing a critical step in the leucine biosynthetic pathway, 
was  diminished in both anaerobic and aerobic conditions [127]. However, in another 
work [132], both wild-type and Gal-Atm1 cells grown in glucose were shown to be 
Leu1 deficient, raising the question of whether the enzyme deficiency was a carbon 
source effect rather than an Atm1 effect. In another type of experiment, the Gal-Atm1 
cells were shifted from the inducing carbon source, galactose, to a repressing carbon 
source, glucose, and Atm1 was progressively depleted. Cytoplasmic Leu1 activity 
declined, whereas mitochondrial aconitase and succinate dehydrogenase were rela-
tively preserved [93]. However, the differences very much depended on experimental 
conditions, such that with shorter depletion times only minor effects were noted, 
whereas with extremely long depletion times, mtDNA effects ensued and both mito-
chondrial and cytoplasmic Fe-S clusters were compromised. In the human disease 
resulting from missense mutations in the gene for the homologous protein ABCB7, 
the principal manifestation is anemia. In studies of blood cells from such indivi-
duals, protoporphyrin was found to accumulate, indicating that these mitochond-
ria were abnormal and exhibited problems with iron metabolism [133]. Both mito-
chondrial and cytoplasmic aconitases were deficient in HeLa cell knockdowns of the 
homologous ABCB7, indicating an effect of ABCB7 on Fe-S cluster biogenesis in both 
compartments [133]. Thus, the precise roles of Atm1 in mitochondrial vs cytoplasmic 
iron metabolism and Fe-S cluster assembly remain to be elucidated.

The answers to Atm1 function may ultimately come from better understanding 
of the protein itself and by the identification of its transport substrate(s). Atm1 is 
encoded by a nuclear gene with an N-terminal mitochondrial targeting signal [54]. 
The protein is synthesized on cytoplasmic ribosomes and is post-translationally 
imported and matured by cleavage of the targeting sequence within mitochondria. 
Atm1 is an integral membrane protein of the inner membrane with both N- and C- 
termini oriented toward the matrix side, suggesting that six transmembrane domains 
span the inner membrane. The finding that the C-terminal domain of the protein is in 
the matrix is especially important because this domain includes the nucleotide-bin-
ding site as well as the putative substrate-binding site [54]. These topology data led to 
the prediction that the Atm1 substrate originates within mitochondria and that Atm1 
must function to export its substrate from the mitochondrial matrix to the intermemb-
rane space. The protein self-assembles to form homodimers in vivo, and this has been 
experimentally demonstrated [134]. Other mitochondrial ABC half transporters with 
similar topology include Mdl1 and Mdl2. These proteins are called half transporters 
because of their requirement for dimerization. The former may be a peptide exporter, 
and as for the latter, the substrate is undefined [135]. ABC transporters often show 
stimulation of their ATPase activity when challenged with the correct transport sub-
strate. Experiments have been performed with Atm1-containing liposomes, seeking 
to identify the substrate, and stimulation was observed with micromolar concen-
trations of thiol rich peptides [136]. Further identification of the substrate has not 
been achieved, however. Thus, it will be important to identify the Atm1 substrate(s) 
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to finally ascertain its function. The phenotypes of Atm1-depleted cells suggest that 
its transport substrate has something to do with Fe, S, Fe-S, and/or heme. The iron 
accumulation phenotype and gene regulation phenotype coincide closely with the 
phenotypes of other Fe-S cluster assembly mutants [135]. A role of Atm1 in Fe-S cluster 
assembly therefore seems likely. It is possible that the Atm1 transport substrate is a 
constituent needed for Fe-S cluster assembly such as iron, an activated form of sulfur, 
or glutathione. Alternatively, a molecule mediating a form of retrograde signaling 
might be exported by Atm1, and this could be a peptide, nucleotide, siderophore, or 
other specialized molecule.

6.7  Relationship between Fe-S cluster biogenesis  
and iron homeostasis

A distinctive iron homeostatic phenotype was first observed in yeast mutants with 
defects in frataxin [17] or Ssq1 [57]. It was subsequently recognized that these mutants 
were also deficient in Fe-S cluster assembly and that there was a connection between 
Fe-S cluster assembly and iron homeostasis [56, 137]. Yeast deploys cellular iron 
uptake systems that homeostatically respond to iron availability, increasing cellular 
uptake in response to iron starvation and repressing cellular uptake in response to 
iron repletion. In various mutants (e.g. nfs1-14) with Fe-S cluster defects, however, 
the iron uptake systems were constitutively induced and unresponsive to iron avai-
lability. If more iron was added to the growth medium, more was taken up into the 
cells. Furthermore, the excess cellular iron was diverted to mitochondria, reaching 
levels of 100 times or more the normal range [6]. Mitochondrial iron accumulating in 
these mutants was also different from that of the wild-type in terms of the physical 
properties. When mitochondria isolated from the mutants were treated with a non-
ionic detergent such as Triton X-100, most of the proteins were solubilized, leaving 
the majority of the iron in the insoluble fraction. This iron insolubility correlated with 
a lack of iron availability for cofactor synthesis. In Yfh1-depleted cells, for example, 
heme synthesis was deficient because iron was unavailable to the ferrochelatase 
enzyme in mitochondria; instead, zinc was inserted in place of iron, generating zinc 
protoporphyrin [21].

A more sophisticated and quantitative approach to characterizing iron in mito-
chondria has been undertaken by Lindahl and colleagues. Briefly, a combination of 
methods including Mössbauer, EPR, and UV-Vis spectroscopy combined with ICP-MS 
for metal quantification was applied to studies of isolated mitochondria. A packing 
efficiency parameter was measured for preparations of isolated mitochondria so that 
concentrations of different iron species could be calculated [138]. In wild-type mito-
chondria, the total iron was found to be present at very high concentrations of about 
700–800 μM, and this could be divided into different pools. In respiring cells, 70% of 
the mitochondrial iron was present in Fe-S cluster and heme cofactors of respiratory 
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complexes. An iron pool within mitochondria was recognized by a distinctive signa-
ture in Mössbauer studies, the nonheme high-spin ferrous pool (NHHS Fe2+). This was 
proposed to act as feedstock for biosynthetic activities by supplying iron for heme, 
Fe-S cluster, and probably di-iron-containing proteins. Accordingly, shifting of growth 
conditions from fermentable to non-fermentable carbon source induced a shift in the 
mitochondrial iron distribution, with a marked decrease in the NHHS FeII, and an 
increase in the protein-bound iron pools, consistent with utilization of iron interme-
diates and a metabolic shift to oxidative phosphorylation [81]. Iron nanoparticles 
were also detected in mitochondria. These particles, with characteristic Mössbauer 
features, are 2- to 4-nm-diameter spheroids containing magnetically interacting Fe3+ 
ions coordinated by oxygen donor ligands, including phosphate and polyphosphate. 
A small quantity of iron nanoparticles was detected in wild-type mitochondria grown 
under respiring conditions and more were detected under fermenting conditions. In 
the Fe-S cluster assembly mutants the total mitochondrial iron could be as high as  
10 mM, mostly in the form of nanoparticles [139]. Thus, the nanoparticles represent 
the pool of insoluble iron noted in biochemical studies of the same mutants. In various 
Fe-S cluster assembly mutant cells examined by electron microscopy, iron nanopar-
ticles were visible as electron dense bodies in the mitochondrial matrix (Fig. 6.5).  
Aggregates or nanoparticles were found sporadically in different parts of the mito-
chondria. Some areas were spared and others were heavily involved, consistent with 
the importance of local conditions; iron aggregation may depend on local ferroxida-
tion and nucleation events (Fig. 6.5).

The question has been posed whether mitochondrial iron overload produces the 
Fe-S cluster assembly defect or vice versa. Experiments performed with Yfh1 (or Nfs1) 
under control of a regulated promoter allowed the protein to be depleted from cells 
and then reintroduced. During these time course experiments, the Fe-S cluster assem-
bly defect appeared prior to mitochondrial iron accumulation [6, 21]. Conversely, reco-
very of the Fe-S cluster defect occurred rapidly upon re-expression of the protein and 
prior to clearing of mitochondrial iron [21]. Thus, the Fe-S cluster defect was conside-
red to be primary, and the iron homeostatic effect was considered to be secondary. 
However, iron accumulation can worsen the Fe-S cluster defect in a situation with 
some residual activity, such as in a deletion of Yfh1 [140]. Under anaerobic conditions, 
no accumulation occurred during Gal-Atm1 depletion, perhaps because iron uptake 
was blocked in the absence of ferroxidase requiring Fet3 or because iron oxidation in 
mitochondria was a driving force and did not occur in the absence of oxygen. Under 
these conditions, iron proteins and enzyme activities were much improved because 
iron toxicity was lessened [127]. Thus, iron toxicity does contribute to the Fe-S cluster 
defect, although the major causal arrows seem to point the other way, from Fe-S 
cluster defect to the iron homeostatic defect.

The iron homeostatic phenotype can be viewed as Fe-S cluster deficiency and 
increased cellular uptake associated with mitochondrial iron accumulation in the 
form of nanoparticles. Various Fe-S cluster assembly mutants have been associated 
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with the homeostatic phenotype. These include mutations in components affecting 
formation of the mitochondrial Isu intermediate (Nfs1 [6], Isd11 [9, 10], Yfh1 [17], Yah1 
[51], Arh1 [52]) (Tab. 6.2, item 1) and components involved in transfer of the Isu inter-
mediate to recipients (Ssq1 [57], Jac1 [67, 141], Grx5 [117]) (Tab. 6.2, item 2). The Fe-S 
cluster scaffold Isu1 is redundant with Isu2, and so the single mutants exhibited a 
mild phenotype, although some iron accumulation was noted [13]. Depletion of Isu1 

(a) (b)

(c)

(d)

Fig. 6.5: Iron accumulation phenotype. A mutant carrying a truncated form of Ssq1 was identified 
in a genetic screen [57]. The ssq1 mutant cells were grown in defined medium with 10 µM ferric 
chloride, fixed with glutaraldehyde, lightly stained with osmium tetroxide and potassium 
ferrocyanide, and visualized using a Jeol 100CX model electron microscope as described [57]. 
Shown are (a) multiple cells, most of which contain electron dense iron aggregates in mitochondria, 
(b) and (c) higher magnification views of affected cells, (d) isolated intact mitochondria with 
iron accumulations. Aggregates or nanoparticles occur sporadically in different parts of the 
mitochondria, which may contain larger or smaller deposits of iron.
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in an ∆isu2 mutant [14] or hypomorphic alleles of Isu1 (M107E) in the ∆isu2 mutant 
produced a strong iron accumulation phenotype (Tab. 6.2, item 3). The existence of 
branch pathways required for distribution of Fe-S cluster intermediates to specialized 
pools has recently been discovered in yeast and E. coli. The purview and substrates for 
these pathways are subjects of active research [1]. The Nfu1 mutant, originally isolated 
by its synthetic lethality with Ssq1 [89], was recently found to be associated with defi-
ciencies of maturation of lipoate-containing 2-oxoacid dehydrogenases and assembly 
of some respiratory chain complexes [109, 110]. No iron homeostatic changes were 
noted in this mutant. Similarly, other proteins associated with subsets of Fe-S cluster 
protein maturation, such as Iba57 [108] and Mms19 [141], were not associated with 
perturbed iron homeostasis. By contrast, mutants of Isa1 and Isa2 did show the phe-
notype [142]. These proteins were originally proposed to act as alternative scaffold 
proteins in mitochondria but they did not show redundancy with Isu proteins, and 
later they were shown to be involved in iron donation for [Fe4S4] cluster assembly in 
mitochondria [143]. Isa1 and Isa2 proteins are not redundant with each other, and the 
corresponding deletion strains were independently associated with activation of the 
iron uptake system and iron homeostatic abnormalities [142] (Tab. 6.2, item 4).

Mutation or deletion of the ABC transporter Atm1 also gave a strong iron homeo-
static phenotype, with iron accumulation in the cell and mitochondria [68, 128]. 
The role of Atm1 in Fe-S cluster assembly is still unresolved and quite controversial  
(see Section 6.6). However, the iron homeostatic effects are unambiguous, and they 
strongly resemble the iron homeostatic effects caused by defects in the core mito-
chondrial Fe-S cluster assembly components (Tab. 6.2, item 5). Erv1 is a sulfhydryl 
oxidase of the mitochondrial intermembrane space and is required for protein import 
and trapping of precursor proteins in that compartment. Interestingly, it is also 
involved in some aspects of Fe-S cluster assembly, and temperature-sensitive muta-
tions have been associated with mitochondrial iron accumulation [144]. Glutathione 
appears to participate in multiple steps of Fe-S cluster assembly via interactions with 
monothiol glutaredoxins (Grx5 and Grx3/Grx4) and perhaps by other mechanisms. 
Depletion of cellular glutathione has been experimentally achieved by depriving 
the ∆gsh1 mutant of exogenous glutathione, and in this setting, iron homeostatic 
abnormalities ensued, including increased cellular uptake and iron accumulation in 
mitochondria [121, 122]. It is unknown which of the cellular targets primarily media-
tes the glutathione iron homeostasis effects, but targets may include Grx3 and Grx4  
(Tab. 6.2, item 6). A machinery dedicated to cytoplasmic and nuclear Fe-S cluster 
assembly has been characterized in yeast [3]. The components are encoded by essen-
tial genes, and they perform reductase, scaffold, ATPase, and transfer functions. 
These include Dre2, Tah18, Nbp35, Cfd1, Nar1, Cia1, Cia2, and Mms19 (Tab. 6.2, item 7). 
Depletion or mutation of these genes has been associated with deficiencies of many 
cytoplasmic and nuclear Fe-S cluster proteins, but cellular iron uptake was unaffec-
ted, and mitochondrial iron accumulation was not observed. Fe-S cluster assembly 
mutants of the CIA components did not perturb iron regulation [3].
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Tab. 6.2: Yeast mutants that do or do not accumulate iron in mitochondria.

Gene(s) Function Aft1 activation Mitochondrial 
iron accumulation

References

1. Core assembly component involved in formation of the Isu intermediate in mitochondria
Nfs1 Cysteine desulfurase + + [6]
Isd11 Accessory protein + + [9, 10]
Yah1 Ferredoxin + + [51]
Arh1 Ferredoxin reductase + + [52]
Yfh1 Yeast frataxin homologue + + [17]
2.  Core assembly component involved in transfer of the Isu intermediate to recipient proteins  

in mitochondria
Ssq1 Hsp70 chaperone + + [57]
Jac1 J protein co-chaperone + + [67, 145]
Grx5 Monothiol glutaredoxin + + [118]
3. Mitochondrial scaffold protein
Isu1  
Isu1 (M107E)

Mitochondrial scaffold + + [13, 14]

4. Branch pathway proteins mediating Fe-S cluster assembly of a subset of proteins
Nfu1 Lipoic acid synthase requires – – [109, 110]
Iba57 Aconitase requires – – [108]
Isa1, Isa2 [Fe4S4] clusters require + + [142, 143]
5. Mitochondrial export and associated proteins
Atm1 ABC transporter + + [68, 128]
Erv1 Sulfhydryl oxidase of  

intermembrane space
+ + [144]

6. Glutathione
Gsh1 Glutathione synthesis + + [121, 122]
Grx3, Grx4 Monothiol glutaredoxins + – [119]
7. Cystosolic Fe-S cluster assembly components
Dre2, 
Tah18

Reductase components – – [37, 38]

Cfd1, 
Nbp35

Scaffold components – – [76]

Nar1, 
Cia1, Cia2, 
Mms19

Transfer components – – [3]

8. Mitochondrial carrier proteins
Mtm1 Unknown substrate + + [146]
Ggc1 GTP/GDP exchanger + + [147, 148]
Mrs3, 
Mrs4

Putative iron importers + – [84]

9. Iron regulatory
Aft1-1up Iron transcriptional regulator + – [17]
Fra1, Fra2 Co-regulatory factors + – [149]
10. Heme biosynthesis
Hem1, 
Hem15

Porphyrin synthesis – – [150]
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Mitochondrial carrier proteins Mtm1 [146] and Ggc1 [147] were also required for 
iron homeostasis (Tab. 6.2, item 8). The carrier proteins belong to a family of proteins 
with uncertain evolutionary origin and are responsible for moving varied substrates in 
and out of mitochondria by transport across the mitochondrial inner membrane [151]. 
Mtm1 exhibits a network of cytoplasmic and matrix salt bridges and therefore is expec-
ted to function as an obligate exchanger, with substrate binding in the intermembrane 
space followed by exchange for a matrix substrate [152]. The identity of the substrates, 
either imported from the cytoplasm or exported from the mitochondria, is unknown. 
A guess is that they may resemble amino acids, as indicated by an evolutionary ana-
lysis that groups Mtm1 with known amino acid transporters [152]. The phenotype of 
the ∆mtm1 deletion strain is similar to that of other mitochondrial iron accumulators. 
Iron uptake is induced, mitochondrial iron builds up in the form of nanoparticles, and 
Fe-S cluster proteins are deficient [153, 154]. Thus, it is possible that Mtm1 transports a 
critical but unknown substrate that is required for mitochondrial Fe-S cluster assem-
bly. The deficiency of this unknown molecule might impair mitochondrial Fe-S cluster 
assembly, triggering a secondary signal that disrupts iron homeostasis. A role for Mtm1 
in heme synthesis has also been proposed [155]. Because both heme synthesis and Fe-S 
cluster synthesis are affected in the mutant, an explanation could be that the Mtm1 
substrate mediates iron delivery for cofactor synthesis in the mitochondrial matrix.

Ggc1 is another mitochondrial carrier protein (Tab. 6.2, item 8). In this case, the 
substrate is known and transport has been demonstrated by vesicle studies [148]. 
The yeast protein was expressed in E. coli and reconstituted into liposomes. Based 
on the transport studies showing exchange activity for GTP and GDP, the function 
of the transporter was proposed to deliver GTP into the mitochondrial matrix for 
important processes such as nucleic acid and protein synthesis [148]. An additional 
function was revealed by studies with the ∆ggc1 mutant showing defective mito-
chondrial Fe-S cluster assembly and iron homeostasis [147]. The GTP dependence of 
the Fe-S cluster assembly defect was demonstrated by a bypass experiment. In this 
experiment, the mammalian GTP-generating enzyme, Nm23-H4, was targeted to the 
mitochondrial matrix of the yeast ∆ggc1 mutant. The ∆ggc1 mitochondria expressing 
the bypass enzyme, although they could still not transport GTP from the cytoplasm, 
were now able to synthesize GTP inside mitochondria. The mutant phenotypes were 
thereby reverted, including recovery of normal Fe-S cluster assembly and normal iron 
regulation [147]. These studies showed yet again that Fe-S cluster assembly and iron 
homeostasis are linked; GTP depletion of the mitochondria was associated with both 
defective Fe-S cluster assembly and perturbed iron homeostasis, and GTP repletion 
was associated with recovery of Fe-S cluster assembly and normal iron homeostasis 
[90]. The results also suggest that there is a GTP-dependent enzyme in mitochondria, 
perhaps a GTPase, involved in Fe-S cluster assembly. The identification of this enzyme 
is the objective of an ongoing search.

At the cellular level, the uptake systems are regulated by the Aft1 sensor/regulator 
with important inputs via the Cth1/2 mRNA stability modulators [156]. Recent discove-
ries have shown that Aft1 is retained in the cytoplasm by interactions with Fe-S cluster 
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proteins Grx3/4-Fra1. In the absence of the regulatory clusters such as occurs in Fe-S 
cluster assembly mutants, Aft1 is translocated to the nucleus, and there it activates a 
set of target genes (including Fet3 and Ftr1, the iron transporters of the plasma mem-
brane) by direct interaction with sequences in the target promoters [157]. Thus, lack of 
Fe-S clusters turns on the cellular iron uptake system. Aft1-1up, an activating mutation 
in Aft1, is associated with constitutive cellular iron uptake but not mitochondrial iron 
accumulation [17] (Tab. 6.2, item 9). Similarly, fra1 or fra2 mutants activate cellular 
but not mitochondrial uptake [149] (Tab. 6.2, item 9). The means by which lack of 
Fe-S clusters augments mitochondrial iron levels is less clear. The lack of heme synthe-
sis in some mammalian cells (e.g. from mutant alleles of erythroid 5-aminolevulinic 
acid synthase) is associated with mitochondrial iron accumulation and sideroblastic 
anemia [158]. However, the regulatory circuits are different for yeast, and hem1 or 
hem15 mutants do not accumulate iron in mitochondria [150] (Tab. 6.2, item 10).

A hypothetical scheme for explaining the iron accumulation phenotype of Fe-S 
cluster assembly mutants is as follows. Iron in mitochondria is regulated, and the 
functional iron pool, perhaps the NHHS FeII pool [138] or the soluble iron pool, is 
maintained in a narrow range by homeostatic controls. If the level declines, more is 
taken up by transport from the cytoplasm, and if the level increases, less is taken up. 
In the pathological situation of the iron accumulation mutants, the functional iron 
pool in mitochondria becomes non-utilizable because of precipitation and aggrega-
tion. Precipitated iron is inert to the sensing/feedback system in mitochondria, and 
so more iron enters, continuously feeding the insoluble pool, while the functional 
pool remains diminished. The defect in Fe-S cluster assembly leads to a decrease in 
the soluble iron pool, which in turn leads to more mitochondrial iron uptake and 
accumulation of the nanoparticles. Unfortunately, many of the key variables for this 
scheme are undefined. The chemical form of the soluble iron pool in cytoplasm is 
unknown. The transport of iron into mitochondria is thought to be mediated by the 
carrier proteins, Mrs3 and Mrs4 [80, 84], Rim2 [85], and Mtm1 [146]. Mmt1/2 [159] may 
also be involved, but the iron-related substrates for these transporters are not well 
defined, and feedback controls for iron transport are unknown. Finally, the key Fe-S 
cluster protein(s) responsible for the complex iron regulatory phenotype has not been 
identified. Recently a number of regulatory Fe-S clusters have been discovered. Aft1, 
Fra1, Grx3, Grx4, and maybe Yap5 are extra-mitochondrial proteins shown to interact 
with clusters that perform regulatory functions in iron homeostasis [157]. However, 
none of these (when interrupted or mutated) fully account for the mitochondrial iron 
accumulation phenotype. The precise manner in which Fe-S clusters control mito-
chondrial iron remains to be clarified.

6.8 Conclusion and missing pieces

A variety of biochemical and genetic approaches undertaken through studies in yeast 
have yielded the outlines of a picture of the Fe-S cluster assembly process in eukaryo-
tes. However, key pieces are still obscured. In mitochondria, the Fe-S cluster assembly 
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complex and Fe-S cluster transfer complexes are better defined, but how the switch 
between them occurs is not known. How is the assembly process calibrated so that 
enough Fe-S clusters are made to satisfy the demands of new protein synthesis and to 
keep up with turnover occurring during the course of cellular stresses? The regulatory 
controls that occur within mitochondria are just beginning to be defined. Cysteine 
desulfurase in mitochondria appears to be highly regulated, but this is probably just 
the first glimpse of the types of extensive regulatory controls involved. The iron source 
for Fe-S cluster synthesis is still mysterious, and the manner in which iron and sulfur 
availability are coordinated is not known. The existence of mitochondrial and cyto-
plasmic Fe-S cluster proteins necessitates assembly systems that function inside and 
outside of mitochondria. However, the signaling between these compartments and 
the coordination of the Fe-S cluster synthesis in mitochondria and cytoplasm needs 
to be better understood. Finally, the iron homeostatic abnormality resulting from Fe-S 
cluster synthesis defects represents the failure of a regulatory signal, and the nature 
of the signal needs to be better defined.
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7  The role of Fe-S clusters in regulation of yeast iron 
homeostasis
Caryn E. Outten

7.1 Introduction

The intracellular concentration and subcellular speciation of iron in eukaryotic cells 
is tightly regulated to maintain sufficient levels of this essential micronutrient while 
avoiding the toxic effects of iron overload. Iron is present in all subcellular compart-
ments in a variety of chemical forms, including as protein-bound cofactors in Fe-S 
clusters, heme, and mononuclear and dinuclear iron-binding sites, as ferric oxide 
biominerals in iron storage proteins, as ferric oxyhydroxide nanoparticles, and as 
chelatable or “free” ferrous and/or ferric iron bound to low-molecular-weight ligands. 
Which of these forms is used as a gauge for intracellular iron concentrations and what 
are the molecular mechanisms for sensing and regulating iron bioavailability within 
eukaryotic cells? An emerging theme from recent studies in yeast model systems is 
that Fe-S clusters play key roles in iron regulation, which parallels previous findings 
in mammalian cells. This chapter highlights studies in the budding yeast Saccharomy-
ces cerevisiae, and the fission yeast Schizosaccharomyces pombe that demonstrate the 
importance of Fe-S clusters as signals of intracellular iron bioavailability. A brief over-
view of yeast iron uptake and trafficking is provided, followed by detailed descrip-
tions of the transcriptional regulators in S. cerevisiae and S. pombe that coordinate the 
cell’s response to both high- and low-iron-growth conditions. Current knowledge on 
the role of Fe-S clusters in modulating the activity of yeast transcriptional regulators 
is discussed for each model eukaryote. The chapter concludes with a section compa-
ring and contrasting the mechanisms of iron regulation in S. cerevisiae and S. pombe.

7.2 Iron acquisition and trafficking in yeast

Microbial iron acquisition is complicated by the low bioavailability of iron in oxygena-
ted environments at neutral pH. Thus, eukaryotic microbes such as S. cerevisiae and  
S. pombe have devised multiple strategies for scavenging this essential resource (Fig. 7.1). 
One strategy involves acquisition and transport of ionic iron at the cell surface. Trans-
membrane proton pumps help acidify the extracellular environment to increase Fe3+ 
solubility. Environmental Fe3+ is converted to Fe2+ by cell surface ferrireductases (Fre1 
and Fre2 in S. cerevisiae, Frp1 in S. pombe) [1]. Fe2+ is the substrate for the high-affinity 
oxidase-permease complexes (S. cerevisiae Fet3 and Ftr1, S. pombe Fio1 and Fip1) that 
first oxidize Fe2+ to Fe3+ prior to transporting Fe3+ into the cell. Another strategy is to 
scavenge iron from the environment using highly specific small-molecule Fe3+ chelators 
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Fig. 7.1: Iron uptake, trafficking, and regulation systems in (a) S. cerevisiae and (b) S. pombe.  
(a) S. cerevisiae Fit1, Fit2, and Fit3 are siderophore-binding mannoproteins anchored in the cell 
wall. Arn1, Sit1, Enb1, and Taf1 are cell surface transporters for Fe3+-siderophore complexes. The 
ferrireductases Fre1 and Fre2 reduce environmental Fe3+ to Fe2+. Fet3 and Ftr1 form the cell surface  
high-affinity iron uptake system in which Fet3 oxidizes Fe2+ to Fe3+ and Ftr1 transports Fe3+ across 
the plasma membrane. Fet4 is a low-affinity transporter responsible for cell surface uptake under 
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known as siderophores. S. pombe synthesizes and excretes ferrichrome, a siderophore 
with hydroxamate groups for high-affinity Fe3+ binding [2]. Ferrichrome is synthesized 
in the cytosol using three glycines and three modified ornithines. Sib2 and the product 
of the gene SPBC17G9.06c are predicted to catalyze N5-hydroxylation and acetylation 
of ornithine, respectively [3]. A third unidentified enzyme may catalyze formation of 
ornithine-glycine dipeptides, whereas Sib1 is a non-ribosomal peptide synthetase that 
polymerizes and circularizes the ornithine-glycine dipeptides to form the finished  
ferrichrome siderophore [4]. Fe3+-loaded ferrichrome is taken up by the transporters  
Str1 and Str2 [5]. In addition to iron acquisition, ferrichrome may also play a role in 
intracellular iron storage because S. pombe accumulates intracellular ferrichrome 
under both high- and low-iron conditions [2].

Unlike S. pombe, S. cerevisiae does not synthesize siderophores; nevertheless, it 
expresses proteins at the cell surface for capturing (Fit1, Fit2, and Fit3) and interna-
lizing (Arn1, Sit1, Enb1, and Taf1) a variety of siderophores produced by other micro-
organisms [6]. Likewise, S. pombe is capable of importing exogenous Fe3+-bound 
siderophores (via Str1, Str2, and Str3) in addition to ferrichrome as sources of iron 
[5]. In addition to these high-affinity systems, S. cerevisiae possesses nonspecific low-
affinity transporters (Fet4 and the NRAMP homologue Smf1) that import Fe2+ as well 
as Cu2+, Mn2+, and Zn2+ (Fig. 7.1) [7].

A number of pathways for trafficking iron from the cytosol to other subcellular com-
partments have been identified. The two main hubs for iron trafficking in yeast are the 
mitochondria and vacuoles. Iron import into mitochondria in S. cerevisiae is primarily 
mediated by the paralogous mitochondrial carrier proteins Mrs3 and Mrs4 [8, 9], whereas 
the vacuolar transporter Ccc1 facilitates storage and sequestration of iron in this orga-
nelle [10]. Orthologues for these mitochondrial and vacuolar iron importers are found 
in S. pombe, although only the function of the vacuolar importer (Pcl1) has been verified 
[11, 12]. S. cerevisiae additionally expresses a low-affinity NRAMP vacuolar transporter, 
Smf3, that is homologous to Smf1 [13]. Under conditions of iron depletion, vacuolar iron 

iron-replete conditions. Smf1 is a H+/M+ symporter for transition metals such as Fe2+, Mn2+, and Zn2+. 
Vacuolar iron transport systems include the importer Ccc1, the ferrireductase Fre6, and the exporters 
Smf3 and Fet5/Fth1. Grx3 and Grx4 are cytosolic [2Fe-2S]-binding proteins implicated in intracellular 
iron trafficking and Aft1/2 regulation. Mrs3 and Mrs4 import iron into the mitochondria, which is used 
for both heme and Fe-S cluster biogenesis, whereas Tyw1 is an ER-anchored radical SAM enzyme that 
sequesters Fe-S clusters during iron overload. Iron homeostasis in S. cerevisiae is coordinated by 
the low-iron-responsive activators, Aft1 and Aft2, which activate the expression of iron acquisition 
pathways, and the high-iron-responsive activator Yap5, which activates expression of proteins 
involved in iron sequestration. (b) S. pombe synthesizes the siderophore ferrichrome from ornithine 
and glycine using the ornithine N5 monooxygenase Sib2, the gene product of SPBC17G9.06c, and the 
non-ribosomal peptide synthetase Sib1. Str1, Str2, and Str3 are plasma membrane transporters that 
import iron-siderophore complexes. Iron is imported into vacuoles via Pcl1 and exported via Abc3. S. 
pombe also has orthologues to S. cerevisiae Mrs3 and Mrs4 that likely import iron into mitochondria for 
Fe-S cluster and heme biosynthesis. The CGFS monothiol glutaredoxin Grx4 signals iron availability to 
the two transcriptional repressors Fep1 and Php4 that regulate iron homeostasis in S. pombe.
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stores are mobilized by Smf3 and the oxidase-permease complex Fet5/Fth1, which is ana-
logous to the Fet3/Ftr1 complex at the plasma membrane [7]. Orthologues for Smf3 and 
Fet5/Fth1 have not been identified in S. pombe. However, the S. pombe ABC-type trans-
porter Abc3 carries out a similar function to Smf3 and Fet5/Fth1 by transporting vacuolar 
iron or iron conjugates to the cytosol when iron is scarce (Fig. 7.1) [12].

7.3 Regulation of iron homeostasis in S. cerevisiae

7.3.1 Aft1/Aft2 low-iron transcriptional regulators and target genes

S. cerevisiae responds to iron deficiency by activating the high-affinity ionic iron 
and iron-siderophore uptake systems as well as the vacuolar iron export systems 
to increase cytosolic iron levels. Activation of these systems is primarily controlled 
at the transcriptional level by the DNA binding regulator Aft1 and its paralogue  
Aft2 [6, 14–17]. Both Aft1 and Aft2 have an N-terminal DNA-binding domain and a 
C-terminal activation domain (Fig. 7.2). The N-terminal DNA-binding domains are 
homologous to the WRKY-GCM1 superfamily of eukaryotic transcriptional factors and 
have conserved Cys/His residues that are zinc finger (ZF) ligands in some WRKY-GCM1  
family members [18]. A crystal structure for Aft2 bound to DNA confirms that Aft2 
binds a structural ZF with these residues, and the same is likely true for Aft1 (C. Outten 
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Fig. 7.2: Domain structure of iron-responsive transcriptional regulators Aft1, Aft2, and Yap5 from  
S. cerevisiae. Conserved ZF ligands in Aft1 and Aft2 are shown in green, and iron-responsive 
cysteine residues are shown in blue. The dark blue boxes indicate the positions of nuclear export 
signals, whereas the gray boxes show the locations of nuclear import signals. The conserved 
cysteines in the Yap5 cysteine-rich domains (CRDs) are shown in blue.
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and C. He, unpublished data). Downstream of this ZF in the DNA-binding domain is 
a CDC motif that is essential to regulate Aft1 and Aft2 activity in response to iron, as 
discussed in Section 7.3.3 (Fig. 7.2). In total, Aft1 and Aft2 activate expression of 27 
different genes that together comprise the iron regulon (Tab. 7.1) [1]. In addition to 
the plasma membrane and vacuolar iron transport systems, the iron regulon inclu-
des genes encoding the mitochondrial iron importer Mrs4, the Fe-S cluster assembly 

Tab. 7.1: S. cerevisiae genes regulated by Aft1 and Aft2.

Gene name Protein function and location

Cell surface siderophore iron uptake
ARN1 Cell surface iron-siderophore transporter
ARN2/TAF1 Cell surface iron-siderophore transporter
ARN3/SIT1 Cell surface iron-siderophore transporter
ARN4/ENB1 Cell surface iron-siderophore transporter
FIT1 Cell wall iron-siderophore-binding protein
FIT2 Cell wall iron-siderophore-binding protein
FIT3 Cell wall iron-siderophore-binding protein
Cell surface ionic iron uptake
FRE1 Cell surface ferrireductase
FRE2 Cell surface ferrireductase
FRE3 Cell surface ferrireductase
FET3 Cell surface multicopper oxidase
FTR1 Cell surface Fe2+ permease
CCC2 Golgi Cu2+-transporting ATPase required for Fet3/Fet5 

assembly
ATX1 Cytosolic Cu chaperone required for Cu delivery to Ccc2
Vacuolar metal transport
FRE6 Vacuolar ferrireductase
FET5 Vacuolar multicopper oxidase
FTH1 Vacuolar Fe2+ permease
SMF3 Vacuolar Fe2+ exporter
COT1 Vacuolar Co2+/Zn2+ importer
Mitochondrial iron metabolism
ISU1 Mitochondrial Fe-S cluster assembly scaffold protein
MRS4 Mitochondrial Fe2+ importer
Post-transcriptional iron regulation
CTH1 Nuclear/cytosolic mRNA-binding protein
CTH2 Nuclear/cytosolic mRNA-binding protein
Other functions
VHT1 Cell surface biotin importer
AKR1 Golgi palmitoyl transferase
HMX1 ER heme oxygenase
BNA2 Cytosolic tryptophan 2,3 dioxygenase required for  

de novo NAD biosynthesis (predicted)
ECM4 Cytosolic glutathione S-transferase
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scaffold protein Isu1, and the mRNA-binding proteins Cth1 and Cth2 [1]. Cth1 and Cth2 
play roles in post-transcriptional control of iron homeostasis by facilitating targeted  
turnover of transcripts encoding proteins in nonessential, Fe-rich metabolic pathways. 
The net result is to redirect diminishing iron pools to essential Fe-dependent func-
tions [19]. For example, Cth1 and Cth2 downregulate mRNA transcripts for TCA  
cycle Fe-S enzymes such as succinate dehydrogenase and aconitase, as well as com-
ponents of the respiratory chain including the Rieske Fe-S protein, and cytochromes 
c and c1. Consequently, cellular metabolism shifts from Fe-dependent respiration to 
Fe-independent fermentation to conserve iron [19–21].

Aft1 and Aft2 have overlapping as well as independent DNA targets. Aft1 preferen-
tially binds Fe response elements with the consensus sequence TGCACCC, whereas 
Aft2 binds the related but shorter consensus sequence G/ACACCC [22, 23]. Aft1 has 
a more dominant role in iron homeostasis because aft1∆ mutants exhibit a stron-
ger iron-deficiency phenotype than aft2∆ mutants. However, an aft1∆aft2∆ double 
mutant is more sensitive to iron-deficient conditions than an aft1∆ single mutant, 
indicating that Aft2 can partially compensate for loss of Aft1 in iron regulation [16, 17, 
23]. Transcriptional analysis of Aft1 and Aft2 target genes suggest that Aft1 is prima-
rily involved in cellular iron uptake, whereas Aft2 specifically regulates intracellular 
trafficking to vacuoles and mitochondria [22, 23].

7.3.2 Yap5 high-iron transcriptional regulator and target genes

In addition to the low-iron-sensing transcriptional activators Aft1 and Aft2, S.  cerevisiae 
possesses a high-iron-sensing transcriptional activator named Yap5. Yap5 is a member 
of the basic leucine zipper (bZIP) transcriptional activator family (Fig. 7.2), which 
includes eight homologues in the S. cerevisiae genome. The list of genes  regulated 
by Yap5 is much shorter than the Aft1/Aft2 regulon, limited to genes encoding the 
vacuolar iron importer Ccc1, Fe-S cluster-binding proteins Twy1 and Grx4, and the 
metallothionein Cup1 (Tab. 7.2) [24, 25]. Each of these Yap5-regulated genes has  
a known or potential role in sequestering excess iron, albeit via different mechanisms. 

Tab. 7.2: S. cerevisiae genes regulated by Yap5.

Gene name Protein function and location

Vacuolar iron import
CCC1 Vacuolar iron importer
Metal-binding proteins
GRX4 Nuclear/cytosolic multidomain [2Fe-2S]-binding glutaredoxin
TYW1 ER-tethered radical SAM [4Fe-4S] enzyme required for  

synthesis of wybutosine-modified tRNA
CUP1 Cytosolic Cu2+-binding metallothionein
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Activation of CCC1 allows iron import into the vacuole to decrease the cytosolic iron 
pool (Fig. 7.1) [24]. Tyw1 is an ER-anchored, [4Fe-4S] cluster-binding radical SAM 
enzyme involved in modification of tRNA bases; however, the catalytic function of Tyw1 
is not implicated in protection against iron toxicity. Instead, the data suggest that Yap5 
protects the cell from excess iron by increasing Tyw1 levels, which sequesters iron as 
 protein-bound Fe-S clusters [24]. Upregulation of Grx4 expression may serve a similar 
role because this [2Fe-2S]-binding protein is implicated in iron trafficking [26]. In addi-
tion, Grx4 plays a key role in inhibiting Aft1 and Aft2 during iron sufficiency (see Section 
7.3.3), and increased levels of this protein may thereby enhance Aft1 and Aft2 inacti-
vation. CUP1 encodes a Cu-binding metallothionein that is important for resistance to 
copper toxicity [27]. Interestingly, biophysical studies indicate that Cup1 also binds four 
Fe2+ atoms/monomer in vitro [28] and thus could play a role in iron sequestration under 
toxic iron conditions. Taken together, these studies suggest that Yap5 responds to high 
cellular iron levels by decreasing free cytosolic iron through sequestration in vacuoles 
or incorporation into Fe- or Fe-S cluster-binding proteins [24].

7.3.3  Links between mitochondrial Fe-S cluster biogenesis, the Grx3/Grx4/Fra2/
Fra1 signaling pathway, and Aft1/Aft2 regulation

A number of studies have started to shed light on the specific molecular mechanism 
by which Aft1 and Aft2 sense intracellular iron levels, revealing the critical role of 
Fe-S clusters. The first clues to the Aft1/2 regulation mechanism were provided by in 
vivo DNA footprinting studies demonstrating that Aft1 binds its genetic targets under 
iron-deplete, but not iron-replete conditions [29]. In addition, Aft1 nuclear localiza-
tion is controlled by the cellular iron status: in iron-starved cells, Aft1 accumulates 
in the nucleus, whereas under iron-replete conditions, Aft1 dissociates from its DNA 
targets and is shuttled to the cytosol by the nuclear exportin Msn5 [30, 31]. Interac  -
tion with Msn5 and export of Aft1/2 to the cytosol requires multimerization of Aft1 or 
Aft2,  which is dependent on a conserved CDC located in the DNA-binding domain 
(Fig. 7.2). Mutation of either Cys residue in the CDC motif (termed Aft1/2up mutations) 
leads to constitutive nuclear localization of Aft1/2 and activation of the iron regulon 
[14, 30, 32]. Interestingly, Aft1/2 localization and DNA binding are independent of 
changes in cytosolic iron levels. Instead, the activity of Aft1 and Aft2 is dependent 
one the ability of mitochondria to assemble Fe-S clusters [33]. When Fe-S cluster bio-
genesis is disrupted, Aft1 and Aft2 are constitutively active regardless of cytosolic iron 
levels. In addition, iron signaling to Aft1/2 also requires the mitochondrial ABC trans-
porter Atm1 [34]. Atm1 is proposed to export an unknown sulfur-containing substrate 
from mitochondria that is used to build and/or insert Fe-S clusters into cytosolic pro-
teins [35]. However, deletion of proteins in the CIA (cytosolic iron-sulfur assembly) 
pathway has no effect on Aft1 and Aft2 activity, indicating that iron sensing is only 
linked to the mitochondrial pathway [32].
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Aft1/2 inhibition in response to mitochondrial Fe-S cluster (ISC) biogenesis is 
mediated by a signaling pathway involving four cytosolic proteins: Grx3, Grx4, Fra2, 
and Fra1, all of which have homologues in mammalian cells [36–38]. Components of 
this signaling pathway were primarily identified by gene deletion and in vivo protein-
protein interaction studies. The two cytosolic S. cerevisiae CGFS Grxs perform essential 
but redundant functions in iron metabolism because single grx3∆ and grx4∆ deletion 
strains have no discernable growth phenotypes, whereas grx3grx4 double mutants 
are severely growth impaired or inviable, depending on the strain background [26, 
36, 37]. Intracellular iron overaccumulates in grx3grx4 strains due to constitutive 
activation of the iron regulon, although mitochondrial iron levels are decreased. In 
addition, the enzymatic activity and in vivo iron binding for a variety of Fe-S cluster, 
heme, and nonheme iron-binding proteins in both the cytosol and mitochondria are 
dramatically reduced in a grx3grx4 strain, indicating that intracellular iron is much 
less bioavailable [26]. Thus, in addition to regulation of Aft1/2 activity, the cytoso-
lic, multidomain CGFS Grxs in S. cerevisiae are suggested to play an essential role in 
intracellular iron trafficking. In fra2∆ and fra1∆ strains, the iron regulon is also con-
stitutively activated, although disruption of iron homeostasis is less severe in these 
strains [38, 39]. Iron signaling to Aft1 and Aft2 is controlled by specific protein-protein 
interactions between components of this signaling pathway. Physical interactions 
between Aft1 and Grx3/4, Grx3/4 and Fra2, and Fra1 and Fra2 have been demonstrated 
in vivo by high-throughput and targeted yeast two-hybrid, co-immunoprecipitation, 
and affinity capture studies [36–38, 40].

7.3.4  Fe-S cluster binding by Grx3/4 and Fra2 is important for their function  
in S. cerevisiae iron regulation

S. cerevisiae Grx3 and Grx4 are paralogous members of the monothiol glutaredoxin 
(Grx) family found a wide variety of prokaryotes and eukaryotes. Members of this family 
possess a signature CGFS active site sequence that differs from the classical CPY/FC active 
site found in dithiol Grxs. Dithiol Grxs are glutathione (GSH)-dependent thiol-disulfide 
oxidoreductases, whereas monothiol CGFS Grxs have little or no oxidoreductase acti-
vity when tested with standard Grx model substrates [41–46]. CGFS-type monothiol Grxs 
can be further classified into two groups: single-domain Grxs that have a single Grx-like 
domain and multidomain Grxs that possess an N-terminal thioredoxin (TRX)-like domain 
and one or more Grx-like domains. Single-domain CGFS Grxs are found in prokaryotes 
and in the mitochondria and chloroplasts of eukaryotes, whereas multidomain CGFS 
Grxs are exclusively eukaryotic, exhibiting cytosolic/nuclear localization. Both single 
and multidomain CGFS Grxs form [2Fe-2S]2+-bridged homodimers with all-cysteinyl liga-
tion provided by the two CGFS active site cysteines in the Grx-like domain and two GSH 
molecules (Fig. 7.3a) [46–53]. Members of the single-domain subfamily are proposed 
to facilitate maturation of Fe-S cluster proteins (see Chapter 15 by Debkumar Pain and 
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Andrew Dancis and Chapter 18 by Wing-Hang Tong), whereas multidomain CGFS Grxs 
are proposed to play dual roles in cytosolic iron trafficking (see Section 7.3.3) and iron 
regulation [26, 36–38, 54]. The Fe-S cluster biogenesis function of single-domain CGFS 
Grxs and the trafficking and regulatory functions of multidomain CGFS Grxs in yeast are 
all dependent on the presence of the conserved Cys in the CGFS active site, suggesting 
that coordination of the [2Fe-2S] cluster is essential to these functions [26, 36, 54–57]. 
Formation of this Fe-S complex in vivo is supported by studies in S. cerevisiae demons-
trating that iron binding to CGFS Grxs requires the GRX domain CGFS motif, sufficient 
intracellular GSH levels, and functional mitochondrial Fe-S cluster biogenesis [26]. The 
role of the less well-conserved TRX domain in multidomain Grxs has also been studied, 
although its specific function remains elusive. Mutation of a conserved Cys in the TRX 
domain of Grx3/4 disrupts neither Fe-S binding or homodimer formation in vitro [51]  
nor iron binding, iron trafficking, and Aft1/2 iron regulation in vivo [26]. Complete 
removal of this domain also does not impact Fe-S binding to the GRX domain in vivo and 
in vitro [51, 58], although the TRX domain is essential for Grx3/4 trafficking and regula-
tion functions in vivo [58]. Based on these studies, the current hypothesis is that the TRX 
domain mediates specific protein-protein interactions with Grx3/4 binding partners.
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Fig. 7.3: Structures of [2Fe-2S]-bridged CGFS Grx complexes. (a) X-ray crystal structure of H. sapiens  
GLRX5 (PDB 2WUL) [47] with close-up view of the GSH-ligated [2Fe-2S] cluster. Cys67 is the 
conserved cysteine in the CGFS active site of human Glrx5. Glrx5 crystallizes as two interacting 
homodimers but only one homodimer is shown in the figure. (b) Model for [2Fe-2S]2+ Grx3/4 
homodimer (top) and [2Fe-2S]2+ Fra2-Grx3/4 heterodimer (bottom) characterized from S. cerevisiae. 
The [2Fe-2S]2+ Fra2-Grx3/4 heterodimer is formed by titration of [2Fe-2S]2+ Grx3/4 homodimers with 
apo Fra2. For the Grx3/4 homodimer, the active site cysteines in the GRX-like domains and 2 GSH [G] 
molecules ligate the Fe-S cluster. For the Fra2-Grx3/4 heterodimer, the Fe-S cluster is ligated by one 
GRX domain active site cysteine, one GSH, a histidine from Fra2 (N), and an unidentified fourth ligand.
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In vitro biochemical and biophysical studies have demonstrated that S.  cerevisiae 
Grx3 and Grx4 form [2Fe-2S]2+-bridged heterodimers with Fra2 in addition to  
[2Fe-2S]2+-bridged homodimers (Fig. 7.3b) [51, 59]. Fra2-Grx3/4 heterodimers exhibit sig-
nificant differences in cluster stability and coordination environment in comparison to 
Grx3/4 homodimers. The Fe-S cluster in Fra2-Grx3/4 heterodimers is more stable to oxi-
dation/reduction than the Fe-S cluster in Grx3/4 homodimers. Furthermore, the [2Fe-
2S] Grx3 homodimer can be rapidly and efficiently converted to a [2Fe-2S] Grx3-Fra2 
heterodimer by titration with apo-Fra2, demonstrating that formation of the heterodi-
mer is thermodynamically and kinetically favored. In Fra2-Grx3/4 heterodimers, Fra2 
replaces one Grx3/4 monomer and one GSH, providing a histidine ligand (His103) and 
presumably a fourth ligand that has not yet been identified. Mutation of Fra2 His103 to 
a Cys or Ala does not abolish formation of a [2Fe-2S]-bridged heterodimer with Grx3/4 in 
vitro; however, EPR and EXAFS data indicate that the stability of the mutant complex is 
compromised [59]. The H103A Fra2 mutant is also unable to rescue the iron regulation 
defects in fra2∆ strains, suggesting that a stable and/or redox-active cluster may be 
important for Fra2-Grx3/4 function [59]. Fra2 His103 is highly conserved in both proka-
ryotic and eukaryotic BolA homologues; therefore, it may play an important structural 
or functional role for other members of this protein family [60].

7.3.5  Working model for Fe-dependent regulation of Aft1/2 via the Fra1/Fra2/Grx3/
Grx4 signaling pathway

The available data lend itself to a working model for Fe-dependent regulation  
of Aft1/2 via the Fra1/Fra2/Grx3/Grx4 signaling pathway (Fig. 7.4). According  
to the model, the mitochondrial inner membrane transporter Atm1 exports a  
sulfur-containing substrate produced by the mitochondrial ISC assembly machi-
nery during conditions of iron sufficiency. This substrate and GSH are both essential 
for Fe-S cluster binding to Grx3/4 homodimers. The mechanism by which the [2Fe-2S] 
cluster is assembled and/or delivered to Grx3 and Grx4 is unknown. However, the cyto-
solic iron-sulfur assembly (CIA) system is not required for in vivo iron incorporation 
into Grx3/4 [26] or iron-dependent inhibition of Aft1/2 activity [32]. Thus, an uniden-
tified parallel pathway must exist for Fe-S loading into Grx3/4 complexes. Formation 
of [2Fe-2S] Fra2-Grx3/4 heterodimers may proceed via a simple substitution reaction 
whereby apo-Fra2 displaces GSH and one of the Grx3/4 monomers. This mechanism 
is supported by in vitro results demonstrating that apo-Fra2 binds tightly and stoichi-
ometrically to Grx3/4 homodimers leading to [2Fe-2S] Fra2-Grx3/4 heterodimer forma-
tion [59]. The [2Fe-2S] Fra2-Grx3/4 complex is then proposed to facilitate oligomeri-
zation of Aft1/2. The specific compartment in which the Fra-Grx inhibitory complex 
interacts with Aft1/2 is unclear. An initial study using overexpressed, GFP-tagged 
Grx3 suggested that this protein is primarily localized to the nucleus [55]. However, 
natively expressed, untagged Grx3 was found to exhibit mainly  cytosolic localization. 
In addition, restriction of Grx4 to the cytosol via tethering to the  mitochondrial outer 
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membrane was shown to have little effect on inhibition of Aft1 activity in response to 
iron, suggesting that the Fra-Grx inhibitory complex acts in the cytosol [38]. In either 
case, oligomerization of Aft1 and Aft2 requires the conserved CDC motif. This motif in 
Aft1/2 is key to the regulation mechanism because substitution of these Cys residues 
disrupts the in vivo interaction between Grx3/4 and Aft1/2 and prevents Aft1/2 oligo-
merization. The CDC motif is also required for Aft1/2 interaction with the exportin 
Msn5- and Fe-dependent nuclear export, although recent evidence suggests that 
Msn5-mediated export of Aft1/2 is not essential to the inhibition mechanism because 
Aft1 functions normally in an msn5∆ strain despite constitutive localization to the 
nucleus [34]. Nevertheless, the essential role of the CDC motif in iron-dependent 
Aft1/2 inhibition, taken together with the dependence of Grx3/4 and Fra2 function on 
[2Fe-2S] cluster binding, strongly suggests that thiol redox  chemistry and/or Fe-S or 
Fe binding to Aft1/2 drives multimerization, DNA dissociation, and translocation of 
Aft1/2 to the cytosol under iron-replete conditions (Fig. 7.4).
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Fig. 7.4: Proposed model for S. cerevisiae iron regulation via Aft1 and Aft2 under iron-replete 
conditions. During conditions of iron sufficiency, Fe-S clusters are synthesized in mitochondria 
via integration of iron, sulfur, and redox control pathways. An unknown substrate produced by 
the mitochondrial ISC machinery is exported out to the cytosol by the transporter Atm1. GSH 
is also required for export of this signal. Grx3 and Grx4, which form GSH-ligated, Fe-S-bridged 
homodimers, are proposed to form heterodimers with Fra2 to relay this signal to Aft1 and Aft2. Fra1 
interacts with Fra2; however, its specific role is not known. In addition, the specific compartment 
(nucleus, cytosol, or both) in which the Fra-Grx inhibitory complex interacts with Aft1 and Aft2 is 
unclear. Interaction of Grx3/4 with Aft1 promotes dissociation of the transcriptional activator from 
its target DNA and export to the cytosol, leading to deactivation of Aft1/2-regulated genes. The 
exportin Msn5 facilitates iron-dependent export of both Aft1 and Aft2.
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Despite considerable progress in defining the genetic and molecular interac-
tions among Aft1/2, Grx3/4, Fra2, and Fra1, some key aspects of the iron sensing and 
regulation mechanism still remain unresolved. Most importantly, what is the specific 
 molecular mechanism for inhibiting Aft1/2 activity in response to iron? Recent work by 
our group suggests that dimerization of Aft2 is driven by transfer of a [2Fe-2S] cluster 
from Fra2-Grx3 to Aft2, with two Cys from each Aft2 monomer ligating the [2Fe-2S]  
cluster (Fig. 7.4) (C. Outten and C. He, unpublished data). Furthermore, we find that 
Fe-S cluster binding to Aft2 lowers its DNA-binding affinity, which agrees with in vivo 
data suggesting that Grx3/4 induces Aft1 dissociation from DNA [34]. Experiments to 
further test this regulation model are ongoing in our laboratory. Fra1 also plays a role 
in Aft1-mediated iron signaling and interacts with Fra2 in vivo, but how is it specifi-
cally involved in the signaling pathway? Additionally, the Fra-Grx signaling pathway 
may not be the only method for inhibiting Aft1/2 activity under iron-replete condi-
tions. Transcriptional reporter assays of Aft1/2-regulated genes indicate that the iron 
regulon is not fully activated in iron-sufficient medium in fra1∆ or fra2∆ mutants or 
upon disruption of mitochondrial ISC biogenesis pathways, suggesting that a sepa-
rate signal may partially inhibit Aft1/2 activity in these mutants [38]. Finally, it is 
unknown how Fe-S dependent inhibition of Aft1 and Aft2 influences their interaction 
with transcriptional co-activators. Ssn6/Tup1 and Nhp6 associate with Aft1 in vivo 
and in vitro and are required for transcriptional activation of certain Aft1-regulated 
genes [61, 62]. It is possible that Aft1/2 metal binding and/or dimerization decreases 
these interactions, which in turn facilitates deactivation of Aft1/2 target genes.

7.3.6 Yap5 regulation and mitochondrial Fe-S cluster biogenesis

Unlike Aft1 and Aft2, Yap5 is constitutively localized to the nucleus and bound to its 
DNA targets under both high- and low-iron conditions. Thus, the  iron- dependent 
switch that controls Yap5 activity does not involve changes in DNA-binding  affinity 
as suggested for Aft1 and Aft2. However, similar to Aft1/2, cysteine residues are 
involved in controlling Yap5 function. In the case of Yap5, changes in iron avai-
lability are proposed to modify sulfhydryls located in two cysteine-rich domains 
(CRDs) downstream of the DNA-binding domain (Fig. 7.2). Single mutations 
in  these Cys residues decrease Yap5 transcriptional activity to varying degrees, 
with mutations in the N-terminal CRD having the strongest effect. Mutation of all 
seven Cys residues leads to complete loss of Yap5 transcriptional activity without 
affecting DNA binding [63]. Furthermore, thiol modification assays on cellular 
extracts suggested that high iron induces disulfide formation on Yap5, implica-
ting thiol redox chemistry in the regulation mechanism (Fig. 7.5).  Interestingly, 
mitochondrial Fe-S cluster biogenesis also plays a key role in the response to 
high iron mediated by the S. cerevisiae transcription factor Yap5. As previously 
demonstrated for Aft1 and Aft2, iron-dependent control of Yap5-regulated genes 
is independent of changes in cytosolic iron levels or vacuolar/mitochondrial iron 
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sequestration. Instead, the transcriptional response is tuned to the availability of 
Fe-S clusters assembled in the mitochondria [64]. This intriguing result raises the 
alternate possibility that Yap5 directly binds an Fe-S cluster as suggested for Aft1/2 
(Fig. 7.5); however, at present there is no direct evidence for this hypothesis.

Although both Aft1/2 and Yap5 are connected to mitochondrial Fe-S cluster assem-
bly, one significant difference is the pathway by which the Fe-S cluster-dependent 
signal is relayed to the low- vs high-iron transcriptional regulators. Both are depen-
dent on Atm1 function, but iron signaling to Yap5 is independent of the cytosolic 
Fe-S cluster-binding proteins Grx3 and Grx4, which play an essential role in Aft1/2 
 regulation [64]. The CIA assembly pathway is also not required for iron signaling to 
Yap5 [64]. Thus, identifying the molecular pathway for activating Yap5 in response to 
Fe-S cluster availability requires further study.

7.4 Regulation of iron homeostasis in S. pombe

7.4.1 Fep1 and Php4 transcriptional repressors and target genes

Although the pathways for iron uptake and trafficking are similar between S. pombe 
and S. cerevisiae, the mechanisms for regulation of iron homeostasis in these two fungi 
are significantly different, reflecting their evolutionary divergence. The genome of  
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S. pombe does not encode homologues of S. cerevisiae Aft1 and Aft2. Instead, iron 
homeostasis in S. pombe is primarily modulated by two repressors designated Fep1 and 
Php4, which are responsible for regulating iron uptake and iron utilization, respectively 
[1, 3, 65]. Fep1 is a GATA-type transcription factor that represses the expression of iron 
uptake and transport genes. Fep1-regulated genes encode proteins involved in sidero-
phore iron uptake (str1+, str2+, and str3+) and ionic iron uptake (fio1+, frp1+, and fip1+) at  
the cell surface, as well as vacuolar iron export (abc3+) (Tab. 7.3) [5, 12, 66]. Fep1 binds  
to GATA-containing sequences in promoters of these genes in iron-replete conditions, 
thereby repressing their expression to avoid iron overload. The co-repressors Tup11 and 
Tup12 bind to DNA-bound Fep1 in an iron-independent manner, facilitating repression 
of the target genes. These co-repressors downregulate numerous genes involved in a 
variety of different pathways [67]. When iron levels are low, Fep1 is released from the 
promoter region and the Fep1 regulon is turned on to promote iron uptake [68].

As mentioned in Section 7.3.1, metabolic remodeling in response to low iron 
 availability in S. cerevisiae is controlled at the post-transcriptional level by the mRNA-
binding proteins Cth1 and Cth2, whose expression is activated by Aft1 and Aft2 when 
iron is limiting. These regulators facilitate degradation of mRNA-encoding enzymes 
that function in nonessential Fe-rich metabolic pathways to preserve iron pools for 
essential functions. In contrast, iron-dependent metabolic remodeling in S. pombe is 
primarily controlled at the transcriptional level by the repressor Php4. Php4 binds to 
a heterotrimeric CCAAT-binding complex composed of Php2, Php3, and Php5. Under 
iron-replete conditions, the Php2/Php3/Php5 complex activates expression of its target 
genes by binding to CCAAT sequences in their promoters. Php2/Php3/Php5-regulated 

Tab. 7.3: S. pombe genes regulated by Fep1.

Gene name Protein function and location

Ferrichrome synthesis
sib1+ Cytosolic ferrichrome synthetase
sib2+ Cytosolic ornithine N5 monooxygenase (predicted)
Cell surface siderophore iron uptake
str1+ Cell surface iron-siderophore transporter
str2+ Cell surface iron-siderophore transporter
str3+ Cell surface iron-siderophore transporter
Cell surface ionic iron uptake
fio1+ Cell surface multicopper oxidase
fip1+ Cell surface Fe2+ permease
frp1+ Cell surface ferrireductase
Vacuolar iron export
abc3+ Vacuolar iron exporter
Transcriptional iron regulation
php4+ Cytosolic/nuclear Fe-sensing transcriptional repressor, 

subunit of CCAAT-binding factor complex
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Tab. 7.4: S. pombe genes regulated by Php4.a

Gene name Protein function and location

Vacuolar iron import
pcl1+ Vacuolar iron importer
Mitochondrial energy metabolism
sdh2+ Mitochondrial Fe-S subunit of succinate dehydrogenase
sdh3+ Mitochondrial cytochrome b subunit of succinate 

dehydrogenase
sdh4+ Mitochondrial inner membrane anchor subunit of succinate 

dehydrogenase
cyc1+ Mitochondrial heme-binding cytochrome c (predicted)
cyt1+ Mitochondrial heme-binding cytochrome c1 (predicted)
SPAC20G8.04C Mitochondrial electron-transfer flavoprotein-ubiquinone 

oxidoreductase (predicted)
SPAC24C9.06C Mitochondrial Fe-S binding aconitase (predicted)
Amino acid biosynthesis
leu2+ Cytosolic Fe-S binding isopropylmalate dehydratase 

(predicted)
glt1+ Mitochondrial Fe-S binding glutamate synthase (predicted)
sir1+ Cytosolic Fe-S binding sulfite reductase, beta subunit
Cofactor biosynthesis
isa1+ Mitochondrial Fe-S cluster trafficking protein (Fe-S cluster 

assembly)
bio2+ Mitochondrial Fe-S binding biotin synthase
hem3+ Cytosolic/nuclear hydroxymethylbilane synthase (heme 

biosynthesis)
Transcriptional iron regulation
fep1+ Nuclear Fe-sensing GATA-type transcriptional repressor
Other functions
aif1+ Mitochondrial Fe-S binding apoptosis-inducing factor 

homologue (predicted)
ctt1+ Cytosolic/nuclear heme-binding catalase
erg11+ ER heme-binding sterol 14-demethylase, cytochrome P450 

member (predicted)

a A recent microarray study identified 86 potential Php4-regulated genes [69]. Only the target genes 
confirmed by RNase protection assays are shown here.

genes encode proteins involved in iron-rich metabolic pathways such as the mitochon-
drial electron transport chain (cyt1+, cyc1+), the tricarboxylic acid cycle (sdh2+, sdh3+, 
sdh4+), amino acid biosynthesis (leu2+, glt1+), and iron-sulfur cluster (isa1+) and heme 
biosynthesis (hem3+) (Tab. 7.4) [11]. Under low-iron conditions, Php4 binds to the 
Php2/Php3/Php5 complex, causing it to switch from an activator to a repressor. Thus, 
nonessential iron-utilizing pathways are downregulated as an iron-sparing response.

Php4 and Fep1 each regulate expression of the other iron-responsive transcription 
factor creating a reciprocal regulatory loop. The php4+ gene contains GATA elements 
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within its promoter allowing Fep1 repression [11]. Likewise, the fep1+ gene contains 
CCAAT cis-acting elements in its promoter region and is downregulated in a Php4-
dependent manner. Php2, Php3, and Php5 are constitutively synthesized so the Php2/
Php3/Php5 complex itself is not directly responsive to iron levels [11]. Thus, when 
iron levels are high, Fep1 is expressed and binds to the promoter of php4+, thereby 
inactivating its transcription (Fig. 7.6, left). Without the Php4 repressor, the Php2/
Php3/Php5 complex activates expression of fep1+. Conversely, when iron levels are 
low, php4+ is expressed enabling repression of fep1+ via Php4 binding to the Php2/
Php3/Php5 complex (Fig. 7.6, right). Reduced Fep1 levels, in turn, relieve the Fep1-
dependent repression of the php4+ gene. This reciprocal regulatory loop thus allows 
direct crosstalk between iron acquisition and iron utilization pathways to fine tune 
iron homeostasis in S. pombe.

7.4.2 Roles for Grx4 in regulation of Fep1 and Php4 activity

In addition to iron-dependent cross-regulation at the transcriptional level, the 
activities of both Fep1 and Php4 are controlled at the post-translational level by  
S. pombe Grx4, a member of the multidomain CGFS Grx subfamily. Thus, as demons-
trated for S. cerevisiae Aft1 and Aft2 iron regulators, a CGFS Grx plays a key role 
in S. pombe iron regulation, even though Fep1 and Php4 do not share significant 
sequence identity with Aft1 or Aft2 and use different regulation mechanisms. Alt-
hough S. cerevisiae has two paralogous cytosolic CGFS Grxs (Grx3/4), the S. pombe 
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Fig. 7.6: Mutual transcriptional regulation by Php4 and Fep1 in S. pombe. When iron levels are 
high, php4+ expression is repressed by Fep1 binding to GATA-containing sequences in the promoter 
region of this gene. Without Php4, the heterotrimeric Php2/Php3/Php5 CCAAT-binding factor 
complex that is bound to the CCAAT cis-activating elements in the promoter region of the fep1+ 
gene is able to activate expression of fep1+. In iron-deficient conditions, Fep1 dissociates from 
the promoter of php4+, allowing expression of this gene. Increased Php4 levels, in turn, facilitate 
repression of fep1+ via binding of Php4 to the CCAAT-binding factor complex, switching this complex 
from an activator to a repressor.
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genome only encodes one, designated Grx4 [60, 70]. Grx4 impacts both Fep1 and 
Php4 function because Fep1- and Php4-regulated genes are constitutively repressed 
in grx4 deletion strains [54, 57, 71]. Control of Fep1 and Php4 activity by Grx4 is gover-
ned by specific protein-protein interactions. Grx4 physically interacts with Fep1 and 
Php4 in vivo in an iron-independent manner as demonstrated by yeast two-hybrid 
and bimolecular fluorescence complementation experiments [54, 57, 71, 72]. Under 
iron-replete conditions, Grx4 promotes Php4 export to the cytosol by facilitating 
interaction with the nuclear exportin Crm1 (Fig. 7.7b). However, as demonstrated 
for Aft1/2, nucleocytoplasmic shuttling is not the primary mechanism for control 
of Php4 activity because Php4-regulated genes are activated in iron-replete con-
ditions upon inhibition of Crm1 nuclear export activity [71]. Thus, in addition to 
promoting nuclear export of Php4 when iron is abundant, the interaction of Grx4 
with Php4 also prevents Php4 from repressing the Php2/Php3/Php5 complex [71]. In 
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Fig. 7.7: Proposed model for S. pombe iron regulation under iron-replete and iron-depleted 
conditions for (a) Fep1 and (b) Php4. (a) (left) When iron is limiting, Fep1 dissociates from DNA but 
maintains an interaction with both the TRX and GRX domains of Grx4. (right) Under iron-replete 
conditions when Grx4 forms [2Fe-2S]-bridged homodimers, Fep1 binds DNA and interacts only with 
the TRX domain of Grx4. Fep1 itself may also bind iron or an Fe-S cluster. The Fep1 co-repressors 
Tup11 and Tup12 are not included in the model for the sake of simplicity. (b) (left) When iron levels 
are low, Php4 interacts with the TRX domain of Grx4 while binding the Php2/3/5 heterotrimeric 
complex, thereby repressing expression of iron utilization genes. Under these conditions, the 
exportin Crm1 is unable to interact with Php4. When iron is abundant, Php4 interacts with both the 
GRX domain and the TRX domain of Grx4, likely forming an Fe-S cluster-bound heterocomplex. Php4 
dissociates from the Php2/3/4 heterotrimer and the Php4-Grx4 complex is exported by Crm1.
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contrast, the interaction between Fep1 and Grx4 does not involve iron-dependent 
nucleocytoplasmic shuttling. Grx4 constitutively interacts with Fep1 in the nucleus 
regardless of intracellular iron status. When iron is limited, Grx4 inhibits Fep1 func-
tion, leading to dissociation of Fep1 from DNA and derepression of the Fep1 regulon. 
When iron is abundant, Grx4 is unable to inhibit Fep1 repressor function, although 
it still physically interacts with Fep1 (Fig. 7.7a) [54, 57].

7.4.3 Molecular basis of iron-dependent control of Fep1 activity

The specific domains and residues that mediate protein-DNA and protein- protein 
interactions for Fep1 have been mapped out by a variety of techniques. The 
N- terminal DNA-binding domain of Fep1 (and other iron-dependent GATA-type 
transcription factors found in similar fungi) includes two ZF domains (ZF1 and 
ZF2) that are required for high-affinity DNA binding in vivo and in vitro (Fig. 7.8) 
[68, 73]. Sandwiched between the two ZF domains is a conserved 27 amino acid 
cysteine-rich region [65, 74]. The four conserved Cys residues in this region are also 
required for high-affinity DNA binding and have been implicated in Fe3+ binding 
[11, 74]. Whether or not this cysteine-rich region binds an Fe-S cluster has not yet 
been tested, although the UV-visible absorption spectrum of as-purified recom-
binant SRE [75], a Fep1 homologue from Neurospora crassa, is reminiscent of a 
[2Fe-2S]2+-binding protein [76]. Substitution of these conserved cysteines in recom-
binant Fep1 (and in its orthologues N. crassa SRE and Histoplasma capsulatum 
Sre1) leads to loss of this characteristic reddish-brown color, confirming the role of 
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Fig. 7.8: Domain structure of iron-responsive transcriptional regulators Fep1 and Php4 from  
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these  residues in metal binding [65, 74, 75]. Nevertheless, Fep1 remains bound to 
DNA and represses its target genes under both low- and high-iron conditions when 
grx4 is deleted, suggesting that iron or Fe-S binding is not absolutely necessary for 
Fep1 DNA binding in vivo [54, 57].

The C-terminus of Fep1 includes a predicted leucine zipper coiled-coil region that 
favors Fep1-Fep1 dimer formation and is required for efficient repression of Fep1 target 
genes [73]. The Tup11 interaction domain has been mapped to the C-terminal domain 
as well (Fig. 7.8) [77]. The interaction between Fep1 and Grx4 involves both the   
N- and the C-terminal regions of both proteins. The N-terminal TRX domain of Grx4 
invariably and strongly interacts with the C-terminus of Fep1, whereas the C-terminal 
GRX domain of Grx4 weakly interacts with the N-terminus of Fep1 only in iron-deple-
ted conditions. The association between the N-terminus of Fep1 and the GRX domain 
of Grx4 requires Grx4 Cys172 located in the CGFS motif, whereas the interaction 
between the C-terminus of Fep1 and the TRX domain of Grx4 is dependent on Cys35 
located in the putative active site of the TRX domain [54]. Analysis of Fep1 function 
upon expression of C35A or C35S Grx4 in grx4 mutant strains indicated that Cys35 
in the TRX domain is dispensable for Grx4-dependent inhibition of Fep1 activity. In 
contrast, mutation of Cys172 in the GRX domain of Grx4 led to constitutive repression 
by Fep1, demonstrating that the weak interaction between the GRX domain of Grx4 
and the N-terminal domain of Fep1 is critical to the inhibition mechanism [54, 57]. 
A key difference between the role of CGFS Grxs in iron regulation for S. pombe in 
comparison to S. cerevisiae is that inhibition of Fep1 activity via interaction with Grx4 
occurs under low-iron conditions in S. pombe, whereas Grx3/4-mediated inhibition 
of Aft1/2 occurs under iron-replete conditions in S. cerevisiae. This suggests that the 
CGFS Grx-dependent inhibition mechanisms for S. cerevisiae Aft1/2 and S. pombe Fep1 
are distinctly different.

7.4.4 Molecular basis of iron-dependent control of Php4 activity

In contrast to Fep1, S. pombe Php4 is inhibited by Grx4 in iron-replete conditions and 
undergoes iron-dependent nucleocytoplasmic shuttling similar to S. cerevisiae Aft1/2. 
The Php4 nuclear export signal is located in the N-terminal domain along with the 
putative interaction site for the Php2/3/5 complex (Fig. 7.8) [11, 71]. Interestingly, 
Php4 and its orthologues in other fungi have conserved cysteine-rich regions in the 
C-terminal domain that are proposed to bind iron [78]. S. pombe Php4 has two con-
served cysteines in this region, Cys221 and Cys227 (Fig. 7.8), that are essential for the 
iron-dependent interaction between the Php4 C-terminal domain (residues 188–254) 
and the GRX domain of Grx4 [72]. Grx4 Cys172 located in the CGFS Fe-S binding site 
is also required for this interaction with Php4. In addition, transcriptional analysis of 
Php4-regulated genes upon expression of C172S/A Grx4 mutants demonstrates that 
Cys172 is absolutely required for Grx4-dependent inhibition of Php4 activity [57, 72].  
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Based on these findings, Php4 and Grx4 are proposed to form an Fe-S binding complex 
that inhibits Php4 activity in iron-replete conditions (Fig. 7.7b) [72].

The interaction between Php4 and Grx4 is also partially mediated by the TRX 
domain of Grx4. Yet, in contrast to the GRX domain, the TRX domain of Grx4 binds to 
Php4 in an iron-independent manner. The TRX domain interaction site on Php4 has 
been mapped to two regions between residues 112–218 and 255–295 (Fig. 7.8). Grx4 
Cys35 is required for the strong interaction between the TRX domain and Php4 [72]; 
however, unlike the conserved Cys in the GRX domain, mutation of the conserved 
Cys in the TRX domain has no effect on Php4 activity in vivo [57]. This interaction 
pattern between Grx4 and Php4 parallels the Grx4-Fep1 interaction: the TRX domain 
Cys35 facilitates a strong, iron-independent interaction with the repressor that is 
 dispensable for repressor inhibition, whereas the GRX domain Cys172 maintains a 
weak,  iron-dependent interaction that is essential for repressor inhibition. However, 
one key difference is that the GRX domain of Grx4 binds to Php4 under iron-replete 
conditions in vivo but interacts with Fep1 exclusively when iron is depleted.

7.5 Summary

The budding yeast S. cerevisiae and the fission yeast S. pombe utilize different mecha-
nisms for regulation of iron homeostasis because S. cerevisiae regulators (Aft1, Aft2, 
Yap5) are transcriptional activators, whereas S. pombe regulators (Fep1, Php4) are 
transcriptional repressors. However, a common theme in yeast iron regulation is the 
central role of Fe-S clusters. In both model eukaryotes, the transcriptional response to 
changing iron bioavailability is specifically tuned to the ability of the cell to assemble 
Fe-S clusters. These versatile and ancient cofactors are a logical choice for this role 
due to their involvement in a wide variety of cellular functions, including mitochond-
rial energy metabolism, cofactor biosynthesis (e.g. heme, lipoate), amino acid biosyn-
thesis, nucleotide metabolism, ribosome assembly, and DNA replication and repair. 
Tapping into the available pool of Fe-S clusters likely provides a sensitive gauge of 
intracellular iron availability.

An additional similarity between iron regulation in S. cerevisiae and S. pombe is 
the important regulatory role of cytosolic CGFS Grxs. Formation of GSH-ligated Fe-S 
cluster-binding complexes has been demonstrated for a wide variety of CGFS Grxs 
[60], and in most cases, the Fe-S cluster has proven essential for Grx function. This 
observation holds true for the two model yeasts described in this chapter because the 
available evidence suggests that Fe-S binding via S. cerevisiae Grx3/4 and S. pombe 
Grx4 is required for inhibition of S. cerevisiae Aft1/2 as well as S. pombe Php4 and 
Fep1. In each case, mutation of the CGFS motif in Grx3/Grx4 disrupts Fe-dependent 
inhibition of the transcriptional regulators, leading to constitutive activation by Aft1/
Aft2 or constitutive repression by Php4 and Fep1. In addition, GSH depletion in both 
S. cerevisiae and S. pombe leads to a similar loss of iron-dependent inhibition of Aft1/
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Aft2 and Php4. This phenomenon presumably stems from the requirement for GSH 
as a [2Fe-2S] cluster ligand in CGFS Grx complexes and/or for export of the Atm1 sub-
strate [33, 69, 79]. The discovery of GSH-ligated Fe-S clusters thus uncovers a novel 
function for this ubiquitous thiol-containing tripeptide and highlights the intimate 
connection between thiol redox homeostasis and iron metabolism.

Despite the common themes in iron regulation in S. cerevisiae and S. pombe, there 
are some key differences between the regulation mechanisms. For instance, Aft1/Aft2 
regulation involves two additional proteins to some extent, the BolA homologue Fra2  
and the aminopeptidase P-like protein Fra1. Roles for either of these proteins in  
S. pombe iron homeostasis have not been reported. Another important distinction is 
that Aft1/Aft2 and Php4 activities are inhibited by cytosolic CGFS Grxs under iron-
replete conditions, whereas Fep1 activity is inhibited under low-iron conditions. Thus, 
if ligation of a [2Fe-2S] cluster by Grx3/Grx4 is a key factor, Fe-S cluster binding must 
promote the inhibitive interaction between Aft1/Aft2/Php4 and Grx3/Grx4 while it 
prevents the inhibitive interaction between Fep1 and Grx4. Finally, S. cerevisiae Yap5 
is unique compared with the other regulators because deletion of the genes encoding 
Grx3 and Grx4 does not affect the transcriptional activity of this regulator. Neverthe-
less, the available information on Yap5 confirms that both Fe-S cluster assembly and 
thiol redox biochemistry impact the function of this regulator as demonstrated for the 
other iron-responsive regulators in S. cerevisiae and S. pombe.
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8 Biogenesis of Fe-S proteins in mammals
Tracey Rouault

8.1 Introduction

Although mammalian cells were known to contain Fe-S proteins as early as 1960 [2], 
little was known about how Fe-S clusters were assembled. Extensive work on mam-
malian mitochondrial aconitase had proven that mitochondrial aconitase contained a 
cubane [4Fe-4S] cluster to which the aconitase substrates, citrate, or isocitrate bound 
during the enzymatic reaction. The Fe-S cluster of mitochondrial aconitase could be 
assembled from sulfide and iron in vitro under anaerobic conditions using high con-
centrations of sulfide, iron, and reductant, but the assembly process was arduous 
and inefficient. In 1990, when the bifunctional protein now known as iron regula-
tory protein 1 (IRP1) was purified and cloned, it became apparent that this protein 
functioned as a cytosolic aconitase in iron-replete cells. In iron-deficient cells, the 
Fe-S cluster was absent, and binding of apo-IRP1 to RNA stem-loop structures in 
transcripts repressed translation of some transcripts such as ferritin and extended 
the half-life of some others. The presence or absence of the Fe-S cluster determined 
whether the protein functioned in posttranscriptional regulation or as an enzyme, 
and this kindled interest in how the Fe-S cluster was assembled and degraded. Build-
ing on the progress that had been made in identifying Fe-S biogenesis proteins in 
bacteria [3], human homologues of these proteins were identified through sequence 
homology, and when the human genome was fully sequenced, it was possible to iden-
tify a full complement of Fe-S biogenesis proteins in the genome based on homology 
and function. What follows is an account of how the field of mammalian Fe-S biogen-
esis progressed upon discovery of Fe-S biogenesis proteins and unexpectedly proved 
to be key to understanding a group of rare human diseases.

8.2 The Fe-S regulatory switch of IRP1

In the 1980s, several genes important in mammalian iron metabolism were cloned 
and sequenced, including genes that encoded ferritin H and L chains [4], which 
form heteropolymers that sequester iron [5] and transferrin receptor 1 (TFR1), 
which internalizes iron from circulating diferric transferrin [6]. Direct measure-
ments of protein expression had shown that cells expressed high amounts of 
TFR1 and low ferritin when they were iron starved, whereas they synthesized low 
amounts of TFR1 and more ferritin when they were rich in iron. To determine how 
cells achieved these desirable changes in ferritin and TFR1 expression and main-
tained iron homeostasis, the sequences of the newly cloned genes were used to 
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quantify expression levels of the mRNA that encoded each gene in cell lysates. 
There was very little change in ferritin mRNA levels when cells were iron starved 
or loaded with iron [7], consistent with earlier indirect observations [8]. The fact 
that protein levels varied up to 50-fold, whereas mRNA levels did not change, led 
to focus on translation of the mRNA itself as the point of regulation. A deletional 
analysis focusing on the 5′ end of the mRNA led to the conclusion that an RNA 
stem-loop in the untranslated region near the 5′ end of the mRNA was both neces-
sary and sufficient to confer translational regulation upon the mRNA [9]. This RNA 
stem-loop became known as the iron-responsive element (IRE), and it was soon 
apparent in gel-shift experiments that the IRE could tightly bind a cellular protein 
that slowed migration of the negatively charged radiolabelled IRE in an acrylamide 
gel [10, 11]. Five IREs were found in the 3′ untranslated region of the TFR1 mRNA 
[12] that were later shown to flank and protect the mRNA from endonucleolytic 
cleavage when cells were depleted of iron [13] (Fig. 8.1). 

Cellular lysates contained a protein or proteins that bound to the IRE in low or 
high amounts, depending on whether the cells from which lysates were made were 
iron rich or iron deficient when the lysates were made [10, 11]. Using the gel-shift assay, 
the IRE binding protein (IRE-BP) was purified and cloned, using peptide sequences 
to predict the mRNA sequence [14–17], and a remarkable sequence homology to the 
peptide sequence of mitochondrial aconitase was noted, which included the identity 
of all of the residues involved in the formation of the enzymatic active site [18]. The 
presence of a cytosolic aconitase had been previously identified in mammalian cells 
[19, 20], raising the possibility that the IRE-BP could also function as an aconitase. 
Indeed, the IRE-BP readily acquired aconitase function in iron-rich cells [21–23], and 
EPR and sulfide measurements verified that a [4Fe-4S] cluster was present [24] in 
purified cytosolic aconitase. 

The novel discovery that the presence or absence of a Fe-S cluster determined 
whether a protein functioned as an enzyme or as a regulatory protein raised ques-
tions about how clusters were synthesized and degraded. To cover its two  functions, 
the protein was renamed iron regulatory protein 1, and much work indicated that the 
Fe-S cluster of both aconitases was relatively solvent exposed and could be readily 
disassembled by oxidants ranging from oxygen and superoxide to nitric oxide [25, 26], 
whereas measurements of the half-life of IRP1 protein indicated that the protein itself 
was relatively stable [27]. Thus, the regulatory switch might depend on the ability 
of the cell to rebuild an Fe-S cluster that was readily disassembled because of its 
exposed position in the aconitase active site cleft [28]. Moreover, the two activities of 
IRP1 appeared to be mutually exclusive, as each depended on portions of the enzy-
matic active site for function [29–32]; opening of the active site cleft was predicted to 
be required for the IRE to fit into the active site cleft. Indeed, years later, the struc-
ture was solved for the cytosolic aconitase form of IRP1 [33] and for the apo-IRP1-
IRE complex [34], and conformational changes that accommodated access of the IRE 
to otherwise inaccessible internal sites and identification of its high affinity contact 
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Fig. 8.1: Model of how binding of IRP (IRP1 and IRP2) to RNA stem-loops in the transcripts of ferritin 
(a) and transferrin receptor (TfR mRNA) regulates synthesis of each protein (reproduced from [35]). 
In iron-depleted cells, when IRP1 lacks an Fe-S cluster, it binds to IRE stem-loops in many different 
mRNAs. Binding to a IRE near the 5′ end of the transcript prevents ribosomal subunits from binding to 
the 5′ end and then synthesizing the protein encoded by the open reading frame (box). New translation 
of ferritin (and other proteins encoded by transcripts that contain an IRE near the 5′ end of the 
transcript) is repressed, with the result that there is little synthesis of the iron sequestration protein, 
ferritin, when cells are depleted of iron. In the TfR transcript, binding of IRPs protects the mRNA from 
degradation, which leads to more synthesis of TfR. Conversely, when cells are iron-replete, ferritin 
is actively synthesized, whereas TfR synthesis is reduced because the TfR mRNA is degraded. Thus, 
expression of the iron uptake protein, TfR, increases when cells are depleted of iron. By regulating 
expression of ferritin, the major iron sequestration protein, and TfR, a major iron uptake protein, the 
IRP regulatory system adjusts iron homeostasis to maintain optimal intracellular iron levels. 
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Fig. 8.2: The presence or absence of an Fe-S cluster determines whether IRP1 will function as 
an active aconitase or as an IRE-BP. Upon loss of the Fe-S cluster, which is readily degraded by 
oxidants, IRP1 undergoes a conformational shift in several of its four domains, creating a binding 
pocket that contains interstices into which residues C8, G16 A15, and U17 of the IRE can insert. 
Multiple hydrogen bonds form between these highly conserved residues of the IRE, which are 
optimally spatially separated from one another by the length of the upper stem and the loop 
structure of the IRE. Conserved structural features of the IRE function as molecular rulers that 
separate specific contact points [36] that bind simultaneously. Multiple contacts between residues 
of the IRE with peptide sequences that are accessible in the open conformation of IRP1 contribute to 
high affinity binding of IRP1 to the IRE. Figure from [37].

points in  apo-IRP1 were identified. Phosphorylation also was shown to influence 
reversibility of IRP functions [38] (Fig. 8.2).

Therefore, attention increasingly centered on identifying the mechanisms 
involved in synthesis of Fe-S clusters. The large body of work by Richard Holm and 
 colleagues had shown that Fe-S clusters could spontaneously assemble [39], but reas-
sembly of the Fe-S cluster on apo-IRP1 was difficult to achieve using inorganic mate-
rials alone. When news about a cysteine desulfurase important in Fe-S assembly in 
bacteria traveled, it seemed that a mechanism for enzymatic mobilization of sulfur 
might be the answer to the challenge of how to generate the sulfur needed for Fe-S 
biogenesis [40]. Indeed, addition of a bacterial cysteine desulfurase to Fe-S reconsti-
tutions of aconitase revealed that efficiency of reconstitution was greatly increased 
(Kennedy MC, personal communication). 
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8.3  IRP2, a highly homologous gene, also posttranscriptionally 
regulates iron metabolism, but iron sensing occurs through 
regulation of its degradation rather than through a Fe-S 
switch mechanism

When IRP1 was cloned, a second highly homologous gene was cloned [14], which 
proved to encode a second IRP, IRP2 [41, 42], that functioned equally well as IRP1 in 
translational regulation [43]. IRP2 lacked an Fe-S cluster, but rather was degraded by 
the proteasome in iron-replete cells [44, 45]. Ultimately, iron sensing was attributed to 
the protein FBXL5, which contained a hemerythin-type iron binding site, and orches-
trated ubiquitination and proteasomal degradation of IRP2 in iron-replete cells [46, 
47] (Fig. 8.3). IRP1 and IRP2 likely represent a duplicated gene pair, a common feature 
of mammalian genomes [48] in which gene function is largely conserved, but redun-
dancy makes it possible for a system to evolve and, in this case, perhaps to enable a 
different mechanism of iron sensing to prevail. From one perspective, degradation of 
IRP2 in iron-replete cells represents a more robust solution to the problem of sensing 
and regulation, because the protein is rendered physically absent in iron-replete cells, 
whereas IRP1 is still present, though its Fe-S cluster eliminates its IRE binding activity. 
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Transferrin
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Translation

mRNA

FBXL5 degradation
by the proteasome

IRP

SKP1-CUL1
E3 ligaseFBXL5

E3 ligaseFBXL5
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Fig. 8.3: Iron-dependent regulation of IRPs through regulation of their degradation. In addition to 
the Fe-S switch of IRP1, IRP2, which is highly homologous to IRP1, does not contain an Fe-S cluster 
but rather is degraded by the proteasome when cells are iron-rich, because the protein FBXL5 
contains an iron-binding site and targets IRP2 for degradation when cells are iron rich [46, 47]. 
Figure from [49].
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The lability of the Fe-S cluster allows IRE binding activity of IRP1 to be activated even 
when cells are otherwise iron replete, potentially leading to iron overload when cells 
are oxidatively stressed. 

Although the two IRPs appear to be expressed in most or all cell types, expres-
sion levels of IRP1 are highest in the kidney and brown fat, whereas IRP2 expression 
is highest in the central nervous system [50, 51]. The differences in relative distribu-
tion among tissues may account for the fact that animals engineered to lack IRP2 
develop neurodegeneration [52–54] and anemia [55, 56], whereas animals that lack 
IRP1 develop polycythemia [57–59] and pulmonary hypertension [57]. Animals cannot 
develop beyond the blastocyst stage when both IRPs are deleted, illustrating the 
physiological significance and partial redundancy of this important posttranscrip-
tional regulatory system [60]. 

Since the IRE was initially characterized in transcripts of ferritin H and L 
chains and TFR1, numerous transcripts that contain IREs at the 5′ end have 
been discovered that mediate translational repression, including ALAS2, which 
encodes a heme biosynthetic enzyme [61, 62], mitochondrial aconitase [63, 64], 
the iron exporter ferroportin [65–67], and HIF2α [68]. Interestingly, cells that need 
to evade suppression of ferroportin synthesis by IRPs for physiological reasons 
synthesize a ferroportin transcript that lacks a IRE, using a different promoter 
[69, 70]. Several other transcripts that contain IREs of unknown significance have 
been identified using a search program for IREs [71], including several transcripts 
that contain IREs in the 3′UTR [72], and by sequencing mRNAs that bind to IRPs 
[73]. Physiological relevance of the IRE in regulation of HIF2α expression was 
recently demonstrated when animals that lacked IRP1 developed high erythro-
poietin levels and polycythemia [57–59]. The roles of IRP1 and IRP2 in physiol-
ogy have been extensively characterized in animal models, and their overlapping 
functions and association with differing phenotypes have been synthesized in 
several thorough reviews [74–76].

8.4  Identification of the mammalian cysteine desulfurase and 
two scaffold proteins: implications for compartmentalization 
of the process

In the 1990s, the sequencing of the human genome was not yet completed, but a data-
base of short sequences from cloned human genes, known as expressed sequence 
tags (ESTs), was available and was used to search for human homologues to bacterial 
Fe-S biogenesis genes [77]. Remarkably, a human homologue of bacterial NifS was 
identified as having approximately 60% sequence homology to a bacterial cysteine 
desulfurase. Complete cloning and characterization of human NFS1 revealed that 
it encoded a major mitochondrial isoform that contained a mitochondrial targeting 
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sequence and also a minor isoform that lacked the mitochondrial targeting sequence 
and localized to the cytosolic/nuclear compartment of mammalian cells [78]. Using 
similar techniques, the major Fe-S scaffold protein, ISCU, was cloned, and alterna-
tive splicing provided a mechanism for generating both mitochondrial and cytosolic/
nuclear isoforms [79]. Human NFU1, which is homologous to a portion of bacterial 
IscU, also encoded two isoforms through alternative splicing and was shown to bind 
a [4Fe-4S] cluster [80]. Function of the cytosolic form of ISCU was demonstrated by 
reducing the expression of the cytosolic isoform, but not the mitochondrial isoform 
[81]. These experiments suggested that a parallel machinery for nascent Fe-S assembly 
existed in the cytosolic/nuclear compartments of mammalian cells, but researchers 
working on Saccharomyces cerevisiae disputed this point because they found no evi-
dence for cytosolic or nuclear isoforms of these proteins involved in early Fe-S assem-
bly [82]. However, a nuclear isoform of NFS1 is present and necessary in S.  cerevisiae 
[83] [84], and its required partner, ISD11, is also present in the nucleus and cytosol of 
mammalian cells [85]. Moreover, the co-chaperone, HSC20, is readily found in mam-
malian cytosolic lysates [86], again raising the question of whether Fe-S synthesis can 
be initiated in the cytosol and nucleus of mammalian cells. Extensive evidence sup-
ports that there is a parallel system for synthesis of nascent Fe-S clusters in the cytosol 
of mammalian cells (reviewed in [87]).

There are also numerous mammalian homologues of proteins identified in 
S.  cerevisiae as important in cytosolic Fe-S synthesis, referred to as the CIA machin-
ery, for cytosolic iron sulfur assembly. Recently, these proteins were recognized as 
important for Fe-S biogenesis in enzymes involved in mammalian DNA metabolism 
and maintenance [88, 89] (discussed further in chapters by Gari and by Lill and 
 Wohlschlegel) and for Fe-S acquisition by IRP1 [90]. 

8.5  Sequential steps in Fe-S biogenesis – an initial Fe-S assembly 
process on a scaffold, followed by Fe-S transfer to recipient 
proteins, aided by a chaperone-cochaperone system

Based on biochemical and structural characterization of bacterial proteins [91, 92], 
a model for synthesis of nascent Fe-S clusters emerged in which Nfs1 dimerizes and 
the scaffold protein, IscU, binds to each end of the complex. In eukaryotes, Isd11 is 
an obligate binding partner of Nfs1, and a ternary complex has been identified in 
mammalian cells composed of NFS1, ISD11, and ISCU [93, 94] that works in concert 
with frataxin (FXN) to synthesize nascent clusters on ISCU. FXN was initially identi-
fied as the disease gene in the human disease Friedreich’s ataxia in 1996 [95], but 
its function was completely unknown until 1997, when experiments in S. cerevisiae 
tied it to mitochondrial iron metabolism [96]. Subsequently, experiments have dem-
onstrated that FXN is important in early Fe-S synthesis, where it may function as an 
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iron sequestration protein [97], as an iron carrier [98], or as an allosteric modifier 
[99] of the complex. Recent studies suggest that this tetrameric complex can generate 
[4Fe-4S] clusters that can ligate directly to mitochondrial aconitase [100] (Fig. 8.4).

After the initial cluster is synthesized on ISCU, a cochaperone known as HSC20 
binds holo-ISCU and forms a complex with the chaperone protein, HSPA9 (also 
known as HSC70, HSCA, or mortalin), an ATPase that is activated by the HPD tripep-
tide of ISCU [101, 102]. Activation of HSPA9 may generate a conformational change 
that releases the Fe-S cluster from ISCU, allowing it to bind to recipient proteins or 
to intermediate scaffold-type carrier proteins. The sequence LPPVK of ISCU interacts 
with HSPA9, binding ISCU to the chaperone in bacterial [101] and S. cerevisiae model 
systems [103], where the critical motif of Isu was identified as the tripeptide, PVK. 

Once ISCU, with its nascent cluster, binds to the chaperone-cochaperone complex 
through independent contacts with HSC20 and HSPA9, the cluster is transferred to 
 recipient proteins, but few details were known about how Fe-S clusters are acquired by 
recipient proteins until recent work revealed that HSC20 binds LYR tripeptide motifs in 
recipient proteins such as succinate dehydrogenase subunit B (SDHB) to the Fe-S transfer 
complex, composed of HSC20, holo-ISCU, and HSPA9 [104, 105]. Notably, though some 
proteins such as zinc fingers could readily accommodate binding of a Fe-S cluster through 
their available cysteine ligands, mammalian cells appear to be able to specifically transfer 
Fe-S clusters to proteins that need Fe-S clusters for function by directly binding recipient 
proteins (reviewed in [106] and in Maio and Rouault, chapter 9, volume 2). Secondary 
scaffold proteins are also likely to be involved in ferrying Fe-S clusters from the basic Fe-S 
synthesis complexes to specific subsets of recipient proteins. Monothiol glutaredoxins 
have been proposed to function as secondary scaffolds in bacteria [107], and mutations 
in human glutaredoxin 5 disrupt Fe-S biogenesis and cause sideroblastic anemia [108].

Several recently described human diseases underscore the importance of various 
steps of Fe-S biogenesis. Mutations of ISD11, also known as LYRM4, cause severe 
impairments of mitochondrial oxidative phosphorylation in infants, as might be 
expected when initial Fe-S complex formation is compromised [109]. Abnormal splic-
ing of ISCU causes skeletal myopathy [110, 111], and a missense mutation at this locus 
in combination with the abnormal splicing allele causes cardiac and skeletal disease 
[112]. Reduced expression of FXN due to heterochromatin formation on an expanded 
trinucleotide repeat leads to abnormal Fe-S protein functions in neurons and car-
diomyocytes of patients and in animal models [113]. Mutations in NFU1 and BOLA3 
cause defective function of proteins that require lipoic acid modification for function, 
including the E2 component of the pyruvate dehydrogenase complex, α keto-glutarate 
dehydrogenase, branched-chain keto acid dehydrogenase (BCKDH), and the H protein 
of the glycine cleavage system [114, 115]. Accordingly, infants with mutations in these 
genes had lactic acidosis along with elevated levels of glycine and the branched-
chain amino acids, leucine, valine, and isoleucine. The clinical symptoms imply that 
NFU1 and BOLA3 are important for delivery of the Fe-S cluster to lipoic acid synthase 
(see chapter by Lanz and Booker), perhaps by functioning as secondary scaffolds. 
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Other candidates for secondary scaffolds include IBA57 [118] and  glutaredoxin 5 [108]. 
Absence of glutaredoxin 5 was identified as a cause of sideroblastic anemia, a disease 
in which the mitochondria of immature red cells become markedly iron loaded, and 
too few mature red cells are produced. Thus, human diseases can highlight specific 
roles of Fe-S assembly proteins at various points in the pathway. 

8.6  Mitochondrial iron overload in response to defects in 
Fe-S biogenesis raises important questions about how 
mitochondrial iron homeostasis is regulated

In Friedreich’s ataxia [113], ISCU myopathy [110], and glutaredoxin 5 deficiency [119], 
abnormal mitochondrial iron accumulation occurs in affected tissues. The same phe-
notype has been observed in S. cerevisiae resulting from loss of Fe-S biogenesis pro-
teins such as Nfs1 [120], FXN [96], and others (see chapter by Pain and Dancis). The 
fact that mitochondrial iron overload occurs (Fig. 8.5), sometimes at the expense of 
cytosolic iron [121], suggests that intact Fe-S biogenesis is required for maintenance 
of mitochondrial iron homeostasis. In skeletal muscle from humans with ISCU defi-
ciency, expression of the mitochondrial iron importer, mitoferrin, increases [1]. Fe-S 
clusters have previously been shown to have regulatory function in bacteria [122] and 
the regulatory role of the Fe-S cluster of IRP1 was discussed earlier in this chapter. 
The occurrence of mitochondrial iron overload as a consequence of problems with 
Fe-S biogenesis hints that a Fe-S protein is involved in regulating mitochondrial iron 

(a) (b)

Fig. 8.5: Mitochondrial iron overload occurs in human and animal models when functions of some 
proteins involved in Fe-S biogenesis are impaired. Electron micrograph of mitochondrial iron 
overload in developing erythroblasts from the early stages (A) to advanced (B) in patients with 
sideroblastic anemia. Sideroblastic anemia is a term for anemias in which mitochondria show 
severe iron overload in the mitochondria of the developing red cell, which may be observed with 
the Prussian blue stain for iron, or by electron microscopy, where iron appears as black deposits. 
In A, a patient with mild disease has a small black iron deposit in a mitochondrion (small arrow) 
located near the nucleus (large arrow). In B, perinuclear mitochondria are loaded with black iron 
precipitates in a patient with advanced disease. Mitochondrial cristae are still visible as white band-
like lines in the mitochondria (an arrow points to one iron-laden rod-shaped mitochondrion that is 
loaded with black iron deposits) (figures courtesy of Dr. M. Djaldetti). 
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homeostasis, perhaps by transcriptionally remodeling the cell to increase mitochon-
drial iron uptake and decrease mitochondrial iron export. In the past, researchers 
have postulated that iron may have no dedicated mitochondrial exporter and may 
exit the mitochondrial matrix in the form of heme or a Fe-S cluster. Thus far, neither 
a mitochondrial iron exporter nor a heme exporter has yet been discovered. However, 
mutations in an inner mitochondrial membrane transporter known as ABCB7 in 
humans, or Atm1 in the S. cerevisiae homologue, lead to mitochondrial accumula-
tion. In humans, mutations cause a disease known as X-linked sideroblastic anemia 
with ataxia because the mutations are on the X chromosome, and males are typically 
affected [123]. Molecular dissection of other rare diseases in humans may lead to spe-
cific insights into the Fe-S biogenesis pathway, particularly in the downstream steps 
through which recipient proteins acquire their Fe-S clusters. 

8.7 Perspectives and future directions 

Much of the progress made in identifying the main genes involved in mammalian 
Fe-S biogenesis exploited the homology of mammalian to bacterial genes and built 
on biochemical and spectroscopic studies of bacterial processes. However, there are 
several issues that have not yet been resolved by studies in bacterial model systems. 
The problem of the role of FXN remains unresolved, even though bacteria express 
FXN. In addition, it is not yet known how the Fe-S biogenesis machinery specifi-
cally targets recipient proteins. Moreover, studies in bacteria cannot tackle the ques-
tion of how eukaryotic cells coordinate Fe-S biogenesis in multiple compartments. If 
bacteria regulate Fe-S biogenesis by regulating transcription of the ISC operon (see 
chapter by Mettert et al.), what regulates eukaryotic Fe-S biogenesis? Some progress 
was made when it was recognized that ISCU expression was repressed during 
hypoxia by micro-RNA-mediated repression [124], which suppressed mitochondrial 
respiration. Other regulatory inputs must also govern the Fe-S biogenesis pathway, 
and mechanisms that coordinate mitochondrial and cytosolic/nuclear Fe-S biogen-
esis need to be elucidated. It is not clear whether mammalian cytosolic/nuclear FeS 
biogenesis requires a product of mitochondrial Fe-S biogenesis, as has been asserted 
for S. cerevisiae, or whether de novo Fe-S biogenesis can occur in the cytosol and/or 
nucleus using cytosolic isoforms of NFS1, ISCU, NFU1, and HSC20. In addition, regu-
latory mechanisms may have evolved that do not exist in less complex eukaryotes 
such as S. cerevisiae. As an illustration, it is noteworthy that the IRE-IRP regulatory 
system does not exist in S. cerevisiae. Studies performed in mammalian cells will 
likely be important in resolving numerous questions, because the strong protein-
protein interactions characteristic of mammalian cells may facilitate biochemical 
identification of critical protein complexes. In addition, the excellent phenotyping 
associated with rare human diseases may lead to other unexpected insights into the 
Fe-S biogenesis pathway. 
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9  Delivery of iron-sulfur clusters to recipient 
proteins: the role of chaperone and cochaperone 
proteins
Nunziata Maio and Tracey A. Rouault

9.1 Introduction

The general pathway of iron-sulfur (Fe-S) cluster biogenesis has been uncovered over 
the years by a combination of genetic and biochemical studies, and the components 
of the assembly machinery were found to be broadly distributed in all kingdoms of life 
and to share common features, such as the use of a cysteine desulfurase to provide 
inorganic sulfur, the central role of scaffold proteins for Fe-S cluster assembly, and 
a highly conserved transfer system, which consists of an heat shock 70 kDa protein 
(HSP70) chaperone and a J-protein cochaperone, that interacts with scaffold proteins 
to facilitate Fe-S cluster delivery to recipient proteins. In this chapter, we discuss the 
role of the chaperone/cochaperone system in Fe-S cluster biogenesis in mammalian 
cells and discuss advances in understanding how the transfer complex efficiently 
engages recipient Fe-S target proteins to deliver a cluster. 

9.2  A specialized chaperone-cochaperone system ensures 
efficient Fe-S cluster delivery

HSP70s are ubiquitous molecular chaperones that function in all major cellular com-
partments, participating in diverse cellular processes, including protein folding, deg-
radation, translocation across membranes, and oligomeric assembly [1, 2]. All these 
activities depend on the ability of HSP70s to bind reversibly to short, unfolded seg-
ments of polypeptide chains. Most HSP70s are able to interact with a broad range of 
protein substrates, and recognition of these clients is determined by the intrinsic spe-
cificity of their binding partners, the HSP40 (heat shock 40 kDa proteins) molecular 
chaperones, also known as cochaperones [3]. Cochaperones or J-proteins invariably 
contain the so-called J-domain, which was named after the initially characterized 
DnaJ protein of Escherichia coli. The J-domain consists of a conserved ~70-amino-
acid signature region, which contains a histidine, proline, and aspartic acid tripep-
tide (HPD) in a loop between the two main helices (II and III) that stimulates the 
ATPase activity of HSP70 chaperones [3]. In fact, despite their remarkable functional 
diversity, HSP70s have high sequence identity and common fundamental structural 
features [4, 5]. All HSP70s possess a highly conserved N-terminal nucleotide binding 
domain (NBD), which displays weak ATPase activity, and a C-terminal domain, which 
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forms the substrate binding domain (SBD), where client proteins bind (Fig. 9.1) [6]. 
Molecular chaperones engage in a transient interaction with client proteins, which is 
regulated by the ATP binding and hydrolysis activities of the NBD. A conformational 
change generated upon hydrolysis of ATP stabilizes HSP70’s interaction with the sub-
strate protein, while facilitating the multiple cellular processes in which HSP70s are 
involved. Exchange of ADP for ATP promotes client release and completes the binding 
cycle (Fig. 9.2). HSP70s require a J-protein and, almost always, a nucleotide exchange 
factor (NEF) as key components that regulate their binding to client proteins and 
control the interaction with nucleotides (ATP or ADP). J-proteins or cochaperones, 
in addition to assisting in substrate delivery, stimulate the HSP70 ATPase activity, 
thereby stabilizing formation of the HSP70-substrate complex and facilitating selec-
tive substrate trapping [6]. 

Most HSP70s display broad substrate specificity proportional to the variety of 
proteins that they have to recognize, and prokaryotes were initially thought to have 
a single HSP70, named DnaK, that served both stress-related and housekeeping  

Linker
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Lid
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SBD
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Fig. 9.1: Structure of a typical HSP70 chaperone, DnaK, the housekeeping HSP70 of E. coli, with 
ADP bound to the nucleotide-binding domain (protein data bank code: 2KHO). The ATPase domain 
of DnaK, which is also known as nucleotide-binding domain (NBD), and the peptide-binding 
domain, which is also known as substrate-binding domain (SBD), are connected by a short, flexible, 
hydrophobic linker. The NBD and the SBD dock when the chaperone is bound to ATP, which is the 
conformation that exhibits low affinity for the substrate, due to the shortening of the linker, which 
causes displacement of the lid (also known as α-subdomain) in the SBD and allows easy access and 
egress of the client protein from the cleft. (a) and (b) are the ribbon and surface representations, 
respectively, of DnaK of E. coli (created from PDB structures using the UCSF ChimeraX program).
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functions [7]. However, in 1994, a gene encoding a novel HSP70 was identified in E. 
coli and designated HscA (heat shock cognate A) [8, 9]. The gene was located within 
the isc (Fe-S cluster) operon, immediately upstream of the fdx gene encoding a  
[Fe2-S2]-ferredoxin [10] and downstream of a gene, named HscB, encoding a novel 
J-protein [9]. The predicted HscA protein (also known as Hsc66, because it had a 
molecular weight of 66 KDa) exhibited 40% sequence identity to DnaK. Initial studies 
on the general biochemical properties of E. coli HscA and HscB revealed that the 
basal ATPase activity of HscA was stimulated fourfold to sixfold by HscB [11, 12], but 
not from DnaJ, the cochaperone for DnaK, indicating a lack of cross-talk between the 
two chaperone systems. Despite the evidence that HscA exhibited general chaperone 
activity in vitro, due to its ability to suppress protein aggregation [12], the endog-
enous physiological substrate for the HscA/HscB system remained unknown until 
completion of the genome sequencing of E. coli revealed that the chaperone/cochap-
erone system was encoded by a region of the genome, now known as isc operon, 
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Fig. 9.2: ATPase cycle of the chaperone core machinery. (1) The J-protein, also known as 
cochaperone, binds to a subset of unfolded (non-native) substrate proteins (clients) and interacts 
with the HSP70 in the ATP-bound state through its J-domain (2). The client can then interact with 
the peptide-binding cleft, which is in the open conformation (2). ATP hydrolysis is simultaneously 
stimulated by both the J-domain of the cochaperone and the client and causes a conformational 
change in the HSP70 that closes the lid of the SBD over the cleft and stabilizes the interaction with 
the client. (3) The J-protein leaves the complex. A NEF, which exhibits high affinity for the ADP-bound 
state of the chaperone, binds to the HSP70-client complex (4) and exchanges ADP with ATP in the 
NBD (5). The client, which has folded into the native conformation driven by the energy provided by 
hydrolysis of ATP, is finally released (6). 
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that exhibited similarity to the nif operon involved in biogenesis of Fe-S clusters of  
nitrogenase (see the chapter by P.C. Dos Santos and D.R. Dean) [13, 14]. The isc genes 
were found to be essential for cell growth. Further investigations demonstrated a 
general housekeeping role of the isc components in the assembly and/or repair of 
Fe-S proteins [15, 16]. Inactivation of HscA or HscB reduced activities of Fe-S enzymes, 
such as glutamate synthase and succinate dehydrogenase (SDH), and significantly 
decreased the overall cell proliferation rates [17]. Parallel studies in the yeast Saccharo-
myces cerevisiae revealed the presence of isc- and hsc-like genes [18], suggesting a high 
degree of evolutionary conservation of the Fe-S biogenesis machinery. Experimental 
evidence that these genes encoded components of the Fe-S cluster assembly pathway 
came from the characterization of mutants that suppressed oxidative damage in yeast 
strains in which superoxide dismutase 1 was deleted [19]. Suppressor mutations were 
identified in two genes encoding a mitochondrial HSP70 and a J-type co-chaperone, 
respectively. The HSP70 protein was designated as Ssq1, and the cochaperone, which 
was predicted to be targeted to the mitochondrial compartment, was named Jac1 
(J-type accessory chaperone). Both Jac1 and Ssq1 mutant strains exhibited impaired 
mitochondrial respiration and reduced activities of SDH and aconitase, a metabolic 
defect that had previously been reported for Nfs1 mutants, which were unable to mobi-
lize sulfur for the initial assembly of the cluster. Subsequent work by several groups 
confirmed that Ssq1 and Jac1 were essential for Fe-S cluster biogenesis in yeast [20–24]. 

The first experimental evidence for a specific molecular interaction of the chap-
erone/cochaperone system with a critical component of the Fe-S assembly pathway, 
the main scaffold protein IscU, came in 2000 from studies carried out by Hoff and col-
leagues on the effects of bacterial isc components on the ATPase activity of HscA [25]. 
IscU was found to stimulate HscA’s ATPase activity approximately eightfold above the 
basal level. The cochaperone HscB synergistically activated HscA’s activity up to 400-
fold and enhanced IscU binding to the ATP-bound form of HscA [25]. Interestingly, IscU 
and/or HscB were unable to stimulate DnaK’s ATPase activity, and DnaJ did not increase 
binding of IscU to HscA, suggesting that HscA formed a complex with HscB and that 
the main scaffold protein IscU might serve as a substrate for this chaperone complex. 
The substrate specificity of HscA and the selective nature of the interaction between 
HscA and IscU were studied in more detail by screening a library of peptides for their 
ability to bind HscA and, subsequently, by testing peptides that covered the entire IscU 
sequence [26, 27]. HscA was found to bind the residues between amino acids 99 and 
103 of IscU, which contained the sequence Leu-Pro-Pro-Val-Lys. The LPPVK sequence is 
conserved among IscU proteins from bacteria to humans (Fig. 9.3), suggesting that the 
mechanism of chaperone recognition and binding has been conserved during evolu-
tion. Importantly, the cochaperone HscB was found to enhance the binding affinity of 
IscU to HscA [27], consistent with its role in targeting IscU to the HscA-ATP complex. 

Studies of the yeast chaperone/cochaperone/scaffold complex (Ssq1/Jac1/Isu1) 
provided results similar to those of the bacterial HscA/HscB/IscU system [28] and 
offered additional insights into the mechanism of chaperone-scaffold interactions. 
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Ssq1 and Jac1 were found to act as partners in binding the scaffold protein Isu [28]. 
More importantly, Isu was targeted to Ssq1 in a Jac1-dependent manner, and both Jac1 
and Isu were required for efficient stimulation of Ssq1 ATPase activity [28]. Interest-
ingly, mitochondria of most eukaryotes, including the yeast Schizosaccharomyces 
pombe, contain a single multifunctional HSP70 [3, 29, 30], which is homologous to 
mitochondrial Ssc1 of S. cerevisiae [31], that performs the dual task of housekeeping 
molecular chaperone (participating in protein translocation across the inner mito-
chondrial membrane and protein folding) and of specialized HSP70 for Fe-S cluster 
biogenesis. Only a subset of fungi, including S. cerevisiae and Candida albicans, con-
tains a highly specialized mitochondrial HSP70, named Ssq1, that arose through gene 
duplication about 300 million years ago [32] and that is unique in that it exhibits 
binding to a single protein substrate Isu1 [33]. 
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Fig. 9.3: ISCU scaffold proteins from bacteria to human contain a highly conserved PVK motif that is 
enclosed in the substrate-binding cleft of the HSP70 chaperone during the transfer step of Fe-S cluster 
biogenesis. In (a), the multiple sequence alignment of the main scaffold proteins ISCU from different 
organisms, ranging from bacteria, to yeast, to human, shows the highly conserved PVK tripeptide that 
is bound by chaperone proteins to facilitate Fe-S cluster transfer to recipients. In (b), the ribbon and 
surface representations of mammalian ISCU from M. musculus crystallized with zinc (PDB: 1WFZ) show 
in yellow the PVK motif, in red the cysteines, and in green the histidine that coordinate the cluster in 
vivo. In cyan, a crucial aspartate residue that is important for allowing labile coordination of the cluster 
on the main scaffold protein ISCU is highlighted. Substitution of this aspartate into alanine in multiple 
organisms causes stabilization of the cluster on ISCU and impairs its transfer to downstream recipients. 
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9.3  Transfer of Fe-S clusters to recipient proteins:  
the ATPase cycle

Genetic and biochemical studies have clearly demonstrated that hydrolysis of ATP is 
essential for the chaperone activity of all the HSP70 proteins tested so far, and the rates 
of hydrolysis are very low under basal conditions [6]. ATP hydrolysis triggers the closing 
of the α-subdomain, also known as lid, in the SDB upon the substrate, which locks the 
substrate into position. In a thermodynamically coupled fashion, substrates activate the 
HSP70 ATPase activity by typically 2–10-fold, a low level of stimulation that is insufficient 
to drive the functional cycle of HSP70 chaperones. Instead, cochaperones are required 
for the productive coupling of ATP hydrolysis with substrate association [3, 34, 35]. On 
the basis of the data collected in bacteria and yeast, a model for the mode of action of 
the chaperone/cochaperone system in Fe-S cluster biogenesis has been proposed [34, 36, 
37] (see Fig. 9.6 for a schematic of the main steps). Accordingly, the cochaperone (HscB 
in bacteria and Jac1 in yeast) starts the functional cycle of the cognate system by rapidly 
binding to and transiently associating with the main substrate, the scaffold protein IscU, 
and with a recipient Fe-S apo-protein. IscU rapidly binds to the HSP70 protein (HscA or 
Ssq1, in bacteria or yeast, respectively) in a two-step process, which involves the transient 
interaction of the J-domain of the cochaperone with the NBD of the ATP-bound chaper-
one and the interaction of IscU with the SBD. The chaperone in the ATP-bound state is 
in an open conformation, exhibiting the substrate-binding cavity to the interaction with 
IscU. Through a short interdomain communication between the SBD and the NBD in the 
chaperone, the simultaneous association of the substrate and the interaction of the NBD 
with the J-domain of the cochaperone lowers the activation energy for the hydrolysis of 
ATP by the chaperone. Hydrolysis of ATP and the coupled conformational change in the 
SBD of HSP70 leads to a tighter interaction with the scaffold protein and represents the 
rate-limiting step in the overall cycle, which is usually more than 103-fold slower than 
release of the products ADP and phosphate [5]. Nevertheless, under physiological condi-
tions, nucleotide dissociation is a crucial step for substrate release. Therefore, exchange 
of ADP with ATP, which requires the opening of the nucleotide binding cleft, is a limiting 
gait in the cycle, and it is accordingly highly regulated and subject to strong evolutionary 
variation. For HscA, the dissociation rates for ADP ± Pi are 700-fold higher than those of 
the housekeeping chaperone DnaK [38]. Therefore, in contrast to other HSP70 proteins, 
which are regulated at both ATP hydrolysis and ADP/ATP exchange rate, the HscA reac-
tion cycle is regulated primarily at the hydrolysis step. Accordingly, HscA does not associ-
ate with NEFs to complete its cycle [39]. In contradistinction, Ssq1 of S. cerevisiae has a 
higher nucleotide binding affinity than HscA and a slower ADP/ATP exchange rate [28]. 
Therefore, Ssq1 must interact with the NEF Mge1 to maintain high steady state rates of 
ATP hydrolysis [28]. The structural basis for these strong kinetic differences in nucleotide 
dissociation between HSP70 homologs has been proposed to depend on the length of 
an exposed loop close to the NBD and in the character of the amino acid residues that 
line the interface of the interaction of the SBD with the client protein [5, 38]. HscA, which 
exhibits the fastest turnover rate, has the shortest loop and lacks a hydrophobic patch 
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(which consists of Leu257-Val59 in DnaK) and two putative salt bridges (Glu264-Arg56 and 
Glu267-Lys55 in DnaK) at the interface of the NBD [5]. The physiological significance of the 
differences in maximal ATPase activity rates between HscA and Ssq1 determined in vitro 
with respect to the role of the chaperones in Fe-S cluster biogenesis in vivo is not known. 

The mechanism by which energy release by the chaperone system is coupled 
to Fe-S cluster transfer to recipient proteins remains undefined. A full understand-
ing of the transfer step requires detailed structural information of the components 
of the transfer machinery. Moreover, structures of different conformational states of 
the Fe-S transfer complex (chaperone/cochaperone/scaffold protein) will be neces-
sary to reveal the effects that the chaperone/cochaperone system has on the scaffold 
protein and its Fe-S cluster and how the process of Fe-S cluster transfer is regulated. 
The crystal structure of a region of the SBD of E. coli HscA (amino acid residues 390–
543) bound to an IscU peptide (98ELPPVKIHC106) was determined to a resolution of 
1.95 Å (Fig. 9.4) [40]. The IscU peptide extends into a hydrophobic cleft within the 
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HscA vs HSPA9 

HscA PDB ID : 1U00
HSPA9 PDB ID : 3N8E
IscU (ELPPVKIHC)

HSPA9

Peptide-binding
cle�

Peptide-binding
cle�

Peptide-binding
cle�

α-subdomain
or ‘’lid’’

α-subdomain
or ‘’lid’’

β-subdomain
β-subdomain

HscA vs HSPA9 

Fig. 9.4: Comparison of the crystal structures of the substrate-binding domains of HscA and HSPA9 
in complex with the ELPPVKIHC peptide of IscU. (a) Structure of E. coli HscA (SBD)-ELPPVKIHC 
peptide complex (PDB ID: 1U00). The α-subdomain or “lid,” which comprises residues 390–498 of 
HscA, and the β-subdomain (residues 506–609) constitute the NBD; the dotted line delineates the 
separation between the two subdomains. The IscU peptide is shown in blue. (b) Structure of the SDB 
of HSPA9 (PDB ID: 3N8E). The ELPPVKIHC peptide of IscU was docked to the peptide-binding cleft of 
the human chaperone. (c) Comparison of the crystal structures of the substrate-binding domains of 
HscA and HSPA9. The α- and β-subdomains of the SBDs of HscA and HSPA9 were aligned, and the 
ribbon diagrams of the two structures were superimposed. Color coding: HscA in magenta, HSPA9 in 
golden. (d) Superimposition of the surface diagrams of the SBDs of HscA and HSPA9 in complex with 
the ELPPVKIHC peptide of IscU (created from PDB structures using the UCSF ChimeraX program).
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β-subdomain (Fig. 9.4), and a combination of nonpolar and hydrogen-bonding inter-
actions appears to contribute to the binding affinity. The α-subdomain lies immedi-
ately above the binding cleft without making direct contacts with the peptide (Fig. 9.4).  
The central proline residue of the IscU peptide is completely buried within a hydro-
phobic pocket in the middle of the cleft. The tight interaction of this proline with 
the residues lining the substrate-binding cleft explains the crucial requirement of the 
highly conserved PVK motif in all ISCU scaffold proteins for binding to the chaperone 
[27, 41]. The peptide in the HscA(SBD)-ELPPVIHC complex appears to be trapped in 
place by the lid-like structure of the α-subdomain of HscA (Fig. 9.4). Transfer of Fe-S 
clusters from holo-ISCU to recipient proteins depends on conformational changes in 
both the scaffold and the recipient protein. Recent studies using solution NMR spec-
troscopy have provided insights into the mechanism of nucleotide-dependent interac-
tions between the chaperone/cochaperone system and the scaffold protein IscU [42, 
43]. IscU was found to interconvert between two alternative conformations, a more 
structured state (named S-conformation) that resembled the holo-protein IscU-[Fe2-S2]  
and bound preferentially the cochaperone HscB and a dynamically disordered form, 
which did not bind any metal and exhibited high affinity for HscA [42, 43]. Based 
on studies carried out by using purified components of the bacterial Fe-S transfer 
complex (HscA, HscB, and IscU) [44], a model has been proposed to describe the 
molecular mechanism by which modulation of the ATPase activity of the chaper-
one by the cochaperone is coupled to Fe-S cluster transfer from the scaffold protein 
IscU to recipient Fe-S apo-proteins. The cochaperone HscB binds to and delivers  
[Fe2-S2]-IscU (IscU in the S-conformation) to the SBD of HscA; together, IscU and HscB 
 synergistically enhance HscA’s ATPase activity nearly 1000-fold [25, 39]. The sub-
strate-binding domain of HscA undergoes conformational change upon hydrolysis of 
ATP and encloses the PVK peptide of IscU, which is in close proximity to the cluster. 
The resulting conformational change may promote release of the [Fe2-S2] cluster from 
holo-IscU and transfer to the recipient protein [43–45]. 

9.4 The mammalian Fe-S transfer system

Advances in our understanding of mammalian Fe-S protein biogenesis have resulted 
from the biochemical characterization of the multimolecular complexes devoted to 
initial Fe-S cluster assembly in bacteria [46–49] and their counterparts in mammalian 
cells [50–52]. Likewise, transfer of a newly assembled cluster downstream of the main 
(or possibly sole) scaffold protein ISCU in mammalian cells relies on the activity of a 
chaperone/cochaperone system analogous to the bacterial and yeast complexes, which 
we have previously described [39, 53]. Mammalian cells lack an HSP70 chaperone spe-
cifically dedicated to Fe-S cluster biogenesis but rather, like most eukaryotes, employ 
a multifunctional mitochondrial HSP70, recently identified as HSPA9 in  mammalian 
cells (also known as mortalin/PBP74/GRP75) [54, 55]. HSPA9 has been implicated in 
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several different processes, including the facilitation of protein import within mito-
chondria, together with the cochaperone DNAJC19 and the NEF BAP (also known as 
SIL1) [57], intracellular trafficking, stress response, hematopoiesis, control of cell 
proliferation, and tumor progression (reviewed in [58–61]). The absence of a chaper-
one that is solely dedicated to Fe-S cluster biogenesis in higher eukaryotes appears to 
warrant even greater participation of a specialized cochaperone to specify the func-
tion of the cognate HSP70. On the basis of its high sequence similarity to the bacterial 
and yeast cochaperones dedicated to Fe-S cluster biogenesis, the human DnaJ type III 
protein, HSC20, also referred to as DNAJC20 or HSCB, was predicted to be involved in 
the transfer of Fe-S clusters downstream of ISCU [62]. Further characterization of the 
human cochaperone established its role as an integral component of the Fe-S cluster 
transfer machinery [63]. HSC20 shares 34% and 29% overall identity with the bacte-
rial and fungal orthologs, respectively [62, 63]. The high degree of sequence homology 
translates into a remarkable structural conservation of the J- and C-terminal domains of 
bacterial and human cochaperones dedicated to Fe-S cluster biogenesis [64] (Fig. 9.5). 
The crystal structures of HscB from E. coli [65], of Jac1 from S. cerevisiae [37], and of 
human HSC20 [64] revealed the presence of a conserved structural core that consists 
of two domains arranged in a L-shaped fold (Fig. 9.5). The N-terminal J-domain, which 
contains an invariant histidine, proline, aspartate (HPD) motif, is responsible for stimu-
lating the ATPase activity of its HSP70 cognate chaperone [24, 55, 65, 66], whereas the 
C-terminus forms a  three-helix bundle and is directly involved in binding the scaffold 
protein ISCU, with three highly conserved noncontiguous hydrophobic residues being 
of crucial importance for the HSC20-ISCU interaction [37, 55, 67]. The N-terminus of 
the human cochaperone shows distinctive features compared to the specialized DnaJ 
type III proteins of bacteria and fungi, in that it contains, downstream of the mitochon-
drial targeting sequence (residues 1–26 [54]), an additional domain, which harbors two 
CxxC modules (C41/C44 and C58/C61) that were found to coordinate a zinc ion in vitro 
[64] (Fig. 9.5). The physiological relevance of the unique N-terminal domain of HSC20 
remains to be elucidated, though it may facilitate dimerization of the cochaperone. The 
C-terminal domains of cochaperones can selectively bind target substrates [68, 69], 
facilitate refolding of denatured proteins, and enhance cell viability [70, 71]. 

As previously discussed, cochaperones serve a dual function in Fe-S cluster bio-
genesis: they guide ISCU to the SBD of the HSP70 cognate chaperone, and they also 
activate the ATPase activity of the chaperone, thereby driving a conformational change 
that likely facilitates cluster release from ISCU and delivery to the final acceptor apo-
protein or to intermediate carriers, which ultimately donate their clusters to specific 
recipients [39, 45] (Fig. 9.6). Recently, the mechanism by which recipient Fe-S proteins 
are selected by the transfer machinery from amongst the full complement of human 
proteins has been partially characterized [55]. Interestingly, clinical and biochemi-
cal investigations of several newly described human diseases caused by mutations in 
NFU1, BOLA3, IBA57, or ISCA2 suggest that transfer of Fe-S clusters to secondary car-
riers that function downstream of the holo-ISCU/chaperone/cochaperone generates 
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independent and specific delivery pathways to recipients that interact with distinct 
subsets of carriers. The distinctive phenotypes associated with the various disease 
gene mutations reveal our lack of knowledge about how discrete Fe-S proteins are 
targeted in order to incorporate their vital prosthetic groups [72–83]. Enhancing our 
understanding of the molecular mechanisms of Fe-S cluster assembly and delivery to 
recipient proteins might make it possible to target several human diseases associated 
with disruption of Fe-S clusters or loss of integrity of the Fe-S cluster biogenesis and 
repair processes. Friedreich’s ataxia is the most prevalent form of hereditary ataxia in 
Caucasians, caused by deficiency of the protein frataxin, which is critical for initial 
biogenesis of Fe-S clusters. In addition, several rare human diseases have been linked 
to dysfunctional Fe-S cluster biogenesis and/or defects in Fe-S proteins (we refer the 
reader to the Chapter titled “Fe-S proteins and human diseases” from Wing-Hang 
Tong for an overview of the clinical, and biochemical aspects of diseases associated 
with defects in Fe-S proteins or in Fe-S cluster biogenesis). 
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Fig. 9.5: 3D structures of cochaperones dedicated to Fe-S cluster biogenesis in Homo sapiens 
(HSC20, panel a, PDB ID: 3BVO), S. cerevisiae (Jac1, panel b, PDB ID: 3UO2), and E. coli (HscB, panel c,  
PDB ID: 1FPO). Conserved amino acid residues that interact with the main scaffold ISCU on the 
surface of the C-terminal domains of the cochaperones dedicated to Fe-S cluster biogenesis in 
human (a), yeast (b), and bacteria (c) are shown: in light blue are the hydrophobic amino acids 
(Leu, Met, and Phe) and in green the polar residues (Tyr). The His (H), Pro (P), Asp (D) tripeptide in 
the N-terminal domains (J-domains) of the cochaperones is shown in magenta. Two CxxC modules, 
which coordinate zinc in the crystal structure of human HSC20, are shown in red. 
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9.5  Recent progress: identification of molecular features that 
guide selection of recipient Fe-S proteins by the Fe-S transfer 
complex

Recent studies were conducted to try to elucidate how Fe-S clusters are transferred 
from the initial scaffold protein, ISCU, to Fe-S clients, focusing on the human cochap-
erone HSC20, as the component of the Fe-S transfer machinery that guides the mul-
tifunctional HSP70 chaperone HSPA9 to function in Fe-S cluster delivery to recipient 
proteins [3, 37, 55, 57, 68–71, 84–86]. Importantly, there is only one highly conserved 
HSC20 homologue in the human genome [63], which also made HSC20 a good  
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Fig. 9.6: Proposed schematic of the mode of action of the chaperone/cochaperone system in 
Fe-S cluster delivery to recipient proteins. The cochaperone HSC20 starts the functional cycle of 
the cognate system by associating with the scaffold protein ISCU, which is loaded with an Fe-S 
cluster, and with a recipient Fe-S apo-protein (1). (2) ISCU binds to the HSP70 chaperone (HSPA9 in 
mammalian cells) in a two-step process, which involves the transient interaction of the J-domain 
of HSC20 with the NBD of the ATP-bound state of HSPA9 and the interaction of ISCU with the SBD. 
ATP-bound HSPA9 is in the open conformation, which exhibits the substrate-binding cavity to allow 
the interaction with ISCU. (3) The simultaneous association of ISCU and the interaction of the NBD of 
HSPA9 with the J-domain of HSC20 lowers the activation energy for the hydrolysis of ATP. Hydrolysis 
of ATP and the coupled conformational change in the SBD of HSPA9 is proposed to facilitate cluster 
release from ISCU and transfer to the recipient protein. (4) A NEF, which exhibits high affinity for 
the ADP-bound state of the HSP70 chaperone, binds to the HSP70-client complex and exchanges 
ADP with ATP in the NBD (5). The client, which has folded into the native conformation driven by the 
energy provided by hydrolysis of ATP and has acquired its Fe-S cluster, is finally released (6). 
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candidate to use in a screening to identify potential target Fe-S proteins. HSC20 served 
as a bait in a stringent yeast two-hybrid (Y2H) screen, a method used to reveal direct 
molecular interactions between pairs of proteins, and several HSC20 binding part-
ners were identified among the library of proteins [55]. Notably, multiple individual 
HSC20 interacting clones encoded SDH subunit b (SDHB), which is the Fe-S cluster 
containing subunit of complex II (CII). The interaction between HSC20 and SDHB was 
further validated in vivo in mammalian cells [55]. SDHB contains three clusters of dif-
ferent nuclearities: [Fe2-S2], [Fe4-S4], and [Fe3-S4] [87], which are deeply buried within 
the mature protein and that likely need to be inserted during folding. Assembly of CII 
is a multistep process that depends upon incorporation of several prosthetic groups, 
including flavin adenine dinucleotide, covalently attached to SDHA; three Fe-S clus-
ters ligated by SDHB; and a heme b moiety bound by the SDHC/SDHD membrane 
anchor proteins [88]. 

The Y2H screen was also conducted in order to identify potential motifs present in 
recipient Fe-S proteins, which may act as a lure for binding of the cochaperone HSC20 
and therefore function as molecular signatures that guide specific recruitment of the 
Fe-S transfer complex through direct binding to HSC20. In recent years, investigators 
have focused increasingly on molecular interactions mediated by compact modules 
that are typically less than 10 amino acid residues in length and are often found within 
intrinsically disordered regions of polypeptides. On average, binding motifs are six 
to seven amino acids in length, and only three to four core positions confer specifi-
city [89]. Because the binding surface area is small, these motifs bind with low affin-
ity and engage in interactions that are transient and readily modulated. It has been 
suggested that over one million such motifs are present in the human proteome and 
that they extend the functional capabilities of eukaryotes well beyond known struc-
tural domains [90], influencing protein processing, localization, degradation, and 
transient participation in multiprotein complexes. SDHB, which contains three Fe-S 
clusters, appeared to be the perfect candidate for identifying the potential motifs that 
mediate direct binding to the cochaperone HSC20. The primary sequence of SDHB 
was subdivided into multiple peptides, which were cloned into Y2H prey constructs 
to screen 50 to 100 subclones of varying sizes for their ability to interact with HSC20. 
Three independent binding sites for HSC20 were identified on SDHB, and two of these 
were iterations of a tripeptide motif, leucine, tyrosine, and arginine (the LYR motif). 
One SDHB peptide that interacted with HSC20 (residues 238–258 of SDHB) contained 
the distinctive motif, LYR, while the other (residues 35–52 of SDHB) contained a closely 
related sequence, IYR. Notably, the two native L(I)YR consensus sequences in SDHB 
are located in unstructured loops of the crystal structure (Fig. 9.7). One of the L(I)YR 
motifs appears in SDHB near the N-terminus, proximal to the first cysteines that ligate 
the [Fe2-S2] cluster, whereas the second is closer to the C-terminus and the cysteinyl 
ligands of the [Fe4-S4] and [Fe3-S4] clusters, in positions where binding of the chaper-
one-cochaperone transfer apparatus can guide release of the cluster from holo-ISCU 
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into the distal Fe-S binding sites of SDHB (Fig. 9.7). Mutagenesis of the LYR or IYR 
tripeptide eliminated binding of motif-containing peptides to HSC20 [55]. Interest-
ingly, the amino acid residues of the two L(I)YR motifs were highly conserved in SDHB 
throughout evolution, including bacteria and yeast [55] (Fig. 9.7). Homology searches 
indicated that the key features of this distinctive sequence, which mediated binding to 
HSC20, included having a hydrophobic residue in position 1, followed by an aromatic 
residue (Y or F) at position 2, and a positive residue, R or K, at position 3. Substitution 
of Arg46 into Gln in the IYR sequence was identified as a critical cause of renal cancer 
[91], and substitutions of the IYR, LYR, and cysteines important in ligating Fe-S clusters 
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Fig. 9.7: SDHB contains two highly conserved LYR motifs that are essential for Fe-S cluster 
incorporation. (a) Multiple sequence alignment of the Fe-S subunit of complex II, SDHB. The two 
LYR motifs that engage the Fe-S transfer complex are highly conserved in human, yeast, plants, and 
bacteria. (b) Ribbon representation of the three-dimensional structure of porcine SDHB (PDB ID: 
3SFD, 96% identical to human) and primary sequence of human SDHB (c). The two LYR motifs are 
shown in cyan. The cysteine residues that coordinate the [Fe2-S2] cluster are in magenta, and the 
ligands of [Fe4-S4] and of [Fe3-S4] clusters are shown in green and yellow, respectively. 
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were identified as frequent causal mutations in rare tumors such as paragangliomas 
and gastrointestinal stromal tumors [92]. The LYR motif family is an annotated family 
present only in eukaryotes (Conserved Domains Accession: cl05087) [93], which lists 
11 proteins in humans characterized by having the LYR tripeptide close to their N-ter-
minus. Members of the LYR family are SDHAF1 (LYRM8), an assembly factor involved 
in Fe-S cluster biogenesis for the SDH complex [94, 95]; ISD11 (LYRM4), a component 
of the initial Fe-S assembly complex [96]; LYRM7, a complex III assembly factor; and 
two subunits of respiratory chain complex I known as NDUFA6 and NDUFB9 (also 
annotated as LYRM6 and LYRM3, respectively) [97]. Several LYR motif proteins do not  
yet have a known function, such as LYRM2, LYRM5, and LYRM9, whereas others 
have been only partially characterized in yeast, such as ACN9 (acetate non-utilizing  
protein 9) [98] or FMC1 (formation of mitochondrial complexes protein 1) [99]. 

9.6  SDHAF1, a member of the LYR motif family, assists Fe-S 
cluster incorporation into SDHB

SDHAF1 (also known as LYRM8) was shown to be important for SDH activity and for 
assembly of the holo-complex in fibroblasts [94]. Homozygous mutations in SDHAF1 
cause a distinctive early-onset leukoencephalopathy in which accumulation of lactate 
and succinate in the white matter is associated with selective loss of SDH activity 
[94, 100, 101]; however, the molecular role of SDHAF1 mutations in disease patho-
genesis remained undefined for some time. A recent investigation used biochemical 
and functional approaches on cell lines derived from patients with SDHAF1 mutations 
to characterize the role of this accessory factor in the assembly of Complex II [95]. 
SDHAF1 was shown to recruit the Fe-S transfer complex to the C-terminus of SDHB 
through direct binding of its N-terminal LYR motif to the cochaperone HSC20. The 
region L53-R65 of SDHAF1, enriched in arginine residues, was found to be involved in 
the interaction with SDHB at three binding sites containing multiple aromatic amino 
acids. Binding of SDHAF1 to SDHB and recruitment of the HSC20-HSPA9-holo-ISCU 
complex by its first LYR motif was shown to facilitate Fe-S cluster incorporation into 
SDHB [95]. In vivo iron radiolabeling of SDHB showed defective Fe-S cluster inser-
tion into the protein synthesized in SDHAF1-deficient patient-derived cells. SDHB 
levels were drastically reduced in patient cells, where lack of functional SDHAF1 led 
to impaired biogenesis of SDHB, which was subsequently rapidly degraded by the 
mitochondrial protease, LONP1 [95]. 

9.7 Potential role of LYR motif proteins in Fe-S cluster biogenesis

The functional significance of the common LYR motif was completely unknown when 
the Pfam clan Complex1_LYR-like superfamily (CL0491) was built by P.C. Coggill [102]. 
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Based on bioinformatics analyses, the motif was defined as a tripeptide in which the 
first position was generally an aliphatic hydrophobic amino acid such as isoleucine 
or leucine, the second was an aromatic amino acid such as tyrosine or phenylalanine, 
and the third was a positively charged arginine or lysine. In subsequent analyses, 
the tripeptide was observed to be frequently followed by a conserved phenylalanine 
separated from LYR by about 25 residues [97]. The LYR motif was present in several 
proteins selected in the Y2H screen as interacting partners of HSC20 (i.e. EPRS, HELZ, 
SPC25, GTF2E2, and ETFA), and also in LYRM7, the Rieske Fe-S protein chaperone of 
complex III [103] and an annotated member of the LYR family [97]. Overall, coimmu-
noprecipitation and Y2H studies indicated that LYR motifs present in known recipi-
ent Fe-S proteins (i.e. SDHB) or in accessory factors (i.e. SDHAF1, LYRM7) mediated 
an interaction with the cochaperone HSC20 and guided insertion of Fe-S clusters 
into the Fe-S subunit of respiratory chain complex II and, possibly, into complex III 
[55]. In fact, LYRM7, which has been characterized as a complex III assembly factor, 
binds UQCRFS1, the Rieske Fe-S protein of complex III [103], and engages the HSC20/
HSPA9/ISCU complex [55, 56], suggesting that the LYRM7-HSC20 interaction might 
guide the insertion of the [Fe2-S2] cluster into UQCRFS1. LYR-containing subunits are 
present in mitochondrial complex I. The role of the complex I subunit LYRM6 (also 
known as NDUFA6 and as NB4M in the yeast Yarrowia lipolytica) has been recently 
characterized [104]. Chromosomal deletion of NB4M in Y. lipolytica or mutagenesis 
of the LYR tripeptide and of a conserved downstream phenylalanine into alanines 
caused loss of the [Fe4-S4] N2 cluster, which is the Fe-S center in the matrix protrud-
ing arm of complex I closest to the membrane, and totally abrogated the ubiquinone 
reductase activity of complex I, despite the fact that all the other central subunits 
of the complex were intact. This finding suggests that NB4M (NDUFA6) is required 
for proper incorporation of the N2 [Fe4-S4] center and for the function of complex I. 
Notably, NDUFS8, which ligates two [Fe4-S4] clusters, contains a conserved LYR motif 
in a noncanonical position, at its C-terminus. As only 14 of the 44 complex I subunits 
have a catalytic function, some of the accessory or supernumerary subunits may con-
tribute to the assembly and stability of the complex, and the LYR-containing subunits 
may aid insertion of some of the Fe-S clusters. 

A second consensus sequence, KKx(6-10)KK, was identified in the screening of the 
SDHB peptides that interacted with HSC20 through its C-terminal domain [55]. Inter-
estingly, human glutaredoxin 5 (GLRX5) has a similar pattern of lysines at its C-termi-
nus (K139K140(x10)K151K152) and was found to interact with HSC20 in vivo [55]. The 
yeast ortholog Grx5 interacts with Ssq1, the mitochondrial chaperone dedicated to Fe-S 
cluster biogenesis [105]. The LYR and KKx(6-10)KK consensus sequences constitute 
molecular signatures that are present in recipient Fe-S proteins or in accessory factors 
that assist Fe-S cluster biogenesis. These short motifs are binding sites for HSC20, 
which forms a complex with holo-ISCU (containing the intact [Fe2-S2] cluster) and 
the chaperone HSPA9. Upon hydrolysis of ATP, the nascent Fe-S cluster may directly 
transfer from ISCU into neighboring cysteinyl ligands in the primary unfolded peptide 

 EBSCOhost - printed on 2/13/2023 8:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



220   9 Delivery of iron-sulfur clusters to recipient proteins

sequence of the recipient protein, which can rapidly tether and protect the cluster 
while driving folding into the final tertiary structure. 

9.8  Molecular features of peptides containing the LYR motif that 
affect binding to HSC20

The function of the LYR and KKx(6-10)KK motifs may be very dependent on their 
molecular context and structural location [55]. Other features may define which LYR 
proteins engage HSC20 and the transfer apparatus, and these features will likely be 
characterized as more LYR and Fe-S proteins are studied. Interestingly, there are two 
other examples in which a small peptide motif functions in the Fe-S transfer complex. 
The first is the well-known role of the tripeptide His, Pro, Asp (HPD) of HSC20 in acti-
vating the ATPase activity of its partner chaperone [24]. A second example is the role 
of the tripeptide Pro, Val, Lys (PVK) of ISCU in binding to the chaperone as part of the 
activation of the Fe-S transfer cycle [26, 40, 41]. Experimental work will be needed 
to establish what other features are required for LYR motif-containing proteins to 
engage in binding with the Fe-S transfer complex. Upon inspection of the two motifs 
in SDHB and of the LYR motifs in SDHAF1 and LYRM7 that mediate an interaction 
with HSC20 (as assessed by coimmunoprecipitation of endogenous human proteins), 
it appears that all four of these motifs are present in a peptide context in which a large 
hydrophobic residue, Phe, or two smaller hydrophobic amino acids, Val and Leu, are 
present just upstream of the LYR. Thus, it is possible that a small hydrophobic patch 
near the N-terminal side of LYR enhances binding to HSC20. A combination of infor-
matics analyses and experimental tests will likely elucidate all the features of a func-
tional LYR motif. In the years ahead, it will be interesting to see whether identification 
of LYR motifs through informatics can lead to discovery of unrecognized human Fe-S 
proteins [106]. 

9.9 Conclusions and future perspectives

Identification of novel Fe-S proteins at the core of ribosomal function and transla-
tion as well as of DNA metabolism has been made possible, during the last decades, 
by a combination of different approaches. Particularly, bioinformatics analyses have 
accelerated discoveries of Fe-S proteins based on homology studies [107]. An alterna-
tive approach was to identify specific motifs that are recognized by the Fe-S transfer 
machinery [55]. There are probably many more mammalian Fe-S proteins that have 
not been recognized thus far because of the instability of Fe-S clusters and the previ-
ous lack of identifying sequence elements. In addition, the characterization of the 
molecular basis of rare diseases may lead to other unexpected insights into the Fe-S 
cluster biogenesis pathway.
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10 Iron-sulfur proteins and human diseases 
Wing Hang Tong

Abstract

Iron-sulfur (Fe-S) clusters are essential for numerous biological processes, including 
electron transfer in the mitochondrial respiratory chain, enzymatic catalysis in meta-
bolic pathways, performing structural roles in DNA repair proteins, and sensing of 
intracellular iron levels and reactive oxygen species. Disruptions of Fe-S proteins and 
Fe-S cluster biogenesis proteins due to genetic defects or oxidative stress have been 
shown to cause human diseases with a variety of symptoms and distinctive tissue-
specific manifestations. This chapter presents an overview of the clinical, biochemi-
cal and cellular aspects of the diseases associated with defects in Fe-S proteins or Fe-S 
cluster biogenesis and discusses current therapeutic approaches.

10.1 Introduction

Iron-sulfur (Fe-S) proteins constitute one of the most ubiquitous and functionally versatile 
classes of metalloproteins [1, 2]. More than 120 distinct types of proteins contain Fe-S clus-
ters, and Fe-S proteins are involved in fundamental processes such as respiration, pho-
tosynthesis, intermediary metabolism, and nitrogen fixation. Fe-S clusters are essential 
for electron transfer processes in energy metabolism. Nicotinamide adenine dinucleotide 
(NADH):ubiquinone oxidoreductase (respiratory complex I) contains eight Fe-S clusters, 
and four additional Fe-S clusters are involved in electron transport in complexes II and 
III. A solvent exposed Fe-S cluster directly participates in substrate binding and acid-base 
catalysis in a family of dehydratases, which includes the mitochondrial aconitase in the 
tricarboxylic acid (TCA) cycle [3]. Fe-S clusters are essential components of diverse nucleic 
acid processing machineries including glycosylases, helicases, and primases [4]. Fanconi 
anemia group J protein (FANCJ) and Xeroderma pigmentosum group D protein (XPD) are 
Fe-S proteins involved in DNA repair and transcription [5, 6], whereas DNA polymerases 
have an essential Fe-S cluster binding domain that is important for accessory subunit 
recruitment and replisome stability [7, 8]. Fe-S clusters are also critical for the function of 
S-adenosyl-l-methionine (SAM)-dependent lipoic acid synthase (LIAS), both as the sulfur 
donor and in the generation of a catalytic 5′-deoxyadenosyl 5′-radical [9]. In addition, the 
sensitivities of Fe-S clusters to reactive oxygen species (ROS), reactive nitrogen species 
(RNS) and iron bioavailability provide cells with a sensitive mechanism to register oxida-
tive stress and intracellular iron status and to regulate gene expressions accordingly [10]. 
For instance, the bifunctional iron regulatory protein-1/cytosolic aconitase (IRP1/ACO1) 
registers cytosolic iron levels through its labile Fe-S cluster. Reduced iron availability or 
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oxidative stress limits Fe-S cluster assembly in IRP1, and IRP1 loses aconitase activity and 
binds to its mRNA targets and thereby regulates iron trafficking, intermediary metabo-
lism, and heme biosynthesis (reviewed in [11–13]). Given the critical roles of Fe-S proteins 
in a wide range of cellular activities, disruption of Fe-S clusters or the Fe-S cluster assem-
bly and repair processes, either as a result of genetic defects or oxidative stress, can affect 
basic cellular processes and result in human diseases. 

10.2 Oxidative susceptibility of Fe-S proteins

Oxidative stress can cause damage to an array of cellular components and is linked 
to serious diseases in humans, including amyotrophic lateral sclerosis (ALS), Parkin-
son’s disease, Huntington disease, cardiomyopathy, and cancer [14, 15]. Studies from 
bacterial to human model systems have shown that the reactivities of Fe-S clusters 
with O2, ROS, and nitric oxide (NO) enable these metalloclusters to act as biosensors 
to O2 levels and oxidative and nitrative stress [16] but also render Fe-S proteins the 
primary targets of oxidative damage [17, 18]. Early studies revealed that high oxygen 
levels block the ability of Escherichia coli to synthesize branched-chain amino acids 
[19], and studies from the Fridovich and Flint labs showed that superoxide (O2

−) can 
inactivate the [4Fe-4S] family of dehydratases, including dihydroxyacid dehydratase, 
aconitase, and fumarase, which are key enzymes of the branched-chain amino acid 
metabolisms and TCA cycle in E. coli [20–22]. Studies in Saccharomyces cerevisiae 
showed that yeast deficient in cytosolic superoxide dismutase (CuZnSOD) and mito-
chondrial superoxide dismutase (MnSOD) exhibit deficiencies in [4Fe-4S]-dependent 
homoaconitase (which participates in lysine biosynthesis) and mitochondrial aconi-
tase [23, 24]. Similarly, flies depleted of SOD exhibit loss of aconitase activities [25]. 
Rli1 in yeast (human ABCE1) is an essential and highly conserved protein that requires 
an Fe-S cluster for its functions in ribosome biogenesis and maturation [26], and Rli1 
was shown to be an important target for inhibition of cell growth by ROS [27].

In mammals, Fe-S clusters in the respiratory complexes and mitochondrial aco-
nitase (ACO2) are targets of oxidative damage during aging [18, 28–31]. C57BL/6J mice 
lacking MnSOD have reduced aconitase activity, suffer from dilated cardiomyopathy, 
and die within 10 days of birth [32, 33]. It has been suggested that the lipid accumu-
lation observed in the livers of MnSOD-deficient mice resulted from oxidative damage 
to the Fe-S clusters in ACO2 and succinate dehydrogenase (SDH), which inhibited TCA 
cycle activity, allowing citrate to be diverted to lipid biosynthesis [34]. In addition to ROS, 
NO has been shown to inactivate respiratory complexes II and III through its reaction 
with the Fe-S clusters [35, 36], and electron paramagnetic resonance (EPR) studies of 
rat gastric tissue and human biopsy specimens revealed that dinitrosyl iron complexes 
were formed, indicating that Fe-S clusters are intracellular targets for NO that is gener-
ated from dietary nitrate [37]. Oxidative damages to ACO2 and respiratory complexes II 
and III have also been reported in the most affected regions in the brains of patients with 
Huntington disease [38, 39], and defects in mitochondrial energy metabolism leading to 

 EBSCOhost - printed on 2/13/2023 8:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



 10.2 Oxidative susceptibility of Fe-S proteins   229

increased  susceptibility to  excitotoxic injury is a potential mechanism contributing to 
the pathogenesis of  Huntington disease [40, 41]. A genetic modifier screen in  Drosophila 
identified aconitase as a dominant suppressor of PINK1 (PTEN-induced kinase 1), a mito-
chondrial kinase linked to early onset Parkinson’s disease in humans, and it was sug-
gested that increased O2

− in pink1 mutants led to the release of iron from the [4Fe-4S] 
cluster in ACO2, resulting in more oxidative stress and mitochondrial swelling [42]. In 
addition to damaging energy metabolism through the inactivation of aconitase and res-
piratory complexes, ROS and RNS can damage the Fe-S cluster in the heme biosynthetic 
enzyme ferrochelatase (FECH), leading to rapid degradation of the protein, and resulting 
in decreased heme biosynthesis [43, 44]. 

The molecular mechanisms of Fe-S cluster disassembly have been examined in a 
num ber of proteins, including dihydroxy-acid dehydratase, isopropylmalate isomerase, 
and fumarate and nitrate reduction regulatory protein (FNR) from E. coli and HydE from 
 Thermotoga maritima [45–47]. O2

−-mediated inactivation of Fe-S-dependent dehydratases is 
thought to be initiated by oxidation of the solvent-exposed cluster, resulting in the forma-
tion of H2O2 and the release of Fe2+ from an unstable [4Fe-4S]3+ intermediate [22] (Fig. 10.1A). 

H2O2

O2 , 2H

2

3

H2O2

H2O

OH

H

active

O

iron
sulfur

inactive

2

apo
protein

Fe2 /Fe3

OH•

DNA, protein, lipid
damages

Fenton
Chemistry

(a)

R279-N

C322–S

S S

S

S–C319

C311

(b)

Fig. 10.1: Oxidative susceptibility of Fe-S clusters. (a) Superoxide (O2
−) and hydrogen peroxide 

(H2O2) can directly oxidize the solvent-exposed catalytic iron atom of dehydratase Fe-S clusters, 
precipitating Fe3+ loss, and enzyme inactivation. O2

− oxidizes the [4Fe-4S]2+ cluster, generating H2O2 
and an unstable [4Fe-4S]3+ species. Subsequent release of Fe2+ generates a [3Fe-4S]+ cluster [22]. 
Oxidation of the [4Fe-4S]2+ cluster by H2O2 presumably generates a transient ferryl species, followed 
by release of Fe3+ [48]. (b) X-ray crystallography studies suggested that oxygen-induced degradation 
disassembly of the [4Fe-4S]2+ cluster in the hydrogenase maturase HydE from T. maritime proceeds 
with retention of the bridging sulfides to generate [2Fe-2S]2+ cluster-bound cysteine persulfides [47].
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The resultant inactive enzyme containing a [3Fe-4S]+ cluster can undergo further 
cluster disassembly or be reactivated in vitro and in vivo by reduction and remetalla-
tion. Similar to O2

−, H2O2 can oxidize the catalytic iron atom of the dehydratase Fe-S 
cluster, generating a transient ferryl species that abstracts a second electron from 
the cluster, followed by the release of a Fe3+ to form a catalytically inactive [3Fe-4S]+ 
form [48]. 

In the case of the O2
−-induced [4Fe-4S]2+ to [2Fe-2S]2+ cluster conversion in 

FNR, a metal-based oxidation mechanism was initially proposed that involved 
two one-electron oxidations of the cluster, followed by the release of one Fe3+, one 
Fe2+, and two S2− to yield a [2Fe-2S]2+ cluster [49]. Subsequently, a sulfur-based 
mechanism was proposed based on the data from Raman and ultraviolet (UV)-vis-
ible absorption/circular dichroism spectroscopies and mass spectrometry, which 
suggested that the cluster conversion proceeded with the retention of two sulfides 
as cysteine persulfide ligands [46]. X-ray crystallography studies of HydE from 
T. maritima also identified an [2Fe-2S] cluster bound by two cysteine persulfide 
residues [47] (Fig. 10.1B). The study suggested that cluster degradation starts with 
iron oxidation that leads to an intermediate [3Fe-4S] cluster with the formation of 
O2

−, which reacts with one of the cysteine ligands to form a cysteine persulfenate, 
which is then converted to cysteine persulfide with the production of H2O2 and 
the release of a second Fe2+ ion. Subsequent oxidation of a second cysteine ligand 
generates a second cysteine persulfide. The differences in oxygen tolerance and 
mechanism of oxidative disassembly of the different Fe-S clusters may be deter-
mined by protein environments and cofactor geometries [50]. Interestingly, only 
iron and a source of electrons are required to promote the conversion of cysteine 
persulfide coordinated [2Fe-2S] back to the [4Fe-4S] form, therefore suggesting a 
repair mechanism that does not require the intervention of an Fe-S cluster biogen-
esis pathway [16].

10.2.1 Aconitases: targets of oxidative stress in disease and aging

Aconitase catalyzes the reversible isomerization of citrate, cis-aconitate, and isoci-
trate [3, 51]. Two aconitase isozymes are present in mammalian cells: the mitochon-
drial enzyme (ACO2) that functions in the TCA cycle and the bifunctional cytosolic 
enzyme (ACO1/IRP1) that also plays a role in the regulation of iron metabolism. Aco-
nitase contains a [4Fe-4S]2+ cluster that is essential for its activity; three of the Fe 
atoms in the cluster are ligated to three cysteines in the protein; a fourth catalytic Fe 
atom is uniquely free to ligate substrate and solvent molecules and act as a Lewis acid 
during the enzymatic reaction [3]. O2

−, H2O2, and NO have been shown to react with 
the exposed catalytic Fe atom and initiate disassembly of the cluster [21, 52]. 

Given the key role of citrate in intermediary metabolism, inactivation of aconi-
tases can have profound effects on many aspects of physiology [52]. Citrate is an 
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intermediate in major pathways of energy and intermediary metabolism. In the mito-
chondria, citrate is an intermediate in the TCA cycle, which is important for the gen-
eration of NADH and FADH2 needed for oxidative phosphorylation. In the cytosol, 
citrate can be converted to acetyl-CoA, the building block for cholesterol and fatty 
acid biosynthesis in liver and adipose tissue. Citrate also has regulatory roles in 
glycolysis, fatty acid synthesis, and oxidation. Citrate is a negative regulator of the 
glycolytic enzyme phosphofructokinase [53, 54] and an allosteric activator of acetyl-
CoA carboxylase, the enzyme that generates malonyl-CoA [55], a potent regulator of 
the partition between fatty acid biosynthesis and oxidation [56]. Decreased expres-
sion of a plasma membrane citrate transporter, Indy, in Drosophila and ceNAC-2 in 
Caenorhabditis elegans resulted in decreased lipid content and increased life span 
[57–59]. Thus, through its effects on malonyl-CoA production, glucose utilization, 
fatty acid synthesis, and oxidation, changes in aconitase activity can have profound 
impacts on obesity, insulin resistance, and diabetes [60, 61].

In addition to intermediary metabolism, citrate homeostasis is also important 
for  many other biological processes. In the central nervous system and the retina, 
ACO1 is thought to be important for generating glutamate, the major excitatory neuro-
transmitter [62]. In cholinergic neurons, citrate can be used to generate acetyl-CoA for 
acetylcholine synthesis [63]. In the kidney, citrate is an inhibitor of kidney stone for-
mation [64]. In prostate cells, zinc has been shown to be an inhibitor of ACO2 activity, 
and the downregulation of zinc transporters is thought to be an important factor in 
the metabolic transformation of normal citrate-secreting epithelial cells to malignant 
citrate-oxidizing cells in prostate cancer [65].

In addition, isocitate has been identified as a mediator of the erythroid response 
to iron restriction [66]. Erythropoiesis (the production of red blood cells) is regulated 
by the cytokine erythropoietin (EPO). In iron deficiency, erythroid progenitors lose 
responsiveness to EPO, resulting in hypoplastic anemia. In vitro, the aconitase inhibi-
tor fluorocitrate blocked erythroid differentiation in a manner similar to iron depriva-
tion [66], and infusion of an aconitase inhibitor sodium fluoroacetate in mice caused 
a rapid-onset hypoplastic anemia [67]. Administration of isocitrate abrogated the 
eythroid iron restriction response in vitro and reversed anemia progression in iron-
deprived mice [66]. Taken together, these studies indicated that isocitrate production 
by ACO2 plays a key role in the regulation of erythropoiesis.

The importance of aconitases was illustrated by studies of animal models 
and human patients with aconitase deficiency. Oxidative inactivation of aconi-
tase has been associated with decreased life span in flies [28]. Deletion of ACO2 
in Drosophila was lethal, whereas RNA interference-generated ACO2-knockdown 
flies showed reduced locomotor activity, a shortened lifespan, and increased 
cell death in the developing brain [68]. In humans, aconitase deficiency causes 
infantile cerebellar-retinal disorder (MIM614559) [69, 70]. Homozygosity mapping 
with exome sequencing in eight patients with severe early-onset neurodegenera-
tive  degeneration identified a  homozygous S112A mutation in ACO2 (Fig. 10.2). 
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These patients presented at 2–6 months of age with truncal hypotonia (low muscle 
tone), athetosis (repetitive  involuntary, slow movements in the extremities), 
seizure disorder, and retinal abnormalities,  culminating in profound psychomotor 
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retardation.  Magnetic resonance imaging (MRI) showed progressive cerebral and 
cerebellar degeneration. One patient presented with peripheral demyelinating 
neuropathy. The mutant human ACO2 failed to complement a yeast aconitase dele-
tion strain, indicating that this mutation inactivates the enzyme activity. Sadat et al. 
also described a 2-year-old patient who presented with milder neurodegenerative 
symptoms, including truncal ataxia, hypotonia, developmental delay, and hearing 
loss [71]. Whole exome sequencing and functional biochemical assays on patient 
fibroblasts revealed two  missense variants in ACO2 (MIM100850) and showed that 
defects in cellular respiration and mtDNA depletion are dependent on a decrease in 
ACO2 activities.

Impairment of aconitase has also been identified in a cancer cell line derived 
from a patient with hereditary leiomyomatosis and renal cell cancer (HLRCC) 
[72] that is caused by germline mutations of the TCA cycle enzyme fumarate 
hydratase (FH) [73–75]. An FH-deficient HLRCC cell line, UOK262, exhibited 
decreased ACO1 activity, which may be a result of cellular iron limitation that 
is caused by decreased expression of the divalent metal transporter 1 DMT1 [72] 
and/or increased oxidative stress [76]. In addition, a proteomic-based screen in 
renal cysts from FH-deficient mice revealed that the three cysteine residues in 
ACO2 crucial for Fe-S cluster binding were succinated, suggesting that loss of 
FH activity resulted in accumulation of intracellular fumarate, which modified 
cysteine residues to form 2-succinocysteine [77]. In vitro experiments confirmed 
that increased succination by fumarate correlated with loss of ACO2 activity. Loss 
of aconitase activity may contribute to the dysregulation of cell metabolism that 
promotes oncogenesis [78].

Oxidative stress can also disrupt intracellular iron homeostasis via the dis-
assembly of the Fe-S cluster in IRP1/ACO1 [79]. Given that iron is both essential 
for basic cellular processes, and toxic through its ability to generate ROS, sys-
temic as well as intracellular iron status is tightly regulated by transcriptional 
and posttranscriptional mechanisms [80]. IRP1/ACO1 and IRP2 are RNA-binding 
proteins that play important roles in the posttranscriptional regulation of intrac-
ellular iron metabolism (reviewed in [11, 13]). IRP2 is regulated by iron- and oxy-
gen-dependent protein degradation, whereas IRP1 regulation largely depends on 
the assembly and disassembly of its Fe-S cluster. When IRP1 contains an intact 
Fe-S cluster, it functions as a cytosolic aconitase; when it lacks the Fe-S cluster, 
it binds RNA stem-loop structures known as iron-responsive elements (IREs) that 
are present in a number of genes involved in iron metabolism. The IRE-binding 
activity of ACO1/IRP1 can be induced by O2

−, H2O2, and NO [81–83] through oxi-
dative disassembly of the Fe-S cluster, and activation of IRP1 by oxidative stress 
can disrupt iron homeostasis by stimulating iron uptake via transferrin receptor 
1 (TfR1) and DMT1, reducing iron export via ferroportin, and suppressing the iron 
storage protein ferritin. 
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10.3 Diseases associated with genetic defects in Fe-S proteins 

10.3.1 Mitochondrial respiratory complexes and human diseases

Greater than 70 polypeptides are organized in complexes I–IV of the mitochondrial 
respiratory chain. Each complex consists of multiple protein components that are 
associated with a variety of redox-active prosthetic groups, including flavins, Fe-S 
clusters, ubiquinone, cytochromes, and copper centers that make up the electron 
transport chain. Genetic defects or oxidative damages of respiratory complexes are 
associated with a range of clinical conditions (Tab. 10.1) [84–89], some of which 
have been shown to involve the Fe-S proteins in the respiratory complexes I–III. This 
section will focus on the diseases associated with the Fe-S protein SDHB in  respiratory 
complex II.

Tab. 10.1: Diseases associated with Fe-S proteins.

Human protein Function Pathology

Complex I (NADH:
ubiquinone 
 oxidoreductase)

Respiration Leigh syndrome, cardiomyopathy,  
encephalopathy, skeletal muscle  
myopathy [84, 85]

Complex II (succinate
dehydrogenase)

Respiration Encephalomyopathy, cardiomyopathy, 
skeletal muscle myopathy,  
Kearns-Sayre syndrome, optic defects, 
leukoencephalopathy, paraganglioma-
pheochromocytoma syndrome, renal 
cell carcinoma, Carney-Stratakis 
syndrome [86]

Complex III (ubiquinone:
cytochrome c
oxidoreductase)

Respiration Encephalopathy, hypoglycemia, Leigh 
syndrome, Leber hereditary optic 
neuropathy, Bjornstad syndrome, lactic 
acidosis, skeletal muscle myopathy, 
hepatic failure [87]

Electron transfer
flavoprotein-ubiquinone
oxidoreductase (ETFDH)

Fatty acid and amino 
acid
oxidation

Multiple acyl-CoA dehydrogenation 
deficiency/type II glutaric acidemia 
[598]

Ferrochelatase (FECH) Last step in heme 
biosynthesis

Erythropoietic protoporphyria:  
light-sensitive dermatitis [162] 

Iron regulatory protein
1/cytosolic aconitase 
(IRP1/ACO1) 

Sensing and 
regulation of cellular 
iron homeostasis

ACO1-/- mice develop polycythemia 
and pulmonary hypertension [599, 600]

Mitochondrial aconitase 
(ACO2) 

TCA cycle Infantile cerebellar-retinal disorder; 
hypotonia, athetosis, seizures, 
retinal abnormalities, psychomotor 
retardation [69–71]
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Human protein Function Pathology

Dihydropyrimidine
dehydrogenase (DPYD)

Pyrimidine 
 degradation

Thymine-uraciluria; convulsive disorder 
with motor and mental retardation 
[601] 

Lipoic acid synthase (LIAS) Biosynthesis of lipoic 
acid cofactor for PDH, 
OGDH, and glycine-
cleavage system

Neonatal-onset encephalopathy, 
epilepsy, psychomotor retardation 
hypotonia, lactic acidosis, elevated 
glycine concentrations in plasma and 
urine [213]

Molybdenum cofactor
synthesis 1 (MOCS1)

Biosynthesis of 
cofactor for aldehyde 
oxidase, xanthine 
dehydrogenase and 
sulfite oxidase

Molybdenum cofactor deficiency: 
neonatal seizures, fatal neurological 
abnormalities [218]

Xanthine dehydrogenase/
xanthine oxidase (XDH)

Oxidative metabolism 
of purines

Xanthinuria: renal failure and xanthine 
kidney stones [602]

Xeroderma pigmentosum 
group D (XPD)

DNA repair helicase Xeroderma pigmentosum, trichothiod-
ystrophy, Cockayne syndrome [174]

Fanconi anemia group J 
(FANCJ or BRIP1)

DNA repair helicase Fanconi anemia, breast cancer [174]

RTEL1 Helicase, regulation of 
telomere length

Hoyeraal-Hreidarsson syndrome 
[603–605]

CHLR1 Helicase, sister 
chromatid cohesion, 
heterochromatin 
 organization

Warsaw breakage syndrome [188, 189]

MutY homolog (MUTYH) DNA repair glycosylase Colorectal cancer [185]
DNA Polymerase delta 
subunit 1 (POLD1)

DNA replication and 
repair

Mandibular hypoplasia, deafness 
progeroid features and lipodystrophy 
(MDPL) syndrome, atypical Wener 
 syndrome, early-onset colorectal 
cancer, endometrial cancer (reviewed 
in [232])

Tab. 10.1 Continued

10.3.1.1 Diseases associated with complex II deficiencies
As complex II of the respiratory chain, SDH (succinate: ubiquinone oxidoreduct-
ase, EC 1.3.5.1) [90] is situated at the intersection of the TCA cycle and the mitochon-
drial respiratory chain, two pathways essential for energy production and anabolic 
processes. SDHA and SDHB encode the two catalytic subunits that project into the 
mitochondrial matrix, whereas SDHC and SDHD encode the membrane anchors in 
the mitochondrial inner membrane. The substrate succinate binds to the flavopro-
tein SDHA, and electrons from the oxidation of succinate to fumarate are channeled 
through three Fe-S clusters in SDHB to the ubiquinone site associated with SDHC and 
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SDHD. Major insights into the workings of human complex II have been provided 
by crystal structures, mutagenesis studies, and biophysical studies (EPR and mag-
netic circular dichroism [MCD] spectroscopies) of closely related enzymes in several 
species [91–96]. More recent studies also revealed a number of dedicated factors that 
assist the assembly of complex II by facilitating the delivery and insertion of the FAD 
and Fe-S cofactors and stabilizing assembly intermediates [97, 98].

Loss of complex II function leads to a range of clinical conditions [86, 98, 99, 
100, 101]. Generally speaking, enzyme depletion and mutations in SDHA compromise 
TCA cycle activities and energy production, resulting in early-onset encephalopa-
thy, whereas heterozygous mutations in SDHB, SDHC, and SDHD induce later-onset 
paraganglioma syndromes. Several biallelic SDHA mutations have been shown to 
cause Leigh syndrome, a rare severe neonatal neurological disorder [102]. Congenital 
complex II deficiencies due to inherited homozygous mutations of SDHA, SDHB, and 
the SDHAF1 assembly factor also lead to cardiomyopathy and infantile leukodystro-
phies (inflammation in the white matter of the brain). Heterozygous mutations/dele-
tions of SDHB, SDHC, or SDHD result in increased risk for autosomal dominant tumor 
syndromes. These patients have a loss-of-function mutation in one of the germline 
copies of an SDH subunit gene. When the second, intact copy is somatically lost or 
mutated in particular tissues, tumors develop. SDHD mutations are associated with 
mostly benign paragangliomas and phaeochromocytomas, whereas SDHB mutations 
are associated with a higher proportion of malignant lesions and a greater risk of 
phaeochromocytoma [103]. Renal cell carcinoma (in patients with SDHB mutations) 
and gastrointestinal stromal tumors (GISTs) (in patients with SDHB, SDHC, and SDHD 
mutations) affect a minority of patients. Loss of complex II can promote tumorigenesis 
through several processes, including the activation of hypoxia inducible factor (HIF) 
as a result of succinate accumulation [104], the generation of ROS [105], the inhibition 
of histone demethylases [106], and the inhibition of EglN3-mediated apoptosis [107].

Cellular and animal models have provided valuable insights into the diseases 
associated with mutations in SDH. Homozygous deletion of SDHD in mice is embry-
onic lethal, underscoring the essential role of SDH in energy production [108, 109]. 
Several models of complex II mutations have increased ROS production and increased 
sensitivity to oxidative stress [110, 111]. Mutations in the ubiquinone-binding site in S. 
cerevisiae SDH promote O2

− production [112]. Transgenic flies expressing a dominant-
negative form of SDHC (I71E) [113] and a P-element insertion mutant with reduced 
expression of SDHB [114] exhibit hypersensitivity to oxygen, reduced lifespan, and 
age-related behavioral decay. Transgenic mice with a V69E mutation in SDHC have 
respiratory dysfunction, increased O2

− levels in the mitochondria of their hearts and 
muscles, abnormal mitochondrial structures in muscles, decreased body weight and 
locomotion activity, and infertility [111]. Knockdown of SDHB in mammalian cells 
produce features of tumor phenotypes, with alterations in cellular proliferation and 
respiration, a metabolic shift to glycolysis, and changes in the expression levels of 
many genes involved in proliferation, adhesion, and the hypoxia pathway [115].
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In addition to increasing oxidative stress, there is mounting evidence that points 
to the hyperactivation of the hypoxia-response pathway as a major cause of tumori-
genesis in individuals with SDH mutations. Mammalian cells respond to changes in 
oxygen availability through a conserved pathway that is regulated by HIF [116]. HIF is a 
heterodimer composed of HIF-1α (or HIF-2α) and HIF-1β. In normoxia, HIF-1α and HIF-2α 
are hydroxylated at a proline residue by HIF prolyl hydroxylases (PHD1–3) and targeted 
for degradation by the proteasome [117, 118]. Pathological stabilization of HIFα can initi-
ate the transcription of many genes, including those that encode vascular endothelial 
growth factor (VEGF), transforming growth factor, phosphoglycerate kinase, lactate 
dehydrogenase A, and EPO, thereby fueling tumorigenesis by promoting angiogenesis, 
proliferation, and changes in energy production [116, 119]. Mutations in SDH have been 
shown to induce the hypoxia-response pathway in tumors [120]. In particular, para-
gangliomas and extra-adrenal phaeochromocytoma from patients with the SDHD R22X 
mutation or R46Q SDHB mutation showed increased expression of VEGF [121, 122], 
whereas cells depleted of SDH using siRNA have increased succinate levels, overex-
pression of HIF-1α, and activation of HIF-1α target VEGF [75, 104]. Mass spectrometric 
analysis and in vitro assays confirmed that succinate can bind and inhibit PHD [123]. 
These studies indicate that accumulation of succinate due to SDH deficiency results in 
stabilization of HIF and that pseudohypoxia promotes tumorigenesis in patients with 
SDH deficiency.

10.3.1.2  Mutations in SDHB, an Fe-S protein, in paraganglioma-pheochromocytoma 
syndrome, renal cell carcinoma, Carney-Stratakis syndrome/GIST, and 
infantile leukoencephalopathy

10.3.1.2.1 Paraganglioma-pheochromocytoma syndrome
SDHB mutation carriers are prone to developing extra-adrenal paragangliomas, 
adrenal pheochromocytomas, or head and neck paragangliomas (Fig. 10.2) [124]. Par-
agangliomas are neuroendocrine neoplasms that originate from both the sympathetic 
and parasympathetic branches of the autonomic nervous system and may develop 
at various body sites, including the head, neck, thorax, and abdomen. Mutations of 
SDHA, SDHB, SDHC, SDHD, and SDH assembly factor 2 (SDHAF2) have been identified 
in familial head and neck paragangliomas [125–130]. A type of paraganglioma known 
as a pheochromocytoma develops in the adrenal glands, and mutations of VHL, RET, 
NF1 (gene 17 neurofibromatosis type 1), SDHB, and SDHD are associated with famil-
ial pheochromocytoma. Around 20% of SDHB mutation carriers will develop meta-
static disease [131, 132]. To date, more than 100 pathological genetic defects in SDHB 
have been reported in paraganglioma-pheochromocytoma syndrome (TCA cycle gene 
mutation database [133]), including mutations of 10 of the 11 cysteine ligands of the 
three Fe-S clusters in SDHB [131, 134–139]. In addition to mutations of the cysteine 
ligands, nonsense and frameshift mutations, deletions, or splicing defects can result 

 EBSCOhost - printed on 2/13/2023 8:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



238   10 Iron-sulfur proteins and human diseases 

in the loss of one or more Fe-S cluster domains. Missense mutations close to the Fe-S 
binding sites can also potentially affect the binding and stability of the Fe-S clusters. 
For instance, paraganglioma patients have been reported to carry a c.281G>A muta-
tion, which results in the substitution of a highly conserved R94 that is adjacent to a 
putative cysteine ligand for an Fe-S cluster in SDHB [140].

10.3.1.2.2 Renal cell carcinoma
Kidney cancer is a heterogeneous disorder, currently associated with mutations 
of 12 different genes (VHL, MET, FLCN, TSC1, TSC2, TFE3, TFEB, MITF, FH, SDHB, 
SDHD, and PTEN). A hereditary kidney cancer syndrome caused by SDHB mutation 
was initially reported by Vanharanta et al. [128] and was subsequently identified in 
individuals with or without a personal or family history of paraganglioma and/or 
pheochromocytoma [103, 141–145]. 

10.3.1.2.3 Carney-Stratakis syndrome/GIST
GISTs are rare mesenchymal tumors of the gastrointestinal tract, mostly associated 
with activating mutations in KIT (CD117) or platelet derived growth factor A (PDFRA) 
[146]. The Carney-Stratakis syndrome is a very rare subset of pediatric GIST, with a co-
occurrence of GIST and familial paraganglioma, with characteristic decreased SDHB 
immunostaining [147]. Germline mutations in the SDHB, SDHC, and SDHD genes have 
been found in a number of these patients [148], although reduced SDHB protein levels 
have also been observed in GIST tumors without identifiable SDH mutations [149].

10.3.1.2.4 Infantile leukoencephalopathy
Leukoencephalopathies are a group of disorders characterized by degeneration of the 
white matter of the brain. The disorders arise during infancy or childhood, with progres-
sive loss in body tone, movements, gait, speech, vision, hearing, and behavior, leading to 
premature death. A novel homozygous mutation in the SDHB gene (D48V) was recently 
observed in a specific infantile leukoencephalopathy [150]. The patient presented with 
hypotonia and leukodystrophy (degeneration of myelin) with elevated brain succinate 
levels. Patient fibroblasts showed decreased levels of fully assembled complex II and near-
complete absence of the SDHB subunit. A muscle biopsy showed markedly reduced SDHB 
protein levels and complex II activity. This represents the first description of a homozygous 
SDHB mutation in any patient. Studies of the equivalent mutation in yeast showed only 
50% reduction in SDH activity, consistent with the idea that only mutations with relatively 
mild effects on the catalytic functions of SDH can occur in a homozygous state.

10.3.2 FECH deficiency causes erythropoietic protoporhyria (MIM 177000)

FECH (E.C. 4.99.1.1) is the terminal enzyme of the heme biosynthetic pathway, 
 catalyzing the insertion of Fe2+ into protoporphyrin IX (PPIX) to form heme [151]. 
Mammalian FECH contains a labile [2Fe-2S] cluster, similar to those found in 2Fe 
ferredoxins (FDXs), as judged by variable-temperature MCD, Mössbauer, and EPR 
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studies [152,  153]. However, no redox role has been found for the cluster in FECH. 
The cluster is essential for the function of human FECH [154], but the cluster does 
not participate directly in enzymatic catalysis, since FECHs in many organisms do 
not possess the cluster. The purified protein exhibited reduced stability under oxi-
dative conditions [152, 155], and, in cultured cells, FECH is degraded during condi-
tions of iron deficiency or oxidative stress [44, 156]. A set of pulse/chase experiments 
following the levels of the transcripts, newly-synthesized and steady-state levels of 
FECH protein demonstrated that iron limitation diminishes FECH levels by decreas-
ing the stability of newly formed FECH protein [44]. FECH was also severely depleted 
in muscle biopsies and cultured myoblasts from patients with ISCU myopathy,  
a disease caused by deficiency of the scaffold protein ISCU that is essential for Fe-S 
cluster assembly [44]. Taken together, these data suggest that oxidative degradation 
of the Fe-S cluster or impaired Fe-S cluster assembly causes reduced maturation and 
destabilization of apo-FECH. Crystallographic studies revealed a stabilizing bridge 
formed by the Fe-S cluster between the three C-terminal cysteines and a fourth internal 
cysteine, suggesting that the cluster-ligating C-terminal region of the protein is impor-
tant for folding of the mature enzyme and its protection from proteolysis [157, 158]. 

Erythropoietic protoporhyria (EPP) is an autosomal recessive disorder resulting 
from mutations in the FECH gene that reduce the activity of FECH, leading to the accu-
mulation of the enzyme substrate PPIX. The disorder is characterized clinically by 
painful photosensitivity to visible light [159] and biochemically by the accumulation 
of PPIX in bone marrow reticulocytes, liver, bile, and skin [160–162]. In ~5% of the 
patients, protoporphyrin deposits cause liver disease that may progress to liver failure 
caused by biliary occlusions of crystalline protoporphyrin [163, 164]. Hemolysis and 
anemia are usually absent or mild. A mouse model for EPP harboring homozygous 
FECH M98K mutation exhibited low FECH activity (3%–6%), hemolytic anemia, pho-
tosensitivity, cholestasis, and severe hepatic dysfunction [165, 166].

EPP patients often show a 70%–95% loss in FECH activity [160, 164], which usually 
results from the inheritance of a nonfunctional mutated FECH allele together with a 
low-expressing wild-type FECH allele [167]. Exon deletions are a common cause of the 
nonfunctional FECH alleles [168, 169]. Individual deletions of exons 3 through 11 all 
resulted in proteins that failed to acquire the Fe-S cluster and lost enzyme activity [170]. 
It was suggested that with cluster ligands spanning the entire length of the protein, 
exon skipping may affect the ability of the protein to properly assume its native confor-
mation with an intact Fe-S cluster. Subsequent studies revealed that three EPP patients 
had point mutations of the [2Fe-2S] cluster ligands, firmly establishing the importance 
of the Fe-S cluster in the stability and function of FECH (Fig. 10.2) [171].

10.3.3 DNA repair Fe-S proteins and human disorders

Many studies have indicated that the postmitotic neurons are particularly prone to 
accumulation of unrepaired DNA lesions, and deficiency in the repair of nuclear and 
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mitochondrial DNA damages has been linked to several neurodegenerative  disorders 
[172, 173]. Nucleotide excision repair removes helix-distorting DNA damage, and 
 deficiency in such repair is found in Xeroderma pigmentosum (XP) and Cockayne 
syndrome [174]. Mismatch repair corrects base mispair generated during replication 
and oxidative DNA damage and is linked to the trinucleotide repeat expansion in 
Huntington’s disease [175]. Single-strand DNA breaks are associated with the neuro-
degenerative diseases, ataxia-oculomotor apraxia-1 [176] and spinocerebellar ataxia 
with axonal neuropathy [177]. Defects in homologous recombination and nonhomolo-
gous end-joining for repairing DNA double-strand breaks are associated with Ataxia 
telangiectasia [178]. Accumulation of oxidative mitochondrial DNA (mtDNA) damage 
has also been linked to the age-associated neurodegenerative disorders Alzheimer’s 
disease [179] and ALS [180].

Fe-S clusters are present in DNA repair glycosylases of the EndoIII/MutY family 
[181], in the family 4 uracil DNA glycosylases [182], and in DNA helicases XPD and 
FANCJ [5, 6]. In MutY DNA glycosylase, the Fe-S cluster is thought to position a peptide 
loop that is important for DNA binding [183]. It has also been suggested that these 
DNA repair proteins detect DNA lesions through electron transfer via their Fe-S clus-
ters [184]. Fe-S cluster DNA helicases, including XPD and FANCJ, unwind DNA and 
allow access to single-stranded DNA during DNA replication, repair, and recombi-
nation and RNA transcription. The observations that the Fe-S domain is found in a 
variety of helicases with different functions suggest that the role of the Fe-S cluster 
is not to detect specific forms of DNA damages. Structural studies of XPD and XPD 
homologues and characterization of Fe-S cluster site-directed mutants suggested that 
the integrity of the Fe-S domain is required for the proper folding and structural sta-
bility of the enzymes [5, 6].

Mutations in Fe-S cluster DNA repair enzymes have been shown to cause diseases 
in human patients and in animal models. MUTYH glycosylase is a component of a 
base excision repair system that protects the genome from oxidative damage. Bi- allelic 
germline mutations of MUTYH are linked to the mutation of cancer-related genes APC 
and KRAS in an autosomal-recessive colorectal cancer syndrome [185]. Mutations 
that affect the formation or stability of the Fe-S cluster in XPD and FANCJ have been 
implicated in trichothiodystrophy (TTD) and Fanconi anemia, respectively [5]. Other 
members of the XPD helicase family, RTEL (regular of telomere length) and ChlR1, 
also possess four conserved cysteine residues analogous to the cysteinyl ligands of the 
Fe-S clusters in XPD and FANCJ. RTEL1 mutations have been implicated in Hoyeraal-
Hreidarsson syndrome, a severe form of dyskeratosis congenital, which is character-
ized by cerebellar hypoplasia, severe immunodeficiency, bone marrow failure, and 
predisposition to cancer [186] RTEL-knockout mice died during gestation, with defects 
in the nervous system, heart, vasculature, and extra-embryonic tissues as a result of 
telomere loss and genomic instability [187]. Biallelic mutations in the ChlR1 are associ-
ated with Warsaw breakage syndrome, which is characterized by microcephaly and 
prenatal and postnatal growth retardation [188, 189]. Human ChlR1 interacts with the 

 EBSCOhost - printed on 2/13/2023 8:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



 10.3 Diseases associated with genetic defects in Fe-S proteins    241

cohesin complex, and deletion of the mouse gene causes lethality due to defects in 
chromosome segregation, chromosome cohesion, and placental malformation [190]. 

10.3.3.1 Mutations in XPD in XP, TTD, and combined XP with Cockayne’s syndrome
The XPD/Rad3 helicase family comprises a group of related superfamily 2 DNA heli-
cases with a 5′ to 3′ directionality [191]. In eukaryotes, XPD functions as part of the 
transcription factor IIH (TFIIH) complex, which has a dual role in transcription ini-
tiation and nucleotide excision repair. Mutations in the XPD gene give rise to three 
different genetic conditions in humans – XP, TTD, and combined XP with Cockayne’s 
syndrome (XP/CS) – with a wide spectrum of symptoms [192]. XP is characterized by 
extreme light sensitivity and highly elevated rates of skin cancer as a result of reduced 
repair of UV photoproducts in DNA. Mutations causing XP are thought to disrupt XPD 
helicase activity while preserving the role of TFIIH in transcription initiation. In con-
trast, TTD mutations cause developmental and growth abnormalities but typically 
do not result in elevated cancer rates. These symptoms are thought to arise due to 
defects in both nucleotide excision repair and DNA transcription initiation. Defective 
transcription probably prevents cells from becoming cancerous, explaining the dis-
tinction between XP and TTD. TTD mice exhibit many symptoms of premature aging, 
including osteoporosis and kyphosis, osteosclerosis, early greying, cachexia, infertil-
ity, and reduced life-span [193]. XP/CS is a rare disease characterized by segmental 
progeria (premature aging) in which both transcription and repair are defective. Four 
XPD mutations that give rise to XP/CS are known: G47R, G602D, R666W, and G675R 
[194]. Mouse models for XP/CS harboring the XPD G602D mutation exhibited cancer 
predisposition and symptoms of segmental progeria, including cachexia (loss of body 
mass) and progressive loss of germinal epithelium [195].

The presence of an Fe-S cluster in a DNA helicase was first demonstrated when 
the XPD homologue from Sulfolobus acidocaldarius was cloned and overexpressed in 
E. coli [5]. The Fe-S cluster binding domain is not important for the stability, binding 
of single-stranded DNA substrate, or ATPase activity of the enzyme but is essential 
for collaborating with the Arch domain for DNA strand displacement during helicase 
action [5, 196, 197]. The abolition of Fe-S cluster binding by mutagenesis of a con-
served cysteine in yeast Rad3 resulted in loss of Rad3 activity and a severe UV-sensi-
tive phenotype [5]. Structural, mutational, and biophysical studies suggested that the 
TTD mutation in XPD, R112H [198, 199], inactivates the helicase activity by disrupting 
the Fe-S cluster [5] (Fig. 10.2). 

10.3.3.2 Mutations in FANCJ in Fanconi anemia 
Fanconi anemia is a clinically and genetically heterogeneous disorder that causes 
genomic instability in about 1 in every 100,000 births [200, 201]. Biallelic muta-
tions in Fanconi anemia genes lead to developmental abnormalities in major organs, 

 EBSCOhost - printed on 2/13/2023 8:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



242   10 Iron-sulfur proteins and human diseases 

 early-onset bone marrow failure, predisposition to acute myeloid leukemia (AML) 
and solid tumors, congenital abnormalities, and infertility. So far, 15 genes have been 
identified as mutated in patients, and many more interacting genes have been dis-
covered [201]. These proteins work together in the repair of deleterious interstrand 
DNA crosslinks, and are important in maintaining genomic stability during DNA rep-
lication. On detection of a DNA crosslink, the core complex that com prises FANCA, 
FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, and FANCM and accessory proteins, 
including FAAP20, FAAP24, and FAAP100 is activated and ubiquitinates the FANCI-
FANCD2 complex, which then coordinates the action of downstream repair factors. 
SLX4 (also known as FANCP) interacts with multiple nucleases that make incisions at 
the site of DNA damage. FAN1 and SNM1A have a role in processing the crosslink after 
incision, whereas TLS polymerases (TLS Pol) are recruited to bypass the unhooked 
crosslink. The break is then repaired through homologous recombination by the 
Fanconi anemia proteins BRCA2, BRIP1, PALB2, and RAD51C. BRIP1 (also known as 
FANCJ) is implicated in homologous recombination but is also required at an earlier 
step for pathway activation. 

Several clinically relevant mutations map close to the Fe-S cluster domain 
of FANCJ (Fig. 10.2) [5, 202]. FANCJ not only plays a role in DNA cross-link repair 
pathway [202–205] but also interacts with the breast cancer susceptibility protein 
BRCA1 and has a role in double-strand break repair [206]. A Fanconi anemia- 
associated  mutation, A349P, reduced FANCJ enzyme activity, and A349 is  positioned 
next to one of cysteine ligands (C350) of the Fe-S cluster in human FANCJ [202, 207]. 
Mutation of the equivalent residue in archaeal XPD (F136P) appeared to disrupt the 
hydrogen bond between the main-chain nitrogen and Fe ion ligand C137, resulting 
in the destabilization of the Fe-S cluster and a loss of helicase activity, suggesting 
that the A349P mutation of human FANCJ probably causes Fanconi’s anemia by 
disrupting the Fe-S cluster binding domain [5]. The breast-cancer-associated M299I 
mutant has enhanced ATPase, helicase, and translocase activities [208], and M299 
is positioned next to another cysteine ligand (C298) of the Fe-S cluster in human 
FANCJ (Fig. 10.2). 

10.3.4  Diseases associated with genetic defects in radical S-adenosylmethionine 
enzymes

The radical SAM superfamily of enzymes contains [4Fe-4S] cluster cofactors that share 
the ability to catalyze a reductive cleavage of SAM to methionine and a high-energy 
5-deoxyadenosyl radical (5′-dA•), which initiates catalysis of an array of complex 
and chemically challenging reactions by abstracting specific hydrogen atoms from 
enzyme-bound substrates [209]. Bioinformatics analysis and biochemical studies 
indicate that there are eight radical SAM enzymes in humans, and these metallo-
proteins are involved in the biosynthesis of the lipoyl and molybdopterin cofactors, 
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which are vital for cellular metabolism, modifications of tRNAs that are important 
for translation fidelity, and other reactions that have not been defined. Mutations or 
pathological conditions that damage or inhibit the assembly of the Fe-S clusters in 
these enzymes result in a variety of diseases (reviewed in [210]).

LIAS contains two [4Fe-4S] clusters, both essential for catalysis. One cluster is 
bound by cysteines in a canonical radical SAM Cx3Cx2C motif and participates in the 
reductive cleavage of SAM, whereas a second auxiliary cluster is used as a sacrificial 
source for the two sulfur atoms that are inserted at C6 and C8 of an octanoyl chain 
covalently attached to a specific lysine residue of a lipoyl carrier protein [211, 212]. 
LIAS catalyzes the formation of the covalently bound lipoyl cofactor in two enzymes 
that are essential for oxidiative metabolism, pyruvate dehydrogenase complex (PDHc) 
and α-ketoglutarate dehydrogenase complex, and three involved in amino acid 
metabolism pathways, branched-chain ketoacid dehydrogenase, 2-oxoadipate dehy-
drogenase, and glycine cleavage system. Deficiencies in LIAS are marked by neonatal-
onset encephalopathy, epilepsy, psychomotor retardation hypotonia, lactic acidosis, 
and elevated glycine concentrations in plasma and urine [213, 214]. Four mutations in 
LIAS that result in reduced or nondetectable levels of lipoylated proteins and severe 
disease states have been reported [215, 216]. Defects in NFU1, a protein involved in 
Fe-S cluster biosynthesis, have also been implicated in inadequate lipoyl cofactor pro-
duction, resulting in decreases in PDHc and GCS activities, lactate acidosis, elevated 
glycine levels, neurological impairment, respiratory failure, and shortened lifespan 
(see Section 10.4.6).

The radical SAM enzyme MOCS1 catalyzes the formation of cyclic pyranopterin 
monophosphate (cPMP) from 5′GTP in the first step of the biosynthetic pathway that 
generates molybodpterin, the precursor of molybdenum cofactor (MoCo) [217]. MoCo 
deficiency is a rare severe inherited inborn error (incidence below 1:100,000) that 
results in the pleiotropic loss of MoCo-dependent enzymatic activities, severe neuro-
degeneration in newborns, and early childhood death. MoCo deficiency (MIM 252150) 
is associated with the triple deficiency of sulfite oxidase (SO), xanthine oxidoreduct-
ase (XOR), and aldehyde oxidase (AO), due to the defective synthesis of the MoCo for 
all three enzymes [217, 218]. In particular, the enzyme SO catalyzes the oxidation of 
sulfite to sulfate, which protects the brain and other organs from elevated levels of 
toxic sulfite, which is formed upon degradation of sulfur-containing amino acids and 
sulfo-lipids, and the loss of SO activity leads to sulfite accumulation and sulfate defi-
ciency, causing seizures, brain degradation, and loss of white matter in patients [219, 
220]. XOR is the key enzyme of purine degradation, oxidizing hypoxanthine to xan-
thine and xanthine to uric acid in the cytosol. AO is a cytosolic enzyme that catalyzes 
the oxidation of a variety of aromatic and nonaromatic aldehydes to their correspond-
ing carboxylic acids, but the physiological function of human AO remains unclear.

Among the key mutations leading to pathogenesis in MoCo-deficient  patients, 
several are thought to diminish the ability of MOCS1 to ligate its Fe-S  clusters [210]. 
A splice-site mutation, 418+1G→A, results in the exclusion of exon 2 that  eliminates 
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two of the three cysteine residues comprising the canonical radical SAM Fe-S cluster 
binding motif, thereby rendering the enzyme inactive. Another splice-site mutation, 
1102+1G→A, results in the omission of exon 8 and, therefore, loss of Cys329 and loss 
of the auxiliary [4Fe-4S] cluster. The G324R substitution is thought to cause confor-
mational changes in the C-terminal region of the protein, resulting in the inability to 
ligate the auxiliary [4Fe-4S] cluster. A therapy for MoCo deficiency using cPMP has 
been developed [221].

Radical SAM enzymes that act on mammalian tRNAs include CDK5RAP1, CDKAL1, 
TYW1, and ELP3 [222]. Modifications of tRNAs are important for tRNA folding and 
stability and in maintaining high translational fidelity, and mutations in radical 
SAM-dependent tRNA modifying proteins have been associated with a number of 
human diseases [210]. CDK5RAP1 catalyzes 2-methylthio (ms2) modification of four 
mitochondrial tRNAs. A decrease in ms2 modification levels has been observed in 
patients who carry the A3243G mutations in their mtDNA and present with mitochon-
drial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (MELAS). 
Since Cdk5rap1 contains a highly oxidation-sensitive [4Fe-4S] cluster [223], Wei et al. 
suggested that oxidative stress that originated from mutant mitochondria oxidizes the 
[4Fe-4S] cluster and inactivates Cdk5rap1, resulting in the decrease in ms2 modifica-
tion level in MELAS patients [224].

ELP3 is the catalytic subunit of Elongator, a hexaheteromeric protein complex 
that was first identified by its association with an RNA polymerase II holoenzyme that 
engages in transcriptional elongation and later shown to be important for histone 
acetylation and transcription [225]. However, most Elongator complex is cytoplasmic, 
and subsequent data indicated a role of cytosolic ELP3 in tRNA modification, cata-
lyzing the formation of 5-methoxycarbonylmethyl (mcm5) uridine in humans [226]. 
Greenwood et al. showed that the Fe-S cluster in ELP3 from S. cerevisiae is not neces-
sary for histone acetyltransferase or RNA binding activities, but rather that an intact 
Fe-S cluster in ELP3 is required for Elongator integrity and for the association of the 
complex with its accessory factors [227]. In contrast, a more direct role for the Fe-S 
cluster in the modification of wobble position uridines of tRNA was supported by the 
studies of ELP3 from Methanococcus internus [228]. Assays using deuterium labeled 
acetyl-CoA resulted in deuterium enrichment in 5′-dA, indicating that the reaction 
occurs via a 5′-dA• intermediate. 

Recent studies suggested that the Elongator complex plays crucial roles in 
nerve cell growth, cone motility, axon outgrowth, and guidance [229], and loss of 
Elongator complex is associated with a number of neurological disorders. The ELP1 
subunit of Elongator is encoded by a gene that is mutated in patients suffering from 
the severe hereditary sensory and autonomic neurodevelopmental disorder famil-
ial dysautonomia (FD), and the amounts of ELP3 and Elongator complex are sig-
nificantly reduced in fibroblasts from FD patients [229]. ALS, commonly known as 
Lou Gehrig disease, is an adult-onset progressive neurodegenerative disease. Rapid 
degeneration of motor neurons in the brain and spinal cord leads to spasticity, muscle 
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atrophy, and  twitching, with survival time ranging from 3 to 5 years after symptoms 
appear. Studies on ALS patients showed that ELP3 expression levels were lower than 
in healthy  individuals [230]. The authors suggested that lower expression levels of 
ELP3 may result in decreased transcription of heat shock protein 70 and diminished 
motor neuron protection. A subsequent study of a Drosophia model suggested that 
decreased acetylation of cytomatrix at the active zone-associated structural protein 
by ELP3 may lead to disruption of synaptic transmission regulation and the develop-
ment of ALS and FD [231].

10.3.5  DNA polymerase delta 1 (POLD1) in mandibular hypoplasia, deafness, 
progeroid features, and lipodystrophy (MDPL) and cancer 

The DNA polymerases are divided into seven families based on sequence homology 
and crystal structure analysis. Polδ, Polα, and Polε are members of Family B polymer-
ases and are the main polymerases involved with nuclear DNA replication. The gene 
polymerase delta 1 (POLD1) encodes the large catalytic subunit of Polδ complex 
(reviewed in [232]). Binding of a [4Fe-4S] cluster in the yeast homologue of POLD1 
in S. cerevisiae was shown to be essential for its interaction with other subunits in 
yeast Polδ [7] and the insertion of the Fe-S cluster is mediated by the CIA1-CIA2B/ 
FAM96B-MMS19 complex [233, 234]. In addition to being essential for replication, 
Polδ is also important for DNA repair, including nucleotide excision repair, double-
strand repair, base excision repair, and mismatch repair. Studies in the past decade 
have revealed that mutations in Polδ in mice and humans lead to genomic instability 
and tumorigenesis. Germline mutations in POLD1 have been found in patients with 
MDPL (MIM615381), a very rare disease characterized by a progressive lipodystrophy 
with loss of subcutaneous adipose tissue, mandibular hypoplasia, deafness, and pro-
geria [232]. It has been speculated that these mutations lead to increased incidence 
of stalled replication forks, therefore increasing genomic instability, cell senescence, 
and cell death. Mutations in POLD1 have also been found in many human cancer cell 
lines and reported to be associated with oligo-adenomatous polyposis, early-onset 
colorectal cancer, and endometrial cancer (reviewed in [235]).

10.3.6 CDGSH iron sulfur domain (CISD) proteins 

The CDGSH iron sulfur domain (CISD) proteins are a recently discovered class of [2Fe-2S] 
proteins (reviewed in [236]). CISD1 encodes the protein MitoNEET, named for its location 
in the outer mitochondrial membrane and for containing the amino acid sequence Asn-
Glu-Glu-Thr (NEET), which shares a [C-X-C-X2-(S/T)-X3-P-X-C-D-G-(S/A/T)-H) domain 
with two human paralogues, CISD2 (also known as Miner1, NAF-1, ERIS, Noxp70) and 
CISD3 (Miner2). Crystal structures and biophysical studies of the soluble regions of 
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MitoNEET and CISD2/NAF-1 showed that these proteins are homodimers coordinating 
two redox-active [2Fe-2S] cluster with an unusual (Cys)3His1 coordination [237–242]. 
Unlike the FDX-type [2Fe-2S] clusters, where each Fe is bound to two cysteine sulfur 
atoms in a (Cys)2FeS2Fe(Cys)2 configuration, or Rieske-type, where one Fe ion is 
bound to two cysteine sulfur atoms and the other Fe is bound to the Nδ atoms of two 
histidine ligands in a (His)2FeS2Fe(Cys)2 configuation, CISD Fe-S clusters are unusual 
with a (Cys)(His)FeS2Fe(Cys)2 configuration. The His ligand is important for enabling 
cluster release and for tuning the redox potential [241, 243, 244]. 

MitoNEET was first identified as an interacting protein for pioglitazone, a member 
of the thiazolidinedione class of insulin-sensitizing drugs that are used extensively 
in the treatment of type 2 diabetes [245]. Subsequent studies showed that binding 
of pioglitazone stabilizes the protein against Fe-S cluster release [237]. In addition, 
cluster stability is controlled by the oxidation state: the reduced cluster is relatively 
stable, whereas the oxidized cluster is more labile [246]. The unusual coordination 
and cluster lability have prompted the suggestion that CISD proteins function as 
cluster assembly, storage, or shuttling agents [237]. It has been shown that mitoNEET 
is capable of transferring its Fe-S cluster to apo-acceptor proteins, including FDX [247, 
248] and IRP1 [249], and both mitoNEET and CISD2 can transfer their 2Fe-2S clusters 
to apo-Anamorsin (also known as cytokine induced apoptosis inhibitor-1; CIAPIN-1) 
[250]. The observation of increased mitochondrial iron levels upon addition of puri-
fied NEET proteins to permeabilized cells was used to support the hypothesis that 
mitoNEET mediates the transfer of Fe-S cluster or iron into the mitochondria [236, 
247]. However, the physiological relevance of these findings is still unclear.

CISD1 and CISD2 have been implicated in a diverse array of biological processes, 
including autophagy, apoptosis, aging, diabetes, and reactive oxygen homeostasis 
and are implicated in human diseases including cancer, diabetes, cystic fibrosis, 
Wolfram syndrome (WFS) 2, neurodegeneration, and muscle atrophy [245, 251–256]. 
WFS (MIM 222300) is an autosomal recessive disorder with severe neurodegeneration. 
Neurological and endocrine manifestations include juvenile-onset diabetes mellitus, 
optic atrophy, deafness, dementia, psychiatric illnesses, and renal-tract abnormali-
ties. Patients with WFS2 have additional symptoms such as significant bleeding ten-
dencies, as well as defective platelet aggregation with collagen. A single missense 
mutation was identified in CISD2 in three consanguineous families of Jordanian 
descent with WFS2 [252, 257]. A G to C change at nucleotide 109 disrupts mRNA splic-
ing and eliminates exon 2, resulting in the introduction of a premature stop codon 
[252]. A second CISD2 mutation was reported in two sisters in an Italian family [258]. 
A G to A change at position 103 + 1 predicted the skipping of exon 1 in CISD2. Recent 
studies have also shown a link between CISD1 and CISD2 expression and proliferation 
of various cancer cells [255, 259]. CISD1 and CISD2 expres sions were upregulated in 
human epithelial breast cancer cell lines, and knockdown of these proteins resulted 
in decreased cancer cell proliferation and decreased tumor growth [255]. CISD2 
was also upregulated in cervical cancer cells and hepatocellular carcinoma cell lines 
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[260–262]. Overexpressing CISD2 promoted, while suppressing CISD2 expression 
inhibited, proliferation and tumorigenesis of liver and gastric cancer cells in vivo, sug-
gesting a role for CISD2 in cancer progression [261, 262]. 

The exact roles of CISD proteins in diabetes, neurodegeneration, and cancer 
are still unclear. A screen to identify molecular markers for early neuronal devel-
opment found the mRNA coding for CISD2 (Noxp70) was strongly expressed at 
embryonic day 15 [263]. CISD2 is located on the endoplasmic reticulum (ER) and 
the  mitochondrial-associated membrane of the ER [264]. Notably, the main locus 
mutated in the majority of WFS patients encodes a transmembrane protein WFS1 that 
is located in the ER [265]. The exact function of WFS1 is unknown, but there is some 
evidence that it may play a role in Ca2+ homeostasis [266, 267]. Various studies have 
suggested that CISD2 is necessary for the control of Ca2+ homeostasis and the acti-
vation of autophagy through interaction with BCL-2 [254]. In the absence of CISD2, 
the autophagy-promoting Beclin1 complex dissociates from BCL-2, and autophagy is 
activated [256]. Knockout of CISD2 in mice led to impaired glucose tolerance, prema-
ture aging, severe neurodegeneration, blindness, muscle atrophy, and significantly 
shortened lifespan, suggesting that CISD2 is important for the maintenance of mul-
tiple organ systems, including the pancreas, skin, musculoskeletal, and nervous 
systems [253]. Fibroblasts from CISD2 knockout mice exhibit signs of ER stress, 
increased unfolded protein response, dysregulation of ER and mitochondrial Ca2+ 
homeostasis, and increased oxidative stress [264]. CISD2 has also been implicated in 
regulating iron homeostasis. Suppression of CISD2 resulted in increased expression 
of TfR1 at the cell surface, an increased uptake of transferrin-bound Fe into cells, and 
the activation of cellular stress pathways that are associated with HIF-1α, suggesting 
that CISD2 is involved in the metabolic regulation of breast cancer cells through its 
effects on cellular Fe ion distribution [268].

MitoNEET is localized on the outer mitochondrial membrane, and various 
studies have suggested that mitoNEET is a regulator of mitochondrial function. 
Mitochondria purified from the hearts of mice with a targeted disruption of the 
mitoNEET gene exhibited reduced state 3 (phosphorylating) respiration rate [269]. 
However, a subsequent study reported increased mitochondrial activity in the liver 
of mice harboring a shRNA knockdown construct for mitoNEET [270]. In the same 
study, Kusminski et al. also showed that overexpression of mitoNEET in adipocytes 
enhanced lipid uptake and storage, leading to massive obesity. Interestingly, 
overexpression of mitoNEET in adipose tissue also resulted in reduced mitochon-
drial iron levels, reduced mitochondrial membrane potential, and ROS damage, 
whereas reduced mitoNEET levels led to increased mitochondrial iron levels and 
glucose intolerance. Increased mitochondrial iron, together with a decrease in 
mitochondrial membrane potential, an increase in ROS accumulation in mitochon-
dria, a decrease in aerobic respiration, and an increase in glycolysis, has also been 
observed in human epithelial breast cells with suppressed expression of mitoNEET 
and CISD2 proteins [255]. Taken together, these results suggest a role of mitoNEET 
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as a key factor in the regulation of iron content in the mitochondrial matrix, and 
a hypothesis was put forth that mitoNEET overexpression reduced mitochondrial 
iron and compromised mitochondrial function, thereby triggering a compensatory 
upregulation of PPARg and adiponectin, which induces adipogenesis, mitochon-
drial biogenesis, and enhanced lipid influx into the adipocytes [270]. 

10.4  Diseases associated with genetic defects in Fe-S cluster 
biogenesis 

Fe-S cluster biogenesis is a complex biological process, involving more than 20 dif-
ferent proteins in eukaryotes [97, 271–275]. The basic components of this process 
were originally identified in bacterial nif, isc, and suf operons [2, 273], and analo-
gous processes and protein homologues have been identified in yeast, plants, and 
animals. The process involves the assembly of nascent clusters from iron and sulfur 
atoms on scaffold proteins, followed by transfer of these nascent clusters to apo-tar-
get proteins directly or via intermediate carriers. In nonplant eukaryotes, Fe-S cluster 
biogenesis factors, including NFS1 (also known as ISCS), LYRM4/ISD11, ISCU (yeast 
Isu1 and Isu2), frataxin (FXN) (yeast Yfh1), FDX1 (yeast Yah1), FDX1L, and FDX reduct-
ase (FDXR) (Arh1), are thought to be important in the early steps of cluster assem-
bly, whereas HSPA9 (yeast Ssq1), HSC20 (yeast Jac1), glutaredoxin 5 (GLRX5) (yeast 
Grx5), NFU1, BOLA3, ISCA (yeast Isa1 and Isa2), IBA57, ABCB7 (yeast Atm1), GFER 
(yeast Erv1), NUBPL/IND1, NUBP1 (yeast Nbp35), NUBP2 (yeast Cfd1), NARFL/IOP1 
(yeast Nar1), CIAO1 (yeast Cia1), NDOR1 (yeast Tah18), CIAPIN1/anamorsin (yeast 
Dre2), MMS19, FAM96A/CIA2A, and FAM96B/CIA2B are involved in subsequent steps 
in which Fe-S clusters from the scaffold protein(s) are transferred and assembled on 
target apoproteins in different subcellular compartments. 

The early steps of cluster assembly involves the abstraction of sulfur atoms from 
cysteine molecules by the cysteine desulfurase NFS1 [276–278], iron acquisition, and 
sulfur transfer to the scaffold protein ISCU [279–281], leading to the formation of  
[2Fe-2S] and [4Fe-4S] clusters [282–285]. LYRM4 (also known as ISD11) appears to be 
important for the stability and activity of NFS1 [286–289]. FXN is critical in this early 
stage of Fe-S cluster biogenesis, although the exact function of FXN has been elusive. 
Various roles have been proposed for FXN, including iron storage, iron chaperone, and 
allosteric factor [284, 290–294]. Redox proteins such as FDX and FDXR are thought to 
provide electrons for cluster assembly on scaffold proteins [295, 296], whereas the 
chaperone system comprising the heat shock 70-kDa protein HSPA9 (also known as 
GRP75 or mortalin), the DnaJ-like cochaperone HSC20, and the nucleotide exchange 
factor SIL1 (also known as BAP; yeast Mge1) utilizes energy derived from ATP hydroly-
sis to drive conformational changes in scaffold proteins to facilitate cluster transfer to 
intermediate carrier or final recipient proteins [297–304]. Yeast two hybrid (Y2H) and 
coimmunoprecipitation studies indicated that a conserved leucine-tyrosine-arginine 
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(LYR) motif that is present in SDHB, the SDH subunit that contains three Fe-S clusters, 
and in a SDH complex assembly factor SDHAF1 mediates an interaction with HSC20 
and guides the insertion of Fe-S clusters into the Fe-S subunits of respiratory chain 
complex II and complex III, respectively [305, 306].

Additional Fe-S cluster biogenesis components are involved in guaranteeing the 
accurate and specific transfer of Fe-S clusters from the scaffold protein to target apo-
proteins. Homologues of the mitochondrial monothiol glutaredoxin GLRX5 have been 
implicated in Fe-S cluster biogenesis in yeast [307, 308], zebrafish [309], and humans 
[310], but its precise function is unclear. Chloroplast monothiol GLRXs were sug-
gested to be scaffolds for the formation and delivery of [2Fe-2S] clusters [311], whereas 
yeast and mammalian GLRX5 were suggested to function in Fe-S cluster transfer [308, 
312, 313]. Yeast Iba57 physically interacts with Isa1 and Isa2, and it was suggested that 
the complex of these three proteins functions to promote cluster transfer/assembly 
on a subset of Fe-S proteins including aconitase and radical SAM proteins [314, 315]. 
NFU1 was initially proposed to be an alternative scaffold protein [316–319]. However, 
more recent studies suggested that Nfu-type proteins can accept an Fe-S cluster from 
holo ISCU and serve as intermediate Fe-S cluster carriers to deliver Fe-S cluster to 
apo-targets [320–322]. The mitochondrial P-loop NTPase NUBPL/IND1 was initially 
proposed to serve as a specific scaffold or transfer protein for the assembly of the 
eight Fe-S clusters into complex I [323, 324], but more recent studies suggested that 
IND1 has a primary role in mitochondrial translation that indirectly affects the assem-
bly of complex I [325]. The ABC transporter ABCB7 (yeast Atm1) in the inner mito-
chondrial membrane and sulphydryl oxidase GFER (yeast Erv1) in the intermembrane 
space [326], together with glutathione, have been described as an “export machinery” 
for Fe-S cluster biogenesis, although the identity of the transported compound(s) has 
remained unresolved [327].

Assembly and repair of Fe-S proteins in the cytosol and nucleus involves the 
extramitochondrial isoforms of NFS1 [277], ISCU [328], and NFU1 [317], as well as a 
number of additional proteins in the cytosolic Fe-S protein assembly (CIA) machinery. 
In yeast, the P-loop NTPases Cfd1 and Nbp35 form a heterotetrameric complex and 
can act as a scaffold or transfer proteins for cytosolic Fe-S cluster biogenesis [329–
331]. Cfd1 and Nbp35 facilitate the assembly of two Fe-S clusters on the hydrogenase-
like protein Nar1 [332, 333], which then assists the transfer of Fe-S clusters to target 
apoproteins by interacting with Cia1, a WD40 repeat protein [334, 335]. Electrons are 
transferred from NADPH via the FAD- and FMN-containing Tah18 to the Fe-S clus-
ters of Dre2 [336–338], a process required for the assembly of cytosolic target proteins 
[337]. MMS19 functions as part of the CIA machinery that facilitates Fe-S cluster inser-
tion into a specifi subset of apoproteins involved in methionine biosynthesis, DNA 
replication, DNA repair, and telomere maintenance [234]. In mammalian cells, the 
complex composed of FAM96B/CIA2B, CIA1, and MMS19 facilitates cluster assembly 
on cytosolic-nuclear Fe-S proteins including phosphoribosylpyrophosphate ami-
notranferase (GPAT), dihydropyrimidine dehydrogenase, and DNA polymerases, 
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whereas the complex composed of FAM96A/CIA2A, CIA1, and MMS19 facilitates Fe-S 
cluster assembly of IRP1 [233, 339, 340]. The functions of many of these cytosolic Fe-S 
cluster biogenesis factors appear to be conserved in plants and animals [233, 234, 337, 
339–344]. More recently, additional proteins have been identified to have roles in Fe-S 
cluster biogenesis in specific proteins. Paul et al. identified two yeast proteins, Yae1 
and Lto1, that interact with CIA1, FAM96A/CIA2A, and MMS19, as well as an essential 
cytosolic Fe-S protein, Rli [345]. Depletion of Yae1 or Lto1 in yeast resulted in defective 
Fe-S maturation of Rli1, but not other tested targets. These studies suggested that Yae1 
binds to Rli1 and recruits it to the CIA machinery via interactions with a deca-GX3 
motif on Lto1. 

Given the essential roles of Fe-S clusters in electron transfer, enzyme catalysis, and 
sensing functions in many proteins, defects in Fe-S cluster biogenesis can disrupt many 
cellular process and cause human diseases [97, 346–348]. In S. cerevisiae, deletions of 
many genes involved in Fe-S cluster assembly, including nfs1, isd11, jac1, yah1, arh1, 
cfd1, erv1, nbp35, nar1, and cia1, are lethal. In addition, synthetic lethality was observed 
in pairwise combinations of several other Fe-S cluster assembly genes, including isu1, 
isu2, nfu1, ssq1, and grx5 [349–351]. In vertebrates, deletions of the GLRX5 homologue in 
zebrafish and deletion of FXN, ABCB7, ISCU, NARFL, and MMS19 in mice are embryonic 
lethal [233, 309, 343, 352–354]. Depletion of mammalian Fe-S cluster assembly factors in 
cellular and animal models showed inactivation of many important proteins, including 
SDH, ACO1, ACO2, XOR and GPAT, and misregulation of proteins involved in iron metab-
olism [295, 328, 339, 355–358]. The following sections provide an overview of the human 
genetic defects associated with genes that encode proteins that have been implicated in 
various stages of Fe-S cluster biogenesis (Tab. 10.2) (Fig. 10.3).

10.4.1  A GAA trinucleotide repeat expansion in FXN is the major cause of the 
neurodegenerative disorder Friedreich ataxia

Friedreich ataxia (FRDA) (MIM 229300), an autosomal recessive neurodegenerative 
disorder caused by deficiency of FXN [359], is the most prevalent form of hereditary 
ataxia in Caucasians, occurring in about 1 in 50,000 individuals [360]. FXN deficiency 
leads to progressive spinocerebellar neurodegeneration associated with gait and limb 
ataxia, muscle weakness, as well as cardiomyopathy and diabetes [361–364]. Most of 
neurological manifestations result from the degeneration of the dorsal root ganglia 
and the posterior columns, followed by degeneration in the spinocerebellar tracts 
and the corticospinal tracts of the spinal cord [365]. Although cognitive functions 
remain largely intact during disease progression, patients develop communication 
difficulties due to dysarthria and vision and hearing loss. Cardiac failure is a frequent 
cause of death at a young age. 

Expansion of an unstable GAA trinucleotide repeat in intron 1 of FXN is the most 
common causal mutation of FRDA [359]. Most FRDA individuals are homozygous for this 
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Fig. 10.3: In addition to missense mutations in FXN, ABCB7, GLRX5, ISCU, NUBPL, BOL3, and 
ISD11, dysfunction of Fe-S cluster biogenesis can also be the result of a variety of genetic defects, 
including trinucleotide repeat expansion, intron retention, pseudoexon retention, exon skipping, 
and frameshift, which lead to reduced production of the mRNA and/or protein products. In more 
than 98% of FRDA cases, the defect is a GAA repeat expansion in the first intron of the FXN gene. In 
one patient with GLRX5 deficiency, a homozygous silent mutation in exon 1 interferes with splicing 
and reduces the level of fully processed mature GLRX5 mRNA. In ISCU myopathy, a single G to C 
mutation in the fourth intron of ISCU activates a weak splice acceptor site, resulting in the increased 
production of an alternative splice form with a premature stop codon. In patients with NUBPL 
deficiency, a mutation in exon 10 of NUBPL results in exon skipping and production of a truncated 
transcript. In multiple mitochondrial dysfunctions syndrome 1, a homozygous missense mutation 
in exon 6 of NFU1 results in exon skipping and production of several truncated transcripts. In one of 
the patient with multiple mitochondrial dysfunctions syndrome 2, a single nucleotide duplication in 
exon 2 of BOLA3 causes a frameshift that produces a transcript with a premature stop codon. 
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mutation, but 4% of the patients are compound heterozygous for the GAA  expansion and 
a second inactivating mutation (nonsense, missense, deletions, insertions) [359, 366, 367]. 
Normal alleles have 5 to 30 repeats, whereas FRDA alleles have 70 to more than 1000 
repeats. This GAA expansion leads to transcriptional silencing of FXN by inducing the 
formation of repressive heterochromatin of the locus, resulting in reduced expression of 
FXN (~5–30% of normal) (reviewed in [368]). Multiple factors contribute to FXN silenc-
ing in FRDA, including disrupted transcriptional elongation [369, 370] and epigenetic 
changes affecting chromatin remodeling and DNA methylation [371–373]. It has been sug-
gested that the progressive pathology in the dorsal root ganglia may result from an age- 
dependent, tissue-specific increased expansion of the GAA triplet-repeat sequence [365]. 
Other disease mutations in FXN lead to the production of nonfunctional or partially func-
tional proteins [374–377]. In addition, rare FXN isoforms that are specifically expressed 
in affected tissues have been shown to decrease more in FRDA patients than in healthy 
individuals, suggesting additional mechanisms for the tissue-specific pathology [378].

Despite intense investigations since the discovery of FXN, identification of the 
cellular function of FXN has so far remained elusive [379]. Early studies of endomyo-
cardial biopsies of two FRDA patients revealed that activities of ACO2 and respira-
tory complexes I, II, and III were markedly decreased, providing the first hint of a 
role of FXN in the synthesis or stability of Fe-S proteins [380]. Disruption of the FXN 
homolog in S. cerevisiae, yfh1, resulted in a severe defect in respiration, deficiencies 
in multiple Fe-S-dependent enzymes, mitochondrial iron accumulation, and loss of 
mtDNA [380–382]. A role of FXN in Fe-S cluster biogenesis was further confirmed 
in yeast, Drosophila, and human cell lines depleted of FXN [383–389]. However, the 
exact function of FXN in Fe-S cluster biogenesis has remained a subject of debate. 
Extensive structural, complementation and biochemical studies on FXN in the last 
15 years have yielded complex and contradictory results. In vitro studies of bacte-
rial, yeast, or human FXN homologs showed a modest affinity of the proteins for 
iron (uM range) [390, 391]. Observation of an iron-dependent oligomerization of the 
recombinant Yfh1 led to a proposed role of FXN oligomers in mitochondrial iron 
storage [392], and in vitro reconstitution studies showed that the oligomeric forms 
of yeast and human FXN can provide iron for Fe-S cluster formation on the scaffold 
protein ISCU [393, 394]. However, the importance of FXN oligomerization in Fe-S 
cluster biogenesis is unclear since mutations of the acidic residues on the surface of 
Yfh1 abrogated iron-dependent oligomerization but showed no deleterious effects 
on Fe-S protein activities and iron homeostasis in vivo [395]. Other studies have sug-
gested that FXN serves as an iron-binding chaperone protein that delivers Fe for 
Fe-S cluster assembly in the scaffold protein ISCU [290, 292, 396, 397]. It has also 
been suggested that FXN provides iron through direct protein-protein interactions 
with target Fe-S proteins, including ACO2 [398], FECH [399–401] and SDH [402], 
although the relevance of some of these interactions was under debate [403]. Other 
in vitro studies suggested that mammalian FXN interacts with a complex composed 
of NFS1, ISCU, and ISD11, acts as an allosteric factor that activates sulfur production 
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from cysteine [284, 293, 294], and controls iron entry during de novo Fe-S cluster 
assembly [284]. Interestingly, a point mutation in the yeast isu1 gene (M107I) was 
found to restore many deficient functions in Yfh1-depleted yeast cells [404]: iron 
homeostasis and Fe-S cluster enzyme activities were improved, and cytochrome 
levels and heme synthesis were restored. It was suggested that the Isu1 mutation 
bypasses the putative allosteric activator Yfh1 by increasing exposure of a Fe-S 
cluster binding cysteine ligand and improving sulfur transfer from the cysteine des-
ulfurase complex Nfs1-Isd11 to Isu1. 

The effect of FXN depletion has been modeled in diverse systems, including 
E. coli [405], yeast [382, 406, 407], C. elegans [350, 408], Drosophila [386, 409], mice 
[410–412], and human cell lines [383, 385, 387, 388], and these cellular and animal 
models of FRDA have provided many insights into the pathophysiology of the disease 
(reviewed in [413]). Depletion of FXN homologs in yeast and Drosophila leads to Fe-S 
cluster deficiencies, mitochondrial iron accumulation, and increased sensitivity to 
oxidative stress [386, 406]. The complete knockout of FXN in mice leads to early embry-
onic lethality [352], whereas cardiac-specific and neuronal models of FXN deletion 
[410, 414] are viable and recapitulate most of the characteristic features of the disease, 
including progressive spinocerebellar and sensory ataxia and hypertrophic cardio-
myopathy. More specifically, the cardiac-specific FRDA model revealed that a deficit 
in Fe-S clusters precedes cardiac dysfunction and mitochondrial iron accumulation 
[410], whereas the neuronal model showed that abnormal autophagy, with formation 
of lipofuscin and large vacuoles within large sensory neurons, might be involved in 
the neurodegeneration of the dorsal root ganglia [414]. Conditional models lacking 
FXN primarily in the pancreas were generated to model the pathophysiology of diabe-
tes mellitus associated with FRDA [415], and these mice showed a progressive reduc-
tion in the number of pancreatic islets, resulting in an impaired insulin response to 
glucose and subsequent diabetes. In addition to the models of FXN deletion, several 
mouse models with GAA expansions in FXN have been generated to better mimic 
the human disease [411, 412]. These animal models are invaluable in revealing the 
molecular and cellular mechanisms associated with GAA-mediated silencing of the 
FXN gene in vivo and for the development of drugs to target FRDA pathology.

Notably, mitochondrial iron overload was observed in the hearts and brains of 
FRDA patients [416, 417] and heart-specific FXN deletion mouse models [410], and Yfh1-
deficient yeast strains also develop profound mitochondrial iron overload [406]. These 
results suggest that Fe-S cluster biogenesis might be required for signaling information 
about the status of mitochondrial iron stores to the nucleus [418, 419]. In the absence 
of an appropriate signal, mitochondrial iron uptake might be upregulated [420], efflux 
might be diminished, and iron might accumulate as insoluble ferric phosphate nano-
particles in the mitochondrial matrix [421, 422] or within the iron sequestration protein, 
mitochondrial ferritin [388, 417]. Whether the mitochondrial iron overload might 
further cause mitochondrial damage via iron-catalyzed oxidation reactions and thereby 
contribute to FRDA pathology remains a subject of debate [409, 423–428]. 
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10.4.2 Mutations in ABCB7 cause x-linked sideroblastic anemia with ataxia

The sideroblastic anemias are a heterogeneous group of acquired and heritable dis-
orders, characterized by bone marrow ringed sideroblasts due to pathologic iron 
overload in the mitochondria of erythroid precursors [429–432]. The most common 
congenital sideroblastic anemia is the X-linked sideroblastic anemia (XLSA) caused 
by mutations in the erythroid-specific 5-aminolevulinate synthase gene (ALAS2), the 
first and rate-limiting enzyme in the mammalian heme biosynthetic pathway. Patients 
develop hepatic and systemic iron overload, but not ataxia. Other genetic defects 
found in congenital sideroblastic anemia include mutations in mitochondrial ATP-
binding cassette transporter ABCB7 [433], high-affinity thiamine transporter SLC19A2 
[434], RNA-modifying enzyme pseudouridine synthase 1 [435], GLRX5 [310], erythroid-
specific mitochondrial transporter SLC25A38 [436], and deletions, duplications, and 
rearrangements of mtDNA [437]. 

Mutations in ABCB7 are associated with XLSA with ataxia, a rare form of 
congenital sideroblastic anemia with early-onset nonprogressive spinocerebel-
lar ataxia, cerebellar hypoplasia, dysarthria, mild anemia, and elevated levels 
of protoporphyrin [433, 438–440]. Systemic iron overload is not detected. ABCB7 
has high sequence similarity to the yeast ABC transporter gene ATM1 and ATM3 
in  Arabidopsis, whose protein product localizes to the inner mitochondrial mem-
brane. Depletion of ABCB7 homologues in plants, mice, and human cell lines 
resulted in loss of ACO1 activity in the cytosol, but no significant changes in the 
activities of ACO2 and SDH in the mitochondria [353, 441, 442]. Moreover, deletion 
of yeast ATM1 leads to mitochondrial iron accumulation [443, 444]. In mice, tissue-
specific deletions of ABCB7 in brain and bone marrow were lethal [353], whereas 
liver-specific deletion of ABCB7 revealed changes in several proteins involved in 
cytosolic iron homeostasis, including activations of IRP1 and IRP2, increased IRP2 
levels, and decreased expression of ferritin. Iron is essential for heme biosynthesis 
and red blood cell development [445, 446]. Thus, it appears that the anemia and 
the ataxia observed in XLSA-A may be related to disruption of intracellular iron 
homeostasis and damages caused by excess iron in the mitochondria in developing 
red blood cells and neural cells [447].

ABCB7 belongs to the family of B-type mitochondrial ABC transporters [448]. 
The crystal structures of the free and glutathione-bound forms of atm1, the yeast 
homologue of ABCB7 has been reported [449], but the substrate transported by 
ABCB7 remains unclear. Given its association with a form of anemia characterized 
by mitochondrial iron accumulation in erythroid precursors, ABCB7 was initially 
thought to be involved in transporting heme that is generated in the mitochondria 
to the cytosol for incorporation into hemoglobin, but in vitro studies in S.  cerevisiae 
argued against heme export and iron import as possible functions of Atm1 [443, 
450]. Instead, Kispal et al. observed that yeast depleted of ATM1  contained no 
detectable activity of the cytosolic Fe-S enzyme isopropyl malate isomerase Leu1, 
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and proposed that Atm1 was involved in the export of Fe-S clusters generated by 
the mitochondrial Fe-S cluster assembly machinery into the cytosol for incorpor-
tation into extra-mitochondrial proteins [451, 452]. However, subsequent studies 
indicated that Atm1 is not required for exporting Fe-S clusters for incorpora-
tion into Leu1 [453], and the overexpression of an Atm1 homologue, Mdl1, which 
exports peptides out of mitochondrial matrix [454], can partially compensate for 
ATM1 loss. Furthermore, Arabidopsis ATM3 can functionally complement a yeast 
Δatm1 mutant [455], but unlike yeast atm1 mutants, mitochondria from atm3 
mutant plants do not accumulate significant amounts of iron [442]. These results 
and other studies have led to the suggestion that a sulfur-containing compound 
is exported to the cytosol by Atm1 [442, 456]. Transport studies using Arabidopsis 
ATM3 and yeast Atm1 in inside-out membrane vesicles showed that these pro-
teins transport glutathione disulfide (GSSG) but not reduced glutathione [457]. In 
addition, glutathione trisulfide (GS-S-SH) was transported by Atm1 in vitro. A glu-
tathione-conjugated [2Fe-2S] cluster has also been suggested as a candidate sub-
strate [458]. It is noteworthy that Atm3 in Arabidopsis is required for the export 
of cPMP intermediate from the mitochondria into the cytosol for the biogenesis 
of MoCo [459]. Thus, Arabidopsis ATM3 may transport either a single compound 
or two distinct compounds for both Fe-S cluster and MoCo assembly machineries 
in the cytosol [442]. Neither deletion of ATM1 in yeast nor ATM3 in Arabidopsis is 
lethal, suggesting that either there is some low-level diffusion of the transported 
substrate(s) through the mitochondrial inner membrane or that the substrate(s) 
can be transported by other transporter(s). 

10.4.3  Mutations in GLRX 5 cause an autosomal recessive pyridoxine-refractory 
sideroblastic anemia

A point mutation in GLRX5 gene has been shown to be the genetic cause of an 
autosomal recessive pyridoxine-refractory sideroblastic anemia (MIM205950) 
[310]. The patient had mild anemia until midlife, when anemia worsened, and 
diabetes, splenomegaly, and cirrhosis were diagnosed. The anemia was wors-
ened by blood transfusions but partially reversed by iron chelation therapy. DNA 
sequencing and RT-PCR experiments showed that a homozygous mutation in the 
penultimate nucleotide of exon 1 of GLRX5 interfered with splicing, resulting in 
drastically reduced mRNA levels. More recently, two heterozygous missense muta-
tions in GLRX5 were identified in a Chinese patient affected with sideroblastic 
anemia [460].

GLRXs were initially defined as thiol disulfide oxidoreductases that catalyze 
thiol-disulfide exchange reactions using reduced glutathione as the electron donor, 
but genome sequencing in recent years has shown that these proteins constitute a 
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complex family of proteins with diverse structural and functional properties [461, 
462]. In yeast, three members of the subfamily of monothiol GLRXs – Grx3, Grx4, and 
Grx5 – have a conserved CGFS active site and have roles in iron homeostasis, facilitat-
ing Fe-S cluster biogenesis in the mitochondria (Grx5), or signaling intracellular iron 
status for the regulation of iron trafficking (Grx3 and Grx4). The CGFS active site is 
required for the coordination of a [2Fe-2S] cluster; CGFS GLRXs form [2Fe-2S]2+-bridged 
homodimers with cysteine ligands provided by the two CGFS active sites and two glu-
tathione molecules [311, 463–467].

The effects of GLRX5 depletion have been modeled in a number of studies. Yeast 
that lack Grx5 exhibit respiratory deficiency, iron accumulation, and reduction in mito-
chondrial aconitase and SDH activities, a loss of mtDNA and the absence of Rip1, the 
Fe-S Rieske protein in complex III [307, 468, 469]. Silencing of GLRX5 in human cells 
also resulted in reduced aconitase activities [470]. Depletion of Grx5 in yeast resulted 
in accumulation of 55Fe on the scaffold protein Isu1, suggesting that Grx5 has a role 
in a step after the assembly of an Fe-S cluster on Isu1 [308]. Grx5 deficiency has also 
been shown to increase oxidative stress in yeast cells [471] and human osteoblasts [472]. 
In zebrafish, Grx5 mutations cause anemia as a result of IRP1-mediated translational 
repression of erythroid aminolevulinate synthase (ALAS2), the first enzyme in the 
heme biosynthetic pathway [309]. Human and zebrafish genomes contain two ALAS 
genes: the ALAS2 transcript contains an IRE in its 5′UTR (5′ untranslated region) and is 
highly expressed in erythroid cells, whereas the ALAS1 transcript is expressed in other 
tissues and lacks an IRE. In the GLRX5-deficient patient and in the zebrafish model, 
IRP1 becomes an active IRE binding protein that inhibits ALAS2 translation and thereby 
blocks heme biosynthesis. It appeared that loss of mitochondrial GLRX5 resulted in 
mitochondrial iron overload and concomitant cytosolic iron depletion, which prevents 
de novo cytosolic cluster assembly in IRP1 and activates IRP1-mediated translational 
repression of ALAS2. These alterations may explain the sideroblastic anemia-associated 
phenotype resulting from the aberrant splicing of human GLRX5 mRNA [310, 470].

Several roles have been proposed for GLRX5. One proposal is that the deglu-
tathionylation activity of GLRXs might be important for repairing mixed disulfides 
between glutathione and Fe- S cluster assembly factors in the oxidizing environment 
of the mitochondrial matrix [351]. Other studies in plants have shown that a GLRX5 
homologue is able to bind a [2Fe-2S] cluster and transfer the cluster to apo FDX in vitro 
and suggested that Grx5 may be a scaffold protein [311]. In yeast, depletion of Grx5 
resulted in accumulation of 55Fe on the scaffold protein Isu1, suggesting that Grx5 
functions as an intermediate carrier in transferring Fe-S clusters from the scaffold 
proteins to dedicated apoproteins [308]. Spectroscopic evidence provided by circular 
dichroism spectroscopic studies of recombinant proteins from Azotobacter vinelandii 
showed a rapid, ATP-driven [2Fe-2S] cluster transfer from [2Fe-2S]-IscU to apo-Grx5 in 
the presence of chaperone proteins, HscA and HscB [312]. Phenotypic defects asso-
ciated with the absence of Grx5 in yeast were suppressed by overexpression of the 
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HSPA9  homologue SSQ1 [307], and yeast two-hybrid studies have indicated that Grx5 
interacts with Ssq1 [473]. Defects in yeast lacking Grx5 were also suppressed by over-
expression of ISA2 [307]. This observation, together with yeast two-hybrid studies and 
bimolecular fluorescence complementation experiments showing physical interac-
tions between Grx5 with Isa1 [468, 474] and Isa2 [468], led to the proposal that Grx5 
functions with Isa type proteins in Fe-S cluster biogenesis. 

10.4.4 Mutations in ISCU cause myopathy with lactic acidosis (MIM 255125)

ISCU is a scaffold protein on which nascent Fe-S clusters are assembled and from 
which the clusters are delivered to intermediate carriers or directly to target apopro-
teins [282, 284]. In mammalian cells, two splice isoforms of ISCU exist [328, 475]. These 
transcripts have different 5′UTRs and generate proteins that are localized to differ-
ent subcellular compartments: ISCU1 is located in the cytosol and nucleus, whereas 
ISCU2 is located in the mitochondrial matrix. Human ISCU works in a complex with 
NFS1, ISD11, and FXN [293, 403]. Sulfur transfer from NFS1 and iron acquisition leads 
to assembly of [2Fe–2S] and/or [4Fe-4S] clusters in ISCU [282–284]. 

Because of its essential role in the very early steps in Fe-S cluster biogenesis, 
complete loss of ISCU homologues in S. cerevisiae and in mice is lethal [349, 354], 
and depletion of human ISCU has been shown to affect all Fe-S proteins that have 
been examined, including SDH, ACO1/IRP1, ACO2, FECH, GPAT, and LIAS) (as 
indicated by the decrease in lipolyated proteins) [44, 321, 328, 476]. Notably, ISCU 
has now been shown to be one of the mediators of the Pasteur effect, a metabolic 
shift in hypoxic cells resulting from the repression of TCA cycle, mitochondrial 
electron transport, and oxidative phosphorylation in favor of glycolysis [477–479]. 
This metabolic versatility of mammalian cells is essential for the maintenance of 
energy production and cell survival throughout a range of oxygen concentrations. 
Both ISCU1 and ISCU2 were found to be targets for repression by the microRNA-210 
(miR-210) [480–483], which is specifically induced by HIF-1α during hypoxia [484, 
485]. MiR-210 is upregulated and ISCU is downregulated in several clinical settings, 
including pregnancies complicated by preeclampsia, clear cell renal cancer, and 
head and neck paragangliomas [486–489]. By downregulating the expression of 
ISCU during hypoxia or in pseudohypoxia conditions, miR-210 decreases the activi-
ties of respiratory complex I and aconitases. These findings indicate that both 
miR-210 and ISCU are important factors in the regulation of mitochondrial respi-
ration and metabolism during hypoxic stress and mitochondrial dysfunction in a 
variety of diseases [490, 491].

Deficiency in ISCU causes myopathy with lactic acidosis, a rare autosomal reces-
sive hereditary disease found mainly in individuals of northern Swedish descent 
[492, 493]. Patients develop muscle weakness and experience severe activity-related 
muscle pain, associated with rhabdomyolysis (breakdown of skeletal muscle fibers 
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with leakage of muscle contents into the circulation) and myoglobinuria (reddish 
urine caused by excretion of myoglobin), followed by muscle regeneration and tem-
porary resolution of these symptoms [492, 494]. Even minor exertion causes mark-
edly increased heart rate and palpitations, dyspnea, muscle fatigue, and lactic acido-
sis [492, 495]. Physiological investigations of these patients during exercise showed 
impaired muscle oxidative phosphorylation and low maximal muscle oxygen extrac-
tion associated with exaggerated circulatory responses. Biochemical studies indi-
cated a deficiency in SDH [496] and aconitase activities [476, 497], and the presence 
of iron-rich mitochondrial inclusions [476, 497] (Fig. 10.4). Modest deficiencies in res-
piratory complex I and the Rieske protein in complex III were also reported [497].

SDH
activity

control patient

Perls’
DAB

Turnbull’s
DAB

Fig. 10.4: Histochemistry indicated the loss of SDH activity and an increase in mitochondrial iron 
levels in the skeletal muscle of patients with ISCU myopathy. (A) Skeletal muscles from healthy 
individuals show robust SDH activity staining (blue), whereas patient muscles show very little 
SDH activity. (B) Perls’ Prussian blue staining enhanced with 3, 3’-diaminobenzidine (Perls/DAB), 
a histochemical test for non-heme ferric iron, indicated iron overload (brown punctate stains) in 
the muscle fibers of patients with ISUC myopathy. The punctate distribution of the iron staining 
was consistent with the mitochondrial iron overload previously detected in ultrastructural studies 
of these patients. (C) Turnbull staining enhanced with DAB, a stain for non-heme ferrous iron, 
indicated an increase in ferrous iron in the skeletal muscle of ISCU myopathy patients. (Images 
courtesy of Karen Ayyad and Ron Haller, University of Texas Southwestern Medical Center and 
Veterans Administration North Texas Medical Center.)
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Two independent studies revealed that the ISCU myopathy is caused by a 
homozygous intronic point mutation (g.7044 G>C) in intron 4 of ISCU gene that acti-
vates a cryptic splice site, resulting in the retention of a ~100 base pair fragment of 
intronic sequence [476, 498]. The incorporation of a premature translational stop 
codon in the aberrantly spliced ISCU mRNA gave rise to a truncated ISCU protein, 
and pulse-chase experiments in patient myoblasts demonstrated that the truncated 
ISCU protein is rapidly degraded [499]. Gene expression analysis on muscle biopsies 
from patients with the homozygous g.7044 G>C mutation revealed expression of the 
mitochondrial iron importer mitoferrin 2, suggesting that increased mitochondrial 
iron uptake may contribute to the mitochondrial iron overload seen in these patients 
[476, 497]. Gene expression analysis and biochemistry study also showed alterations 
of several key pathways involved in muscle fiber composition, fatty acid metabo-
lism, and ketogenesis and induced expression of the starvation response hormone, 
FGF-21 [500], indicating a metabolic response to energy deprivation in the muscle 
tissue on the organismal level [501]. A third study reported a more severe progressive 
myopathy associated with hypertrophic cardiomyopathy that is caused by the g.7044 
G>C mutation on one allele in combination with a heterozygous missense allele 
(c.149G>A) in ISCU exon 3 that converts a conserved Gly-50 residue to Glu (G50E) 
[502]. Biochemical characterization of G50E mutation showed that it compromises 
the ability of ISCU to interact with the sulfur donor NFS1 and with cochaperone 
HSC20 [503].

The g.7044 G>C mutation that underlies ISCU myopathy has the potential to 
cause aberrant splicing of ISCU in all cells and cause catastrophic loss of Fe-S cluster 
biogenesis in all tissues. Yet the patients with homozygous g.7044 G>C mutation 
all present with muscle-specific pathology. Several studies have attempted to iden-
tify the molecular features that may contribute to the tissue specificity and local-
ized clinical phenotypes of ISCU myopathy. The ratio between aberrantly spliced to 
normal ISCU transcripts in patient muscle biopsies was markedly higher than those 
in patient myoblasts, fibroblasts, and heart tissue [354, 504]. Furthermore, Nordin 
et al. identified several muscle-specific cellular RNA-binding factors that facilitate 
the splicing of the mutant ISCU mRNA [505], suggesting that tissue-specific differ-
ences in RNA processing give rise to muscle-specific pathology and that disease 
will only manifest in tissues where the level of normal transcripts is below a certain 
threshold level. Interestingly, Crooks et al. showed that heterologous expression of 
the muscle-specific transcription factor MyoD1 decreased the amount of normal ISCU 
mRNA expressed in patient myoblasts, further suggesting that altered expression of 
RNA splicing factors during the process of terminal muscle differentiation enhances 
aberrant ISCU mRNA splicing [499]. In addition, they observed a decrease in ISCU 
protein levels in cells under oxidative stress and proposed that increased production 
of ROS during exercise may further contribute to a decrease in ISCU protein levels in 
the muscle tissue and to the phenotype of exercise-induced rhabdomyolysis in ISCU 
myopathy patients [499]. 
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10.4.5  NUBPL mutations cause childhood-onset mitochondrial encephalomyopathy 
and respiratory complex I deficiency (MIM 252010) 

Mitochondrial respiratory complex I (NADH:ubiquinone oxidoreductase; EC 1.6.5.3) is 
the main entry point to the mitochondrial respiratory chain and catalyzes the transfer 
of electrons from NADH to ubiquinone. Complex I is a large ~1-MDa macromolecule 
composed of 45 protein subunits encoded by both the nuclear and mitochondrial 
genomes. Defects in complex I activity are the most common type of mitochondrial 
disease [506], can present at a young age, and often result in multisystem disorders 
with a fatal outcome [84, 85]. The wide range of clinical manifestations include Leigh 
syn drome (an early-onset, fatal neurodegenerative disorder), dystonia, develop-
mental delay, seizures, respiratory irregularities, cardiomyopathy, skeletal muscle 
 myopathy, hypotonia, stroke, ataxia, lactic acidosis, and hepatopathy with renal tub-
ulopathy. Mutations underlying human complex I deficiency have been identified in 
19 of the subunits of the complex and 7 nuclear-encoded accessory factors that are 
required for the assembly, maturation or stability of complex I [507, 508]. 

A high-throughput sequencing project identified several mutations in NUBPL 
(also known as IND1) in an individual who presented at 2 years of age with develop-
mental delay, leukodystrophy, elevated CSF lactate, and complex I deficiency [509]. 
The patient carried one NUBPL allele harboring a deletion that spans exons 1–4 and a 
second allele that harbors both a c.815-27T>C mutation that probably causes exon 10 
skipping and a p.Gly56Arg missense mutation [509, 510]. Functional studies showed 
that the expression of wild-type NUBPL rescued complex I activity in fibroblasts from 
the patients, establishing NUBPL as the causal gene [509]. The c.815-27T>C branch-
site mutation was subsequently found in six other cases, usually in combination with 
a null allele [511, 512]. RT-PCR and protein analysis indicated that the branch-site 
mutation led to a decrease in NUBPL1 mRNA and/or protein levels [510, 512, 513].

Deletion of the IND1 in the respiratory yeast Yarrowia lipolytica carrying an 
alternative NADH dehydrogenase resulted in slower growth and strongly decreased 
complex I activity, whereas the activities of aconitase, SDH, and cytochrome bc1 
complex were not affected, leading to the suggestion that Ind1 is specifically involved 
in the assembly/stability of complex I [323]. Knockdown of NUBPL in human HeLa 
cells caused decreases in several complex I subunits (NDUFS1, NDUFV1, NDUFS3, 
and NDUFA13), improper assembly of the peripheral arm of complex I, decreased 
complex I activity, and abnor mal mitochondrial morphology [324]. Complex I con-
tains 8 Fe-S clusters that are associated with five different subunits (NDUFS1, -S7, 
-S8, -V1, and -V2) [514]. NDUFS7 and -S8 assemble relatively early in the assembly 
pathway, and defects in these subunits usually do not result in accumulation of 
assembly intermediates. Kevelam et al. observed no accumulation of assembly inter-
mediates of the peripheral arm in the patients and concluded that NUBPL is involved 
in early assembly of the Fe-S clusters [512]. NUBPL shows sequence similarity to 
Nbp35 and Cfd1 in yeast, which are P-loop NTPases that are involved in  cytosolic 
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Fe-S protein maturation [515]. Recombinant NUBPL/IND1 binds a labile [4Fe-4S] 
cluster, as judged by UV-vis spectroscopies, and the Fe-S cluster could be transferred 
to an Fe-S apo-protein in vitro [324, 515]. These studies led to the proposal that Ind1 
serves as a specific scaffold or transfer protein for the assembly of the Fe-S clusters 
in respiratory complex I. However, more recent studies designed to unravel primary 
from secondary phenotypes in Arabidopsis IND1 mutants suggested that IND1 has a 
primary role in mitochondrial translation that indirectly but specifically affects the 
assembly of complex I [325].

10.4.6  Mutations in NFU1 cause multiple mitochondrial dysfunctions syndrome 1 
(MIM 605711)

Multiple mitochondrial dysfunctions syndrome (MMDS), a fatal neonatal autosomal 
recessive disorder characterized by weakness, respiratory failure, developmental 
delay, and metabolic acidosis with elevated blood lactate levels, was first described 
in two families in 2001 [516]. Biochemical analysis indicated severe deficiencies of 
the pyruvate dehydrogenase (PDH) complex, oxoglutarate dehydrogenase (OGDH) 
complex (also known as α-ketoglutarate dehydrogenase complex), and complexes 
I, II, and III of the respiratory chain. Notably, mitochondrial aconitase activity is 
normal. Metabolite analysis performed on the patient urine samples revealed high 
levels of glycine, leucine, valine, and isoleucine, indicating abnormalities of the 
 glycine-cleavage system and the branched-chain α-keto-acid dehydrogenase [516]. 
Using the technique of microcell-mediated chromosome transfer, the genetic defect 
in three patients in one family was mapped to chromosome 2p14–p13 [516] and subse-
quently mapped to NFU1 [317, 517], a gene with sequence homology to the C-terminal 
domain of A. vinelandii Fe-S cluster scaffold protein NifU. A homozygous missense 
mutation c.545G>A near the splice donor site of exon 6 in NFU1 causes abnormal 
mRNA splicing, leading to the production of several truncated transcripts and no 
detectable NFU1 protein product [517]. Transduction of fibroblast lines with retrovi-
ral vectors expressing the mitochondrial isoform of NFU1 restored respiratory chain 
function and oxoacid dehydrogenase complexes, confirming the pathogenicity of the 
NFU1 mutation. Immunostaining using lipoate antibodies indicated a severe reduc-
tion in lipoylated E2 proteins of the PDH and OGDH complexes [321, 517], suggesting 
that the loss of NFU1 might be specifically affecting the Fe-S enzyme LIAS [518].

A link between NFU1 defects and severe mitochondrial disorders was inde-
pendently identified in individuals with fatal infantile encephalopathy, pulmo-
nary hypertension, hyperglycemia, lactic acidosis, and decreased glycine cleavage 
system and PDH complex functions [321]. Nine of the individuals were homozygous 
for a G208C mutation in NFU1, and the tenth was compound heterozygous for a 
G208C mutation and a splice-site (c.545fl5G>A) mutation. G208 is highly conserved 
and is only one residue away from the Fe-S cluster binding motif. In vitro studies 
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confirmed that the G208C mutation of yeast Nfu1 leads to its functional impairment. 
Depletion or inactivation of NFU1 resulted in decreased SDHA and SDHB subunits 
of complex II and an assembly defect in complex II [321, 517, 519]. Interestingly, 
fibroblasts from NFU1 patients showed heterogeneous patterns of respiratory chain 
alterations, with isolated complex II deficiency in some patients [321] or combined 
deficiencies of complexes I, II, and III in others [517]. Other patients with an early-
onset and rapidly fatal encephalopathy associated with NFU1 mutations have also 
been reported [520–522].

Several of the biochemical phenotypes observed in the NFU1 patients suggested 
that loss of NFU1 impaired LIAS function [321, 517]. Although the PDH complex, OGDH 
complex, and glycine cleavage system do not contain Fe-S clusters, these enzyme 
complexes all require a covalently linked lipoic acid moiety for their enzyme func-
tions, and mutations in LIAS have been reported to impair PDH complex and glycine 
cleavage system activities [213]. Quantitative analysis for iron and sulfide on the E. coli 
LIAS, LipA, have shown that the active form of LipA contains two [4Fe-4S] clusters per 
polypeptide [523]. One of the Fe-S clusters binds SAM and is essential for the reductive 
cleavage of SAM to generate a methionine and a 5′-deoxyadenosyl 5′-radical (5′-dA•). 
The second Fe-S cluster is sacrificed during catalytic turnover as the source of the 
two sulfur atoms inserted into the substrate octanoic acid to form lipoic acid [9, 212]. 
Thus, the Fe-S cluster biogenesis pathway is important for the activities of lipoate-
dependent enzymes, not only for the generation of 5′-dA• for the catalytic activity of 
LIAS but also as sulfur donors for the formation of lipoic acid.

A. vinelandii NifU consists of three distinct domains: the N-terminal ISCU-like 
domain, the central FDX-like domain, and the C-terminal NFU-like domain [524]. The 
NFU domain contains a CXXC motif, and proteins containing the NFU domain are 
present in bacteria, yeast, Arabidopsis thaliana, and humans [317, 319, 320, 322, 525, 
526]. Depletion of NfuA in E. coli and in A. vinelandii resulted in increased sensitivity 
to oxidative stress [319]. In cyanobacteria, the NFU homolog is essential for viability 
[320, 527]. In A. thaliana, Nfu2 gene disruption resulted in a dwarf phenotype, with 
impairment in the assembly of [4Fe-4S] and [2Fe-2S] FDX clusters, while Rieske and 
[3Fe-4S] glutamate synthase clusters were not affected [525, 526]. 

Early studies of Nfu homologues suggested that these proteins may serve as a 
scaffold for Fe-S cluster assembly. The protein containing Nfu domain in cyanobacte-
rium Synechocystis PCC6803 was found by UV-visible spectroscopy to bind a [2Fe-2S] 
cluster and transfer it to apo-FDX [316, 525]. Mössbauer spectroscopic studies showed 
that nfuA from Synechococcus PCC7002 assembles and transfers [4Fe-Fs] clusters to 
apo-PsaC in photosystem I [318], whereas E. coli and A. vinelandii NfuA bind a [4Fe-4S] 
cluster, which is transferred to apo-aconitase [319, 320]. UV-visible spectral analysis 
suggested that A. thaliana NFU-like proteins are capable of binding a labile [2Fe-2S] 
cluster in vitro and transferring them to apo-FDX [528]. Mössbauer spectroscopy anal-
ysis indicated that human NFU1 is able to assemble a [4Fe-4S] cluster [317]. Liu et al. 
reported that human NFU forms a complex with the cysteine desulfurase NifS and 
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mediates persulfide bond cleavage of sulfur-loaded NifS persulfide and suggested 
that human NFU1 mediates sulfide delivery to ISCU in the final step of [2Fe-2S] cluster 
assembly [529]. However, a different model has been proposed, which suggests that 
Fe-S clusters initially formed on the IscU type of scaffolds are subsequently trans-
ferred to Nfu-type proteins. In this model, NfuA-type proteins serve as intermediate 
Fe-S cluster carriers to deliver Fe-S cluster to apo-targets [320]. In support of this pro-
posal, siRNA-mediated depletion of ISCU resulted in marked decreases in the activity 
of SDH, mitochondrial and cytosolic aconitases, and cytosolic GPAT and decreases in 
the levels of lipoylated a-KGDH, PDH, and GCS, whereas depletion of NFU1 affected a 
subset of these proteins (lipoylated proteins and SDH) [321]. Furthermore, apo-NfuA 
in E. coli is able to accept a Fe-S cluster from holo ISCU or holo-SufBC2D, whereas 
no cluster transfer was observed between holo-NfuA and apo-ISCU or apo-SufBC2D, 
suggesting that NfuA is not a scaffold, but rather an Fe-S cluster carrier [322]. Taken 
together, these studies support the idea that NFU1 acts downstream of ISCU and may 
be involved in transferring newly synthesized Fe-S clusters from ISCU to specific 
 apo-target proteins.

10.4.7 Mutations in BOLA3 cause MMDS 2 (MIM 614299) 

A mutation in BOLA3 was first described in an infant who developed epileptic sei-
zures, dilated cardiomyopathy, encephalopathy, respiratory distress, hepatomegaly, 
and acidosis, with elevated levels of glycine in his serum and cerebrospinal fluid, 
and who subsequently died at 11 months of age [517]. Studies of patient skin fibrob-
lasts showed elevated lactate-to-pyruvate ratios and decreased activities of the PDH 
complex, branched chain α-keto acid dehydrogenase, and mitochondrial respira-
tory chain complexes I and II. In contrast, the activity of ACO2 was normal. A single 
base-pair duplication c.123dupA was identified in exon 2 of BOLA3, which causes a 
frameshift that produces a premature stop codon in both isoforms of BOLA3. A second 
study soon followed, reporting the case of two siblings who presented with severe 
neonatal lactic acidosis, hypotonia, respiratory insufficiency, and intractable cardio-
myopathy [530]. Both patients died within the first months of life due to multiorgan 
failure. Organic acids analyses of urine revealed elevated metabolites of the TCA cycle 
(succinate, fumarate, malate, aconitic acid, and citric acid), together with increased 
excretion of lactate and pyruvate. Assessment of skeletal muscle biopsies and fibrob-
lasts showed combined deficiency of respiratory chain complexes I and II accom-
panied by a defect of the PDH complex. A decrease in complex IV activity was also 
observed in the muscle biopsy of one of the patients. Brain MRI indicated lesions in 
several areas in the brain. The identified homozygous missense mutation, c.200T>A 
I67N, is located in exon 3 and solely affects isoform I of BOLA3. In a 2014 study, three 
patients were shown to be homozygous for a truncating mutation c.136C>T p46X in 
exon 2 of BOLA3 isoform 1 [216]. 
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The exact function of BOLA3 is still not fully understood. Because of the similar 
phenotypes of MMDS1 and MMDS2, BOLA3 has been proposed to function in concert 
with NFU1 for biogenesis of LIAS [517]. Mammalian cells have three BOLA homo-
logues, denoted as BOLA1, BOLA2, and BOLA3. On the basis of functional genom-
ics data, affinity purification, yeast two-hybrid studies, and structural characteriza-
tions, BOLA family members in yeast were postulated to act as reductases, interacting 
with the mono-thiol GLRX family that includes the cytosolic GRX3 and GRX4 and 
the mitochondrial [531]. Genetic studies in yeast demonstrate a crucial role for com-
plexes between Grx3 and Grx4 with the BolA-like protein Fra2 in iron homeostasis, 
and that the Grx-BolA interaction is required for efficient iron-dependent inhibi-
tion of the Aft1 and Aft2 transcriptional activators [462, 532] (see also the chapter 
by C. Outten for in-depth discussion). Studies in zebrafish also indicated a crucial 
function of vertebrate Grx3 (PICOT) in iron homeostasis and hemoglobin matura-
tion [533]. UV-visible absorption, CD, resonance Raman, EPR, ENDOR, Mossbauer, 
and EXAFS studies showed that yeast Fra2 forms a [2Fe-2S]-bridged heterodimeric 
complex with Grx3 or Grx4, with iron ligands provided by a cysteine from Grx3 or 
Grx4, a histidine from Fra2, and glutathione [467]. This complex plays a key role 
in iron regulation in S. cerevisiae [532, 534]. More recent studies have shown that 
BolA2 and Glrx3, the human homologues of Fra2 and Grx3, form a [2Fe-2S] chaper-
one complex that can transfer [2Fe-2S] cluster to CIAPIN in vitro [535, 536] and in the 
cytosol of human cells [537], suggesting that BolA2-Glrx5 function in the matura-
tion of cytosolic Fe-S proteins. It has been suggested that BOLA3 possibly functions 
by interacting with GLRX5 and NFU1 in the mitochondria for the maturation of [4Fe-4S]  
proteins [538]. Melber et al. reported that Nfu1 and Bol3 in yeast function in the 
transfer of Fe-S clusters from the ISA1-ISA2-Iba57 complex to mitochondrial [4Fe-4S] 
client proteins [539].

10.4.8 IBA57 deficiency causes severe myopathy and encephalopathy

IBA57 was first identified as an Fe-S protein biogenesis factor in a genome-wide 
screen for yeast mutants that are auxotrophic for glutamate and lysine due to defects 
in mitochondrial aconitase and homoaconitase [314]. Depletion of yeast Iba57 results 
in diminished de novo Fe-S cluster formation on aconitase and homoaconitase, but 
not in FDX (Yah1) or isopropylmalate dehydratase (Leu1p). Depletion of Iba57 also 
resulted in loss of catalytic function of radical-SAM Fe-S protein biotin synthase and 
LIAS. In E. coli, suppression of an IBA57-related protein, YgfZ, resulted in deficiency 
in Fe-S proteins SDH and tRNA modification enzyme MiaB, but not aconitase [540]. 
In IBA57-depleted HeLa cells, catalytic activities of complex I and II were compro-
mised, and steady-state levels of several Fe-S proteins, including subunits of complex 
I (NDUFA9, NDUFA13, NDUFB4, and NDUFS3), complex II (SDH), and complex IV 
(MT-CO2), were affected [541]. Notably, the activity of the [2Fe-2S] cluster-containing 
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complex III was not affected in these individuals, consistent with the suggestion that 
IBA57 is specific for [4Fe-4S] cluster formation [314, 541]. Yeast Iba57 physically inter-
acts with the Fe-S cluster assembly proteins Isa1 and Isa2 [314], and E. coli YgfZ occurs 
in complexes with IscA-type proteins in vivo [542], suggesting that the complex of 
these three proteins forms the functional unit [314, 315]. 

Mutations in IBA57 were found in two siblings who became critically ill shortly 
after birth [543]. Patient 1 presented with severe hypotonia, absent primitive 
reflexes, microcephaly, dysmorphic features, hyperglycemia, and elevated lactate 
and glycine levels in serum and cerebrospinal fluid, but normal blood cell counts 
and hemoglobin and hematocrit measurements. Cerebral MRI showed cerebral 
atrophy. Patient 2 died shortly after birth due to hypoventilation and low cardiac 
activity. Biochemical studies revealed decreased catalytic activities of complexes I 
and II, whereas the activity of complex III was normal. Immunoblot analysis showed 
severely decreased levels of complexes I, II, and IV subunits in skeletal muscle, 
whereas levels of complexes III and V were unchanged. In addition, defects in ACO2 
and the lipoate-containing enzymes, OGDH and PDH, were also found in these 
patients. Sequence analysis revealed a homozygous mutation, c.941A>C, resulting 
in a change of the residue G314 to a Pro. Analysis of mitochondrial extracts from 
skeletal muscle and cultured skin fibroblasts and IBA57-depleted HeLa cells indi-
cated that the mutation resulted in a severe decrease in IBA57 protein due to pro-
teolytic degradation. The lipoylated groups in PDH and OGDH were significantly 
decreased in cultured skin fibroblasts and skeletal muscle tissue of the patients. A 
second study reported a homozygous c.436C>T variant in IBA57 gene that converts 
a conserved Arg146 to Trp in an infant with multiple mitochondrial dysfunction 
syndrome and progressive leukodystrophy [544]. Biochemical studies of skeletal 
muscle isolated from the patient revealed deficiencies of complexes I and II and 
loss of protein lipoylation. These findings are consistent with the proposal that 
IBA57 is important for [4Fe-4S] cluster assembly in LIAS [314].

10.4.9 A mutation in ISD11 causes deficiencies of respiratory complexes

LYRM4 encodes the ISD11 protein that is essential for cell viability in yeast [286]. 
Yeast strains lacking Isd11 are deficient in aconitase and SDH activities [286, 287], 
and knockdown of ISD11 results in aconitase deficiency in human cell lines [288, 545], 
implicating an essential role of ISD11 in Fe-S cluster assembly. Pull-down and coim-
munprecipitation experiments showed that ISD11 forms a complex with the cysteine 
desulfurase NFS1 in yeast and human cells [286, 287, 545]. In yeast without Isd11, 
it was initially reported that Nfs1 had normal desulfurase activity but was prone to 
aggregation and proteolytic degradation [286]. However, other studies suggested that 
Nfs1 by itself was inactive and that Isd11 is important for inducing an activating con-
formational change in Nfs1 [289]. In addition, Shi et al. showed that ISD11  depletion 
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in human cell lines activated the iron regulatory proteins IRP1 and IRP2, which led 
to upregulation of TfR1 and mitochondrial iron accumulation [288]. These results 
suggest that ISD11 is important in the biogenesis of Fe-S clusters, and loss of ISD11 
disrupts normal mitochondrial and cytosolic iron homeostasis. In addition to seques-
tering the sulfur for Fe-S cluster biogenesis, Nfs1• ISD11 complex might be important 
for other biological pathways that require sulfur transfer, including the biogenesis 
pathways of biotin, thiamine, lipoic acid, molybdopterin, and sulfur containing bases 
in tRNA [546–548].

A homozygous mutation in LYRM4 was recently identified via massive parallel 
sequencing of >1,000 mitochondrial genes in two patients with deficiencies of the 
respiratory complexes containing Fe-S clusters [549]. Patient 1 had stridor (a high-
pitched wheezing sound resulting from turbulent air flow in the upper airway), hypo-
tonia, and lactic acidosis shortly after birth but improved later. Patient 2 had stridor, 
hepatomegaly, metabolic acidosis, severe ketosis, and died at 2 months of age. Post-
mortem muscle histology of patient 2 revealed reduced glycogen levels and increased 
lipid levels. Liver analysis showed steaosis (indicative of impairment of lipid metabo-
lism), markedly reduced glycogen, and mildly increased iron levels. The mutation in 
LYRM4 was predicted to cause a missense change affecting a highly conserved amino 
acid residue in ISD11, and ISD11 protein was undetectable in patient muscle and liver 
biopsies. Levels of complex I subunits NDUFB8 and NDUFS3, complex II subunit 
SDHB, complex III subunit UQCRFS1, and complex IV subunits COX2 and COX1 were 
reduced in both patients. Other Fe-S proteins, including ACO1, ACO2, and FECH, were 
also reduced in the patients. 

10.4.10  Infantile mitochondrial complex II/III deficiency (IMC23D) caused  
by a missense mutation in NFS1 

The cysteine desulfurase encoded by NFS1 is essential in most organisms for provid-
ing sulfur for Fe-S cluster biogenesis [550]. In addition, NFS1 is important for the sul-
furation of tRNAs [551] and for providing sulfur in the MoCo biosynthetic pathway that 
is essential for the function of SO, XOR, and AO [217, 548]. A mutation in NFS1 gene 
(MIM 603485) has been shown to be the genetic cause of a fatal autosomal recessive 
disease in three children of healthy third cousins in an Old Order Mennonite commu-
nity [552]. The patients presented with lactic acidemia, hypotonia, respiratory chain 
complex II and III deficiency, multisystem organ failure, and abnormal mitochondria. 
The first child was admitted at 7 months of age and died of cardiac failure 3 days 
postadmission. The second child was presented with respiratory failure, cyanosis, 
and elevated levels of lactate at 6 weeks of age and was treated with a mitochondrial 
cofactor therapy consisting of riboflavin, coenzyme Q10, thiamine, vitamin C, vitamin 
E, and vitamin K, which led to clinical and biochemical improvement. At 7 months, 
symptoms recurred and he died of cardiac failure. The third patient was treated with 
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a mitochondrial cofactor therapy from 6 months until about 11 years of age. He is gen-
erally healthy, with elevated levels of blood lactate, aspartate aminotransferase, and 
creatine kinase and mild developmental and gross motor delay. Exome sequencing 
and biochemical studies indicated that a c.215G>A mutation in these patients led to 
the substitution of Arg72 into Gln in NFS1 and a disruption of the NFS1-ISD11 complex. 
Notably, mutations in LYRM4, which encodes ISD11, also resulted in a disruption of 
the NFS1-ISD11 complex and leads to a clinical presentation similar to IMC23D [549]. 
The severe clinical outcome of NFS1 deficiency stresses the crucial importance of 
NFS1 for the biosynthesis of Fe-S clusters and for MoCo and tRNA modifications.

10.4.11  Mutations in HSPA9 in patients with congenital sideroblastic anemia  
and myelodysplastic syndrome

Human HSPA9 (HscA in bacteria, and Ssq1 in S. cerevisiae) encodes a heat uninduc-
ible member of the heat shock 70 protein family that has been documented by many 
names, including HSPA9B, mortalin, and GRP75 [553, 554]. HSP70 homologues use 
the energy released by the hydrolysis of ATP to drive conformational changes and 
refolding of target proteins [304, 554]. HSPA9 is mainly localized in the mitochon-
dria but has also been found in other subcellular localizations including ER, Golgi 
apparatus, and cytosol, with binding partners including p53, FGF-1, IL-1 receptor type 
1, GRP94, VDAC, NADH dehydrogenase, MPD, Mge1 Tim44, and Tim23. HSPA9 has 
been implicated in diverse molecular pathways including energy generation, stress 
response, and involvement in cancer, neurodegeneration, and EVEN-PLUS syndrome 
of congenital malformations and skeletal dysplasia [553, 555].

With respect to Fe-S cluster biogenesis, the HSPA9/HSC20 complex facilitates 
cluster transfer from the primary scaffold protein ISCU to recipient apoproteins or to 
intermediate carriers [305]. Genetic and functional analysis of patients from several 
families showed that germline incomplete loss of HSPA9 function results in a congenital 
sideroblastic anemia phenotype that reflects abnormal mitochondrial iron utilization by 
the erythroid precursors [556]. A large fraction of the patients carry HSPA9 loss-of-func-
tion alleles inherited in trans with a common coding single nucleotide polymorphism 
associated with reduced mRNA expression, resulting in pseudodominant inheritance in 
some families. HSPA9 deficiency in zebrafish resulted in anemia, dysplastic immature 
erythroblasts, accelerated apoptosis, and leukopenia, with accelerated apoptosis in 
erythroid cells consistent with ineffective hematopoiesis [557]. Knockdown of HSPA9 in 
primary human CD34+ cells delayed the maturation of erythroid precursors, and eryth-
roid precursors were reduced in the mouse Hspa9 knockdown model [558]. These results 
make HSPA9 the second protein in the Fe-S cluster biogenesis pathway to be associated 
with sideroblastic anemia. In zebrafish, Grx5 mutations cause anemia as a result of 
IRP1-mediated translational repression of erythroid aminolevulinate  synthase (ALAS2), 
the first enzyme in the heme biosynthetic pathway [309]. In the GLRX5-deficient patient 
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and in the zebrafish model, IRP1 becomes an active mRNA binding protein that inhibits 
ALAS2 translation and thereby blocks heme biosynthesis. Studies of a zebrafish shiraz 
mutant and patients with sideroblastic anemia-associated mutations in GLRX5 showed 
that loss of GLRX5 resulted in mitochondrial iron overload and concomitant cytosolic 
iron depletion, which prevents de novo cytosolic cluster assembly in IRP1 and activates 
IRP1-mediated translational repression of ALAS2. Recent studies showed that HSPA9 
depletion also increased IRP-RNA binding activities and decreased ALAS2 and FECH 
protein levels during erythroid differentiation of Murine Myeloid Erythroleukemia MEL 
cells [559]. These studies may explain the sideroblastic anemia-associated phenotype 
resulting from HSPA9 haploinsufficiency.

In addition to sideroblastic anemia, HSPA9 deficiency is associated with myelod-
ysplastic syndromes (MDSs). MDSs are a heterogenous group of hematopoietic stem 
cell disorders. Progression to AML occurs in 30% of MDS patients, with mean survival 
rates of 6 months to 5 years [560]. MDS is characterized with peripheral blood cyto-
penias (reduction of blood cells) as a result of peripheral blood and bone marrow 
dysplasia and accelerated apoptotic death of multipotential hematopoietic progeni-
tors and their progeny. Recurrent somatic mutations in genes involved in transcrip-
tional regulation, signal transduction, epigenetic regulation, RNA splicing, and DNA 
damage response have been identified in MDS. Deletions at chromosome 5q32 are 
associated with more aggressive forms of MDS and HSPA9 is one of the genes in the 5q 
MDS deletion interval [561]. Loss of HSPA9 homologue in zebrafish closely recapitu-
lates the ineffective hematopoiesis of the MDS including anemia, dysplasia, increased 
blood cell apoptosis, and multilineage cytopenia, suggesting that HSPA9 deficiency 
may contribute to MDS and AML pathogenesis [557].

10.5 Fe-S cluster biogenesis and iron homeostasis

Another important finding from the studies of genes involved in Fe-S cluster biogen-
esis is that Fe-S cluster biogenesis is important for the regulation of mitochondrial 
iron homeostasis [327, 418]. Many yeast strains that were depleted of Fe-S cluster bio-
genesis proteins (e.g. yfh1, nfs1, isu1, isu2, isa1, isa2, nfu1, ssq1, jac1, yah1) showed 
marked iron accumulation in their mitochondria [298, 349, 406, 562–564]. Disrup-
tion of intracellular iron homeostasis is also a prominent feature in human patients 
depleted of FXN, ABCB7, GLRX5, and ISCU [310, 417, 476] (Fig. 10.4) and in human cell 
lines depleted of ISCU, ABCB7, GLRX5, ISD11, and FDX via RNA silencing [288, 295, 
328, 441, 470]. The increased mitochondrial iron uptake is facilitated by the mitochon-
drial iron transporters, mitoferrin 1 (MFRN1), the major importer of iron into mito-
chondria in erythroid cells and mitoferrin 2, which is mostly in nonerythroid cells 
[420, 565].  Disruption of the yeast mfrn orthologs, MRS3 and MRS4, caused defects 
in iron metabolism and in mitochondrial Fe-S cluster biogenesis [566, 567]. As men-
tioned in Section 10.3.2, most patients with EPP are heterozygous for a mutation in 
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FECH, the gene that encodes a [2Fe-2S] enzyme that inserts ferrous iron into PPIX 
for heme biosynthesis. Wang et al. reported that six patients with EPP had an abnor-
mal transcript of MFRN1 that contained an insert of intron 2, resulting in a truncated 
MFRN1 protein that is retained in the cytosol [568]. Reduced MFRN1 expression can 
contribute to the EPP phenotype by causing a further reduction of FECH activity. In 
yeast, depletion of components of the mitochondrial Fe-S assembly systems induced 
strong transcriptional responses of many genes, and these alterations were very 
similar to the transcriptional profiles developed upon iron starvation, including many 
that are involved in cellular iron uptake [469, 569, 570]. In human cells, disruptions 
of Fe-S cluster biogenesis and mitochondrial iron homeostasis also activate iron regu-
latory proteins IRP1 and IRP2 [328, 339, 341, 358, 423], which triggers an increase in 
cellular iron uptake via TfR1 and a decrease in iron sequestration by ferritin. Together, 
these results suggest that an Fe-S protein might function as a sensor for mitochondrial 
iron status or in signaling the status of mitochondrial iron stores to the nucleus. In 
this scenario, dysfunction in Fe-S cluster biogenesis would be registered by the cell 
as mitochondrial iron deficiency, which triggers an increase in mitochondrial iron 
uptake via mitoferrin [420, 500], and iron accumulates in amorphous nanoparticles 
of ferric phosphate in the mitochondrial matrix [421, 422] or within mitochondrial 
ferritin [417]. In addition, cytosolic iron pools might become functionally depleted 
because of mitochondrial iron sequestration, which triggers the activation of IRP1 
and IRP2, resulting in upregulation of iron import through TfR1, decrease in ferropor-
tin-mediated iron export, and decreased iron sequestration by iron storage protein 
ferritin [420]. The aberrant upregulation of TfR1 and increase in mitochondrial iron 
uptake have the potential to engage the cell in a vicious cycle in which increased cel-
lular iron uptake further exacerbates mitochondrial iron overload. 

Interestingly, mitochondrial iron overload in cells with defects in Fe-S cluster bio-
genesis can cause increased oxidative stress not only directly via iron-catalyzed oxida-
tion reactions [406, 571] but also by inactivating mitochondrial superoxide dismutase, 
MnSOD [572]. Although mitochondrial iron does not normally bind MnSOD, iron will 
misincorporate into S. cerevisiae MnSOD when mitochondrial iron homeostasis is dis-
rupted in yeast mutants that have defects in the late stages of Fe-S cluster biogenesis 
(e.g. grx5, ssq1, and atm1). Iron binding inactivates the MnSOD enzyme, presumably by 
causing changes in the redox potential at the active site or by blocking substrate access.

10.6 Therapeutic strategies

A greater understanding of the physiological roles of Fe-S proteins and the process 
of Fe-S cluster biogenesis, together with technological advances in genetic diagnosis 
in recent years, has led to the discovery of disease-causing mutations in a number 
of Fe-S proteins and Fe-S cluster biogenesis factors and provided the opportunities 
to design more effective diagnostics and potential treatments for several devastating 
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diseases. Some therapeutic approaches target the specific disease mutation and 
disease symptoms. For instance, palliative treatments of FRDA patients typically 
consist of physical therapy and β-blockers, ACE-inhibitors, and surgery for cardiac 
symptoms [573]. In the case of patients with mutations in LYRM4/ISD11, the realiza-
tion that the disease gene encodes a protein that is important for the enzymatic activ-
ity of a cysteine desulfurase led to the suggestion that providing a sulfur donor such 
as cysteine or N-acetyl cysteine may constitute a potential therapy [549]. Additional 
therapeutic approaches involve agents that aim to boost the expression levels of the 
disease genes [368]. In the case of FRDA, EPO has been shown to promote the trans-
lation of FXN [574, 575], and recombinant human EPO was found to increase FXN 
expression in FRDA patients [576]. A specific family of benzamide histone deacety-
lase inhibitors have been shown to mitigate FXN silencing in FRDA cells [577, 578] and 
showed promise in a pilot clinical study with FRDA patients [579]. In addition, there 
has been much interest in developing novel therapeutic applications such as cell or 
gene therapies for FRDA [580], and prevention and reversal of severe mitochondrial 
cardiomyopathy by gene therapy have been reported in an FRDA mouse model [581]. 
Interferon gamma-1β has been found to increase FXN expression in dorsal root gan-
glion neurons and improve sensorimotor performance in mouse FRDA models [582]. 
In addition, antisense oligonucleotides are being developed for neurological dis-
orders, such as spinal muscular dystrophy and Huntington disease [583]. Recently, 
Li et al. showed that introducing anti-GAA duplex RNAs or single-stranded locked 
nucleic acids into FRDA patient cells restored FXN protein levels [584]. In the case 
of ISCU myopathy, in vitro studies have demonstrated that RNA modulating therapy 
with an antisense phosphorodiamidate morpholino oligonucleotide that specifi-
cally targets the aberrantly activated splice site in ISCU is able to restore the normal 
splicing pattern of ISCU [585]. An upregulation of normally spliced ISCU mRNA pro-
duced by blocking the cryptic splice site may thus be a therapeutic possibility for 
these patients. More recent studies using chemically advanced antisense oligomers 
demonstrated that blocking the point mutation site with a tightly binding antisense 
blocked abnormal splicing and restored ISCU function in myoblasts from patients 
with ISCU myopathy [586]. 

On the other hand, since mitochondrial iron overload and mitochondrial failure 
are common features in diseases associated with defects in Fe-S proteins and Fe-S 
cluster biogenesis, several common therapeutic strategies have emerged that involve 
administering antioxidants to reduce oxidative damages and iron chelators to 
decrease iron-mediated oxidative stress and attenuate iron overload [587, 588]. For 
instance, adenoviral delivery of the human SOD2 gene was shown to suppress the 
optic nerve degeneration in a mouse model of complex I deficiency [589], suggesting 
that antioxidant therapy may attenuate the disease process in patients with defective 
respiratory complexes. Patients with FRDA also have increased DNA damage [425] and 
lipid peroxidation [590], and much work has been done to evaluate the potential of 
antioxidants in preventing mitochondrial damage and preserving aerobic respiration. 
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Studies by the Schoumacher lab suggested that small molecule glutathione peroxi-
dase mimetics have the potential to treat FRDA [591]. On the other hand, neither the 
administration of a MnSOD mimetic (MnTBAP) nor the overexpression of CuZnSOD 
improved the cardiomyopathy symptoms in a murine FRDA model [423]. Idebenone, 
a CoQ10 analog that can reduce intracellular ROS as well as shuttle electrons between 
damaged respiratory complex proteins, showed promise in animal models [428, 592] 
and early clinical studies [424–426] but failed the phase III clinical trial because it 
did not significantly improve cardiac outcomes in patients over a 6-month treatment 
period [427]. It has been suggested that antioxidants may prove to be more effective if 
given at an early stage of disease progression before significant neuronal and cardio-
myocyte damage accumulates. 

The consistent finding that dysregulation of iron homeostasis is a pathological 
hallmark of FRDA has led to efforts in testing iron chelators for use in the treatment 
of FRDA [587, 593]. Iron chelators, including deferoxamine and deferiprone, have 
been evaluated in in vitro models and in clinical trials, with mixed results. Although 
iron chelators reduced ROS damage to mitochondrial proteins and reduced iron 
buildup in the brain with improvements in neurological function in a number of 
studies [428, 594, 595], other studies indicated that iron chelation has the undesir-
able effects of reducing mRNA levels of and aconitase and in impairing aconitase 
function [358, 596]. A 6-month study showed little improvement in FRDA patients 
who were administered deferoprone over placebo, but the trial may have been too 
short to be conclusive [597]. 
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11 Friedreich ataxia
Simon A.B. Knight and Robert B. Wilson

Abstract: Friedreich ataxia (FRDA) is an autosomal recessive neurodegenerative 
and cardiodegenerative disorder caused by decreased expression and/or function 
of the protein frataxin. Frataxin is involved in iron-sulfur cluster (ISC) biogenesis. 
Decreased expression of frataxin is associated with decreased ISC biogenesis, 
mitochondrial iron accumulation, and increased oxidative stress, all of which 
contribute to mitochondrial dysfunction. Frataxin binds iron and may chaperone 
iron for ISC biogenesis in the mitochondrial matrix. Frataxin also interacts with 
multiple proteins in the ISC-biogenesis complex and regulates ISC biogenesis 
in part through the activation of the cysteine desulfurase. Because decreased 
frataxin affects cytosolic ISC biogenesis as well as mitochondrial ISC biogenesis, 
the pathogenesis of FRDA undoubtedly results from decreased activities of both 
mitochondrial and cytosolic ISC proteins.

11.1 Introduction

Friedreich ataxia (FRDA) is an autosomal recessive neurodegenerative and cardio-
degenerative disorder, with a prevalence of approximately 1 in 40,000 in European 
populations. (Recent reviews include those by Koeppen and Mazurkiewicz [1], Collins 
[2], and Gomes and Santos [3].) FRDA is characterized by progressive ataxia of all four 
limbs, dysarthria, areflexia, sensory loss, and muscle fatigability. As first described 
by Nicholaus Friedreich in the mid-1800s, the neurological signs and symptoms are 
largely secondary to degeneration of the large sensory neurons of the dorsal root 
ganglia and spinocerebellar tracts. Skeletal deformities and cardiomyopathy are 
found in most patients, impaired glucose tolerance, and diabetes mellitus are found 
in ~30% of patients, and reduced visual acuity and hearing loss are occasionally seen 
[4]. Onset of symptoms usually occurs around puberty and most patients are confined 
to a wheelchair by their late 20s. Myocardial failure and/or arrhythmias are the most 
common cause of premature death. Currently, there are no approved drugs to treat 
FRDA and the resultant disability, prolong the life of an FRDA patient, or cure the 
disorder. 
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11.2 Clinical presentation and genetics

11.2.1 Signs and symptoms

Typical cases of FRDA include the clinical features enumerated by Harding [5]: 
(1) autosomal recessive inheritance, (2) onset before 25 years, (3) progressive 
limb and gait ataxia, (4) absent tendon reflexes in the legs, and (5) electrophysi-
ologic evidence of axonal sensory neuropathy, followed within 5 years of onset by  
(6) dysarthria, (7) areflexia of all four limbs, (8) distal loss of position and vibra-
tion sense, (9) extensor plantar responses, and (10) pyramidal weakness of the 
legs. However, the clinical features of FRDA may be quite variable, even within 
the same sibship. This variability includes age of onset, rate of progression,  
and severity and extent of disease. In the context of an overall FRDA-like  
phenotype, atypical cases lack one or more of the Harding criteria: late-onset FRDA  
[6, 7], with onset after 25 years, and FRDA with retained reflexes [8], in which 
tendon reflexes in the legs are preserved, tend to cluster in families but may  
also occur in association with typical FRDA. The identification of the disease 
gene and its most common mutation, an expansion of an intronic GAA triplet 
repeat sequence, has allowed genotype-phenotype correlations to be made  
(see below).

11.2.2 Identification of the disease gene

Campuzano and colleagues identified the FRDA disease gene, FXN (frataxin), on 
chromosome 9q13 [9]. Initial characterization of FXN revealed strong homolo-
gies with open reading frames in the lower eukaryotes Caenorhabditis elegans 
(C. elegans) and Saccharomyces cerevisiae (S. cerevisiae) [9]. Most individuals with 
FRDA (~97%) have expansions of a GAA repeat in the first intron of both FRDA 
alleles [9]. Normal alleles have 36 or fewer GAA repeats, while disease alleles 
have from approximately 100 to more than 1,700 repeats [10], although most com-
monly ~600–900 repeats. The GAA-repeat expansions transcriptionally silence 
FXN through heterochromatization, decreasing expression of the encoded protein, 
frataxin, to ~5%–30% of normal [11, 12]. The FXN allele with the smaller of the two 
GAA-repeat expansions expresses most of the residual frataxin; consistent with 
this, the size of the smaller expansion correlates inversely with age of onset and 
directly with rate of disease progression [4]. Individuals with FRDA have also been 
identified (~3%) who carry one allele with a trinucleotide repeat expansion and 
one allele with a point mutation [9, 13]; the clinical presentation of such individu-
als is often atypical [13]. A complete knockout of the murine frataxin gene causes 
embryonic lethality, indicating that at least some frataxin function is necessary for 
survival [14]. 
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11.2.3 Mitochondrial dysfunction

Mitochondrial dysfunction had long been suspected of contributing to the patho-
physiology of FRDA [15]. The known mitochondrial diseases and FRDA share a 
number of clinical manifestations, including ataxia, skeletal myopathy, cardiomy-
opathy, diabetes mellitus, and sensorineural hearing loss and optic neuropathy 
[4, 16]. Using phosphorus magnetic resonance spectroscopy, Lodi and colleagues 
found a decrease in the maximum rate of ATP production in skeletal muscle in 
vivo that correlated inversely with the size of the smaller GAA-repeat expansion 
[17]. The same group reported similar findings in cardiac muscle in vivo [18]. Using 
near-infrared spectroscopy, Lynch and colleagues found a prolonged deoxygena-
tion recovery time in skeletal muscle in vivo, also consistent with mitochondrial 
dysfunction [19]. 

11.3 Iron metabolism and dysregulation

11.3.1 Mitochondrial iron accumulation

The connection between FRDA and iron metabolism was made in studies of the yeast 
frataxin homologue (Yfh1p). Both Yfh1p and frataxin localize to the mitochondrial 
matrix, at or near the inner mitochondrial membrane [20–23]. Frataxin can sub-
stitute for Yfh1p in yeast [24, 25], indicating that the two proteins are functional as 
well as structural homologues. Yeast lacking Yfh1p exhibit impaired mitochondrial 
respiration, sensitivity to oxidative stress, and decreased activities of mitochondrial  
iron-sulfur cluster (ISC) enzymes [22, 24, 26–28], indicating an important role in mito-
chondrial function. The myocardium of patients with FRDA exhibits decreased activi-
ties of mitochondrial ISC enzymes – including respiratory complexes I, II, and III – as 
well as impaired mitochondrial bioenergetics [18, 29, 30]. 

Perhaps the most striking observation is that yeast lacking Yfh1p constitutively 
up-regulate cellular iron uptake and accumulate mitochondrial iron to approxi-
mately 10 times the normal concentration [22], such that the iron deposits are readily 
visible in electron micrographs. Reexpression of Yfh1p in yeast lacking the protein 
reversed the mitochondrial iron accumulation over time [27]. Cardiomyocytes of indi-
viduals with FRDA exhibit stainable iron deposits [30, 31], and cells and tissues from 
individuals with FRDA accumulate mitochondrial iron [32–34]. However, serum iron 
and ferritin concentrations in individuals with FRDA are within normal limits, with 
means below the 50th percentile for each reference range, suggesting that, unlike 
hemochromatosis, FRDA is not a disease of total body iron overload [35]; rather, 
FRDA seems to include a component of intracellular iron maldistribution, with mito-
chondrial iron accumulation in the form of biologically unavailable ferric phosphate 
nanoparticles [36–38].
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11.3.2 Oxidative stress

Ferrous iron can generate toxic reactive oxygen species by reducing hydrogen perox-
ide to the hydroxyl radical (the Fenton reaction) [39]. Consistent with the observation 
that iron accumulates in the mitochondria of individuals with FRDA, primary FRDA 
fibroblasts are sensitive to oxidative stress [33]. The evidence for oxidative stress in 
FRDA is the subject of a review by Armstrong and colleagues [40]. That there should be 
oxidative stress in FRDA, and that it might be difficult to measure directly, is unsurpris-
ing. A certain level of physiologic reactive oxygen species is present normally, which 
can obscure low-level signals from a relatively small number of affected disease cells 
and cells with extremes of oxidative stress often die by apoptosis. Having said this, 
although the differences from normal control individuals were small, Schulz et al. 
found increased urinary 8-hydroxy-2-deoxyguanosine (8-OHdG), a marker of oxidative 
DNA damage, in individuals with FRDA [41], and Emond et al. found increased plasma 
malondialdehyde, a marker of lipid peroxidation, in individuals with FRDA [42].

11.3.3 ISC biogenesis

Frataxin is involved in ISC biogenesis. In a database-driven study of 56 available 
genomes, Huynen and colleagues identified two genes, hscA and hscB, with identi-
cal phylogenetic distributions to FXN; both hscA and hscB encode chaperone pro-
teins important for ISC biogenesis, which suggested a role for frataxin in this process 
[43]. Muhlenhoff and colleagues found that Yfh1p depletion decreased ISC biogenesis 
for mitochondrial and cytosolic ISC proteins in vivo, as well as in vitro using mito-
chondrial extracts [44]. Conversely, the import of pmol amounts of Yfh1p to intact 
mitochondria, isolated from yeast lacking Yfh1, restored biosynthesis of ISCs [45]. Col-
lectively, these results indicate that Yfh1p is able to make mitochondrial iron avail-
able for ISCs and that mitochondrial iron accumulation is a secondary defect; in fact, 
mutation or depletion of any of the mitochondrial ISC biogenesis proteins is associ-
ated with mitochondrial iron accumulation. Using a conditional knockout approach, 
Puccio and colleagues generated striated-muscle frataxin-deficient mice and neuron/
cardiac frataxin-deficient mice [46]; time-dependent mitochondrial iron accumula-
tion occurred, but only after decreases in the activities of ISC enzymes were evident, 
again consistent with a primary role for Yfh1p and frataxin in ISC assembly.

Muhlenhoff and colleagues found that regulated Yfh1p depletion decreased ISC 
biogenesis on the scaffold protein Isu1p (Iron-sulfur cluster scaffold protein 1) [47], 
and several groups found that Yfh1p interacts directly with Isu1p [48–50], which 
suggested an important role for Yfh1p in this initial step. Gerber and colleagues 
found that Yfh1p also interacts directly with Nfs1p (Nitrogen fixation 1 homolog), 
the cysteine desulfurase that provides the sulfur for ISC biogenesis [48]. Biophysi-
cal experiments using recombinant mammalian proteins suggest that frataxin is part 
of a homodimeric complex, with each subunit consisting of Nfs1:Isd11 (Iron-sulfur 
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cluster desulferase interacting protein):Iscu (Iron-sulfur cluster scaffold protein U): 
Fxn with 1:2:1:1 stoichiometry [51, 52]. Higher-ordered complexes have also been pro-
posed, consisting of as many as 24 copies of each protein; however, the physiological 
relevance of these structures awaits confirmation [53]. Although important for ISC 
biogenesis, Yfh1p is not absolutely required since yeast lacking Yfh1p completely are 
viable, whereas complete loss of ISC-biogenesis capability is generally lethal.

To distinguish primary from secondary consequences of frataxin depletion in 
human cells, Stehling and colleagues used RNAi in HeLa cells to regulate frataxin 
expression [54]; frataxin depletion decreased the activities of the ISC enzymes aco-
nitase and succinate dehydrogenase, without affecting non-ISC enzyme activities, 
cellular iron uptake, cellular iron content, or mitochondrial iron accumulation, sug-
gesting, as in yeast, a primary role in ISC biogenesis. Bulteau and colleagues found 
that frataxin interacted directly with aconitase in a citrate-dependent fashion and 
decreased aconitase inactivation by oxidative stress; the interaction protected the 
ISC of aconitase from disassembly – and thereby protected aconitase from irrevers-
ible inactivation and possibly degradation – and promoted enzyme reactivation  
[55, 56]. As noted above, Rotig et al. found that the myocardium of individuals with 
FRDA exhibited decreased activities of mitochondrial ISC enzymes, including respira-
tory complexes I, II, and III, and both cytosolic and mitochondrial aconitases [29].

11.3.4 Precise function of frataxin

There are two primary hypotheses for the precise function of frataxin in ISC biogen-
esis: (1) frataxin chaperones iron into the nascent ISC complex and (2) frataxin regu-
lates the ISC-assembly complex. These two hypotheses are not mutually exclusive and 
there are data to support both. The structures of frataxin from humans, yeast (Yfh1p), 
and bacteria (CyaA) are highly conserved, with a platform of beta sheets, two paral-
lel alpha helices in a separate plane, a hydrophobic core, and a negatively charged 
groove, between the alpha helices, comprising a patch of acidic residues from the 
beta sheet and one of the alpha helices [57–60]. Frataxin proteins bind iron in vitro, 
with numbers raging from two to six atoms of iron per frataxin molecule depending 
on species [49, 58, 61–66]; the affinity (Kd) is only in the low micromolar range and on 
the surface of the protein, via carboxylic amino acids, rather than via cysteines and 
histidines [67], as is more typical for iron-binding proteins. The low binding affinity of 
frataxin for iron tends to rule against the protein acting as a chaperone for iron in the 
manner that copper is delivered to recipient proteins by copper chaperone proteins, 
which have high affinity for copper [68]. However, Gerber and colleagues showed that 
the Yfh1p interaction with Isu1p and Nfs1p is iron dependent [48]; Yoon and Cowan 
showed that human frataxin can transfer iron to ISCU [49]; and Layer and colleagues 
showed that CyaY, the bacterial frataxin homolog, can provide iron for ISC biogenesis 
[69]. These data are all consistent with the hypothesis that frataxin is the iron donor 
for ISC biogenesis. 
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The other, not necessarily mutually exclusive, role for frataxin is as a regulator of 
ISC assembly. Mammalian frataxin interacts with a preformed complex of NFS1, ISCU, 
and ISD11 [51, 70], an interaction that increases cysteine desulfurase activity. Cysteine 
is the sole source of sulfur for ISCs. Using a two-step approach with recombinant yeast 
proteins and a 35S-Cys radiolabel, Pandey and colleagues demonstrated that Yfh1p spe-
cifically stimulated the binding of cysteine to Nfs1p by exposing the substrate binding 
site [71]. In contrast to this, Parent and colleagues used an engineered maleimide 
peptide to monitor the formation and reduction of the ISC intermediate persulfide on 
Nfs1p; these experiments revealed that rather than increase cysteine binding to Nfs1p, 
frataxin enhanced the transfer of the persulfide intermediate to the scaffold protein 
ICSU [72]. The mechanism may be a combination of the two: an acceleration of both the 
persulfide intermediate formation on Nfs1p and the transfer of the sulfur to ISCU [73].

Much of the pioneering work on ISC biosynthesis was performed in bacteria which 
possess the frataxin ortholog CyaY. Unfortunately, the bacterial system is unlikely to be 
of use in solving how eukaryotic frataxin stimulates Nfs1p activity, for in the bacteria 
CyaY inhibits IscS (cysteine desulfurase) activity [74–76]. Remarkably, this difference in 
the regulatory wiring of frataxin can be resolved by a single amino acid change in the 
scaffold protein (Isu1, eukaryotes; IscU, bacteria). Simply changing the methionine at 
position 141 in yeast Iscu1p to an isoleucine that is present in the bacterial ortholog 
at this position bypasses the requirement for Yfh1p. Conversely, changing the corre-
sponding bacterial IscU isoleucine to a methionine removes the inhibitory function 
of bacterial CyaY on Fe-S cluster synthesis to a dependence [77, 78]. Together, these 
studies underscore the modulatory role that frataxin plays in ISC biosynthesis, a role 
that is evolutionarily conserved but wired according to an organism’s need. Moving 
up the evolutionary ladder, Bridwell and colleagues and Tsai and colleagues studied 
disease-associated missense mutations in human frataxin and found mutations that 
primarily affected frataxin binding to the ISCU-NFS1-ISD11 complex, that primarily 
affected frataxin activation of NFS1, or that affected both; significantly, all of these 
mutations lead to a similar phenotype, mediated by decreased ISC biogenesis [79, 80]. 

11.3.5 Cellular consequences of frataxin deficiency

FRDA is a progressive disorder. As first demonstrated in mice bearing heart- and liver-
restricted deletions of frataxin, the initial defect is in the synthesis of ISCs [46, 81]. 
This is followed by altered cellular iron metabolism, mitochondrial dysfunction, and 
eventually mitochondrial iron accumulation [81]. The key regulators of cellular iron 
metabolism in mammalian cells are IRP1 and IRP2 (Iron regulatory proteins 1 and 2). 
Knockout studies in mice have shown that IRP1 and IRP2 have both specific and over-
lapping functions in maintaining cellular iron homeostasis [82, 83]. IRP1 and IRP2 
regulate iron-uptake (transferrin receptor [TFR], ferroportin) and iron-storage genes 
(ferritin) posttranscriptionally by binding to iron responsive elements (IREs) present 
in these genes. Under normal conditions, IRP1 exists as a cytosolic aconitase, but 
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in conditions of low cellular iron, the ISC cofactor is lost, allowing the apo-IRP1 to 
bind the 3′ UTR IRE of TFR and 5′ UTR of ferritin mRNA to increase iron transport 
and decrease iron storage, respectively. Deletion of frataxin also activates IRP1. HeLa 
cells depleted of frataxin by siRNA knockdown exhibited increased binding of IRP1 
to the ferritin IRE in RNA electrophoretic mobility shift assays [54]. Similar results 
were obtained using primary human FRDA fibroblasts [36] and cardiomyocytes from 
conditional knockout mice [84]. Despite the activation of IRE binding by murine 
IRP1, the conditional-knockout-mice cardiomyocytes, which lacked murine frataxin 
completely, exhibited normal expression of ferritin subunits and the TFR early in the 
disease process and exhibited increased ferritin-light-chain expression and decreased 
transferrin-receptor expression later in the disease process, presumably in response to 
the trend toward mitochondrial iron accumulation [84]. These results suggested that 
IRP1 was partially if not completely dispensable for the regulation of ferritin and the 
TFR, which was consistent with the finding that IRP2, and not IRP1, is the contributor 
to iron regulation in normal murine physiology [85]. However lack of frataxin is not a 
normal condition, and Martelli and colleagues therefore constructed a double knock-
out mouse completely lacking IRP1 and with a liver-specific deletion of frataxin [86]. 
Despite the role of IRP1 in triggering an increase in cellular iron (that could potentially 
exacerbate mitochondrial iron accumulation), deletion of IRP1 in the context of a lack 
of frataxin proved to be deleterious. Analysis of mitochondrial function, and ISC and 
heme biosysnthesis, indicated that IRP1 was important in maintaining mitochondrial 
iron supply for these processes. As the authors pointed out, this questions the concept 
of withholding iron from FRDA cells as a beneficial practice [86].

Cytosolic ISC biogenesis, which exists in mammalian cells but not in yeast, 
requires both mitochondrial and cytosolic machineries [87, 88]. Cytosolic isoforms 
of the core components (NFS1, ISD11, and ISCU), as well as other proteins involved 
in the process, have been identified [89]. However, a mitochondrially derived sulfur/
iron intermediate is also required that is exported by the ABC transporter ABCB7 [90, 
91]. The nature of this compound is not known, although a glutathione coordinated 
2Fe-2S complex has been proposed [92]. There is some evidence for the existence of 
extra-mitochondrially located frataxin that might interact directly with cytoplas-
mic aconitase/IRP1 [93–95], but this awaits confirmation. What is clear is that the 
number of identified mitochondrial and extramitochondrial ISC-dependent proteins 
has increased [96] and that the pathogenesis of FRDA undoubtedly results from the 
decreased activities of many of these.

11.4 Summary

Underlying the neurodegenerative and cardiodegenerative disorder FRDA is 
decreased expression and/or function of the protein frataxin. Frataxin plays a 
direct role in ISC biogenesis. Frataxin interacts with multiple proteins in the ISC-
biogenesis complex and regulates ISC biogenesis. Both intramitochondrial and 
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extramitochondrial ISCs are affected in FRDA; hence, the cellular consequences, 
and the signs and symptoms of the disorder, derive from decreased function of 
multiple ISCs, particularly in sensory neurons and the heart. 
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12    Connecting the biosynthesis of the molybdenum 
cofactor, Fe-S clusters, and tRNA thiolation  
in humans

  Silke Leimkühler

12.1 Introduction

The thiolation of biomolecules is a complex process that involves the activation of sulfur. 
The l-cysteine desulfurase NFS1 is the main sulfur-mobilizing protein that provides the 
sulfur from l-cysteine to several important biomolecules in the cell such as iron-sulfur 
(Fe-S) clusters, molybdopterin (MPT), and thionucleosides of tRNA. Various biomole-
cules mediate the transfer of sulfur from NFS1 to various biomolecules using different 
interaction partners. A direct connection among the sulfur-containing molecules, Fe-S 
clusters, thiolated tRNA, and the molybdenum cofactor (Moco) has been identified. The 
biosynthesis of Moco in humans originates in mitochondria, which is also the main com-
partment for Fe-S cluster biosynthesis. The first step of Moco biosynthesis involves the 
conversion of 5′GTP to cyclic pyranopterin monophosphate (cPMP), a reaction catalyzed 
by an Fe-S cluster containing protein. After transfer of cPMP to the cytosol, cPMP is con-
verted to MPT by insertion of two sulfur atoms. The sulfur for this reaction is provided by 
the l-cysteine desulfurase NFS1 in the cytosol. Further sulfur transfer is mediated by the 
rhodanese-like protein, MOCS3, which forms a persulfide group on its active site cysteine. 
MOCS3 in humans directly connects Moco biosynthesis and tRNA thiolation in the cytosol 
by interacting with two proteins, URM1 and MOCS2A. A thiocarboxylate intermediate is 
formed on URM1 and MOCS2A, from which sulfur is further transferred to the target mole-
cules, tRNA and cPMP, respectively. This review will dissect the sulfur transfer pathway 
in humans for both tRNA and Moco and their connection to Fe-S cluster biosynthesis and 
will explore how these reactions occur in the different compartments in the cell.

Sulfur is an essential element to all living organisms, and the presence of sulfur 
in cofactors was discovered more than a century ago [1]. The trafficking and delivery 
of sulfur to cofactors and nucleosides is a highly regulated process that occurs by 
complex sulfur relay systems involving numerous proteins in reactions that remain 
incompletely understood [2, 3]. In the last few years, several studies of sulfur trans-
fer pathways in the cell concluded that the major enzymes involved in mobilization 
of sulfur are l-cysteine desulfurases and rhodanese homology domain proteins [3, 
4]. These enzymes catalyze the formation of a persulfide group (R-S-S−)] on specific 
conserved cysteine residues, which serves as a sulfur donor for the biosynthesis of  
sulfur-containing cofactors such as Fe-S clusters, thiamine, biotin, lipoic acid, and 
MPT and for thiomodification of tRNA [3]. In eukaryotes, only Fe-S clusters, the Moco, 
and thionucleosides in tRNA can be synthesized de novo (Fig. 12.1) [5–7]. The chemistry 
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of persulfide groups involves three oxidation states: S0 (sulfane), S1− (persulfide), or 
S2− (sulfide) [1]. The terminal sulfur of the persulfide group can serve as a nucleophile 
to form a disulfide bond (R-S-S-R) with an electrophile [8]. The persulfide is usually 
generated by l-cysteine desulfurases that use l-cysteine as their sulfur source [3, 4].

l-cysteine desulfurases are pyridoxal-phosphate-containing homodimers, which 
decompose l-cysteine to l-alanine and sulfane sulfur via the formation of an enzyme-
bound persulfide intermediate [9]. Further, the persulfide sulfur can be transferred in 
a relay mechanism to other proteins containing conserved cysteine residues, inclu-
ding the family of rhodanese-like proteins or other sulfur-transferring proteins [4]. 
The persulfide sulfur from the l-cysteine desulfurase is further incorporated either 
directly or via sulfur relay systems into the biosynthetic pathways of several sulfur-
containing biofactors, thus providing an elegant mechanism for making sulfur atoms 
available without releasing them in solution [3, 8]. Many of the sulfur-relay proteins 
are highly conserved across species, e.g. the l-cysteine desulfurase that initiates the 
sulfur transfer step, the enzyme IscS from Escherichia coli, shares 60% amino acid 
sequence identity with its human homologue, NFS1 [3]. In this chapter, we focus on 
the connections between the pathways for the biosynthesis of three sulfur-containing 
biofactors in humans: Fe-S clusters, Moco, and thiolated tRNAs.

Fe-S clusters, which are thought to be among the earliest catalysts in the evolu-
tion of biomolecules, serve as electron carriers in redox reactions, regulatory sensors, 
stabilizers of protein structure, and chemical catalysts [1]. The mitochondria consti-
tute the main compartment for the biosynthesis of Fe-S clusters in humans. However, 
Fe-S cluster biosynthesis also occurs in the cytosol, and some protein components of 
the pathway have also been identified in the nucleus [5]. The main proteins required 
for Fe-S cluster biosynthesis in mitochondria are NFS1, ISD11, ISCU, and FXN, which 
form the quaternary core complex [10–12]. After the synthesis of the Fe-S clusters on 
ISCU, the cluster can be transferred to acceptor proteins within the mitochondria [13]. 
Among these proteins is the MOCS1A protein, which is involved in the first step of 
Moco biosynthesis [14]. MOCS1A contains two [4Fe-4S] clusters.

tRNA FeS cluster

Moco

Thiamin Biotin

Lipoic acid

Rhodanese
L-cysteine desulfurase

R-SS�

Fig. 12.1: Sulfur transfer to sulfur-containing biomolecules via protein-bound persulfide. A  
protein-bound persulfide group can be either formed on a rhodanese-like protein or on an l-cysteine 
desulfurase. The persulfide sulfur is further transferred by involvement of different proteins for the 
formation of sulfur-containing cofactors such as Moco, thiamine, biotin, lipoic acid, Fe-S clusters and 
for the thiolation of tRNA. Sulfur-containing molecules synthesized in humans are boxed.
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Moco is a tricyclic pyranopterin containing a unique dithiolene group to which 
the molybdenum atom is coordinated [15]. Moco biosynthesis first starts with the con-
version from 5′-GTP to cPMP, a reaction that is catalyzed by MOCS1A and MOCS1B in 
mitochondria (Fig. 12.2) [14]. All further steps for the formation of Moco from cPMP are 
localized in the cytosol and do not require Fe-S-containing proteins [6, 16]. However, 
it is believed that the sulfur for the dithiolene group originates from l-cysteine, 
which is mobilized by NFS1 in the cytosol [17, 18]. Thus, NFS1 would mobilize the 
sulfur for both pathways, Moco biosynthesis and Fe-S cluster biosynthesis, although 
mobilization of sulfur for Moco synthesis occurs in the cytosolic compartment. The 
direct insertion of two sulfur atoms into cPMP for the formation of MPT is catalyzed 
by the proteins MOCS2A, MOCS2B, and MOCS3 [19, 20]. The dithiolene group acts 
as a backbone for the ligation of the molybdenum atom in Moco. MOCS3 belongs to 
the class of rhodanese-like proteins, which accepts the sulfur from NFS1 and trans-
fers the  activated sulfur in a relay system to various acceptor proteins [17]. MOCS3 is 
not only involved in Moco biosynthesis because besides interacting with MOCS2A, it 
also interacts with URM1, which acts as a sulfur acceptor protein that is involved in 
the  thiolation of some tRNAs [21]. Thus, Moco biosynthesis and tRNA thiolation are 
 connected and share the same sulfur delivery pathway composed of NFS1 and MOCS3.

The wobble bases of tRNAs contain two thiouridines, 5-methoxycarbonylmethyl-
2-thiouridine (mcm5s2U34) in cytoplasmic tRNAs and 5-taurinomethyl-2-thiouridine 
(τm5s2U34) in mitochondrial tRNAs [22]. More than five proteins are involved in the 
insertion of the sulfur group in mcm5s2U in humans in the cytosol: NFS1, URM1, 
MOCS3, CTU1, and CTU2 [7, 21]. For the thiolation of tRNA, thiomodification of uridine 
in the 2 position is known to ensure accurate deciphering of the genetic code and 
stabilization of tRNA structure [22, 23].

In this chapter, we will describe the biosynthesis of each biomolecule with respect 
to the different compartments with a focus on mitochondria, cytosol, and the nucleus. 
This chapter will mainly focus on Moco biosynthesis and tRNA thiomodification 
because mammalian Fe-S cluster biosynthesis is described in detail in other chapters.

12.2  Pathways for the formation of Moco and thiolated tRNAs  
in humans

12.2.1 Moco biosynthesis in mammals

In all organisms including humans, Moco is synthesized by a conserved  biosynthetic 
pathway that can be divided into three steps, according to the stable biosynthetic 
intermediates that can be isolated and were first studied in E. coli (Fig. 12.2) [24]: 
the synthesis of cPMP [25], conversion of cPMP into MPT by introduction of two 
sulfur atoms [26], and insertion of molybdate to form Moco [27]. Moco is present in 
five enzymes in humans, sulfite oxidase (SUOX), xanthine oxidoreductase (XOR), 
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 aldehyde oxidase (AOX1), and two mitochondrial amidoxime-reducing components, 
mARC1 and mARC2 [6, 28]. SUOX is the only one of the five molybdoenzymes that is 
essential for humans [29, 30].

Six proteins that directly catalyze Moco biosynthesis have been identified in 
humans: MOCS1A, MOCS1B, MOCS2A, MOCS2B, MOCS3, and GPHN (gephyrin) [6]. 
Genes and the encoded proteins were named in humans as MOCS (molybdenum 
cofactor synthesis) [31–33].

12.2.1.1 Conversion of 5′-GTP to cPMP
The biosynthesis of Moco starts from 5′-GTP, which results in the formation of cPMP, 
the first stable intermediate of Moco biosynthesis [25] (Fig. 12.3). cPMP is an oxygen-
sensitive 6-alkyl pterin with a cyclic phosphate group at the C2′ and C4′ atoms [34, 35]. 
The MOCS1 locus encodes two proteins, MOCS1A and MOCS1B, which are involved in 
the conversion of 5′-GTP into cPMP [36]. MOCS1A belongs to the superfamily of S-adeno-
sylmethionine (SAM)-dependent radical enzymes [14]. Members of this family catalyze 
the formation of protein and/or substrate radicals by reductive cleavage of SAM by a 
[4Fe-4S] cluster [37]. MOCS1A is a protein containing two oxygen-sensitive Fe-S clusters, 
each of which is coordinated by only three cysteine residues. The N-terminal [4Fe-4S] 
cluster, present in all radical SAM proteins, binds SAM and carries out the reductive 
cleavage of SAM to generate the 5′-deoxyadenosyl radical, which subsequently initiates 
the transformation of 5′-GTP bound through the C-terminal [4Fe-4S] cluster [14].

The mechanism of conversion of 5′-GTP to cPMP has been best studied using the 
bacterial proteins MoaA and MoaC [38, 39], but it has been shown that the human 
proteins catalyze the reaction in the same manner [40]. As shown in Fig. 12.3, for-
mation of cPMP from GTP involves several steps including H-abstraction by the 
5′-deoxyadenosyl radical of MOCS1A (MoaA) from the 3′ position of the ribose, attack 
of the C8 in the guanine ring by the C3′ radical, and formation of a (8S)-3′,8-cyclo-7,8-
dihydroguanosine 5′-triphosphate (3′,8-cH2GTP) intermediate, which further serves 
as a substrate for MOCS1B (MoaC) [40]. The additional reducing equivalents required 
for this step might be provided by the C-terminal [4Fe-4S] cluster in MOCS1A (MoaA). 
The reaction of MOCS1A (MoaC) is suggested to occur via general acid/base catalysis, 
converting 3′,8-cH2GTP to cPMP, including pyrophosphate cleavage and formation of 
the cyclic phosphate group [40].

12.2.1.2 Conversion of cPMP to MPT
The next step involves the conversion of cPMP to MPT in which two sulfur atoms are 
incorporated in the C1′ and C2′ positions of cPMP [34] (Fig. 12.4). This reaction is cata-
lyzed by MPT synthase, a protein consisting of two small (~10 kDa) and two large 
subunits (~21 kDa), encoded by MOCS2A and MOCS2B, respectively [41]. It was shown 
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that MPT synthase carries the sulfur in form of a thiocarboxylate at the C-terminal 
glycine of MOCS2A [20, 42]. The central dimer is formed by two MOCS2B subunits 
containing one MOCS2A at each end, as revealed by the crystal structure of the bac-
terial homologues [43]. It was shown for the E. coli proteins that the two MOCS2A/
MOCS2B dimers act independently. Thus, for the insertion of two sulfurs into cPMP, 
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two MOCS2A proteins are required at each end of the MPT synthase tetramer [45]. 
The first sulfur is added by one MOCS2A molecule at the C2′ position of cPMP (Fig. 
12.4), a reaction that is coupled to the hydrolysis of the cPMP cyclic phosphate [44]. 
During the course of this reaction, a hemi-sulfurated intermediate is formed in which 
the MOCS2A C-terminus is covalently linked to the substrate via a thioester linkage, 
which subsequently is hydrolyzed by a water molecule. After transfer of its thiocar-
boxylate sulfur to cPMP, the first MOCS2A subunit dissociates from the MPT synthase 
complex [44, 45]. During the reaction of the first sulfur transfer, the opening of the 
cyclic phosphate is proposed to shift the location of the intermediate within the 
protein so that the C1′ position now becomes more accessible to attack by the second 
MOCS2A thiocarboxylate (Fig. 12.4). This results in a second covalent intermediate 
that is converted to MPT via the elimination of a water molecule and hydrolysis of the 
thioester intermediate. During the reaction, cPMP and the hemisulfurated intermedi-
ate remain bound to one MOCS2B subunit [31]. This reaction has been mainly revealed 
by studies with the homologous proteins MoaD and MoaE from E. coli; however, the 
same reaction can be catalyzed by hybrid complexes formed between the bacterial 
and the mammalian proteins, indicating that conservation of the reaction compo-
nents is high among species [20].

The regeneration of sulfur at the C-terminal glycine of MOCS2A is catalyzed by 
MOCS3 [46] and resembles the first step of the ubiquitin-dependent protein degra-
dation system [47] (Fig. 12.5). It was shown that the N-terminal domain of MOCS3 has 
homologies to E1-like proteins and activates the C-terminus of MOCS2A (which has a 
ubiquitin-like β-grasp fold) by addition of AMP forming an activated acyl-adenylate 
group on Gly88, the last amino acid of a highly conserved double glycine motif [19]. 
In the second reaction, the MOCS2A acyl-adenylate is converted to a thiocarboxylate 
by sulfur transfer from a persulfide present at the C-terminal rhodanese-like domain 
(RLD) of MOCS3 [31, 48]. In this reaction, the deprotonated persulfide group of RLD-
C412 serves as a nucleophile at the activated MOCS2A-adenylate to form a disulfide 
intermediate (Fig. 12.5). Reductive cleavage of the disulfide bond could then occur by 
attack of another thiol group, e.g. the conserved MOCS3-C239 to form a disulfide bond 
with C412, and in turn, thiocarboxylated MOCS2A is generated and released [48]. The 
disulfide bond could be reduced by a thioredoxin system in vivo. The sulfur donor for 
the generation of the persulfide on C412 of MOCS3 was shown to be the l-cysteine 
desulfurase NFS1 in the cytosol [17, 18]. Here, the sulfur is transferred in a sulfur relay 
system from the NFS1 persulfide via the MOCS3 persulfide to MOCS2A and further to 
cPMP, resulting in the formation of MPT in the cytosol.

12.2.1.3 Insertion of molybdate into MPT and further modification of Moco
After synthesis of the dithiolene moiety in MPT, the chemical backbone is built for 
binding and coordination of the molybdenum atom. In humans, the GPHN gene 
encodes a two-domain protein known as gephyrin, which consists of an N-terminal 
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domain that binds MPT and forms an MPT-AMP intermediate and a C-terminal domain 
that inserts the molybdate anion and splits the AMP from the activated MPT-AMP 
intermediate in a molybdate and Mg2+-dependent manner [49, 50]. This reaction leads 
to the formation of Moco [31] (Fig. 12.6). Apart from the Moco biosynthesis, GPHN is 
also involved in synaptic anchoring of inhibitory ligand-gated ion channels [51]. Alter-
native splicing has been proposed to contribute to functional diversity of gephyrin 
proteins within the cell [52].

The completed Moco can be directly inserted into SUOX or mARC1 and mARC2 
[28]. For XOR (also known as XDH) and AOX1, Moco is further modified by an exchange 
of the equatorial oxygen ligand by sulfur, forming the sulfurated or mono-oxo form 
of Moco [53, 54] (Fig. 12.2). This reaction is carried out by a Moco sulfurase, MOCOS 
(also known as HMCS) in humans, a two-domain protein with a N-terminal l-cysteine 
desulfurase domain and a C-terminal Moco binding (MOSC) domain [28, 55, 56]. 
l-Cysteine is the sulfur source in this reaction [57]. The Moco likely gets sulfurated 
while bound to the MOCOS protein and is then inserted into XOR and AOX1 [58, 59].
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12.2.1.4  Finishing Moco biosynthesis: maturation and insertion into complex 
molybdoenzymes

After insertion of the molybdenum atom into MPT, the completed Moco can be 
either directly inserted into SUOX or mARC1 and mARC2 or is further modified by an 
exchange of the equatorial oxygen ligand by sulfur, forming the sulfurated or mono-
oxo form of Moco present in AOX1 or XOR [28]. The basis of the structures of their 
molybdenum centers divides the molybdoenzymes into three distinct families, two 
of which are present in eukaryotes (Fig. 12.2): the xanthine oxidase family, the sulfite 
oxidase family, and the dimethylsulfoxide (DMSO) reductase family (not shown) 
[54]. The xanthine oxidase family is characterized by an MPT-MoVIOS(OH) core in the 
oxidized state, with one MPT equivalent coordinated to the metal and no additional 
ligand from the polypeptide chain. The sulfido-group is cyanide labile. Enzymes of 
the sulfite oxidase family coordinate a single equivalent of the pterin cofactor with an 
MPT-MoVIO2 core in its oxidized state and usually an additional cysteine ligand, which 
is provided by the polypeptide chain of the enzyme. The DMSO-reductase family is 
exclusively found in Bacteria and Archaea, and all members have two equivalents 
of the pterin cofactor bound to the metal. The molybdenum coordination sphere is 
usually characterized by an MPT2-MoVIS(X) core. The sixth ligand, X, can be a serine, 
a cysteine, a seleno cysteine, or a hydroxide and/or water molecule (not shown).

All molybdoenzymes in eukaryotes are oxidoreductases that catalyze substrate 
hydroxylation or transfer an oxo group and two electrons from the substrate. The elec-
trons are further transferred from the MoIV, which accepted two electrons from the 
substrate, and these electrons are donated in single one-electron steps to an electron 
acceptor such as FAD or cytochromes through an intramolecular pathway that can 
additionally be mediated by Fe-S clusters [28, 54]. The mechanism of Moco insertion 
into SUOX is not well understood [60], and little is known so far about how the cyto-
chrome is inserted into the protein in the intermembrane space in humans. Insertion 
of the mature Moco for members of the xanthine oxidase family is now fairly well 
understood and has been studied in prokaryotes and eukaryotes [61, 62]. The final 
step in maturation of the molybdenum center is the incorporation of the catalytically 
essential sulfur as ligand to the molybdenum atom. The protein involved in the sulfu-
ration binds the Moco and inserts the mature cofactor into the XOR or AOX1 apo-pro-
tein after its sulfuration [58, 63, 64]. It was shown that insertion of the molybdenum 
center occurs after incorporation of both the two [2FeS] clusters and FAD in a protein 
that is already largely folded into its final three-dimensional structure and assembled 
as a dimer [65].

SUOX is the only molybdoenzyme that is essential for humans. SUOX is a protein 
that is located in the intermembrane space of mitochondria in mammals [66]. It cata-
lyzes the terminal step in the catabolism of the sulfur-containing amino acids cysteine 
and methionine. Electrons derived from sulfite oxidation to sulfate are transferred 
from Moco via the cytb5 cofactor in SUOX to the final electron acceptor cytochrome c 
[67]. A mutation in the gene for SUOX leads to isolated SUOX deficiency, an inherited 
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sulfur metabolic disorder in humans that results in profound birth defects, severe 
neonatal neurological problems, and early death, and no effective therapies are 
known [31]. It has been suggested that the pathology associated with SUOX deficiency 
is due to the toxic buildup of sulfite in the developing brain [68–71]. Excess sulfite can 
react with disulfide bonds to form sulfonated Cys residues that distort protein structu-
res [30]. In addition, the lack of sulfate in the brain may interfere with the production 
of sulfatides, lipid sulfate esters found in the white matter of the brain that are a com-
ponent of myelin. SUOX is synthesized as a pre-protein with a mitochondrial targeting 
sequence that localizes to the mitochondrial intermembrane space after processing 
[60]. Subsequently, insertion of Moco, insertion of the cytb5 and dimerization occurs 
in the intermembrane space [60].

Recent investigations of the aerobic reduction of amidoxime structures led to the 
discovery of a previously unknown molybdenum-containing enzyme system [28, 72]. It 
was named “mitochondrial amidoxime-reducing component” (mARC) because, initi-
ally, N-reduction of amidoxime structures was studied with this enzyme purified from 
mammalian liver mitochondria. The human genome harbors two mARC genes, referred 
to as hmARC1 and hmARC2, which are organized in a tandem arrangement on chromo-
some 1 (designated as MOSC1 and MOSC2 in the databases) [73]. The two enzymes form 
the catalytic part of a three-component enzyme system, consisting of mARC, heme/
cytochrome b5, and NADH/FAD-dependent cytochrome b5 reductase. It was shown 
that the mARC proteins are associated with the outer mitochondrial membrane [74]. 
However, nothing is known about the targeting, assembly, and cofactor insertion of the 
protein complex. Additionally, although many N-hydroxylated compounds have been 
found to serve as substrates for native and recombinant mARC proteins, the physiolo-
gical substrates and physiological functions of mARC proteins remain unknown [28].

In contrast to SUOX and mARC1 and mARC2, XOR and AOX1 are cytosolic 
enzymes. XOR generally is involved in the later stages of purine catabolism, cataly-
zing the oxidation of hypoxanthine to xanthine and of xanthine to uric acid, which 
is finally excreted in the urine [75]. XOR and AOX1 belong to the class of molybdofla-
voenzymes, containing in addition to Moco, two distinct [2Fe-2S] centers and FAD as 
catalytically acting units [76, 77]. XOR in mammals is synthesized as the dehydroge-
nase form (XDH, EC 1.17.1.4) but can be converted to the oxidase form (XO, EC 1.1.3.22) 
either reversibly by oxidation of sulfhydryl residues of the protein molecule or irre-
versibly by proteolysis [78]. XDH shows a preference for NAD+ reduction at the FAD 
reaction site, whereas XO exclusively uses dioxygen as its terminal electron acceptor, 
leading to the formation of superoxide and hydrogen peroxide [79]. The enzyme has 
been implicated in diseases characterized by oxygen radical-induced tissue damage, 
such as post-ischemic reperfusion injury [80]. The oxidation of xanthine takes place 
at the molybdenum center and the electrons thus introduced are rapidly distributed 
in one-electron transfer reactions to the Fe-S centers and finally to FAD according to 
their relative redox potentials [54]. The reoxidation of the reduced enzyme by either 
NAD+ or molecular oxygen occurs through the FAD cofactor [81].
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Although the biochemical function of XOR is well established, the biochemical 
and physiological functions of AOX1 are still largely obscure. Only limited infor-
mation is available about the physiological substrates of AOX1 or about the role of 
this enzyme in the mammalian organism [77]. It has been shown that the enzyme is 
located in the cytosol and is involved in the metabolism of drugs and xenobiotics of 
toxicological importance, and AOX1 metabolizes N-heterocyclic compounds and alde-
hydes of pharmacological relevance [77]. Single monogenic AOX1 deficits have not 
been described yet in mammalia; absence of a phenotype is perhaps not surprising 
because genetic deficiencies in the downstream Moco sulfurase (MCSF) gene are not 
associated with pathophysiological consequences [28]. It is likely that AOX1 serves to 
detoxify exogenously derived unphysiological compounds of wide structural diver-
sity in animals, and it is believed that the absence of AOX1 produces symptoms in 
animals after high intake of such xenobiotics.

Although Moco is inserted into XOR and AOX1 in the cytosol by the MCSF after the 
insertion of the terminal sulfido ligand, nothing is known so far about which proteins are 
involved in Fe-S cluster insertion or FAD insertion in the cytosol. However, the presence 
of two [2Fe-2S] clusters in XOR and AOX1 directly link the activity of these two enzymes to 
the cytosolic iron-sulfur cluster assembly (CIA) machinery for Fe-S cluster biosynthesis. 
It still remains to be elucidated which proteins are directly involved in [2Fe-2S] cluster 
biosynthesis and insertion for cytosolic molybdo-flavoenzymes in mammals.

12.2.2 The role of tRNA thiolation in the cell

Post-transcriptional RNA modifications are a characteristic structural feature of RNA 
molecules. The diverse modifications have been shown to play critical roles in bio-
genesis, metabolism, structural stability, and function of RNA molecules [23]. More 
than 100 different RNA modifications have been reported to date [22, 82]. These post-
transcriptional modifications are required for several functions in translation inclu-
ding codon recognition, maintenance of reading frame, stabilization of tertiary struc-
ture and directing the specificity of the codons recognition by the ribosome. Base 
modifications at the wobble positions in anticodon loops of tRNA have been shown to 
play important roles in deciphering genetic codes, which include the precise codon-
anticodon interactions at the ribosomal A-site. In particular, the wobble bases of 
tRNAs for Glu, Gln and Lys are modified, and sulfurated to form 5-methyl-2-thiouri-
dine derivatives (xm5s2U), such as 5-taurinomethyl-2-thiouridine (τm5s2U) in mamma-
lian mitochondrial tRNAs, and 5-methoxycarbonylmethyl-2-thiouridine (mcm5s2U) in 
eukaryotic cytoplasmic tRNAs [22]. The result of these thio modifications is that the 
conformation of xm5s2U is trapped in the C3′-endo form of the ribose because the large 
van der Waals’ radius of the 2-thio group causes a steric clash with its 2′-OH group [22, 
83]. This conformational rigidity causes preferential pairing of the xm5s2U-modified 
bases with purines and prevents misreading of codons ending in pyrimidines [83–85].  
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Recently, it was shown that this 2-thio group of mcm5s2U is required for efficient codon 
recognition on the ribosome [86]. Lack of the xm5s2U modification in the mutant mito-
chondrial tRNALys from individuals with myoclonus epilepsy associated with ragged-
red fibers (MERRFs) results in a marked defect in all mitochondrial translation [87]. 
For the thiolation and formation of the mcm5s2U in the cytoplasm of eukaryotes, the 
biosynthesis of the 5-methoxycarbonylmethyl group of the uracil ring is required for 
efficient 2-thiouridine formation in the cytoplasm [7]. In humans it was shown that 
the proteins MOCS3, URM1, CTU1, and CTU2 are essential for the biogenesis of the  
2-thiouridine group in cytoplasmic tRNAs Lys, Gln, and Glu (Fig. 12.7) [88]. The URM1 
protein (ubiquitin-related modifier) was shown to have a ubiquitin-like β-grasp-fold 
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Fig. 12.7: Proposed mechanism of 5-methoxycarbonylmethyl-2-thiouridine (mcm5s2U34) in humans. 
MOCS3 activates URM1 in the presence of ATP by formation of an acyl-adenylate bond. URM1 is 
further transferred to a persulfide group on Cys412 of MOCS3-RLD, forming a disulfide bond. URM1-
thiocarboxylate is released and transfers the sulfur further onto uridine 34 on the lysine tRNA, helped 
by the CTU1 and CTU2 proteins under ATP consumption. URM1 was also shown to be conjugated to 
target proteins via a lysine-isopeptide bond, showing that it is a dual-function protein.
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and contains a conserved C-terminal double-glycine motif on which a thiocarboxylate 
group is formed for direct sulfur tranfer to mcm5U34 in tRNA [89–92]. The sulfur is 
transferred to URM1 via MOCS3, which was originally recognized for its role in Moco 
biosynthesis (see Section 12.2.1.2) [21]. MOCS3 activates URM1 in the presence of ATP 
by formation of an acyl-adenylate bond. URM1 is further transferred to a persulfide 
group on Cys412 of MOCS3-RLD, forming a disulfide bond (Fig. 12.7). The disulfide 
bond can be cleaved by C239 of MOCS3, which releases thiocarboxylated URM1. 
URM1-thiocarboxylate further transfers the sulfur onto uridine 34 of the tRNA, aided 
by the CTU1 and CTU2 proteins and ATP consumption [21]. As described Section 
12.2.1.2, NFS1 was shown to be the protein that supplies sulfur to MOCS3, which links 
tRNA modification to the sulfur supplied by l-cysteine desulfurases [17]. Additionally 
and in contrast to MOCS2A, URM1 was also shown to be conjugated to target protein 
via a lysine-isopeptide bond, revealing that it is a dual-function protein [88]. Among 
the targets for urmylation are the components of the tRNA thiolation machinery itself 
(CTU1 and CTU2) and a deubiquitinating-enzyme (USP15) and, in addition, proteins 
involved in nuclear transport such as the cellular apoptosis susceptibility protein, 
CAS, which promotes the shuttling of proteins between cytosol and nucleus [88]. 
However, the role of the protein urmylation is not completely clear to date and might 
only occur under certain conditions in the cell such as oxidative stress.

12.3  The connection between sulfur-containing biomolecules and 
their distribution in different compartments in the cell

12.3.1 Sulfur transfer in mitochondria

Mitochondria are the main compartment for Fe-S cluster biosynthesis [93]. The initial 
phase of mitochondrial Fe-S cluster biosynthesis in mammals is accomplished by a 
multimeric protein complex in which a dimer of the l-cysteine desulfurase NFS1 in 
conjunction with its stabilizing protein ISD11 builds the core for the interaction of 
two monomers of ISCU and two FXN (frataxin) monomers (Fig. 12.8) [11, 94]. The ISCU 
protein provides the scaffold for building the Fe-S clusters from sulfur, delivered by 
NFS1 and iron from an unknown iron donor. FXN might function as an iron donor or 
act as a regulator for the formation of Fe-S clusters depending on the iron availability 
in the cell [95]. After the formation of [2Fe-2S] clusters and [4Fe-4S] clusters, the clus-
ters are transferred to target proteins with the help of co-chaperones and chaperones 
such as HSC20 and HSPA9 [5, 13].

In addition to Fe-S cluster biosynthesis, mitochondria are the compartment for 
the first step of Moco biosynthesis, namely the conversion of 5′-GTP to cPMP, cata-
lyzed by MOCS1A and MOCS1B as described above (Fig. 12.8) [14]. The MOCS1 locus 
encodes two proteins, MOCS1A and MOCS1B [36]. An unusual bicistronic transcript 
of the MOCS1 locus was identified, with open reading frames for both MOCS1A and 
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MOCS1B in a single transcript, separated by a stop codon [96]. Splice variants of the 
MOCS1 locus were identified that bypass the termination codon of MOCS1A, resul-
ting in a new two-domain protein fusing MOCS1A and MOCS1B [97]. No evidence was 
found for the expression of MOCS1B from the bicistronic MOCS1A-MOCS1B splice-
type I cDNA, indicating that MOCS1B is only expressed as a fusion with MOCS1A, 
whereas MOCS1A is also expressed as a separate protein [98]. Both proteins contain 
a mitochondrial targeting sequence for the translocation to mitochondria. The reac-
tion catalyzed by MOCS1A and MOCS1B (in the MOCS1A-MOCS1B fusion) is descri-
bed in detail Section 12.2.1.1. MOCS1A contains two [4Fe-4S] clusters that are directly 
involved in SAM cleavage and 5′-GTP binding and are therefore essential for the reac-
tion [14]. The presence of these two Fe-S clusters directly links the first step of Moco 
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 biosynthesis to Fe-S cluster biosynthesis in mitochondria (Fig. 12.8). Thus, mutations 
in genes for Fe-S cluster biosynthesis would also result in a decrease of Moco biosyn-
thesis in mammals and impaired cPMP production in mitochondria. After biosynthe-
sis of cPMP from 5′-GTP in a reaction requiring reducing equivalents and SAM, cPMP 
has to be transported to the cytosol, where it is further modified.

The transporter involved in exporting cPMP to the cytosol was identified in plants 
to be ATM3 (a homologue of human ABCB7) [99]; however, cPMP has been additi-
onally proposed to pass through the membrane without specific transport proteins 
due to its hydrophobic nature [25]. Thus, it remains unclear how cPMP is specifi-
cally transported to the cytosol in humans. Surprisingly, ABCB7 is also suggested to 
transport an essential molecule for Fe-S cluster biosynthesis in the cytosol [100]. This 
would present essential functions for the mitochondria in both cytosolic Fe-S cluster 
and Moco biosynthesis.

However, the mitochondria are also a compartment in which tRNAs are thiolated 
[101]. Thiolated tRNAs in mitochondria were identified to contain a 5-taurinomethyl-2-
thiouridine (τm5s2U) modification in tRNAs for Lys, Glu, and Gln [87]. Mitochondrial 
tRNAs are transcribed from mitochondrial DNA, and taurine is transported into mito-
chondria, where the specific modification of uridine 34 at the wobble position occurs. 
The proteins MSS1 and MTO1 in humans have been shown to be involved in the τm5U 
modification in mitochondrial tRNA in humans. Further, the mitochondrial tRNA spe-
cific 2-thiouridylase, MTU1, is involved transferring sulfur to form the τm5s2U tRNAs 
[101]. The sulfur donor for MTU1 is the NFS1/ISD11 complex that thus links tRNA thio-
lation and Fe-S cluster biosynthesis in mitochondria (Fig. 12.8) [23]. The NFS1/ISD11 
complex transfers sulfur to MTU1 either directly or through an additional sulfur relay 
protein. This sulfur relay protein was shown in yeast to be the rhodanese-like protein, 
Tum1p [7]. TUM1 is also found in the mitochondria of humans, but its direct involve-
ment in tRNA thiolation in humans still needs to be elucidated [102]. Lack of post-
transcriptional modifications at the wobble positions of mitochondrial tRNAs for Leu 
and Lys has been associated with mitochondrial encephalomyopathy, lactic acidosis,  
and stroke-like episodes and myoclonic epilepsy with ragged-red fibers [103–106].

12.3.2 Sulfur transfer in the cytosol

Recently, several reports suggested that the mitochondria are not the sole compart-
ment where Fe-S cluster biosynthesis is initiated [5]. Thus far, it has been proposed for 
yeast that the mitochondrial transporter Atm1 exports either fully formed Fe-S clus-
ters or a special form of sulfur that is required for cytosolic Fe-S cluster biosynthesis 
[100, 107]. In Saccharomyces cerevisiae, export of a “sulfur compound” from mito-
chondria has been proposed to contribute to cytosolic Fe-S cluster assembly (CIA) via 
proteins known as Tah18 and Dre2 [108]. It was proposed that a cluster is transferred 
from Dre2 to other members of the CIA pathway [109]. The mammalian homologues of 
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Tah18 and Dre2 are NDOR1 and CIAPIN1, respectively, and they work with the NUBP1, 
NUBP2, NARFL, and CIAO1 proteins of the CIA pathway (Fig. 12.9) [110]. Because, in 
addition to these proteins, other proteins of the initial Fe-S cluster core complex have 
been identified in the cytosol (NFS1, ISCU, FXN, and HSC20), it is possible that the 
Fe-S clusters are also de novo formed in the cytosol [5]. However, although these prote-
ins are present in the cytosol, their involvement in cytosolic Fe-S cluster biosynthesis 
still has to be proven.
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It has been reported that small amounts of NFS1 are present in the cytosol, where 
NFS1 interacts with MOCS3 [17]. Thus, cytosolic NFS1 is an important sulfur supplier 
for both Moco biosynthesis and tRNA thiolation [22]. The interaction of NFS1 and 
MOCS3 was revealed using Förster resonance energy transfer and a split EGFP system. 
The colocalization of NFS1 and MOCS3 in the cytosol was additionally confirmed by 
immunodetection of fractionated cells and localization studies using confocal fluore-
scence microscopy [17]. However, although the role of NFS1 in the cytosol for sulfur 
transfer to MOCS3 seems to be established, the involvement of ISD11 in this reaction 
still remains unclear. Thus far, ISD11 was described as a stabilizing factor of NFS1 in 
eukaryotes that is essential for its activity in Fe-S cluster formation in mitochondria 
[111]. In the absence of ISD11, NFS1 is prone to aggregation and Fe-S clusters cannot 
be formed [18, 112]. However, localization studies showed that ISD11 mainly is located 
in mitochondria and the nucleus in human cells [111]. Thus, the role of ISD11 and 
its involvement in the interaction of NFS1 and MOCS3 in the cytosol still needs to be 
investigated. It is possible that MOCS3 might replace the role of ISD11 as a stabilizing 
protein to NFS1 in the cytosol. This also might imply that cytosolic NFS1 is only invol-
ved in Moco biosynthesis and tRNA thiolation in conjunction with MOCS3, whereas in 
the absence of ISD11, it has no role in Fe-S cluster biosynthesis.

For Moco biosynthesis, cPMP is transferred from mitochondria to the cytosol, 
where two sulfur molecules are inserted to build the dithiolene group of MPT [99]. In 
this reaction, the MPT synthase composed of MOCS2A and MOCS2B is directly invol-
ved (see Section 12.2.1.2) [20]. In humans, the MOCS2 locus encodes the two subunits 
of MPT synthase, MOCS2A and MOCS2B in a bicistronic transcript, from overlapping 
reading frames [42]. In vitro translation and mutagenesis experiments demonstrated 
that MOCS2A and MOCS2B are translated independently, from two alternative MOCS2 
splice forms, I and III, which contain different first exons in alternative transcripts 
[113]. The sulfur-relay system for Moco biosynthesis for the formation of the dithiolene 
moiety in MPT was shown to consist of the NFS1-C239 persulfide, the MOCS3-C412 
persulfide, and the MOCS2A-G88 thiocarboxylate [17–20] (Fig. 12.9).

In a similar manner, the sulfur relay for tRNA thiolation in the cytosol is linked 
directly to Moco biosynthesis by the MOCS3 protein, which interacts with URM1 and  
forms the thiocarboxylate group on URM1-G101 (Fig. 12.9) [21, 92]. The interaction 
between MOCS3 and URM1 was revealed using Förster resonance energy transfer, 
in addition to functional in vitro studies for tRNA thiolation [21]. Here, MOCS3 is the 
E1-like protein of URM1 activating the C-terminal Gly88 under ATP consumption. The 
C-terminus of URM1 is first activated as an acyl-adenylate intermediate (-COAMP) 
and then thiocarboxylated (-COSH) by the persulfide group on the C-terminal RLD of 
MOCS3-C412, which originates from the NFS1-C239 persulfide [18]. The activated URM1-
thiocarboxylate can be utilized in subsequent reactions for 2-thiouridine formation, 
mediated by a heterodimeric complex consisting of CTU1 and CTU2 in humans [21, 88].

In the cytosolic pathway for tRNA thiolation in yeast, the involvement of the mer-
captopyruvate sulfur-tranferase Tum1p was shown [7]. Tum1p is a rhodanese-like 
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protein with two RLDs, which was shown to be localized in the mitochondria and the 
cytosol [114]. An in vitro sulfur transfer experiment revealed that Tum1p stimulates 
the l-cysteine desulfurase activity of Nfs1p and accepts the sulfur from this protein 
[7]. Thus, Tum1p may function as a mediator between Nfs1p and its sulfur acceptor 
proteins, adding another protein component to the sulfur relay system. It has been 
suggested for yeast that the sulfur moiety in mitochondria is transferred from Nfs1 to 
the relay protein Tum1p. Because, in yeast, Nfs1p has not been revealed to reside in 
the cytosol so far, it has been suggested that Tum1 may function as a sulfur shuttle 
between the mitochondrial and the cytosolic compartments due to the dual locali-
zation of Tum1p. However, the proposed retrograde transfer of sulfur-loaded Tum1p 
after its interaction with Nfs1p from mitochondria to the cytosol occurs has not been 
observed and remains only speculative [22]. In humans, TUM1 was also shown to 
be localized in the cytosol and in mitochondria [114]. However, its involvement in 
tRNA thiolation and its interaction with cytosolic or mitochondrial NFS1 has not yet 
been reported, and its role in the sulfur-relay system between NFS1 and MOCS3 in 
the human cytosol remains to be elucidated. Because NFS1 is able to directly interact 
with MOCS3 in the cytosol, the role of TUM1 might be restricted to conditions of sulfur 
starvation or oxidative stress, by enhancing the activity of NFS1 or making the sulfur-
tranfer process more specific.

For yeast mcm5s2U formation (in cytoplasmic tRNAs), it was shown that compo-
nents of the CIA apparatus for cytoplasmic (Fe-S) protein assembly and the scaffold 
proteins for the mitochondrial ISC machinery are required, which indicates that 
cytoplasmic 2-thiouridine formation essentially requires a protein containing an 
(Fe-S) cluster in yeast [22, 87]. The Fe-S containing protein has not been identified 
so far. Because, in humans, the proteins NFS1, MOCS3, URM1, CTU1, and CTU2 are 
sufficient for the formation of the s2U in mcm5U-modified tRNAs, CTU1 and CTU2 
would be the only candidates for being Fe-S-containing proteins. The requirement 
and nature of Fe-S clusters in tRNA thiolation in humans needs to be investigated 
in the future.

12.3.3 Role of NFS1, ISD11, URM1, and MOCS2A in the nucleus

In addition to the localization of NFS1 in mitochondria and the cytosol, NFS1 was also 
detected in the nucleus [17, 111]. However, its function of this compartment still needs 
to be revealed. Recent studies also showed that ISD11 is additionally detected in the 
nucleus, but it is not clear yet whether both proteins interact in this cellular compart-
ment (Fig. 12.10) [17].

For yeast Nfs1p, a small but significant portion was identified to be localized to the 
nucleus and was shown to play an unknown essential role in cell viability that depen-
ded on its role as a l-cysteine desulfurase [115]. It has been suggested that the role of 
Nfs1p in the nucleus might be the synthesis Fe-S clusters for nuclear Fe-S  proteins. 
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Another function might also be an involvement in the repair or maintenance of pre-
assembled Fe-S clusters or the thiolation of nuclear tRNAs [115]. However, the role of 
Nfs1 in the nucleus remains unclear so far. Additionally, it is not known whether a 
similar phenotype exists for cell viability in human NFS1.

Additionally, URM1 and MOCS2A were identified in the nucleus (Fig. 12.10) [19, 
21], where their specific functions remain unclear. For URM1, van der Veen et al. [88] 
identified targets of urmylation in response to oxidative stress in humans, among 
which were proteins involved in nuclear transport such as CAS, a protein involved in 
the shuttling between cytosol and nucleus. The role of the nucleocytoplasmic shut-
tling factor CAS as a target of urmylation would link the nuclear transport to oxida-
tive stress, which is in good agreement with the observation that nuclear import is 
impaired upon oxidant treatment [116]. Speculation on the influence of urmylation 
on the arrest of nuclear transport is underlined by similar phenotypes of CAS deple-
tion [117] and URM1 silencing [118], which both result in the arrest in G2/M phase. 
Thus, a contribution of URM1 to the control of global processes such as nuclear trans-
port, cytokinesis, and cell cycle progression is possible. The role of MOCS2A in the 
nucleus has not been studied so far. In total, several proteins involved in cytoplasmic 

NFS1
[PLP]

L-cysteine

L-alanine

ISD11

ISD11

GG-COS–
MOCS
2A–SOC-GG

MOCS
2A

GG-COS–
URM1

–SOC-GG
URM1

Fe4S4 Fe2S2

Fig. 12.10: Localization and role of proteins in the nucleus. Shown is the localization of proteins with 
a role in Fe-S cluster biosynthesis, Moco biosynthesis, and tRNA thiolation in the nucleus. The roles 
of NFS1, ISD11, URM1, and MOCS2A in the nucleus are not yet clear to date.
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Fe-S cluster formation, Moco biosynthesis and tRNA thiolation were also identified to 
be located in the nucleus, namely NFS1, ISD11, URM1, and MOCS2A, although their 
 functions still remain unclear in this compartment.
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13 Iron-sulphur proteins and genome stability
Kerstin Gari

Summary

The blueprint of each cell – be it a single bacterium or part of a multicellular organism, such 
as man – is encoded in its genome. For a cell to remain functional throughout its life cycle, 
its genetic program has to remain accurate, and hence, its genome has to be protected from 
damage. Such damage can be the result of exogenous factors, such as ultraviolet light, or 
endogenous factors, such as oxidative stress. Moreover, the ability of a cell to replicate its 
genome and divide into two identical daughter cells is a naturally complicated process that 
can pose a problem to genome integrity. Not surprisingly, a huge number of proteins work 
together to faithfully replicate DNA and to detect, signal, and repair DNA damage. Failure 
to do so results in genome instability, one of the hallmarks of cancer.

For a long time, it appeared that iron-sulphur (FeS) proteins are relatively rare in 
the processes of DNA replication and repair. Given that upon FeS cluster oxidation, 
free iron atoms can generate dangerous reactive oxygen species, this notion seemed 
rather intuitive. Over the last years, however, a surprisingly high number of proteins 
involved in DNA replication and repair have been identified to bind to an FeS cluster. 
In many cases, the function of the FeS cluster has remained elusive so far. 

In this chapter, an overview of FeS proteins in DNA metabolism will be given and 
the potential role of the FeS cluster in these proteins will be discussed. The major 
focus will be on eukaryotic proteins, with some examples from the prokaryotic world.

13.1 The importance of genome stability

The maintenance of genome stability is essential for cellular function, and the con-
sequences of genome instability are most dramatically exemplified in human cancer. 
As a common characteristic trait, tumor cells generally display gross chromosomal 
rearrangements and genetic mutations. 

In recent years, it has become clear that genome instability is not a secondary 
effect of aberrant cellular behavior but rather one of the causes of tumor develop-
ment. In the oncogene-induced DNA damage model (Fig. 13.1) it has been suggested 
that in early cancerous lesions, the activation of oncogenes leads to perturbed DNA 
replication due to the stalling and collapsing of DNA replication forks [1–5]. As a con-
sequence of such DNA replication stress, the DNA damage checkpoint is activated, 
which involves a multitude of factors that decide to either repair the damage or (if it is 
beyond repair) to induce cell cycle arrest, apoptosis, or senescence. This response to 
DNA replication stress acts as a barrier to tumorigenesis and is dependent on a func-
tional copy of the tumor suppressor gene p53. 

DOI 10.1515/9783110479850-013
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348   13 Iron-sulphur proteins and genome stability

This could be the end of the story of cancer if it was not for the adaptiveness of cancer 
cells. Instead, this initial tumorigenesis barrier creates selective pressure toward the 
inactivation of p53, which in turn allows full tumor development. Loss of heterozy-
gosity (LOH), i.e. the loss of one of the two alleles of a gene, is one of the dangerous 
consequences of uncontrolled genome instability. 

13.2  Link between iron-sulphur cluster biogenesis and genome 
stability

In 2008, Veatch and colleagues showed that LOH in yeast can also be caused by the 
loss of mitochondrial DNA [6]. They further demonstrated that nuclear genome insta-
bility did not occur as a consequence of dysfunctional cellular respiration but rather 
due to a defect in FeS cluster biogenesis. Based on their findings, they proposed that 
impaired FeS protein maturation might compromise the function of nuclear FeS 
proteins that function in DNA replication and repair, such as DNA primase [7], the  
helicase Rad3 [8], and the glycosylase Ntg2 [9]. Their hypothesis was based on the fact 
that maturation of nuclear FeS proteins – while primarily taking place in the cytoplasm –  
also depends on the mitochondrial iron-sulphur cluster (ISC) machinery [10]. 

While it is still controversial whether the ISC machinery is active both in mito-
chondria and the cytoplasm or whether an FeS cluster precursor is produced in mito-
chondria and then exported into the cytoplasm [11], it is well established that the 
subsequent maturation of nuclear FeS proteins is carried out in the cytoplasm by the 
cytoplasmic iron-sulphur assembly (CIA) machinery. In an early step, an FeS cluster 
is transiently assembled on a scaffold complex composed of the NTPases NBP35 
and CFD1 [12, 13]. The loosely bound cluster is then transferred to FeS apoproteins, 
a process that requires the function of the WD40 repeat protein CIAO1 and the iron-
only hydrogenase-like protein IOP1 [14–16].
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Fig. 13.1: Oncogene-induced DNA damage model.
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Recently, two studies have found a molecular explanation for the link between FeS 
cluster biogenesis and proteins involved in DNA metabolism, as had been previously 
proposed [6].

Coming from either the FeS field, or the genome stability field, both studies iden-
tified the cytoplasmic HEAT-repeat protein MMS19 as a component of the CIA machin-
ery that physically interacts with multiple FeS proteins involved in DNA metabolism 
[17, 18]. They further showed that MMS19 is required for FeS cluster transfer to FeS 
apoproteins and that in the absence of MMS19, the stability of multiple FeS proteins 
involved in DNA replication and repair is affected. As a consequence, both yeast and 
human cells depleted of MMS19 showed an altered response to agents that cause DNA 
damage or DNA replication stress. Moreover, Mms19 knockout mice displayed early 
embryonic lethality, presumably because Mms19 deficiency has pleiotropic effects on 
multiple proteins involved in DNA metabolism [17].

The MMS19 interacting protein MIP18 was later shown to contribute substantially 
to FeS protein recognition by binding to the FeS cluster binding domain within apo-
proteins [19]. Interestingly, MIP18 had originally been identified in a proteome-wide 
screen for factors that contain hyperreactive cysteines [20], a feature that is com-
monly found in FeS biogenesis proteins. Future studies will therefore have to address 
whether MIP18 plays a direct role in FeS cluster transfer by transiently binding to an 
FeS cluster and handing it over to apoproteins.

Collectively, these data suggest that MMS19 and MIP18 physically and function-
ally link FeS cluster biogenesis to DNA replication and repair (Fig. 13.2).
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Fig. 13.2: MMS19 and MIP18 link FeS cluster biogenesis to DNA metabolism.
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13.3 FeS proteins in DNA replication

DNA replication is a highly regulated process that involves the concerted action of a 
considerable number of proteins. Essentially, however, it requires unwinding of the 
parental DNA strands by a helicase activity and synthesis of the two daughter strands 
by the replicative DNA polymerases alpha, delta, and epsilon [21, 22]. 

Two complications arise from the intrinsic properties of DNA polymerases and 
the antiparallel nature of DNA: First, all DNA polymerases have a 5′-3′ polarity, which 
implies that one of the two DNA strands can be elongated in a continuous manner 
(the leading strand), whereas the other strand has to be synthesized in a discontinu-
ous manner (the lagging strand). 

The second complication stems from the fact that DNA polymerases can only syn-
thesize DNA by extension of an existing nucleotide primer. DNA replication therefore 
relies on the activity of a complex formed of DNA primase and DNA polymerase alpha 
(Pol α) that can carry out the de novo synthesis of a short chimeric RNA-DNA primer 
on the parental template [23]. Following primer synthesis, the leading strand tem-
plate will then be primarily replicated by DNA polymerase epsilon (Pol ε), whereas 
lagging strand synthesis is carried out by DNA polymerase delta (Pol δ) [24–26].

Due to its discontinuous mode of replication, initiation by DNA primase and Pol 
α has to take place multiple times during synthesis of the lagging strand. The switch 
between initial synthesis and processive replication requires the replication clamp 
proliferating cell nuclear antigen (PCNA) that displaces DNA primase-Pol α from the 
DNA template and loads Pol δ onto it [22, 27]. 

The stretches of replicated DNA that are created due to this discontinuous mode 
of replication are referred to as Okazaki fragments. When Pol δ reaches a downstream 
Okazaki fragment, it displaces a few nucleotides of the RNA primer and creates a 
5′-single stranded flap structure [22]. Flap endonuclease 1 (FEN1) is required to cleave 
this short flap at the junction between double-stranded and single-stranded DNA and 
to create a structure that can be sealed by DNA ligase I [28, 29]. 

It is believed that Pol δ usually displays only limited strand displacement synthe-
sis and that the resulting short flaps are readily cleaved by FEN1 [30]. However, in case 
longer flaps are created – at least in yeast – the activity of the helicase/nuclease DNA2 
is required for Okazaki fragment maturation [29, 31, 32]. To date, however, it is unclear 
whether DNA2 can cleave such long flaps as the sole nuclease [33] or whether FEN1 
and DNA2 functionally work together to sequentially cleave the flap [34–36] (Fig. 13.3).

In recent years, it has turned out that DNA polymerases alpha, delta, and epsilon 
[37], as well as DNA primase [7, 38] and DNA2 [39, 40], are all FeS proteins. Whereas it 
should be kept in mind that DNA replication in this paragraph was considerably simpli-
fied and more factors are involved, the number of FeS proteins in the very heart of the 
DNA replication machinery is nevertheless astonishing. Given that upon FeS cluster 
oxidation, free iron atoms can generate dangerous reactive oxygen species (ROS) via 
Fenton chemistry, having FeS clusters in DNA polymerases seems like putting the fox 
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in charge of the henhouse. Unless, of course, FeS clusters in these enzymes carry out – 
as yet, unclear – functions that cannot be achieved with alternative co-factors.

13.3.1 DNA primase and DNA polymerase alpha

DNA primase and Pol α form an evolutionarily conserved complex that couples 
two activities crucial for replication initiation: first, the de novo synthesis of a  
8–13-nucleotide-long RNA primer by the DNA-dependent RNA polymerase DNA 
primase; and second, the subsequent primer extension by a few dNTPs by Pol α [23]. 

DNA primase is composed of a small (PRI1) and a large (PRI2) subunit, both of 
which are required for viability in yeast [41]. Although PRI1 carries the catalytic activ-
ity, PRI2 seems to be required for efficient primer initiation and elongation [42] and 
possibly hand-off of the RNA primer to Pol α [43]. In 2007, two groups reported that the 
C-terminal domain of PRI2 in human [38], as well as yeast and Archaea [7], contains 
a [4Fe-4S]2+ cluster. Klinge and colleagues further showed that FeS cluster binding is 
required for efficient RNA primer synthesis in yeast [7].

Resolution of the crystal structure of the C-terminal part of PRI2 later showed that 
the FeS cluster is located at the interface of two largely independent helical folds [44]. 
Interestingly, the overall architecture of PRI2 has a striking similarity to the active 
site of DNA photolyases. Given that photolyases recognise ultraviolet (UV)-induced 
cyclobutane-pyrimidine dimers, an interesting possibility is that the large subunit of 
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DNA primase might play a similar role and recognize the two initial ribonucleotides 
during primer synthesis [44]. Whether this is the case and which role the FeS cluster 
plays in this scenario – if any – need to be further investigated.

Like DNA primase, Pol α is composed of two subunits: the catalytic subunit 
(POLA1) and the regulatory B subunit (POLA2) [23]. Interaction between the two sub-
units is likely mediated by the C-terminal domain of the catalytic subunit [45]. For a 
long time, this function was assigned to a putative zinc finger motif in this domain, 
a notion that was supported by structural analysis that suggested the presence of a 
Zn2+ ion at the binding interface of POLA1 to POLA2 [46]. As discussed in more depth 
in the next paragraph, however, a recent study has demonstrated that the C-terminal 
domain of POLA1 does not contain a zinc finger module but rather an FeS cluster 
binding motif [37]. 

13.3.2 DNA polymerases delta and epsilon

Pol δ and ε – like Pol α – belong to the class B family of DNA polymerases [47]. They 
are multisubunit proteins composed of a catalytic subunit, a regulatory B subunit, 
and (at least in human) two accessory subunits [48].

The catalytic subunits are evolutionarily conserved and contain two cysteine-rich 
motifs (CysA and CysB) in their C-terminal domains. For a long time, the CysA and B 
motifs were believed to be zinc finger modules [49]. The CysB motif, in particular, had 
been well studied and shown to mediate interaction with the regulatory B subunit [50]. 

Intrigued by the fact that pol3-13, a yeast mutant strain with a single point muta-
tion (cysteine to serine) in the CysB motif of Pol δ, displays synthetic lethality with 
multiple members of the CIA machinery, Netz et al. recently challenged the assump-
tion that CysB was a zinc finger module and set out to investigate the possibility that 
it could be an FeS cluster binding motif [37]. 

Using 55Fe incorporation assays, they could indeed show that Pol-δ and Pol-α, 
Pol-ε, and the translesion DNA polymerase ζ are FeS proteins [37]. UV-visible and EPR 
spectroscopy, together with site-directed mutagenesis, confirmed the presence of a 
[4Fe-4S]2+ cluster that is coordinated by the cysteines of the CysB motif. Upon protein 
purification, the FeS cluster in the Pol δ holo-complex was mildly sensitive to oxida-
tion, which could be exacerbated by addition of the oxidizing agent ferricyanide. In 
contrast, the cluster was insensitive to reduction by dithionite.

Further biochemical analysis showed that FeS cluster binding by CysB is required 
for Pol δ holo-complex formation, whereas the CysA motif – which seems to represent 
a bona fide zinc finger – confers binding of Pol δ to PCNA and allows processive DNA 
replication [37].

The finding that all replicative DNA polymerases in yeast and (given their evo-
lutionary conservation) presumably in all eukaryotes are FeS proteins was surpris-
ing considering that this family had been studied rather extensively. The structural  
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analysis of Pol α in particular, which showed the presence of a Zn2+ ion in the inter-
action domain of the catalytic subunit with the regulatory B subunit [46], seemed a 
rather convincing argument for the presence of a zinc finger module in this family of 
DNA polymerases. On the other hand, it has to be kept in mind that in this study, Pol 
α had been overexpressed and purified from Escherichia coli. Presumably for lack of 
interaction with the bacterial FeS assembly system, a Zn2+ ion was incorporated into  
Pol α – an erroneous but seemingly successful attempt to produce a stable protein. 
Whether replacement of the FeS cluster with a Zn2+ ion could also happen in vivo 
cannot be categorically excluded from the results presented by Netz and colleagues. 
However, two recent studies showed that the protein levels of Pol δ in the absence of 
the late-acting CIA component MMS19 are severely reduced, strongly reinforcing the 
idea that the stability of Pol δ depends on the presence of an FeS cluster [17, 18].

The question of why all replicative DNA polymerases contain an FeS cluster has 
remained unanswered so far. It is particularly surprising since – at least in the case of 
Pol α – the FeS cluster can be replaced by a Zn2+ ion without losing the overall struc-
ture of the protein. One would assume that there was a selective pressure against FeS 
clusters in favor of safer structural elements in proteins whose function it is to repli-
cate the genome as faithfully as possible. The fact that this is visibly not the case and 
that the FeS cluster is a common element of all replicative polymerases points toward 
a specific function of FeS clusters that cannot be performed by other cofactors. Since 
FeS clusters are intrinsically sensitive to the surrounding redox conditions, oxidative 
stress-induced decomposition of the FeS cluster might be a unique way of regulating 
DNA polymerases in response to suboptimal conditions of DNA replication. 

13.3.3 DNA2 

DNA2 is a multifunctional protein that – apart from Okazaki fragment maturation – 
has been implicated in a variety of processes related to DNA metabolism: repair of 
DNA double-strand breaks [51, 52], telomere maintenance [53], prevention of replica-
tion fork reversal [54], and mitochondrial DNA replication and repair [55].

From a biochemical point of view, DNA2 is a particularly interesting protein since 
it has both helicase (5′-3′) and endonuclease activity [56, 57]. Whereas its primary 
function in Okazaki fragment maturation depends on its endonuclease activity [57, 
58], its helicase activity seems to facilitate flap cleavage [59]. 

In 2009, Yeeles and colleagues reported that a bacterial helicase/nuclease 
complex, Bacillus subtilis AddA/AddB, carries a [4Fe-4S]2+ cluster in its nuclease 
domain [39]. By sequence comparison, they suggested that this might also be true for 
the nuclease domain of the related eukaryotic DNA2. 

Interestingly, the four cysteines required for FeS cluster binding in AddAB are 
not clustered together but instead flank the nuclease domain AddB on either side; 
the first cysteine is located on the N-terminal side of the nuclease domain, whereas 
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the other three cysteines are found in close proximity to each other in the C-terminal 
portion of the nuclease domain. Due to this unusual arrangement, the FeS cluster 
might act as an “iron staple” that is required to pin back and stabilize the nuclease 
domain. In turn, impaired FeS cluster binding results in loss of structural integrity of 
the nuclease domain and compromised binding to DNA ends [39]. 

It is noteworthy that FeS cluster binding is a highly conserved feature of AddB 
family proteins with the exception of lactic acid bacteria that have supposedly 
replaced the FeS cluster with an alternative metal cofactor [39]. Since lactic acid bac-
teria thrive in iron-poor environments, it is not unusual for them to replace iron-con-
taining with alternative cofactors [60]. Does this in turn mean that the FeS cluster in 
AddAB and DNA2 has an exclusively structural function? It does seem so, but more 
studies are required to address this question.

Recently, a study from the Campbell lab has formally proven that yeast Dna2 
indeed is an FeS protein. As suggested, it binds to an FeS cluster via the proposed FeS 
cluster binding motif that spans its N-terminal nuclease domain [40]. In the absence 
of an FeS cluster, Dna2’s nuclease activity is severely compromised. In contrast to 
AddAB, however, the presence of an FeS cluster did not prove to be essential for DNA 
binding, nor did it seem to influence the overall structure of DNA2, as suggested 
by limited protease digestion experiments with wild-type and FeS cluster binding 
mutant proteins. Unexpectedly, however, loss of the FeS cluster clearly reduced the 
ATPase activity of Dna2, despite the fact that the ATPase domain is located far away 
from the FeS cluster binding site in the C-terminal helicase domain of the protein. 
This might suggest that the FeS cluster functionally couples helicase and endonu-
clease activities [40]. 

In a recent biochemical study from the Cejka lab, it was shown for yeast Dna2 
that its nuclease activity autoinhibits its helicase activity [61]. A nuclease-dead 
version of Dna2 in turn displayed significantly increased helicase activity, suggest-
ing that in a wild-type situation, Dna2’s strong endonuclease activity prevails and 
cleaves potential helicase substrates before unwinding can occur [61]. These findings 
open the possibility that the dual activity of Dna2 might be highly regulated in vivo  
and – depending on the cellular context – nuclease activity or helicase activity could 
prevail. Needless to say that it is tempting to speculate whether the redox state of the 
FeS cluster plays a role in this regulation. 

13.4 FeS proteins in DNA repair

In contrast to DNA replication, a role for FeS clusters in the processes of DNA repair 
and genome maintenance has been appreciated for many years. However, for a long 
time, their contribution seemed to be limited to a subset of DNA repair proteins: DNA 
glycosylases. More recently, the members of the Rad3 family of helicases have joined 
the club, underlining the fact that FeS clusters are not limited to a specific pathway 
but play a more general role in DNA repair.
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13.4.1 DNA glycosylases

13.4.1.1 ROS and DNA damage
Oxidative DNA damage caused by ROS is a major threat to genome stability. ROS are 
either generated endogenously, e.g. as by-products of mitochondrial respiration, or 
by exogenous factors, such as xenobiotics or ionizing radiation [62, 63]. ROS include 
hydroxyl radicals (OH•), superoxide radicals (O2

•-), and nonradical species, such 
as hydrogen peroxide (H2O2), all of which can cause oxidative damage to DNA [64]. 
A common ROS-induced lesion is the oxidation of guanine to 8-oxoguanine (8OG). 
During DNA replication adenine instead of cytosine is incorporated opposite of 8OG, 
which leads to the formation of 8OG:A mispairs that – when left unrepaired – cause 
G:C to T:A transversion mutations [65].

13.4.1.2 Base excision repair and DNA glycosylases
DNA base oxidations or other chemical alterations, such as nonenzymatic methyla-
tions, interfere with DNA replication and transcription when left unrepaired. The 
evolutionary conserved base excision repair (BER) pathway has an important role in 
recognizing and removing altered bases [66–68]. 

BER is initiated when a DNA glycosylase recognizes a damaged base and cleaves 
the N-glycosylic bond that links the base to the DNA backbone. The resulting abasic 
site is subsequently cleaved by either the intrinsic apurinic/apyrimidinic (AP) lyase 
activity of the DNA glycosylase itself (in case of bifunctional glycosylases) or, alter-
natively, by an AP endonuclease (in case of monofunctional glycosylases), thereby 
creating a single-stranded break. Further steps include cleaning of the break-flanking 
region, filling of the resulting gap by a DNA polymerase, and sealing of the remaining 
nick by a DNA ligase [68].

In human cells, 11 DNA glycosylases are known to date, 5 of which are required 
for the recognition and excision of oxidized bases [68]. The specificity of DNA glycosy-
lases for various forms of base damage depends on the size and structure of their base 
binding pocket; however, given that the amount of base damage variations largely 
exceeds the number of glycosylases, their specificities do not seem to be very stringent. 

13.4.1.3 Endo III and MutY
E. coli endonuclease III (Endo III) was the first glycosylase to be reported to bind to an 
FeS cluster [69]. Despite its misleading name, Endo III is not a nuclease, but a bifunc-
tional glycosylase with intrinsic AP lyase activity; it is required for the excision of a 
variety of oxidized pyrimidine bases [70]. Later on, the human counterpart of Endo 
III, NTH1, was also shown to bind to an FeS cluster [71, 72].

Another example of an FeS glycosylase is MutY [73]. Like Endo III, it is a bifunc-
tional glycosylase that is highly conserved from E. coli to human (MUTYH). However, 
unlike Endo III, it displays specificity for 8OG:A mispairs [74].
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Both Endo III and MutY were shown to bind to a [4Fe-4S]2+ cluster that – under phys-
iological conditions – can neither be oxidized nor reduced [69]. At first, this led to the 
assumption that the redox state of the FeS cluster is unlikely to have any influence on 
protein function [75] and that the cluster must have a purely structural role. This proved 
to be wrong since the FeS cluster does not contribute significantly to the overall structure 
of the protein but is instead required for DNA binding and enzymatic activity [76].

Interestingly, when Endo III and MutY are bound to DNA, they become redox-
active and the redox potential of their FeS clusters is shifted toward the oxidized [4Fe-
4S]3+ state [77]. At the same time, oxidized glycosylases seem to have a higher affinity 
for DNA [78], suggesting that DNA binding could be modulated by the redox state of 
the FeS cluster. 

13.4.1.4 Damage detection by DNA-mediated charge transfer
Double-stranded DNA has been shown to allow the transport of electric charge over 
distances of around 200 Å due to the π-stacking of its aromatic base pairs [79, 80]. 
DNA-mediated charge transfer is very sensitive to disruptions in the π-stack, and 
DNA molecules with mismatches or lesions, such as oxidized bases, are impaired for 
charge transfer [81]. While numerous in vitro studies leave no doubt about the ability 
of DNA to mediate charge transfer, evidence that this is of importance in vivo is rather 
rare [82], and the physiological relevance of it is subject to debate.

From a theoretical point of view, however, DNA-mediated charge transfer could be 
an elegant explanation as to how DNA repair proteins manage to scan the enormous 
length of the genome for oxidative damage in a timely fashion [77, 78, 83, 84]. The fact 
that charge transfer can take place only through perfectly π-stacked DNA could give 
redox-active proteins a means to distinguish between intact and damaged DNA.

In a model put forward by the Barton lab (Fig. 13.4), a glycosylase (MutY or Endo 
III) binds to DNA, which leads to the oxidation of its FeS cluster and tighter binding 
to DNA [77]. The electron that is released upon FeS cluster oxidation could then travel 
along the DNA via charge transfer and reduce another glycosylase that is distantly 
bound. The reduced glycosylase would then have less affinity for the DNA substrate 
and dissociate. However, if a DNA lesion, such as an oxidized base, is present between 
the two proteins, charge transport would be interrupted, leaving the second protein 
in its oxidized state and tightly bound to DNA. As a consequence, DNA glycosylases 
would accumulate close to the site of DNA damage, thereby facilitating DNA damage 
signaling and repair. 

An overall environment of oxidative stress could further facilitate the initial 
binding of glycosylases to DNA since guanine radicals can directly oxidize the FeS 
cluster in MutY (and possibly other FeS glycosylases), which in turn increases their 
affinity for DNA [85]. Given that guanine radicals are generated early during physi-
ological oxidative stress conditions [86], FeS cluster oxidation could be a means to 
force accumulation of MutY (and possibly other BER factors) on damaged DNA.
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In favor of such a model of damage detection are two recent studies that show that 
DNA-mediated charge transfer is required for MutY and Endo III to locate DNA damage 
and to cluster in the vicinity [84]. Interestingly, cooperativity between MutY and Endo 
III was observed in this process, which was dependent on the ability of the proteins 
to mediate charge transfer [87]. However attractive this model is, further studies are 
required to decide whether DNA-mediated charge transfer has any physiological rel-
evance in DNA damage detection. 

13.4.2 The Rad3 family of helicases

13.4.2.1 A conserved family of helicases with links to human disease
Saccharomyces cerevisiae Rad3 is the founding member of a superfamily 2 of helicases 
that, apart from its human homologue XPD, also includes RTEL1, FANCJ, and ChlR1, 
all of which have been linked to human disease [88, 89]. As a common feature, they 
all possess 5′-3′ helicase activity but have preferences for different DNA substrates, 
which presumably explains their functions in different pathways essential for the 
maintenance of genome stability.

RTEL1 (regulator of telomere length protein 1) does not seem to have classical 
DNA unwinding activity but is instead able to dismantle DNA recombination interme-
diates, so-called D-loop structures, in which a third strand invades the DNA duplex 
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[90]. This anti-recombinogenic function is required to limit meiotic recombination 
[91], to maintain the integrity of telomeres [92], and to counteract the accumulation of 
toxic recombination intermediates during DNA repair [90]. 

SNP variations in RTEL1 have been associated with high-grade glioma suscepti-
bility [93], and more recently, RTEL1 mutations have been found in several Hoyeraal-
Hreidarsson syndrome patients, a severe form of dyskeratosis congenita caused by 
dysfunctional telomeres [94].

FANCJ is defective in a subgroup of patients suffering from Fanconi anemia (FA), 
a genome instability disorder that confers an elevated cancer risk [95, 96]. FANCJ 
was originally identified as an interaction partner of the breast cancer susceptibil-
ity protein BRCA1 [97]; mutations in FANCJ have later been detected in breast and 
ovarian cancer [98–100], suggesting a role for FANCJ as a tumor suppressor. 

From a biochemical point of view, FANCJ can bind to and unwind branched DNA 
molecules in vitro [101]. A combination of biochemical and in vivo data, however, sug-
gests that FANCJ’s main role is the unwinding of G-quadruplex (G4) DNA [102–104]. 
G4 DNA are secondary structures that are stabilized by Hoogsteen base pairing; they 
can form in guanine-rich regions of the genome and represent an obstacle for the DNA 
replication machinery [105].

ChlR1 preferentially unwinds branched DNA molecules with a 5′ single-stranded 
region [106, 107]. It interacts with various components of the DNA replication machin-
ery [108] and seems to play an important role in sister chromatid cohesion during DNA 
replication, which is a prerequisite for normal chromosome segregation [109–113].

The gene coding for ChlR1, DDX11, is mutated in Warsaw breakage syndrome 
(WABS) [114], an extremely rare disorder characterized by congenital abnormalities 
and – on a cellular level – defects in sister chromatid cohesion. 

XPD functions in both transcription initiation and nucleotide excision repair 
(NER), a DNA repair pathway specialized in the removal damaged nucleotides, as e.g. 
caused by UV light [115]. XPD’s 5′-3′ helicase activity has been shown to be essential 
for NER but dispensable for transcription initiation [116].

Surprisingly, mutations in XPD give rise to three symptomatically distinct human 
disorders: the eponymous xeroderma pigmentosum (XP), Cockayne’s syndrome, and 
trichothiodystrophy (TTD) [117]. These multiple syndromes can be explained with the 
fact that depending on the mutation either transcription alone, NER alone or both 
pathways are affected. XP patients e.g. are extremely light-sensitive and at a high risk 
of developing skin cancer due to a defective NER pathway [117]. 

13.4.2.2 The FeS cluster in XPD
In eukaryotes, XPD is integral part of the multi-subunit transcription factor II H 
(TFIIH) complex and is required for its stability [118, 119]. A homologue of XPD is 
also found in Archaea; in contrast to eukaryotes, however, archaeal XPD is active as 
a monomer, which makes it an interesting and amenable protein to study. In 2006, a 
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study from the White lab found that Sulfolobus acidocaldarius XPD (sacXPD) binds to 
a [4Fe-4S]2+ cluster that is sensitive to oxidation [8]. Sequence alignment showed that 
the cluster-binding cysteines are highly conserved across all Rad3-like helicases and 
located in the HD1 helicase domain between the Walker A and B box motifs (Fig. 13.5; 
cysteines highlighted in yellow) [8]. 

Analysis of FeS cluster binding mutants further demonstrated that the FeS cluster 
is dispensable for ATPase activity and the overall stability of sacXPD. In contrast, heli-
case activity is severely impaired in these mutants, suggesting that the FeS cluster is 
required to couple ATPase activity to DNA unwinding [8]. 

Our understanding of the FeS cluster binding region within XPD has been sig-
nificantly furthered by the structural analysis of XPD from three archaeal organisms 
(S. acidocaldarius [120], Sulfolobus tokodaii [121], and Thermoplasma acidophilum 
[122]). All three reports are in agreement with XPD being composed of four domains: 
two canonical RecA-like helicase domains (HD1 and HD2) and two accessory domain 
inserted into HD1 (the FeS domain and an arch-shaped domain) [120–122]. Binding of 
an FeS cluster is required for the stability of the FeS and arch domains [120]. Together 
with a later study of T. acidophilum XPD in complex with DNA [123], these structural 
data suggest that the HD1, arch, and FeS domains together form a channel that can 
accommodate single-stranded DNA and that DNA unwinding occurs by threading 
single-stranded DNA through this channel.

In addition to these structural studies, much has been learned from a number of 
single-molecule studies that take advantage of the fact that FeS clusters can act as 
intrinsic quenchers of fluorescently labeled DNA substrates [124–126]. Taken together, 
in the current model, the FeS domain is thought to recognize the junction between 
single- and double-stranded DNA and to act as a wedge or ploughshare for the separa-
tion of DNA strands.

A possible extension to this model comes from a recent study, in which 
Mathieu and colleagues generated rationally designed mutant versions of XPD 
with amino acid replacements in the FeS cluster binding pocket [127]. These 
mutants retained helicase activity but could not distinguish between damaged 
and undamaged nucleotides anymore, suggesting the exciting possibility that the 
FeS domain could play a role in the recognition of damaged nucleotides during 
strand unwinding. 

Rad3 102 DFRGLGLTSRKNLCLHPEVSKERKGTVVDEKCRRMTNGQAKRKLEED---PEANV---E-LCEYHENLYNIEVEDY---- 
XPD 103 PFLGLALSSRKNLCIHPEVTPLRFGKDVDGKCHSLTASYVRAQYQHD-----TSL---P-HCRFYEEFDAHGREVP---- 
RTEL1 136 ----CVLGSREQLCIHPEVKKQESNHLQIHLCRKKVAS--------------------R-SCHFYNNVEEKSLEQE---- 
FANCJ 270 GVPMTILSSRDHTCVHPEVVGNFNR---NEKCMELLD-----------------GKNGK-SCYFYHGVHKISDQHTLQTF 
ChlR1 254 DVRLVSLGSRQNLCVNEDVKSLGSVQLINDRCVDMQRSRHEKKKGAEEEKPKRRRQEKQAACPFYNHEQMGLLRDE---- 

Rad3 171 ----LPKGVFSFEKLLKYCEEKTLCPYFIVRRMISLCNIIIYSYHYLLDPKIAERVSNEVSKDSIVIFDEAH
XPD 170 ----LPAGIYNLDDLKALGRRQGWCPYFLARYSILHANVVVYSYHYLLDPKIADLVSKELARKAVVVFDEAH
RTEL1 187 ----LASPILDIEDLVKSGSKHRVCPYYLSRNLKQQADIIFMPYNYLLDAKSRRAHNIDL-KGTVVIFDEAH
FANCJ 329 QGMC---KAWDIEELVSLGKKLKACPYYTARELIQDADIIFCPYNYLLDAQIRESMDLNL-KEQVVILDEAH
ChlR1 330 ----ALAEVKDMEQLLALGKEARACPYYGSRLAIPAAQLVVLPYQMLLHAATRQAAGIRL-QDQVVIIDEAH

Fig. 13.5: Rad3 family of helicases.
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13.4.2.3 Mutations in the FeS cluster binding region of XPD, FANCJ, and ChlR1
Interestingly, a number of clinically relevant mutations in XPD, FANCJ, and DDX11 are 
located in the FeS cluster binding region (Fig. 13.5; mutations marked in red).

Arginine to histidine replacement in XPD (R112H XPD) is common in TTD patients 
[128]. R112H XPD does not stably integrate an FeS cluster and displays completely 
abolished helicase activity [8, 128]. The aforementioned structural analysis of 
archaeal XPD homologues indicated that the corresponding R112 residues (R88 in T. 
acidophilum and K84 in S. acidocaldarius) are located in close proximity to the FeS 
cluster, enabling them to contribute to the stabilization of the FeS domain [120, 122]. 

Remarkably, the corresponding amino acid exchange in ChlR1 is also found in 
WABS patients, and biochemical analysis of R263Q ChlR1 showed that – as in XPD – 
this arginine residue is essential for helicase function [129]. 

In the case of FANCJ, a proline to alanine substitution (A349P FANCJ) is found 
right next to one of the coordinating cysteine residues in the FeS cluster binding 
domain in some FA patients [96]. Similar to the mutations in XPD and ChlR1, this 
exchange abolishes FeS cluster binding and results in uncoupling of ATP hydrolysis 
from translocase activity [8, 130]. Moreover, two further mutations in the FeS cluster-
binding domain of FANCJ are associated with an increased breast cancer risk: alleles 
coding for M299I FANCJ [131] and L340F FANCJ [132]. Surprisingly, M299I FANCJ seems 
to display increased ATPase and helicase activities [133], suggesting that not only a 
nonfunctional FANCJ version but also a hyperactive one can be deleterious to the cell. 
As for L340F FANCJ, no biochemical analysis has been performed yet; interestingly, 
however, the mutated leucine residue is highly conserved across all family members, 
suggesting that it is important for the functionality of this domain.

Taken together, these findings are in agreement with the FeS cluster being essen-
tial for helicase activity and underline the significance of FeS cluster binding in vivo.

13.4.2.4 Possible functions of the FeS cluster in Rad3-like helicases
Future studies have to show which role exactly the FeS cluster plays in the different 
Rad3-like helicases. Using the FeS cluster binding pocket for the recognition of damaged 
nucleotides, as suggested for XPD [127], certainly is an exciting possibility. However, 
taking into consideration that FANCJ, RTEL1, and ChlR1 have no specificity for damaged 
bases, but rather display a preference for unusual DNA structures, it seems unlikely that 
damage recognition is a general feature of FeS clusters in these helicases. 

Another attractive hypothesis is that the redox sensitivity of FeS clusters could 
be used to modulate the biochemical activities of FeS repair proteins in response 
to altered redox conditions in the cell. For example, in vitro studies with DinG, the 
closest homologue of Rad3-like helicases in E. coli, have shown that reduction of its 
[4Fe-4S]2+ cluster to the [4Fe-4S]1+ state leads to a reversible switch-off of its helicase 
activity [134]. On the other hand, the FeS cluster is stable in the [4Fe-4S]2+ state under 
oxidizing conditions, suggesting the possibility that DinG is in an inactive ([4Fe-4S]1+) 
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state under normal conditions but can become activated ([4Fe-4S]2+) under condi-
tions of oxidative stress. However, whether this redox-regulation mechanism plays a 
role in vivo is not clear yet. 

Studies from the Barton lab suggest that – at least in theory – a similar mecha-
nism could regulate XPD. They could show that sacXPD has a physiologically relevant 
redox potential when bound to DNA (~80 mV versus the normal hydrogen electrode), 
which increases with ATP hydrolysis [135]. Importantly, the redox signal depends on 
the DNA substrate, raising the possibility that the ATPase and helicase activities of 
XPD could be regulated via the redox state of its FeS cluster and that regulation would 
depend on the DNA substrate encountered. 

Taking the idea of redox-signaling between XPD and DNA a step further, it is also 
conceivable that DNA-mediated charge transport is used by XPD to screen for DNA 
lesions or alterations, in a similar way as had been suggested for DNA glycosylases. 
Indeed, as for MutY and Endo III, location of XPD to damaged sites seems to depend 
on charge transfer [136]. Moreover, in the same study, charge transfer-mediated sig-
naling occurred between XPD and other FeS proteins, suggesting a potential com-
munication between multiple FeS repair proteins during their search for DNA damage 
[136]. Future studies will have to address whether long-distance screening of DNA and 
possibly communication between different repair factors by DNA-mediated charge 
transport has in vivo significance or whether it is merely an attractive hypothesis. 

13.5 Outlook

The significance of FeS clusters in DNA replication and repair proteins is far from 
being clear. In some cases, their role might be purely structural. However, given their 
potentially dangerous nature for the integrity of DNA, it seems likely that they have 
functions beyond a structural role. Their redox-sensitivity certainly makes FeS clus-
ters very interesting cofactors that could be used to modulate biochemical activities, 
react to conditions of oxidative stress, recognize DNA damage or screen the DNA for 
lesions or abnormal structures. Further studies – both in vitro and in vivo – will be 
needed to address the role of FeS clusters in DNA replication and repair and decipher 
their importance for the maintenance of genome stability.
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14  Eukaryotic iron-sulfur protein biogenesis and  
its role in maintaining genomic integrity
Roland Lill, Marta A. Uzarska and James Wohlschlegel

14.1 Introduction

The biogenesis of iron-sulfur (Fe-S) proteins in eukaryotes is a complex biosynthetic 
process. Failure to assemble Fe-S clusters and insert them into apo-proteins is incom-
patible with life and in humans can lead to various neurological, hematological, and 
metabolic diseases. Fe-S protein biogenesis is initiated by the mitochondrial iron-sul-
fur cluster (ISC) assembly machinery which is involved in the biogenesis of all cellular 
Fe-S proteins including those located in the cytosol and nucleus. Maturation of the 
latter proteins additionally requires the cytosolic iron-sulfur protein assembly (CIA) 
machinery and a still unknown sulfur-containing molecule exported from mitochon-
dria. The essential character of the biosynthetic process is explained by the function 
of Fe-S proteins involved in cytosolic protein translation and in numerous steps of 
nuclear DNA metabolism including DNA synthesis and repair, chromosome segrega-
tion, and telomere length regulation. Many of these latter Fe-S proteins have been 
linked to diseases such as various forms of cancer as well as ageing. Here, we first 
provide an overview of the components and molecular mechanisms of the ISC and 
CIA machineries required for Fe-S protein assembly. In a second part, we explain the 
intimate molecular links of this essential process to DNA maintenance and chromo-
some instability.

Fe-S clusters are ancient protein cofactors that function as electron carriers, cata-
lysts in chemical reactions, regulatory sensors, or sulfur donors (see other chapters 
in this book). In the (non-plant) eukaryotic cell, known Fe-S proteins are localized in 
the mitochondria, cytosol, and nucleus where they participate in a large number of 
 biochemical reactions (Fig. 14.1). In the model organism Saccharomyces cerevisiae, 
Fe-S proteins perform functions in energy production (respiratory complexes II and III,  
mitochondrial aconitase), amino acid metabolism (e.g. ketoacid hydratases Leu1 
and Ilv3 or a subunit of sulfite reductase, Ecm17), cofactor biosynthesis (lipoate and 
biotin synthase), and in protein synthesis (Rli1 involved in translation termination)  
(Fig. 14.1a). In the yeast nucleus, several Fe-S proteins have been identified that 
perform functions in DNA synthesis (replicative DNA polymerases, primase subunit 
Pri2) and various aspects of DNA repair (DNA helicase Rad3 and the glycosylase Ntg2). 
Additionally, a conspicuous number of the Fe-S protein biogenesis components (Yah1, 
Grx5, Dre2, Cfd1, Nbp35, and Nar1) depend on Fe-S clusters themselves, i.e. they are 
both components and targets of the biogenesis systems. Mammalian cells lack some 
of the biosynthetic Fe-S proteins of yeast (e.g. biotin synthase or Fe-S proteins invol-
ved in amino acid synthesis) yet contain additional Fe-S proteins not present in yeast 
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Fig. 14.1: Important Fe/S proteins in S. cerevisiae and mammalian cells. In (non-green) eukaryotes, 
Fe/S proteins are localized in mitochondria, cytosol, and nucleus. The figure presents a selection 
of the Fe/S protein inventory of (a) S. cerevisiae and (b) human cells. Some Fe/S proteins are 
present in only one of these organisms. Examples of mitochondrial Fe/S proteins (human names 
in parenthesis): Aco1 (ACO2), aconitase; Lys4, homoaconitase; Ilv3, dihydroxyacid dehydratase; 
Grx5 (GLRX5), monothiol glutaredoxin; Lip5 (LIAS), lipoate synthase; Bio2, biotin synthase; Yah1 
(FDX1-FDX2), ferredoxin (adrenodoxin); respiratory complexes II and III. Cytosolic Fe/S proteins: 
Leu1, isopropylmalate isomerase; Ecm17, subunit of sulfite reductase; Rli1 (ABCE1), ABC protein 
involved in ribosome function; Grx3-Grx4 (GRX3), monothiol glutaredoxins; Dre2, Cfd1, Nbp35, and 
Nar1 (IOP1), CIA components. Nuclear Fe/S proteins: Rad3 (XPD), ATP-dependent DNA helicase; 
Ntg2 (NTHL1), DNA repair protein N-glycosylase, Pri2, primase subunit; Chl1 (CHLR1), DNA helicase; 
Dna2, ATP-dependent nuclease and helicase; Pol3 (POLD1), DNA polymerase δ subunit. Additionally, 
human cells possess a few Fe/S proteins that are not present in yeast, such as respiratory complex I,  
members of the mitoNEET (CISD) family attached to the mitochondrial outer membrane, IRP1 
(cytosolic aconitase), FANCJ (DNA repair helicase mutated in Fanconi anemia), and RTEL1 (helicase 
involved in telomere stability).
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(Fig. 14.1b). These include respiratory complex I with 8 Fe-S clusters, members of the 
mitoNEET (CISD) family in mitochondria and possibly the endoplasmic reticulum, 
and cytosolic aconitase, also known as iron regulatory protein 1 (IRP1), which uses 
its Fe-S cluster for sensing the intracellular iron status. The mammalian nucleus 
harbors, in addition to the aforementioned replicative DNA polymerases, a number 
of ATP-dependent DNA helicases with rather diverse functions in various aspects of 
DNA metabolism such as nucleotide excision repair (NER), telomere length regulation 
and chromosome segregation [xeroderma pigmentosum complementation group D 
(XPD), Fanconi anemia complement group J (FANCJ), regulator of telomere elonga-
tion 1 (RTEL1), and CHLR1]. A number of these factors have been implicated in human 
disease such as xeroderma pigmentosum, Fanconi anemia, and trichothiodystrophy. 
It is clear from this list of Fe-S proteins that knowledge of their assembly pathways in 
the living cell is not only of basic scientific interest but also has important medical 
implications.

The biogenesis of cellular Fe-S proteins is a complex process that requires the 
coordinated function of some 30 proteins in mitochondria and cytosol. The mitochon-
drial ISC assembly machinery was inherited from a similar system in bacteria yet is 
highly conserved from yeast to man (Fig. 14.2) [1–6]. The molecular mechanisms of the 
ISC assembly pathway have been worked out mainly in yeast and bacteria [7, 8] and 
can be divided into three main steps (Fig. 14.2a). First, a Fe-S cluster is synthesized   
de novo on a scaffold protein from iron and sulfur, which is released from cysteine by a 
desulfurase enzyme to form a persulfide group (-SSH) on the desulfurase. Second, the 
Fe-S cluster is released from the scaffold protein and transferred to proteins that transi-
ently bind the cluster, and in a third step, insert the Fe-S cluster into different target apo-
proteins. Each of these steps requires the participation of several additional ISC prote-
ins and low-molecular-mass cofactors, which will be explained in detail in Section 14.2.

Cytosolic and nuclear Fe-S proteins also require the mitochondrial ISC assembly 
system in both yeast and human cells [9–11]. Mitochondria export an as-yet unknown 
sulfur-containing molecule (X-S in Fig. 14.2) that is used by the CIA machinery for 
maturation. Both the ISC and CIA systems contain numerous constituents that are 
essential for the viability of yeast and human cells. Moreover, many diseases are linked 
to genetic mutations in various mitochondrial ISC components (Fig. 14.2b) [6, 12].  
This demonstrates the importance of the overall biogenesis process for life. More-
over, because numerous essential Fe-S proteins with functions in protein synthesis, 
tRNA modification, and DNA replication and repair depend on the mitochondrial ISC 
system for maturation, the participation of the mitochondria in cellular Fe-S protein 
biosynthesis renders it essential for life [3, 4, 13]. This fact is impressively underlined 
by the discovery of mitosomes, i.e. mitochondria-derived organelles that, like mito-
chondria, possess a double membrane and import their proteins from the cytosol  
[14, 15]. However, during the evolution, the function of these organelles was drastically 
reduced by the loss of all classical mitochondrial functions including heme synthesis, 
citric acid cycle, oxidative phosphorylation, fatty acid oxidation, and  mitochondrial 
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Fig. 14.2: The three steps of mitochondrial Fe/S protein assembly and diseases associated with this 
process. The components and mechanisms of mitochondrial Fe/S protein biogenesis are highly 
conserved from (a) yeast to (b) human cells. (a) In yeast, the glutaredoxins Grx3-Grx4 facilitate 
mitochondrial import of ferrous iron (red circle) from the cytosol via the inner membrane carriers 
Mrs3-Mrs4, which use the proton motive force (pmf) as a driving force for membrane transport. 
The biogenesis of mitochondrial Fe/S proteins is accomplished by the ISC assembly machinery 
in three major steps. First, a [2Fe-2S] cluster is synthesized on the scaffold protein Isu1, a step 
that requires the cysteine desulfurase complex Nfs1-Isd11 as a sulfur (yellow circle) donor and 
releases sulfur from cysteine via a Nfs1-bound persulfide intermediate (-SSH). This step further 
requires frataxin (yeast Yfh1), which undergoes an iron-dependent interaction with Isu1 and may 
serve as an iron donor and/or an allosteric regulator of the desulfurase enzyme. An electron (e−) 
transfer chain consisting of NAD(P)H, ferredoxin reductase (Arh1) and ferredoxin (Yah1) is needed 
for Fe/S cluster assembly on Isu1. Second, the Isu1-bound Fe/S cluster is labilized by functional 
involvement of a dedicated chaperone system comprised of the ATP-dependent Hsp70 chaperone 
Ssq1, its co-chaperone Jac1, and the nucleotide exchange factor Mge1. Monothiol glutaredoxin Grx5 
may receive the Fe/S cluster directly from Isu1 and binds it in a glutathione (G)-dependent fashion 
(see Fig. 14.3). The aforementioned proteins are involved in the biogenesis of all mitochondrial 
Fe/S proteins (including the [2Fe-2S] proteins Rieske and Yah1) and are termed core ISC assembly 
components. The ABC transporter Atm1 exports an unknown, sulfur-containing component (X-S) 
produced by the core ISC components for use in the maturation of cytosolic-nuclear Fe/S proteins 
by the CIA machinery (Fig. 14.4a) and for iron regulation by the Aft1-Aft2 transcription factors. In 
a third step, the generation of [4Fe-4S] clusters is catalyzed by Isa1-Isa2-Iba57 proteins. Further, 
specialized ISC targeting components (Nfu1, Aim1) assist the insertion of the Fe/S clusters into 
specific apo-proteins such as lipoate synthase (Lip5) and respiratory complex II (SDH), whereas Ind1 
(not present in S. cerevisiae but in other fungi such as Yarrowia) is specific for complex I. The role 
of the BolA-like protein Aim1 is still hypothetical. Matured Lip5 produces lipoate for enzymes such 
as PDH and KGDH. (b) The human ISC assembly components use similar mechanisms as the yeast 
proteins. The function of the core ISC assembly components also impacts on cellular iron regulation 
via ABCB7- and CIA machinery-dependent maturation of IRP1 (see Fig. 14.4b). Defects in several of 
these mitochondrial components (highlighted in pink) lead to severe diseases with mitochondrial 
iron accumulation. In contrast, genetic defects in late-acting ISC components (highlighted in yellow) 
cause severe diseases that are not associated with alterations in cellular or mitochondrial iron 
levels. A variant erythropoietic protoporphyria is caused by dysfunctional mitoferrin 1 (MFRN1) in 
erythroid tissue. Cys, cysteine; Ala, alanine.

gene expression [16–18]. The only known process maintained in mitosomes is the Fe-S 
protein biosynthesis pathway, which likely has been maintained to support the matu-
ration of extra-mitochondrial Fe-S proteins, as mitosomes do not contain any relevant 
Fe-S proteins themselves [15, 19, 20].

In this chapter, we will first summarize the molecular mechanisms of Fe-S protein 
biogenesis in eukaryotes. Then, we will provide an overview on the link between this 
pathway and the maintenance of genomic stability by several important Fe-S proteins. 
Other links of the Fe-S protein maturation process, e.g. to cellular iron  regulation, and 
the diseases linked to Fe-S protein biogenesis will only be briefly discussed. These 
aspects are covered in other parts of this volume and have been  comprehensively 
reviewed elsewhere [5, 6, 12, 21, 22].

(Figure Continued)
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14.2 Biogenesis of mitochondrial Fe-S proteins

14.2.1 Step 1: De novo Fe-S cluster assembly on the Isu1 scaffold protein

The ISC assembly machinery in yeast mitochondria consists of 17 known proteins, 
many of which are homologues of bacterial ISC factors [4, 5, 23] (Fig. 14.2a). Virtually 
all these ISC components are conserved in human cells (Fig. 14.2b), which, in addi-
tion, contains a specific maturation factor for respiratory complex I (IND1), which is 
present in all eukaryotes harboring this respiratory complex. In all eukaryotes, the 
ISC components are encoded in the nucleus and after their synthesis are imported 
into the mitochondrial matrix. For import, they use typical mitochondrial targeting 
sequences that are recognized by the TOM-TIM import machinery [24, 25].

Fe-S protein biogenesis starts with the de novo assembly of a Fe-S cluster on the 
scaffold protein Isu1 (yeast) or ISCU (human) (Fig. 14.2) [2, 26–28]. In yeast, a func-
tionally redundant homologue termed Isu2 is present that arose by gene duplication. 
Isu1 scaffold proteins are highly conserved in bacteria and eukaryotes and contain 
three cysteine residues that are critical for Fe-S cluster synthesis. The sulfur is pro-
vided by the mitochondrial cysteine desulfurase Nfs1, which is required for all cellu-
lar Fe-S proteins [1, 9]. Nfs1 contains a conserved cysteine residue that is transiently 
converted to a persulfide following cysteine conversion to alanine and thus serves as 
a site for sulfur activation. Nfs1 tightly interacts with the small LYRM family protein 
Isd11. This protein is not necessary for desulfurase activity, yet essential for sulfur 
transfer from Nfs1 to Isu1 and Fe-S cluster formation on Isu1 [29–31].

The pathway by which iron is recruited by Isu1 is not fully understood. Iron import 
into the mitochondria is conducted via carrier proteins Mrs3 and Mrs4 (mitoferrin 1 
and 2 in vertebrates) [32–35]. Recently, a minor role in mitochondrial iron import has 
been documented for the carrier Rim2, which co-imports iron and a pyrimidine nucle-
otide [36, 37]. In the matrix, the ISC protein frataxin (yeast Yfh1) has been implicated 
as an iron donor because it binds iron with micromolar affinities and forms an iron-
stimulated complex with Isu1 and Nfs1/Isd11 [38–41]. Recent in vitro work on human 
frataxin suggests that it acts as an iron-dependent allosteric activator of Nfs1 desulfu-
rase activity [42]. Additional experiments performed in yeast show that an Isu1 point 
mutation localized near one of the conserved cysteine residues is able to rescue the 
Fe-S protein biogenesis defect of YFH1 deletion cells [43], showing that this function 
can be bypassed, at least in yeast. Although all these studies are consistent with a 
function of Yfh1 in Fe-S cluster synthesis on Isu1, its precise molecular function is not 
yet clear.

Another requirement for Fe-S cluster synthesis on Isu1 is the electron transfer 
from the [2Fe-2S] ferredoxin Yah1, which receives its electrons from the ferredoxin 
reductase Arh1 and NAD(P)H [27, 44–47] (Fig. 14.2a). It is not exactly known what this 
electron flow is used for. One possibility is the need for reduction of the sulfan sulfur 
(S0) present in the cysteine to the sulfide (S2−) present in the Fe-S cluster [4]. It has also 
been suggested to be needed for fusion of two [2Fe-2S] clusters into one [4Fe-4S] by 
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reductive coupling [48, 49]. However, as pointed out later, [4Fe-4S] cluster generation 
requires late-acting ISC proteins. Interestingly, Yah1 is also necessary for heme A and 
coenzyme Q biosynthesis [50, 51]. It is the only essential Fe-S protein of yeast mito-
chondria (besides the scaffold protein Isu1 itself) and requires the core ISC assembly 
machinery for its own maturation [52]. Human cells possess two distinct mitochond-
rial ferredoxins, which differ in their expression pattern. The classical adrenodoxin 
FDX1 is found in adrenal gland and kidney cells where the protein, together with 
mitochondrial cytochrome P450 proteins, is involved steroid hormone and vitamin 
D production [46]. In contrast, the only recently characterized FDX2 is ubiquitously 
expressed. As expected from this tissue-specific expression pattern, FDX2 was found 
to be specifically involved in Fe-S protein assembly and able to replace yeast Yah1, 
whereas FDX1 cannot. Moreover, FDX1 does not complement FDX2-depleted HeLa 
cells in their defect in Fe-S protein biogenesis. In contrast, another study found effects 
on Fe-S protein biogenesis upon RNAi depletion of both FDX1 and FDX2 [47]. Recent 
in vitro studies reconstituting de novo Fe-S cluster synthesis on Isu1 confirmed the 
specific function of FDX2, but not of FDX1 in this process (Webert et al., unpublished 
data). Conversely, only FDX1 but not FDX2 was active in cytochrome P450-dependent 
cortisol biosynthesis [46]. RNAi depletion of the human ferredoxin reductase FDXR 
demonstrated its requirement for the biogenesis of Fe-S proteins [47].

In conclusion, the initial step of Fe-S cluster synthesis requires the concerted 
action of six ISC proteins, in addition to iron, cysteine, and NADPH, and leads to a 
transiently bound [2Fe-2S] cluster on the Isu1 scaffold (Fig. 14.2).

14.2.2 Step 2: Chaperone-dependent release of the Isu1-bound Fe-S cluster

In the second major step, the Fe-S cluster is released from the Isu1 scaffold and deli-
vered to so-called Fe-S cluster transfer proteins [27, 53] (Fig. 14.2a). Fe-S cluster release 
from Isu1 is facilitated by a dedicated chaperone system consisting of the Hsp70 
protein Ssq1, its co-chaperone J-type protein Jac1, and nucleotide exchange factor 
Mge1 [54, 55]. Studies performed on these chaperones and their bacterial homologs 
[56, 57] gave insights into how they function within the ISC assembly pathway. The 
mechanistic model for the dedicated chaperone function in Fe-S protein biogenesis 
was derived from chaperones that function in protein folding [54] with Isu1 serving 
as a specific client protein of the Ssq1 chaperone. According to the current model 
(Fig. 14.3), the co-chaperone Jac1 recruits the holo-form of Isu1 and directs it to the 
ATP-bound form of Ssq1 [58, 59]. Both Jac1 and Isu1 stimulate the ATPase activity of 
Ssq1 thereby inducing a conformational change of the peptide-binding domain of 
Ssq1 to its closed state. This conformational change stabilizes the interaction between 
Ssq1 and the LPPVK motif of Isu1 [60, 61] and facilitates the removal of Jac1 from the 
complex. It is believed that Isu1 also undergoes a conformational change that results 
in its Fe-S cluster to be bound in a more labile fashion, thus facilitating its release 
from the scaffold protein [62, 63] (Fig. 14.3). To close the cycle and regenerate the 
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individual components, the nucleotide exchange factor Mge1 joins the complex to 
exchange ADP for ATP [64]. This induces another conformational change in Ssq1 that 
triggers disassembly of the entire protein complex and recycling of apo-Isu1 that can 
be used for another round of Fe-S cluster synthesis.

The Fe-S cluster released from Isu1 is then transferred toward apo-proteins, which 
likely involves transient binding to ISC transfer proteins. One of these proteins is the 
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Fig. 14.3: The working cycle of the dedicated chaperone system in mitochondrial Fe/S protein 
biogenesis. The working cycle of ISC chaperone system is similar to that of the Hsp70 chaperones  
in protein folding [54]. After synthesis of the [2Fe-2S] cluster on the scaffold protein Isu1  
(Fig. 14.2a), the co-chaperone Jac1 recruits holo-Isu1 and delivers it to the ATP-bound form of the 
Hsp70 chaperone Ssq1. ATP hydrolysis induced by Isu1 and Jac1 triggers a conformational change 
of the peptide-binding domain of Ssq1, thus tightly binding the LPPVK motif of Isu1. In turn, this is 
believed to induce a conformational change on Isu1 and weakens the binding of the Fe/S cluster to 
Isu1. Apo-Grx5 binds to Ssq1 at a site that does not overlap with that of Isu1. Eventually, this results 
in Fe/S cluster transfer from holo-Isu1 to Apo-Grx5. The exchange factor Mge1 facilitates ADP to ATP 
exchange, which triggers another conformational change in the peptide-binding domain of Ssq1 
from the closed to an open state, thus leading to disassembly of the Ssq1-Isu1-holo-Grx5 complex. 
The Hsp70 reaction cycle can then resume with the binding of a new holo-Isu1-Jac1 complex to  
Ssq1-ATP. The Grx5-bound Fe/S cluster is finally transferred to target proteins (see Fig. 14.2a).

 EBSCOhost - printed on 2/13/2023 8:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



 14.2 Biogenesis of mitochondrial Fe-S proteins   377

monothiol glutaredoxin Grx5 or human GLRX5 (Fig. 14.2). The protein binds to Ssq1 at  
a site that does not overlap with that of Isu1 [65] (Fig. 14.3). Most avid binding of Grx5 is 
observed for the ADP-bound form of Ssq1, which is known to tightly associate with the 
holo-form of Isu1. Therefore, it was suggested that the vicinity of holo-Isu1 and apo-
Grx5 on Ssq1 accelerates the transfer of the labilized Fe-S cluster to Grx5. Depletion 
of Grx5 in yeast causes a general cellular Fe-S protein defect and leads to Fe-S cluster 
accumulation on Isu1, similar to what was found for Ssq1 or Jac1 depletion [27, 66]. As 
a result, Grx5-depleted cells display an iron overload in mitochondria and develop a 
severe oxidative stress. A similar phenotype, together with an impaired heme synthe-
sis, is seen in zebrafish and human cells [67–69]. Hence, the function of Grx5 seems 
to be conserved throughout evolution. This is supported by the observation that GRX5 
deletion in yeast can be complemented by most monothiol glutaredoxins from both 
prokaryotic and eukaryotic species [70, 71]. The fact that Grx5 is involved in the bio-
genesis of both [2Fe-2S] and [4Fe-4S] mitochondrial Fe-S proteins and is also required 
for maturation of cytosolic-nuclear Fe-S proteins demonstrated that it belongs to the 
core ISC assembly machinery [65], thus distinguishing it from late-acting ISC factors 
discussed in Section 14.2.3 (Fig. 14.2a).

In vitro experiments on monothiol glutaredoxins from different organisms 
demonstrated the coordination of an unusual, glutathione (GSH)-coordinated [2Fe-2S]  
cluster [72]. Cysteine mutagenesis studies and the structure of the Escherichia coli 
Grx4 homodimer documented that the Grx-bound [2Fe-2S] cluster is coordinated by 
two GSH molecules and the active-site cysteine residues of two Grx monomers [70, 
73–76]. The active-site cysteine residue is necessary for Grx5’s in vivo function because 
its substitution results in the same phenotype as that seen for the null mutant [77]. 
The Fe-S cluster is bound to Grx5 in a rather labile fashion, making it difficult to detect 
in vivo [65, 70]. Its assembly in yeast depends on the core ISC components such as 
Nfs1, Isu1, and Jac1. Kinetic studies in vitro indicated that it is possible to transfer the 
[2Fe-2S] cluster to a chloroplast apo-ferredoxin [70]. These data support the view that 
monothiol Grx5 binds a Fe-S cluster transiently to subsequently pass it on to other 
Fe-S cluster-coordinating ISC proteins or to recipient target proteins including [2Fe-2S] 
proteins (Fig. 14.2a). However, it has to be noted that alternative Grx5 functions are 
not yet excluded.

In conclusion, step 2 leads to the chaperone-assisted dissociation of the Isu1-
bound [2Fe-2S] cluster and its transfer to acceptor proteins including Grx5 and [2Fe-2S] 
target proteins (Fig. 14.2).

14.2.3  Step 3: Late-acting ISC assembly proteins function in [4Fe-4S] cluster 
synthesis and in target-specific Fe-S cluster insertion

The core ISC assembly machinery discussed so far is sufficient for maturation of mito-
chondrial [2Fe-2S] cluster-containing proteins. In contrast, virtually all mitochondrial 
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[4Fe-4S] proteins require additional ISC assembly components for their maturation. 
The formation of [4Fe-4S] clusters in both yeast and human cells strongly depends 
on the A-type ISC proteins Isa1 and Isa2 (human ISCA1 and ISCA2, respectively) [52, 
78–82]. The proteins form a complex and bind either a [2Fe-2S] cluster or iron, yet the 
functional role of these metal cofactors is unclear. Both proteins further interact with 
the potential folate-binding protein Iba57 [82, 83]. Depletion of all three proteins in 
either S. cerevisiae or in human cells leads to similar and severe mitochondrial phenoty-
pes such respiratory deficiency, loss of mitochondrial DNA, and ultrastructural altera-
tions of mitochondria. These phenotypes can be readily explained by the maturation 
defect of mitochondrial [4Fe-4S] proteins prevailing in these cells. In addition, the 
Isa- or Iba57-depleted cells display a severe diminution of cytochrome oxidase acti-
vity. This terminal respiratory complex lacks Fe-S clusters and hence should not be 
affected. To date, it is unclear why its activity strictly depends on Isa-Iba57  function.

Another late-acting factor is the P-loop NTPase Ind1 (also termed NUBPL1 in 
humans), which binds a [4Fe-4S] cluster at two conserved cysteine residues present 
on its C-terminus [84, 85]. The protein is related in sequence to the two CIA proteins 
Cfd1-Nbp35, which act as scaffolds for [4Fe-4S] cluster generation in the cytosol (see 
in Section 14.4). In contrast, Ind1 is present only in organisms containing respiratory  
complex I, which contains eight Fe-S clusters in eukaryotes. Studies performed in Yar-
rowia lipolytica and human cells showed that deficiency of Ind1 affects the assembly 
of respiratory complex I, in particular of its soluble, Fe-S cluster-containing arm. The 
Fe-S cluster present on Ind1 is dependent on the function of the core ISC assembly 
machinery [84]. Therefore, it was proposed that Ind1 serves late in the biogenesis 
pathway and may serve as a specific Fe-S cluster-targeting factor, which delivers the 
cofactor to the matrix-exposed arm of complex I. In that sense, Fe-S cluster binding 
would serve a similar role as Fe-S cluster binding to the Cfd1-Nbp35 complex.

Proteins containing the 70-amino acid long C-terminal region of A. vinelandii NifU 
protein are termed Nfu-like proteins. Although this conserved segment possesses a 
CXXC motif and is able to transiently bind a [4Fe-4S] cluster [86], its location and 
function in the mitochondrial ISC assembly pathway remained unclear for a long 
period of time. Because Nfu-like proteins can assemble [2Fe-2S] or [4Fe-4S] clusters 
and transfer them to other Fe-S proteins, it was proposed that they might serve a scaf-
fold function in addition to Isu1 [7, 86]. Initial evidence that Nfu1 may be involved in 
Fe-S protein biosynthesis was obtained in a synthetic lethal screen in yeast where 
the deletion of NFU1 and SSQ1 was synthetic lethal [2]. However, Fe-S protein activi-
ties were only slightly affected. This defect was enhanced when double mutants were 
analyzed in which both NFU1 and ISU1 were deleted. In addition to the Fe-S protein 
defects, mitochondria accumulated iron similar to other depletion mutants in core 
ISC assembly proteins [5] (Fig. 14.2).

The first insights into Nfu1 function came from studies on two groups of  patients 
carrying mutations in the NFU1 gene [87, 88]. In one case, a non-sense mutation 
 resulted in abnormal mRNA splicing and complete loss of the protein, whereas in the 
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other, a G→C point mutation led to a glycine to cysteine substitution next to the active 
site CXXC motif of NFU1. Affected individuals were born normally with no evident 
symptoms but quickly developed severe developmental retardation, brain abnorma-
lities, and pulmonary hypertension before their deaths between 3 months and 1 year 
of age. The biochemical analyses of these patients showed normal aconitase activities 
but a massive decrease in complexes I and II [87, 88]. Additionally, strong defects in the 
lipoic acid-containing proteins pyruvate dehydrogenase (PDH) and α-ketoglutarate 
dehydrogenase (KGDH) were seen, together with hyperglycinemia and an increase 
in organic ketoacids. This phenotype was explained by a maturation defect in the 
Fe-S cluster containing-protein lipoate synthase [89] (Fig. 14.2). Because lipoate syn-
thase activity was not routinely measured during Fe-S protein biogenesis studies, this 
pheno type was missed in most previous studies. RNAi depletion of NFU1 in human 
cell culture recapitulated the biochemical phenotype of the patients demonstrating a 
role of NFU1 in the assembly of complex Fe-S proteins (respiratory complexes I and 
II and lipoate synthase containing eight, three, and two Fe-S clusters, respectively) 
[5, 87, 88]. All these results indicate a function of Nfu1 not as an alternative scaffold 
protein but rather a role in the delivery of [4Fe-4S] clusters to dedicated target apo-
proteins. This idea is consistent with the finding that assembly of the Fe-S cluster 
transiently bound to Nfu1 requires the function of the core ISC components such as 
Nfs1, Isu1, and Grx5 [88]. It remains to be elucidated what the exact biochemical role 
of Nfu1 protein in Fe-S cluster biogenesis might be and how it coordinates its function 
with other components of the late part of the ISC assembly pathway.

Patients with a mutation in the BOLA3 gene display a strikingly similar pheno-
type as the Canadian group of NFU1 patients [87]. In those individuals, the BOLA3 
gene carries a frame shift mutation introducing a premature stop codon. The indi-
viduals died at a few months of age, and their cells displayed severe defects in the 
lipoic acid-containing proteins PDH and KGDH as well as respiratory complexes I and 
II, whereas mitochondrial Fe-S protein aconitase activities were unchanged. Another 
group of patients with a BOLA3 mutation displayed the same phenotype, yet with 
an additional complex III deficiency [90]. Results of clinical and biochemical studies 
performed on these patients suggested that the BOLA3 protein may play an auxiliary 
role in the insertion of Fe-S clusters into specific target proteins such as lipoic acid 
synthase and the respiratory chain complexes I and II [87, 90]. Even though the parti-
cipation of the BOLA3 protein in mitochondrial Fe-S protein biogenesis seems clear, 
its evolutionary conservation and its biochemical function remain to be unraveled.

BolA-like proteins are highly conserved throughout evolution and are, with few 
exceptions, present in all living organisms. BolA was first identified in bacteria that 
show a round or “bola” (Spanish for ball or sphere) morphology when bolA was over-
expressed [91]. Eukaryotes from yeast to man possess three BolA-like proteins, two in 
the mitochondria, namely Yal044W/BOLA1 and Aim1/BOLA3, and one in the cytosol, 
termed Fra2/BOLA2. Not much is known about the yeast mitochondrial  proteins. Dele-
tion of AIM1 (altered inheritance of mitochondria) in S. cerevisiae displayed  elevated 
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 frequency of mitochondrial genome loss [92]. A bioinformatics study combining genome 
sequences, physical interaction data and three-dimensional structures suggested that 
BolA proteins are reductases that might interact with glutaredoxins [93].  Although a 
direct interaction of Aim1/BOLA3 with Grx5/GLRX5 in mitochondria is uncertain, yeast 
Fra2 is known to form a complex with Grx3/4 in the cytosol and nucleus [94, 95]. These 
proteins are involved in cellular iron regulation, transmitting the iron status of the yeast 
cell to the transcription factors Aft1-Aft2 [5, 21, 22]. In vitro studies showed that Grx3/4 
and Fra2 can form a heterodimeric complex bridged by a [2Fe-2S] cluster. This cluster is 
coordinated by the active-site cysteine of Grx3/4, GSH, and a histidine residue of Fra2. 
A similar complex was shown for the human proteins GRX3 and BOLA2 [96], implying 
that Grx-BolA interaction is conserved in higher eukaryotes, even though iron regula-
tion in higher eukaryotes is not transcriptionally controlled. Overall, a role of BOLA3 
in mitochondrial Fe-S protein biogenesis seems established, but where and how the 
protein functions in the pathway remains to be determined.

In conclusion, step 3 is needed for proteins carrying a [4Fe-4S] cluster and invol-
ves the Isa-Iba57-mediated generation of this cluster, which subsequently is inserted 
into target proteins with the help of dedicated ISC targeting factors.

14.3  The role of the mitochondrial ABC transporter Atm1  
in the biogenesis of cytosolic and nuclear Fe-S proteins  
and in iron regulation

Biogenesis of extra-mitochondrial Fe-S proteins in yeast strictly depends on the mito-
chondrial ISC assembly machinery [1, 10]. This is particularly true for the cysteine 
desulfurase Nfs1, which is also localized in the cytosol and/or nucleus in yeast and 
man [97, 98]. Only mitochondrial versions of Nfs1 and Isu1 support the biogenesis 
of extra-mitochondrial Fe-S proteins. Moreover, the expression of Nfs1 or Isu1 in the 
cytosol does not rescue the Fe-S cluster assembly defects in that compartment [1, 9, 
10, 99, 100], suggesting that mitochondria produce the sulfur moiety that is utilized 
for cytosolic and nuclear Fe-S cluster biogenesis. Cytosolic-nuclear Nfs1 is essen-
tial for cell viability in yeast, but its function remains elusive. It was suspected that 
cytosolic-nuclear Nfs1 might be involved in the thio-modification of certain cytosolic 
tRNAs. However, this speculation was experimentally refuted [101]. The current belief 
why mitochondria are required for extra-mitochondrial Fe-S protein assembly is that 
the core components of the ISC machinery produce a sulfur-containing component 
termed X-S (Fig. 14.2 and Fig. 14.4), which is utilized for cytosolic and nuclear Fe-S 
cluster production. The nature of this component is not presently known, but the ABC 
transporter Atm1 may be responsible for its export to the cytosol [1, 102, 103]. Atm1 
might cooperate with the FAD-dependent sulfhydryl oxidase Erv1 of the intermem-
brane space and GSH in this export task [44, 104]. Depletion of both Erv1 and GSH 
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Fig. 14.4: The role of mitochondria and the CIA machinery in the maturation of cytosolic and nuclear 
Fe/S proteins. (a) In yeast, the CIA machinery encompasses eight known proteins. The assembly 
process can be dissected into two different steps. First, a bridging [4Fe-4S] cluster is assembled 
on the Cfd1-Nbp35 scaffold complex. This reaction requires a sulfur source (X-S) generated by the 
mitochondrial ISC assembly machinery and exported by the mitochondrial ABC transporter Atm1 
(Fig. 14.2a). Generation of the functionally essential N-terminal Fe/S cluster of Nbp35 (bottom) 
depends on the flavoprotein Tah18 and the Fe/S protein Dre2, which serve as an NADPH-dependent 
electron transfer chain. Second, the bridging Fe/S cluster is released from Cfd1-Nbp35, a reaction 
mediated by the Fe/S protein Nar1 and the CIA-targeting complex Cia1-Cia2-Mms19. The latter three 
proteins interact with target (apo)proteins and assure specific Fe/S cluster insertion. Biogenesis 
further requires the cytosolic multidomain monothiol glutaredoxins Grx3-Grx4, which bind a 
GSH-coordinated, bridging [2Fe-2S] cluster, and may serve as an iron donor. (b) In humans, the 
components of the CIA machinery are structurally and functionally similar to those of yeast. As 
a major difference, humans possess two isoforms of Cia2. CIA2B is the functional orthologue of 
yeast Cia2 and is involved in the biogenesis of canonical cytosolic and nuclear Fe/S proteins. In 
contrast, CIA2A is specifically involved in the maturation of IRP1, a protein regulating cellular iron 
homeostasis in humans. Additionally, CIA2A tightly binds to IRP2, which does not contain a Fe/S 
cluster yet also plays a decisive role in cellular iron metabolism. Note that the role of some indicated 
(?) human CIA components has not been verified yet.
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causes similar phenotypes as that of Atm1, namely cytosolic Fe-S proteins defects 
and an accumulation of iron in the mitochondria [1, 105]. Erv1 is known to introduce 
disulfide bridges into target proteins during their Mia40-dependent import into the 
intermembrane space [106], and hence, it is not excluded that the Erv1 function in 
Fe-S protein biogenesis is indirectly caused by a failure to generate disulfide bridges 
in this compartment.

14.4  The role of the CIA machinery in the biogenesis of cytosolic 
and nuclear Fe-S proteins

14.4.1 Step 1: The synthesis of a [4Fe-4S] on the scaffold complex Cfd1-Nbp35

As pointed out in Section 14.1, the cytosol and nucleus contain numerous Fe-S prote-
ins with essential functions for life (Fig. 14.1). Their maturation depends on mitochon-
dria and the CIA machinery, which comprises eight known yeast proteins that are 
conserved in eukaryotes [107, 108] (Fig. 14.4). Analogous to mitochondrial Fe-S protein 
biog enesis, the roles of individual CIA proteins can be attributed to functions that 
are formally similar to those performed by the mitochondrial ISC machinery [109–
111]. First, a [4Fe-4S] cluster is transiently assembled on the P-loop NTPases Cfd1 and 
Nbp35, which serve as a scaffold complex. This step requires the core mitochond-
rial ISC assembly machinery including Nfs1-Isd11 for production of the sulfur donor 
(Fig. 14.4) [9, 99]. Cfd1-Nbp35 form a hetero-tetramer and bind the [4Fe-4S] cluster in 
a bridging manner [107, 110]. Mutation of the Walker motifs of Cfd1 or Nbp35 dest-
roys the function of these proteins suggesting that NTP hydrolysis is required for Fe-S 
cluster assembly, but experimental proof for nucleotide binding or hydrolysis is still 
missing. In addition to its transient Fe-S cluster, Nbp35 contains another [4Fe-4S] 
cluster at its N-terminus that is more stably bound and essential for function [112]. Its 
assembly depends on electron transfer from the electron source NADPH to the flavin-
containing oxidoreductase Tah18 and finally the Fe-S protein Dre2 [111, 113, 114] (Fig. 
14.4a). The precise role of reduction in this early step of CIA function remains unclear. 
One possibility is the reduction of the sulfur moiety exported from mitochondria to 
sulfide, but other options are equally plausible.

In conclusion, the initial step of cytosolic-nuclear Fe-S protein maturation invol-
ves the synthesis of a [4Fe-4S] cluster on the Cfd1-Nbp35 scaffold, which requires a 
sulfur- containing product of mitochondria and electron input from the CIA electron 
transfer chain.

14.4.2 Step 2: Transfer of the [4Fe-4S] cluster to target apo-proteins

In the next step, the transiently bound, bridging [4Fe-4S] cluster on Cfd1-Nbp35 is 
transferred to apo-proteins. The CIA protein Nar1 interacts with Nbp35 and may 
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therefore be involved in Fe-S cluster mobilization [115, 116]. Nar1 shows similarity 
to iron-only hydrogenases and binds two [4Fe-4S] clusters that are assembled with 
the help of Cfd1-Nbp35 [117]. Because later-acting CIA factors are dispensable for the 
assembly of the two Nar1 Fe-S clusters, the protein may act as a mediator between 
early and late steps of the CIA biogenesis process (Fig. 14.4a). The recently identified 
CIA components Cia1, Cia2, and Mms19 form the so-called CIA-targeting complex 
[118–122], which facilitates both Fe-S cluster transfer and target-specific cluster 
insertion into the various polypeptide chains. These partial reactions involve the 
direct physical interaction of the CIA-targeting complex components with the target 
Fe-S proteins, which presumably are in their apo-forms (Fig. 14.4a, dotted lines). 
The direct contact between late-acting CIA and Fe-S proteins became most evident 
from systematic affinity pull-down experiments in human cells where the various 
CIA targeting factors interact with a large number of cytosolic and nuclear Fe-S pro-
teins [120–124]. The list of interacting Fe-S proteins includes DNA polymerases and 
primases, ATP-dependent DNA helicases, DNA glycosylases, and the ABC protein 
ABCE1. Possibly, there are more Fe-S proteins hidden in this collection of CIA inter-
actors. In yeast, the CIA association with target Fe-S proteins seem to be weaker 
or less stable. Both dedicated and systematic approaches have identified only few 
such interactions including the binding of Cia2 to the helicase-nuclease Dna2, and 
the interaction of Mms19 with the Fe-S helicase Rad3 [120] (Mascarenhas et al., 
unpublished data). The precise molecular function of the late-acting CIA compo-
nents remains to be determined.

In addition to the aforementioned CIA proteins, the cytosolic monothiol glutare-
doxins Grx3-Grx4 (in humans termed Grx3 or PICOT) were also shown to be crucial 
for cytosolic and nuclear Fe-S protein biogenesis [125, 126]. Because these proteins 
are generally involved in intracellular iron trafficking and iron uptake regulation  
[5, 21, 22], they appear to play a more general function and hence are not considered as 
CIA proteins. For instance, these glutaredoxins are involved in the maturation of yeast 
di-iron proteins such as ribonucleotide reductase and participate in heme biosynthesis 
in zebrafish erythroid cells [125–127]. Thus, Grx3-Grx4 could potentially supply iron to 
some step of the biosynthesis reaction, but their precise role remains to be elucidated.

In conclusion, step 2 leads to dissociation of the [4Fe-4S] from Cfd1-Nbp35 and its 
CIA targeting complex-dependent incorporation into specific apo-proteins.

14.5  Specialized functions of the human CIA-targeting  
complex components

14.5.1 Dedicated biogenesis of cytosolic and nuclear Fe-S proteins

Although yeast cells have served as a primary model organism to identify and cha-
racterize the known constituents of the CIA machinery, the process seems to be  
conserved in all eukaryotes including man (Fig. 14.4). All eight known yeast CIA 
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proteins have a counterpart in human cells, and initial RNAi-mediated depletion 
studies have shown a function for human Nbp35 and IOP1 (yeast Nar1) in cytosolic 
and nuclear Fe-S protein biogenesis [116, 128]. Ongoing investigations also suggest 
conserved functions for CFD1 (O. Stehling, unpublished data). The in vivo functions of 
NDOR1 (human homologue of yeast Tah18) and CIAPIN1 (yeast Dre2) in human cells 
remain to be established. The (studied) human CIA proteins appear to be required 
for maturation of all analyzed cytosolic-nuclear [4Fe-4S] proteins. The members of 
the human equivalent of the yeast CIA-targeting complex (termed CIA1, CIA2B, and 
MMS19) were recently identified and functionally characterized by RNAi depletion 
technology and subsequent analysis of Fe-S protein function [120–122]. In contrast to 
yeast, the members of the human CIA-targeting complex exhibit a striking specificity 
for target apo-proteins. For instance, MMS19 is less important for GPAT maturation 
than the other CIA proteins, and CIA2B is not crucially required for DNA polyme-
rase δ (POLD1) assembly [122]. It appears that the CIA-targeting complex members 
perform dedicated functions in the delivery of Fe-S clusters to specific apo-proteins. 
Several systematic proteomic screens identified numerous interaction partners of 
CIA1, CIA2B, and MMS19 proteins [120–124, 129–132]. These included a large number 
of cytosolic and nuclear Fe-S proteins that were mostly bound to both CIA1 and CIA2B.

Cia2 contains a C-terminal domain (CTD) of unknown function 59 (DUF59). A 
global study of proteins containing reactive cysteine residues identified a hyperre-
active cysteine in yeast Cia2 (Cys161) and in one of the two human Cia2 homologues 
(Cys93 of CIA2B). Mutation of the corresponding cysteine residue was lethal in yeast 
and abolished the activity of the Fe-S protein Leu1 [119, 133]. Cia2 and CIA2B are 
general Fe-S protein maturation factors acting as part of the CIA-targeting complex 
in yeast and humans, respectively [122] (Mascarenhas et al., unpublished data). In 
Arabidopsis, mutation of the three Cia2 homologues AE7 leads to lower activities of 
the [4Fe-4S] proteins cytosolic aconitase and nuclear glycosylase [134]. Hence, the 
function of this protein seems to be conserved in eukaryotes. The DUF59 domain is 
also present in the plastid Fe-S protein biogenesis factor HCF101 [135] as well as bac-
terial proteins, but their precise molecular role remains unresolved. Structural infor-
mation has been obtained for three bacterial Cia2 (also termed SufT) homologues (see 
e.g. [136]). Additionally, an NMR structure and two different X-ray structures of CIA2A 
have been reported [137]. Thus far, the structural information has not provided any 
decisive functional insights.

In conclusion, the various components of the CIA-targeting complex undergo direct 
and specific interactions with client Fe-S proteins to assure their specific  maturation.

14.5.2 The dual role of CIA2A in iron homeostasis

Human cells encode a second CIA2 homologue termed CIA2A, which forms a sub-
complex with CIA1. Depletion of CIA2A does not elicit any defects in canonical 
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 cytosolic and nuclear Fe-S proteins [122]. However, CIA2A is exclusively required for 
the maturation of the [4Fe-4S] protein IRP1, which is a key regulatory element of 
mammalian iron metabolism. In mammals, the major impact on cellular iron supply 
and distribution within the cell is mediated by IRP1 and IRP2 via complex post-
transcriptional regulatory mechanisms (for comprehensive recent reviews see [138, 
139]). IRP1 is a cytosolic aconitase whose activity depends on the [4Fe-4S] cluster. 
Upon iron starvation, IRP1 loses its Fe-S cluster, and its apo-form can bind to iron-
responsive elements (IREs) of mRNAs, which encode proteins involved in iron traf-
ficking (e.g. transferrin receptor), storage (ferritin), and utilization (mitochondrial 
aconitase and eALAS). IRP1 binding differentially regulates the efficiency of trans-
lation or mRNA stability [138, 139]. Accordingly, CIA2A (but not CIA2B or MMS19) 
depletion increases the IRE binding activity of IRP1. In turn, ferritin levels are dimi-
nished and the expression of the transferrin receptor is increased. Thus, CIA2A 
depletion mimics iron deficiency. Upon iron repletion, the equilibrium between the 
apo- and holo-forms of IRP1 is shifted back to the Fe-S cluster form in an assembly 
step that is dependent on CIA2A and all earlier-acting CIA proteins, but not CIA2B or 
MMS19 (Fig. 14.4b).

Surprisingly, there is a second important effect of CIA2A on cellular iron regula-
tion. The protein tightly binds to IRP2 [122], which does not contain a Fe-S cluster but is 
regulated by iron-dependent degradation by the proteasome (Fig. 14.4b). The precise 
role of CIA2A in the mechanism of this IRP2 regulatory step is currently unknown. 
Under iron-replete conditions, IRP2 is degraded in an iron- and oxygen-dependent 
fashion by the E3 ubiquitin ligase FBXL5, which responds to iron and oxygen via its 
hemerythrin domain [139]. Upon iron depletion or under low oxygen concentrations, 
FBXL5 is destabilized and degraded, leading to increased levels of IRP2. The stabili-
zing effect of CIA2A binding to IRP2 introduces another unexpected level of iron regu-
lation via the CIA machinery. Thus, the CIA2A branch of the CIA machinery, through 
the regulation of both IRP1 and IRP2, impacts on cellular iron homeostasis in multiple 
ways.

In conclusion, human CIA2A has a crucial function in cellular iron homeostasis 
as a dedicated CIA targeting factor for IRP1 maturation and as a stabilizer of IRP2.

14.6  Fe-S protein assembly and the maintenance 
 of genomic stability

The conceptual framework for Fe-S cluster assembly that been established over the 
past 15 years has provided novel insights into the breadth of cellular processes that 
are directly impacted by Fe-S proteins. The remainder of this chapter will focus speci-
fically on how the Fe-S biogenesis pathways described above directly influence mul-
tiple aspects of genome maintenance including DNA replication and repair. Evidence 
for the global involvement of Fe-S cluster assembly pathways in DNA metabolism 
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emerged from two converging discoveries: (1) proteins previously identified as DNA 
repair factors were actually central components of the Fe-S protein assembly machi-
nery and (2) multiple enzymes involved in DNA metabolism require Fe-S clusters for 
activity. Both of these research arcs will be discussed further.

14.6.1 Late-acting CIA factors in DNA metabolism

The CIA-targeting complex component MMS19 was originally identified in two inde-
pendent genetic screens in budding yeast as a gene required for methionine bio-
synthesis, NER, and RNA polymerase II transcription [140, 141]. Although its role in 
methionine biosynthesis remained largely unexplored, multiple follow-up studies 
focused on elucidating its role in transcription and DNA repair. Specifically, work 
in budding yeast showed that MMS19 was required for the function of the general 
transcription factor TFIIH and that the DNA repair and transcription defects obser-
ved in cell-free protein extracts derived from MMS19-deficient yeast strains could 
be complemented by the addition of purified TFIIH [142]. It was also demonstrated 
that while MMS19 was not itself a component of TFIIH, it was required for maintai-
ning cellular levels of Rad3, the yeast homologue of XPD and a member of the TFIIH 
complex [143]. Studies of the human homologue of MMS19 were consistent with the 
work done in yeast and suggested an important role in DNA repair and transcrip-
tion through regulation of TFIIH function [144, 145]. In both systems, however, the 
molecular mechanism by which MMS19 exerted its “regulatory” effects on Rad3 and 
TFIIH was elusive.

The first direct link between the CIA machinery and the DNA repair pathways was 
documented in 2012 [120, 121]. As described earlier, both articles reported the disco-
very that MMS19 was a late-acting factor of the CIA pathway and functioned as part 
of a CIA-targeting complex that physically links early CIA components to apo-pro-
tein targets (Fig. 14.4). Importantly, these studies provided multiple lines of evidence 
directly implicating the CIA-targeting complex in DNA repair pathways. First, the CIA-
targeting complex was physically associated with a large number of DNA metabo-
lic enzymes including DNA helicases (XPD, FANCJ, and RTEL1), the DNA glyco sylase 
NTHL1, DNA polymerases (POLD1, POLA1, and POLE1), the nuclease DNA2, and the  
DNA primase PRI2 (Fig. 14.1b). Second, the depletion of MMS19 led to a variety  
of defects consistent with widespread deregulation of DNA metabolism including 
increased sensitivity to DNA damaging agents, destabilization of DNA polymerase δ,  
and inhibition of XPD incorporation into TFIIH. Together, these data established 
the central role for Fe-S protein assembly in regulating the integrity of multiple DNA 
metabolic pathways.

In addition to its major role in Fe-S cluster biogenesis, a recent study also implica-
ted a protein complex consisting of MMS19, CIA2B (also known as FAM96B or MIP18), 

 EBSCOhost - printed on 2/13/2023 8:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



 14.6 Fe-S protein assembly and the maintenance of genomic stability    387

CIA1 (also known as CIAO1), and XPD (denoted by the authors as MMXD and likely 
identical to the CIA targeting complex) in mitosis [146]. They demonstrated that 
MMXD localized to mitotic spindles and that depletion of MMS19, CIA2B, or XPD led 
to defects in spindle assembly and chromosome segregation as well as the accumula-
tion of abnormal nuclei. These defects were also observed in fibroblasts derived from 
patients expressing XPD mutants that are known to give rise to xeroderma pigmento-
sum, Cockayne syndrome, and trichothiodystrophy suggesting that this mitotic role 
for MMXD may be of pathological relevance. Interestingly, these phenotypes cannot 
be readily traced to the reported function of individual Fe-S proteins, suggesting that 
this may be related to the general function of the CIA-targeting complex in the bioge-
nesis of the bulk of cytosolic and nuclear Fe-S proteins.

14.6.2 XPD and the Rad3 family of DNA helicases

XPD is a Fe-S cluster-requiring DNA helicase that functions as a component of the 
general transcription complex TFIIH [147]. TFIIH is a highly conserved 10-subunit 
complex consisting of XPB, p63, p52, p44, p34, p8, XPD, CDK7, cyclin H, and MAT1 that 
is required for both transcription initiation and NER. XPD is thought to play at least 
two distinct roles in TFIIH function. First, it physically bridges the CDK- activating sub-
complex (CDK7, cyclin H, and MAT1) to the rest of the TFIIH core complex. Second, 
XPD is a member of the superfamily 2 (SF2) class of helicases and possesses a 5′-3′ 
DNA helicase activity that unwinds the region surrounding the DNA lesion during 
NER. In a landmark finding in 2006, the White group used a combination of bioche-
mical and spectroscopic approaches to identify a metal-binding site in archaeal XPD 
in which a [4Fe-4S] cluster was coordinated by four highly conserved cysteine ligands 
[148]. Multiple high-resolution structural studies subsequently verified the presence 
of a [4Fe-4S] domain that together with a novel “Arch” domain abuts the two helicase 
domains to form a channel through which they hypothesized ssDNA was extruded 
[149–151]. In this model, the [4Fe-4S] domain could potentially act as a “ploughshare” 
that is physically responsible for DNA strand separation. Considerable functional 
data have been reported that are consistent with this model including the observation 
that mutation of any of the conserved cysteine ligands leads to loss of [4Fe-4S] cluster 
binding and a concomitant loss of strand displacement activity without a detectable 
loss of ATPase activity [148, 152]. Together, these data established XPD as the first Fe-S 
cluster-dependent helicase to be characterized and provided a novel link between 
DNA repair and iron metabolism.

In addition to XPD, higher eukaryotes contain multiple SF2 XPD-like paralogues 
including FANCJ, RTEL1, and DDX11/CHLR1 [153, 154]. FANCJ is a downstream com-
ponent of the Fanconi anemia pathway and is involved in responding to and repai-
ring DNA interstrand cross-links. RTEL1 is involved in maintaining genome stability 
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by regulating telomere length and suppressing inappropriate homologous recom-
bination. CHLR1 is required for sister chromatid cohesion and heterochromatin 
organization. The cysteine residues required for coordinating the Fe-S cluster are 
conserved across these paralogues, suggesting that Fe-S cluster binding is a conser-
ved feature for this family of helicases. Moreover, direct experimental evidence that 
recombinant FANCJ co-purifies with Fe and that clinically relevant mutations in its 
Fe-S cluster domain reduce both Fe binding and helicase activity has been repor-
ted, thus highlighting the central role of the Fe-S domain across the entire helicase 
family [155].

14.6.3 Fe-S proteins involved in DNA replication

DNA replication requires the coordinated activities of a large number of cellular 
enzymes [156]. These enzymes include (but are not limited to) (1) DNA primase, the 
enzyme responsible for synthesizing the RNA primers that nucleate DNA synthesis, 
(2) multiple DNA polymerases that catalyze DNA template-dependent DNA synthesis, 
and (3) DNA2, a nuclease involved in Okazaki fragment processing that is essential 
for lagging strand replication. Interestingly, all of these factors have been shown to be 
Fe-S cluster proteins and are dependent on Fe-S cofactor binding for either structure 
stabilization or function.

Eukaryotic primases are heterodimeric enzymes consisting of large (Pri2) and 
small (Pri1) subunits [157]. Although RNA synthesis is carried out specifically by the 
Pri1 subunit, Pri2 is equally essential and is required for initiation, elongation, and 
regulation of primer length. Biochemical studies of the CTD of Pri2 showed that the 
purified protein was brownish in color and contained four conserved cysteine resi-
dues, suggesting that it contains an Fe-S cluster [158, 159]. The presence of the cluster 
was confirmed by EPR spectroscopy. Subsequent mutational and functional analyses 
demonstrated that the C-terminal Fe-S cluster domain is required for primase activity 
and plays a role in recognizing and binding the ss/dsDNA junction [158, 159].

Eukaryotic DNA replication depends on the coordinated activity of three DNA 
polymerase complexes – Pol-α, Pol-δ, and Pol-ε [160]. Pol-α forms a protein complex 
with DNA primase and is required for the initiation of DNA replication, whereas Pol-δ 
and Pol-ε are required for processive DNA elongation. The CTDs of Pol1, Pol2, and 
Pol3, i.e. the catalytic subunits of Pol-α, Pol-ε, and Pol-δ, respectively, each contain 
two cysteine-rich motifs termed CysA and CysB, which were previously thought to 
be Zn-binding sites. Although CysA is still believed to be a Zn-binding site, definitive 
evidence has recently emerged demonstrating that CysB actually binds an essential 
[4Fe-4S] cluster [161]. This includes data showing that the CTDs of Pol1, Pol2, and Pol3 
from budding yeast co-purify with iron in vivo using 55Fe-radiolabeling assays and 
spectroscopic data showing that recombinant versions of these CTDs contain [4Fe-4S]  
clusters after purification from E. coli. The exact molecular function of these Fe-S 
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 clusters in Pol1, Pol2, and Pol3 remains unclear, although, at least for Pol3, it appears 
that Pol3 Fe-S cluster integrity is required for the assembly of the accessory subunits 
(Pol31-Pol32) of the Pol-δ complexes [161].

Dna2 is a multifunctional enzyme with distinct nuclease and helicase domains 
and plays essential roles in Okazaki fragment maturation during DNA replication, 
double-stranded DNA break repair, and telomere maintenance [156]. Embedded 
within the nuclease domain is a conserved four-cysteine motif (CX248CX2CX5C), which 
has been shown to bind an Fe-S cluster using spectroscopic and mutational approa-
ches [162]. Interestingly, mutation of any of the conserved cysteine residues to alanine 
impairs both nuclease and helicase activities without inhibiting its DNA-binding acti-
vity or causing gross structural rearrangements in the protein as assayed by prote-
ase sensitivity. Based on these findings, a role for DNA2’s Fe-S cluster in mediating 
the dynamic conformational changes that are required for coupling the nuclease and 
helicase activities has been proposed.

14.6.4 DNA glycosylases as Fe-S proteins

Endonuclease III/MutY DNA glycosylases are a highly conserved family of DNA repair 
enzymes that play a key role in base excision repair (BER) [163]. They function by 
excising specific damaged bases from intact DNA helices, leaving an apurinic site that 
can be repaired by downstream enzymes in the BER pathway. E. coli endonuclease III, 
which catalyzes the removal of oxidatively damaged bases, was the first DNA repair 
enzyme demonstrated to require a Fe-S cluster for function [164]. Structural and func-
tional studies have indicated that this Fe-S cluster plays both a structural role in posi-
tioning the DNA-binding residues of endonuclease III to facilitate DNA binding and 
a redox-mediated role in localizing the enzyme to sites of DNA damage via charge 
transport [165–167]. This charge transport function will be discussed in greater detail 
in Section 14.7. Unlike their E. coli counterparts, the human homologues of this family 
have not been extensively studied, although evidence demonstrating that they are 
Fe-S proteins has been reported [168].

14.7  Biochemical functions of Fe-S clusters in DNA metabolic 
enzymes

As the number of Fe-S proteins with roles in DNA metabolism has increased, under-
standing the molecular roles of their metal centers has become a major priority. For 
the majority of Fe-S proteins involved in DNA metabolism, the Fe-S cluster has been 
proposed to play a noncatalytic role in stabilizing the structure of the enzyme and 
potentially facilitating nucleic acid binding [169]. The major exception to this trend 
is a model developed by the Barton group in which the Fe-S clusters play a role in 
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a novel redox process known as DNA charge transport [170, 171]. The basic premise 
of this model is that DNA can effectively conduct an electric charge via overlapping 
π-orbitals of stacked aromatic nucleotide bases. This charge transport has two impor-
tant features. First, it can efficiently occur over long molecular distances, making it a 
potential mechanism for long distance signaling across a large part of a chromosome. 
Second, it is extremely sensitive to perturbations in the integrity of the base pair stack 
such as those that occur as a consequence of exposure to DNA damaging agents. These 
characteristics led the Barton group to explore whether the DNA repair machinery can 
exploit these features to better facilitate the cellular response to DNA damage.

Initial studies from the Barton laboratory focused on the DNA glycosylases MutY 
and endonuclease III (EndoIII) from E. coli. These glycosylases both contain an 
evolutionarily conserved [4Fe-4S] cluster and are components of the BER pathway 
that functions in the repair of damaged or modified bases [165, 166, 172]. Through a 
series of elegant biochemical studies, they have established a model in which these 
enzymes monitor the integrity of the genome using their Fe-S clusters to signal to one 
another through DNA charge transport. Their proposed model is shown in Fig. 14.5 
and is as follows. First, a reduced Fe-S cluster enzyme is weakly bound to DNA as it 
scans the genome. This enzyme can be activated by oxidation potentially as a result of 
oxidative stress or other DNA damaging agents. This increases its affinity for DNA by 
1000-fold and “locks” it onto the DNA. Second, as the enzyme is oxidized, it releases 
an electron that is transported along “healthy” DNA until it reaches a second oxidized 
DNA-bound enzyme nearby. Third, reduction of the second enzyme signals the integ-
rity of the intervening DNA sequence promoting its release from the undamaged DNA 
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Fig. 14.5: DNA charge transport model for localization of Fe/S enzymes. (a) Step 1: Oxidation of 
a Fe/S DNA repair protein stabilizes its association with DNA. Step 2: If the surrounding DNA is 
undamaged, DNA charge transport occurs between the oxidized enzyme and the other nearby 
oxidized Fe/S DNA repair enzymes. Step 3: The reduction of DNA-bound Fe/S cluster proteins 
triggers their dissociation from the DNA and enables them to continue scanning the genome for 
lesions. (b) If the intervening DNA between two DNA-bound Fe/S enzymes contains damaged or 
mismatched bases that block DNA charge transport, then the Fe/S cluster enzymes remain bound  
in close proximity to the DNA lesion and facilitate their repair.
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region. However, if these two DNA-bound enzymes are flanking a damaged base, then 
DNA charge transport is blocked and the oxidized DNA repair enzymes remain bound 
near the DNA lesion where they can initiate the repair process.

Although these charge transport studies were previously limited to these DNA gly-
cosylases, more recent work has expanded the breadth of DNA repair enzymes that 
potentially function using DNA charge transport [173]. This includes work on the heli-
case XPD, which is essential for both transcription initiation and NER and contains a 
[4Fe-4S] cluster that possesses a physiologically relevant redox potential when bound 
to DNA. In atomic force microscopy experiments, it was shown that XPD redistributes to 
DNA lesions in a manner that is dependent on an intact Fe-S cluster and consistent with 
the DNA charge transport model for repair protein localization. It was also demonstra-
ted that XPD could cooperate with EndoIII to localize to DNA lesions, raising the intri-
guing possibility that scanning the genome for different types of DNA damage could 
occur via coordinated DNA charge transport between different DNA repair pathways.

Despite strong in vitro evidence supporting this DNA charge transport model for 
DNA repair, in vivo data for this model remains sparse [165]. The strongest in vivo expe-
riments supporting charge transport come from genetic experiments performed in  
E. coli. It was shown that MutY activity was partially lost in strains deficient for 
EndoIII. Importantly, this phenotype could be rescued by the introduction of a cata-
lytically inactive EndoIII mutant, suggesting that EndoIII’s ability to regulate MutY 
activity was independent of its own enzymatic activity. Because the mutant EndoIII 
retained its capacity for charge transport, the authors concluded that DNA-media-
ted signaling between MutY and EndoIII likely accounted for the cooperation found 
between the two enzymes.

14.8  Interplay among Fe-S proteins, genome stability, 
and tumorigenesis

During the multistep development of cancer, normal cells acquire new biological 
capabilities that enable their progression to a neoplastic state [174]. The acquisition of 
these capabilities is enabled by chance genomic alterations that give rise to heritable 
mutant phenotypes. To accelerate the accumulation of these mutations, cancer cells 
invariably disrupt critical cellular pathways that normally function to ensure proper 
maintenance of the genome. Tumor-associated genomic instability thus becomes an 
essential and enabling characteristic of tumor pathogenesis [175]. Although the con-
tribution of iron metabolism and Fe-S protein assembly defects to promoting genome 
instability remains largely unclear, several lines of evidence suggest that they may 
play both positive and negative roles in this process.

The inability to assemble Fe-S clusters in proteins involved in DNA metabolism 
is likely to promote genomic instability in a multitude of ways. Fe-S proteins are 
essential components of a wide range of DNA repair pathways (NER, BER, telomere 
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 maintenance, DNA interstrand cross-link repair, DNA double-strand break repair) 
that are collectively required to respond to a broad spectrum of DNA lesions including 
base modifications, UV-induced thymidine dimers, DNA interstrand cross-links, and 
DNA strand breaks [169, 176]. From the tumorigenesis point of view, this strong depen-
dency of DNA repair on proper Fe-S protein assembly makes it an attractive target 
whereby inactivation of a single pathway (Fe-S protein assembly) can broadly disrupt 
the majority of the cellular DNA repair pathways and strongly promote genomic insta-
bility. As described earlier, many DNA replication factors are Fe-S proteins including 
DNA polymerase, DNA primases, and nucleases involved in Okazaki fragment matu-
ration such as DNA2. Thus, inhibition of Fe-S protein maturation would also lead to 
misregulation and/or inactivation of these replication factors, resulting in profound 
impacts on genomic integrity. Successful DNA replication requires that the entire 
nuclear genome be replicated once and only once. Previous studies have shown that 
misregulation of DNA replication factors is sufficient to cause either over-replication 
or under-replication of specific genomic regions and thus directly breach genomic 
integrity mechanisms [177].

Although intriguing, this proposed model of how inhibiting Fe-S protein biogenesis 
may induce genomic instability through the disruption of key DNA repair and replica-
tion pathways remains largely speculative. The strongest evidence for a physiological 
relevance of this connection comes from work by the Gottschling group exploring aging 
in budding yeast [178, 179]. They demonstrated that yeast undergo an age-dependent 
increase in genomic instability, specifically increased loss of heterozygosity (LOH), 
that particularly is induced by mitochondrial dysfunction [178, 180]. Specifically, their 
studies showed that an age-associated or chemically induced loss of mtDNA decreased 
the mitochondrial membrane potential and an increased frequency of nuclear LOH. 
This loss of mitochondrial function correlated with a transcriptional signature that was 
similar to iron starvation, suggesting the cellular iron metabolism was disrupted [179]. 
As Fe-S protein biogenesis is central for cellular iron regulation (see in Section 14.5), 
they hypothesized that the increased nuclear LOH resulted from a Fe-S protein assem-
bly defect during the “crisis” stemming from the loss of mtDNA. Further credence to 
this model came from the observation that conditional inactivation of the CIA factor 
Nar1 led to increased nuclear LOH [179]. Interestingly, it also been shown that human 
cultured cell lines that have lost their mtDNA exhibit a decreased capacity for the repair 
of oxidatively damaged DNA and an increase in their nuclear mutation rates, suggesting 
that the role of mitochondria in maintaining genomic integrity is highly conserved [181].

If defects in Fe-S cluster biogenesis can drive genomic instability, then it would 
also be expected that reduced Fe-S protein biogenesis would promote tumorigene-
sis. Although evidence in this regard is scarce, several key observations have been 
reported. First, mice in which the Fe-S cluster biogenesis protein frataxin gene has 
been knocked out in hepatocytes show a reduced life span, resulting from a dramatic 
increase in hepatic tumor incidence [182]. Second, a gene expression signature that 
 includes ISCU, ISCA1, and CIAO1 is effective at stratifying breast cancer patients based 
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on metastasis-free long-term survival [183]. Third, mutations that specifically disrupt 
the assembly of Fe-S clusters in XPD and FANCJ give rise to xeroderma pigmentosum 
and Fanconi anemia, two syndromes that are characterized by a  predisposition to 
cancer [148, 155].

Additional indirect evidence that may support a connection between Fe-S protein 
biogenesis and tumorigenesis comes from broader work looking at the role of excess 
iron in tumorigenesis. Both animal and population studies have clearly established a 
link between cancer susceptibility and excess iron resulting from either high dietary 
intake or genetic disorders such as hemochromatosis, which lead to iron overload and 
deposition in liver, heart, and endocrine organs [184, 185]. The mechanism by which 
iron overload promotes tumorigenesis results, at least in part, from the ability of iron 
to generate reactive oxygen species via the Fenton reaction, which in turn leads to oxi-
dative damage of cellular macromolecules. These high levels of oxidative stress can 
also impact Fe-S cluster metabolism and the downstream genome stability pathways 
through multiple mechanisms. First, the Fe-S clusters of DNA repair holoenzymes 
can be directly damaged by oxidation, leading to their inactivation [6, 186]. Second, 
oxidative stress can also lead to mitochondrial dysfunction and reduced Fe-S cluster 
biogenesis [12, 187]. Together, these two mechanisms may offer a plausible route by 
which excess iron can disrupt Fe-S cluster-dependent genomic stability pathways and 
thereby promote tumor-associated genome stability.

14.9 Summary

It is essential to emphasize that although the connection between Fe-S protein bio-
genesis and genome stability and tumorigenesis may be reasonable based on exis-
ting data, this issue remains highly speculative. Genetic data indicating that com-
ponents of the Fe-S cluster machinery pathway are either mutated or inactivated 
during the course of tumorigenesis are completely lacking. Similarly, a systematic 
analysis of the integrity of the Fe-S protein assembly pathways or the activity of 
Fe-S proteins in primary tumors has not been reported. Additional work in this area 
is clearly needed to establish the pathological relevance of these pathways with 
respect to cancer.

To better understand the role of Fe-S protein assembly in tumorigenesis, it will 
also be necessary to focus on how substrate specificity and prioritization is deter-
mined by the biogenesis machinery. Considering that different subsets of Fe-S pro-
teins are essential for cell proliferation, viability, and genome maintenance, it will 
be interesting to see what cellular mechanisms might be available for the differen-
tial maturation of different sets of Fe-S substrates. For example, precancerous cells 
would benefit from maintaining those Fe-S proteins necessary for growth and proli-
feration, while blocking the biogenesis of Fe-S proteins required for genome stability. 
It is not clear, however, to what extent this type of differential regulation is possible 
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and whether cellular mechanisms even exist for prioritizing the maturation of one 
set of Fe-S proteins over another. Bacterial systems contain an alternate Fe-S cluster 
assembly pathway known as the SUF system that is activated in cells undergoing phy-
siological stress or iron deprivation. This system may provide a potential paradigm for 
how cells might regulate Fe-S cluster assembly of a distinct group of client apo-pro-
teins under defined physiological conditions [8, 188]. Examples of specialized Fe-S 
protein assembly pathways in eukaryotes are provided by the dedicated maturation of 
IRP1 via CIA2A (instead of CIA2B; Fig. 14.4b) and the MMS19-independent maturation 
of GPAT [120, 122]. Understanding the global regulation of the Fe-S protein assembly 
pathways and how the integrity of the genome stability pathways can be influenced 
by altering the flux of Fe-S clusters to specific substrates will be a crucial step in provi-
ding the conceptual framework necessary for elucidating how these pathways might 
be co-opted in the context of tumorigenesis.

A major impetus for elucidating the complex relationships governing Fe-S cluster 
assembly and genome stability is to assess whether these pathways may offer a novel 
avenue for therapeutic intervention in the context of cancer. One therapeutic strategy 
could entail the development of small molecule activators of Fe-S protein assembly 
capable of stimulating the maturation of Fe-S cluster-dependent DNA repair enzymes 
and thereby promote genome stability pathways. Alternatively, pharmacological 
inhibition of Fe-S protein biogenesis could lead to inactivation of genome stability 
pathways and thus sensitize tumors to chemotherapy. Preliminary studies looking at 
how the inhibition of Fe-S protein assembly could interfere with cell proliferation in 
the context of tumorigenesis could be performed using iron-chelating agents such as 
deferoxamine, whose anti-tumor activity is already being examined clinically [189].
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15 DNA signaling by iron-sulfur cluster proteins
Phillip L. Bartels, Elizabeth O’Brien, and Jacqueline K. Barton

15.1 Introduction

The multimetal [4Fe-4S] clusters in mitochondrial and cytosolic proteins have long 
been known to serve critical functions ranging from electron transfer to catalysis [1]. 
In an exciting turn, the last three decades have expanded the known cellular dis-
tribution of [4Fe-4S] clusters to the nucleus, where they occur in DNA-processing 
enzymes throughout all domains of life [2–12]. Tab. 15.1 illustrates many of these new 
DNA processing enzymes containing [4Fe-4S] clusters. As is evident, the clusters 
are involved in all aspects of DNA processing. These enzymes are structurally and 
functionally diverse, acting in a range of pathways from base excision repair (BER) 
and nucleotide excision repair (NER) to DNA replication. In all of these proteins, the 
[4Fe-4S] cluster is noncatalytic, largely redox-inert in solution, and only secondar-
ily involved in maintaining structural integrity. These features remained puzzling to 
researchers for years, but work in our laboratory has demonstrated that DNA binding 
activates these proteins toward redox chemistry and enables them to take advantage 
of a fundamental property of DNA: its ability to conduct charge through the base stack 
in a process known as DNA-mediated charge transport (DNA CT). DNA CT thus allows 
[4Fe-4S] proteins to signal to one another on a rapid timescale and across vast molec-
ular distances through duplex DNA, facilitating the coordination of complex biologi-
cal processes. The development of this model has already begun to provide insight 
into formerly mysterious mutations in the [4Fe-4S] domain. The importance of signal-
ing among these proteins along with possible roles illuminated through mutations 
causing disease underscores the need for a better understanding of the chemistry of 
[4Fe-4S] clusters in DNA processing [8, 13, 14]. Here, we summarize results of research 
in our laboratory focused on elucidating the function of these clusters in DNA-binding 
proteins and our current understanding of their role in the cell.

15.2 DNA-mediated signaling in BER 

The BER pathway involves the targeting and removal of damaged or misincorporated bases 
from DNA by one of several specialized DNA glycosylase enzymes [2]. The resulting abasic 
(AP) site is then exposed by an endonuclease that nicks the phosphate backbone, allow-
ing the short gap to be filled in by a DNA polymerase and then sealed by a DNA ligaseJ+. 
Within this pathway, [4Fe-4S] clusters are present in several glycosylases of the 
helix-hairpin-helix family; the Escherichia coli enzymes endonuclease III (EndoIII) 
and MutY were the first well-characterized examples [3–6]. EndoIII is a bifunctional  
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glycosylase  responsible for excising oxidized pyrimidines and nicking the DNA back-
bone at the site of damage, while MutY is a monofunctional glycosylase that removes 
adenine mispaired with 8-oxoguanine. Homologues of both proteins are present in 
nearly all organisms, from bacteria to man, and the [4Fe-4S] domain is conserved 
throughout [4, 6]. Early studies on EndoIII by Cunningham showed the cluster to be 
largely insensitive to both oxidation and reduction, leading to the eventual assign-
ment of a structural role [3, 15]. In the case of MutY, however, the cluster was found 
to be unnecessary for structural integrity, and a possible substrate-sensing role for 
the cluster was proposed instead [5]. However, this mechanism could not explain the 
role of the [4Fe-4S] cluster in proteins other than MutY, and recent work demonstrat-
ing full activity in the MutY homologues of anaerobic organisms that lack a cluster 
entirely provides a further argument against this possibility [16]. Amidst this perplex-
ing situation, support for a functional role for the cluster arose, due to strict conserva-
tion of [4Fe-4S] clusters in these proteins despite the metabolic expense associated 
with cluster production and loading into target apoproteins [17].

Unexpectedly, the key to understanding the role of the cluster turned out to be 
a fundamental property of the DNA substrate itself: ground state B-form DNA can 
conduct charge due to the π-stacked arrangement of the aromatic base pairs, which 
have a similar spacing and arrangement to that of conductive graphite sheets [18]. 
This remarkable property was demonstrated in the ground state through electro-
chemical experiments where DNA containing a covalent alkane-thiol linker at one 
end was tethered to a gold electrode, and a redox-active intercalator appended to the 

Tab. 15.1: Known DNA-processing [4Fe4S] proteins from the three domains of life.

Pathway [4Fe4S] Proteins Function

Bacteria Archaea Eukarya

Base excision repair 
(BER)

EndoIII, 
MutY

UDG, Mig Ntg2, MUTYH, 
DME

DNA glycosylases that excise 
oxidized or misincorporated 
bases

Nucleotide excision 
repair (NER)

– XPD Rad3/XPD Helicases that unwind DNA 
surrounding bulky lesions 

DNA replication – – DNA primase, 
DNA polymerase 
(Pol) α, δ, ε, ζ

RNA priming of ssDNA 
and 5ʹ to 3ʹ synthesis of 
primed DNA

Replication coupled 
repair

AddAB, 
DinG

– Dna2, FANCJ, 
ExoV

Varied; helicases and  
nucleases that expose 
ssDNA for homologous 
recombination or, in the case 
of DinG, unwind R-loops

Telomere maintenance/
meiotic crossover

– – Rtel1, Chl1 Helicases that unwind  
specialized DNA structures

Transcription – RNA Poly-
merase

Elp3 Template-directed RNA 
synthesis
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opposite end of the duplex served as an electron donor/acceptor upon the application 
of a potential (Fig. 15.1). Using cyclic voltammetry (CV) and square wave voltammetry 
(SQWV), rapid, long-range CT has been observed over distances up to 34 nm (100 bp of 
duplex DNA) with rates comparable to those measured in a 17-mer [19]. CT is efficient 
even with multiple breaks present in the phosphate backbone, but just a slight pertur-
bation to base stacking, such as the presence of a CA mismatch (MM), has been shown 
to sharply attenuate CT yields (Fig. 15.2). Well-stacked base pairs are thus a require-
ment for DNA CT. The biological accessibility of DNA on this platform has been dem-
onstrated by experiments measuring restriction enzyme activity electrochemically, so 
that proteins are able to recognize their cognate sequence and carry out reactions on 
the DNA duplex on the electrode. Overall, CT renders DNA an effective redox sensor 
of DNA integrity in cells, and this concept, combined with the propensity of biological 
systems to use all available resources at their disposal, led to a series of experiments 
designed to test the redox activity of DNA-bound [4Fe-4S] proteins. 

To determine if otherwise redox-inert [4Fe-4S] proteins could become activated 
to carry out DNA CT upon binding the DNA polyanion, [4Fe-4S] proteins were added 
to DNA-modified gold electrodes, with the DNA-bound [4Fe-4S] enzyme taking the 
place of a redox probe (Fig. 15.1). In a revealing study, EndoIII and MutY from E. coli 
and Uracil DNA glycosylase (UDG) from Archeoglobus fulgidus were each incubated 
in buffered solution at physiological pH on DNA-modified electrodes and scanned 
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Fig. 15.1: Redox probe and protein electrochemistry on DNA-modified gold electrodes.  
DNA-intercalating redox probes, as well as DNA-bound [4Fe-4S] enzymes, can participate in  
DNA-mediated charge transport on this platform to produce a redox signal. (Left) The DNA on these 
gold electrodes is accessible to proteins, such as restriction enzyme RsaI, (Right) which is shown 
binding and cutting the duplex DNA substrate at its recognition site (green). The redox signal from 
the DNA-intercalating probe in this setup disappears after RsaI has been incubated on the surface 
and allowed to cut the DNA, removing the segment attached to the redox-active moiety. Cyclic 
voltammogram adapted from Ref. [19]. 
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by CV [20]. Remarkably, a reversible redox signal was observed for all three proteins 
and  at  quite similar potentials. DNA CT from the protein to electrode surface was 
severely attenuated both in the absence of DNA and when the DNA duplex contained 
an intervening abasic site proximal to the electrode surface, verifying that the signal 
was DNA mediated. Midpoint potentials ranging from 75 mV versus NHE (EndoIII) to 
95 mV (MutY and UDG) placed all three enzymes at the lower end of the 100–300 mV 
range reported for high potential iron proteins (HiPIPs), and well above the −200 to 
−600 mV range expected for ferredoxins [21]. These electrochemical results, com-
bined with data from EPR spectroscopy of native and chemically oxidized DNA-bound 
proteins, led to an assignment of the observed signal to the [4Fe-4S]3+/2+ couple uti-
lized by HiPIPs rather than the [4Fe-4S]2+/1+ couple favored by ferredoxins. 

To understand how this redox activation occurred, it was necessary to compare 
directly the redox potential of the [4Fe-4S] cluster in the presence and absence of DNA. 
The DNA-dissociated [4Fe-4S] enzymes were previously shown to be resistant to a change 
in cluster redox state even in the presence of powerful chemical oxidants [3]. This redox 
insensitivity suggested that the DNA-dissociated proteins have high reduction potentials 
outside the physiological range, requiring an electrode with a wider available potential 
window than gold. The 2V scanning window of highly oriented pyrolytic graphite satis-
fied this requirement, and it could furthermore be modified with DNA by appending a 
pyrene linker to the end of the duplex to form a noncovalent bond with the surface [22]. 
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Fig. 15.2: Redox probe and protein electrochemistry on DNA-modified gold electrodes. When an 
enzyme containing a [4Fe-4S] cluster binds to DNA present in a self-assembled monolayer, electron 
transfer between the cluster and the electrode is highly efficient; if a mismatched base pair is 
incorporated into the DNA sequence, CT is disrupted and the signal is effectively shut off. Similarly, 
mutations in aromatic residues that form the CT pathway between the DNA and the cluster can also 
attenuate charge, as seen in the overlaid cyclic voltammograms of WT EndoIII and the Y82A mutant. 
Cyclic voltammogram adapted from Ref. [18].
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On the bare electrode, CV and SQWV revealed an irreversible signal for EndoIII with an 
oxidative peak centered at 250 mV versus NHE, just outside the physiologically relevant 
potential range. An irreversible [4Fe-4S]2+/1+ reduction was also observed around −300 
mV, supporting the initial assignment of the DNA-bound signal to the [4Fe-4S]3+/2+ couple. 
In the presence of DNA, however, the [4Fe-4S]3+/2+ couple underwent a shift in potential 
of ≥−200 mV and became much larger and more reversible; signal loss in the presence 
of an abasic site confirmed that this process was DNA mediated (Fig. 15.3). The potential 
shift, in turn, corresponded thermodynamically to an increase in DNA binding affinity 
of 3 orders of magnitude for the oxidized [4Fe-4S]3+ form of the protein, relative to the 
reduced [4Fe-4S]2+ form. The lack of significant conformational differences between the 
DNA-dissociated and DNA-bound structures of EndoIII and MutY [16, 23] suggested that 
this potential shift is due to the electrostatic effects resulting from binding to the poly-
anionic backbone of DNA; the DNA polyanion tunes the potential of the bound [4Fe-4S]  
cluster. More recent results examining EndoIII and MutY along with electrostatic mutants 
in electrochemistry experiments on graphite support that idea [24]. 

Overall, these electrochemical experiments revealed several critical details about the 
redox properties of [4Fe-4S] proteins in BER. First, DNA binding activated the proteins for 
redox activity under physiological conditions by negatively shifting the potential, and this 
negative shift meant that the oxidized form of the protein would necessarily bind DNA 
with a much greater affinity than the native, reduced form. Second, EndoIII, MutY, and 
UDG all displayed DNA-mediated redox signals centered around 85 mV vs. NHE and, thus, 
similar DNA-bound redox potentials for the cluster. With no other obvious redox partners, 
it was reasonable to consider whether these DNA-bound enzymes might be using DNA CT 
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Fig. 15.3: EndoIII electrochemistry on a highly oriented pyrolytic graphite (HOPG) electrode in the 
presence and absence of DNA. When EndoIII was incubated in solution on HOPG, an irreversible signal 
with a potential of 250 mV vs NHE by square wave voltammetry was observed (left). Importantly, the  
[4Fe-4S]2+/1+ couple could also be observed around −300 mV vs NHE, in agreement with the assignment 
of the high-potential couple to the [4Fe-4S]3+/2+. In contrast, when a film of pyrene-modified DNA was 
present, the EndoIII signal was reversible and the potential shifted over 200 mV to −30 mV vs NHE (right). 
Due to the lack of significant conformational changes upon DNA binding, this effect was attributed 
primarily to the electrostatic effects associated with binding to the polyanionic DNA backbone.
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410   15 DNA signaling by iron-sulfur cluster proteins

to signal to each other. CT between even distant DNA-bound proteins is certainly tempo-
rally feasible, as DNA charge equilibration takes place on the nanosecond timescale [25], 
while proteins diffuse along DNA on the microsecond to millisecond timescale. 

One clear partner for redox chemistry was the guanine radical. Under conditions of 
oxidative stress, guanine radicals are generated in the DNA duplex, and indeed, MutY 
recognizes and repairs 8-oxoguanine/A MMs, generated after the formation of oxidized 
guanine radicals in DNA. Guanine damage generated by long-range oxidation of guanine 
through DNA-mediated CT has been measured biochemically and occurs over long molec-
ular distances [26, 27]. Monitoring guanine radical formation spectroscopically was used 
to determine rates of DNA CT; DNA CT occurs on the nanosecond timescale and is rate-
limited by the base pair motions [25]. In fact, EPR and transient absorption spectroscopies 
were used to characterize DNA CT between the guanine radical and MutY, resulting in the 
formation of the oxidized [4Fe-4S]3+ cluster [28]. We have also demonstrated that guanine 
radicals can, from a distance, transcriptionally activate SoxR, an iron-sulfur protein that 
acts as a sensor of oxidative stress in bacteria and activates a series of genes to respond 
to the stress [29] (Fig. 15.4). Thus, under conditions of oxidative stress, we can consider 
that the guanine radical can be a source for oxidation of the BER enzymes with [4Fe-4S] 
clusters by DNA CT and a means potentially to signal the need to activate necessary repair.

The fact that cellular DNA is not linear but wrapped around histones in chromatin 
brought up an important concern about the feasibility of long-range signaling in vivo, 
however: can DNA CT still occur in DNA wrapped around histones in a nucleosome 
core particle? This issue was addressed by an experiment that isolated DNA cleavage 
at sites of guanine oxidation in nucleosome-wrapped DNA using a rhodium photooxi-
dant covalently tethered to one end of the DNA [30]. The occurrence of damage, even 
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Fig. 15.4: Transcription factor SoxR, activated in response to oxidative stress in the cell, contains a [2Fe-2S] 
cluster, which is oxidized from the [2Fe-2S]+ form to the [2Fe-2S]2+ form when turned on for activity. Using 
a DNA-intercalating Rh (III) photooxidant, a guanine radical is generated at the 5ʹ-position in a 5ʹ-GG-3ʹ 
doublet. The guanine damage can be repaired at a distance by bound SoxR, through DNA CT. The guanine 
damage in turn oxidizes SoxR to the [2Fe-2S]2+ form and turns on the oxidative stress response. 
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at sites distant from the photooxidant, demonstrated that the curvature of the DNA is 
unimportant as long as local π-stacking is unperturbed. The wrapping of DNA around 
histones produces very gradual curvature, not the kinking of DNA, which is known 
to interfere with DNA CT. Local π-stacking perturbations can arise from the binding 
of certain proteins, as has been shown with the transcription factor TATA binding 
protein, which kinks the DNA duplex at a sharp angle and effectively shuts off CT [31]. 
This is not, however, the typical binding mode of DNA-binding proteins; helix-turn-
helix proteins do not interfere with DNA CT, and thus, many proteins that coat the 
DNA in the cell are not expected to affect long range signaling through DNA CT. 

15.3  Assessing redox signaling by [4Fe-4S] proteins in vitro  
and in vivo

In addition to exploring chemically whether the [4Fe-4S] cluster of the repair proteins 
could be oxidized in a DNA-mediated reaction, we became interested in visualizing the 
process. To do so, an atomic force microscopy (AFM) assay was developed to assess the 
distribution of [4Fe-4S] proteins on DNA (Fig. 15.5 [32]). Specifically, this assay involved the 
addition of WT EndoIII to a mixture consisting of a 3.8-kb DNA substrate, either completely 
well matched (WM) or containing a single CA MM, and two smaller (2.2 and 1.6 kb) strands 
of WM DNA (from which the larger strand was composed). This solution was dried on a 
mica surface and imaged, with DNA-bound proteins distinguished by their greater height 
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Fig. 15.5: Atomic force microscopy (AFM) assay to assess protein redistribution by CT. DNA-bound 
proteins can be visually distinguished by their relatively great height on the surface, as seen in a sample 
image on the top left. If CT signaling is occurring (middle), WT proteins like EndoIII preferentially bind 
to DNA containing a CA mismatch, leading to significantly more proteins bound to mismatched strands, 
as seen in the plot at bottom left. Conversely, when the assay is carried out with a CT-deficient mutant 
such as EndoIII Y82A (far right), no redistribution is observed (bottom left). Adapted from Ref. [32].
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relative to DNA and free proteins, thereby providing a visual snapshot of the equilibrium 
binding distributions of proteins on the DNA. With respect to the distribution, it was pre-
dicted that redox signaling would cause tightly bound oxidized proteins to be trapped in 
the vicinity of a CT-attenuating MM, leading to an increase in binding density on MM DNA 
over WM DNA. The notion is that on the WM strand, there is extensive DNA-mediated CT 
between the DNA-bound proteins, facilitating the dissociation (with reduction) and reasso-
ciation (with oxidation) of proteins onto different strands. With an MM on the strand, DNA 
CT is inhibited, and thus little dissociation and redistribution occur, leading ultimately to 
proteins being bound preferentially on the mismatched versus fully matched duplexes. 
Importantly, a CA MM is not a substrate for EndoIII, so there is no intrinsic reason for the 
proteins to localize to this strand. Indeed, we found that EndoIII binding density ratios for 
WM versus MM DNA (proteins bound per kb on long DNA/proteins bound per kb on short 
DNA) averaged to 1.6 for mismatched long DNA, indicating a preference for mismatched 
strands. In control experiments where the long and short strands were both fully matched, 
the binding densities were always essentially the same. 

Although EndoIII as purified is largely in the [4Fe-4S]2+ oxidation state, enough  
[4Fe-4S]3+ EndoIII must be present in a given sample to allow redistribution in the AFM 
assay. However, EndoIII and other BER proteins generally operate under conditions of oxi-
dative stress in which one would expect a higher proportion of the proteins to be oxidized. 
To test conditions in which more oxidized [4Fe-4S]3+ protein is initially present, EndoIII/
DNA mixtures were incubated with hydrogen peroxide prior to AFM imaging [32]. Consist-
ent with oxidative stress activating this process, oxidation resulted in an increase in the 
redistribution, with the binding density ratio on mismatched DNA increasing from 1.6 to 
2.4. The protein is able to “find” the strand containing a single MM on a 3.8 kilobase duplex. 

EndoIII mutants that were defective in carrying out DNA CT had been prepared and 
characterized, and it was of interest to see how these mutations would affect redistribu-
tion. Tyrosine and tryptophan residues are well known to facilitate electron transfer 
within proteins [33], and it was reasonable to consider that they might be involved in 
relaying electrons between DNA and the cluster in EndoIII. With this aim, a range of 
mutants were prepared and characterized in activity assays, and their CT properties 
were then investigated in electrochemical experiments and the AFM assay [34]. Inde-
pendent mutation of several aromatic residues in EndoIII, including F30, Y55, Y70, and 
Y82, resulted in proteins with full catalytic activity and an identical midpoint potential 
but differing extents of CT deficiency relative to WT, as measured by the current signal 
height per cluster in a cyclic voltammogram on a DNA electrode. Interestingly, we could 
correlate directly the efficiency of DNA CT with redistribution in the AFM assay; those 
proteins that showed poor electrochemical signals on DNA electrodes, reflecting poor 
DNA CT, also showed low binding density ratios in the AFM assay, while those with high 
DNA CT efficiency showed high ratios for redistribution onto the mismatched strand. 
Thus, proteins with efficient DNA CT could more effectively find the mismatched strand.

But does this signaling occur within the cell? To see if these redox-based exchanges 
between [4Fe-4S] proteins occur in the cell, we took advantage of a genetic assay, our 
“helper function” assay designed to assess the effect of CT signaling on MutY  activity 
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(Fig. 15.6 [32]). This assay used E. coli strain CC104, which has a cytosine swapped 
for an adenine in the lacZ Glu-461 codon, preventing β-galactosidase activity and 
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Fig. 15.6: E. coli helper function assay for MutY activity. The CC104 strain used in this assay contains 
a GC substitution in the lacZ gene, rendering the cells unable to metabolize lactose. Oxidative stress 
generates 8-oxoguanine, which is readily mispaired with adenine during replication; repair by enzymes 
that target 8-oxo G ultimately causes a GC → TA transversion, reverting the lacZ gene back to WT. MutY, 
however, excises adenine mispaired with 8-oxoG, so its activity prevents reversions. Remarkably, when 
EndoIII (nth) is knocked out and an empty plasmid is added in (top), revertants are observed, indicating 
an impairment in MutY activity. WT EndoIII restores the efficiency of MutY (top middle), while the 
CT-deficient mutant Y82A is unable to rescue MutY activity (bottom middle). In contrast, the CT-proficient, 
but catalytically defective, mutant EndoIII D138A has the same restorative effect on MutY activity as WT 
(bottom), confirming that DNA-mediated redox signaling is the primary factor responsible for this result.
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inhibiting growth in media with lactose as the primary carbon source. Because MutY  
specifically removes adenine mispaired with oxo-guanine, lowered MutY activity in 
the CC104 strain results in CG → AT transversions that restore β-galactosidase activity 
and growth on lactose (lac+). Numbers obtained could range from ~20 revertants per 
109 plated cells in the background to over 300 revertants per 109 cells when MutY was 
knocked out. To see if cooperation or signaling with other [4Fe-4S] proteins might affect 
MutY activity, the EndoIII gene (nth) was knocked out in the CC104 strain; critically, 
EndoIII does not resolve A-oxoG mispairs, so it cannot function redundantly with MutY. 
Despite this, nth- cells showed an average of 54 lac+ revertants, more than a twofold 
increase over background, indicating that EndoIII “helps” MutY find its targets. To 
verify that this effect was due to long range CT, CC104 nth− strains were complemented 
with plasmids encoding either CT-deficient EndoIII Y82A or catalytically inactive but 
CT-proficient D138A. Y82A was unable to restore background transversion rates, which 
were indistinguishable from uncomplemented nth−; in contrast, D138A, despite its ina-
bility to carry out the glycosylase reaction, was able to help MutY and lower transver-
sion rates to background levels. These genetic results provided a direct link between 
DNA CT and the observed ability of EndoIII to assist MutY in finding its targets. 

These assays thus laid a foundation for considering how long-range signaling 
through DNA CT might indeed function for communication and cooperation among 
[4Fe-4S] cluster repair proteins within the cell. In our model, DNA repair proteins 
with [4Fe-4S] clusters use long-range redox signaling to communicate on DNA as a 
first step in locating their targets [32]. As illustrated in Fig. 15.7, a redox-inert repair 
protein in the native [4Fe-4S]2+ oxidation state binds to DNA and becomes activated 
toward oxidation. If another distally bound protein is in the oxidized [4Fe-4S]3+ 
state, the newly bound protein can reduce it at a distance via DNA CT; upon reduc-
tion, the binding affinity of the distal protein is lowered and the protein is free 
to diffuse to another region of the genome. When the intervening DNA between 
the two proteins is undamaged, this self-exchange reaction proceeds efficiently. 
However, if an MM or lesion is present between the proteins, CT is attenuated and 
the proteins can no longer communicate; both proteins then remain oxidized and 
bound to the DNA in the vicinity of the lesion, significantly reducing the range over 
which diffusion must occur and allowing repair of the entire genome on a biologi-
cally relevant time scale. 

In addition to the novelty of the CT-based damage search, this model was particu-
larly relevant because it presented a solution to the significant problem of how repair 
proteins manage to locate substrates on a time scale feasible for biological processes. 
Earlier models generally invoked some combination of one dimensional and three-
dimensional diffusion along DNA to explain this problem [35], but these mechanisms 
alone have been estimated to take far too long (over twice the cell’s doubling time) for 
low-copy number proteins like MutY to search the ~4.5-Mb E. coli genome [32]. If oxida-
tive lesions were rare, this might not be a problem, but roughly 1,000 such lesions occur 
per doubling time [32], and the situation is no more favorable in other organisms [5]. 
However, when DNA-mediated CT scanning of the genome is factored into this process, 
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the search time is significantly reduced even with short CT distances of ~200 bp, and 
substantially more so with longer CT distances [32]. Critically, this mechanism does not 
preclude diffusional search methods but instead simply provides a way for proteins to 
reach the vicinity of a lesion significantly more rapidly, and independent of the many 
other proteins associated with the DNA; once in the vicinity, diffusion over relatively 
short (~200 kb) distances would be used to locate and recognize the damaged base.

15.4 DNA CT in other repair pathways

In addition to BER, [4Fe-4S] proteins have also been found in NER pathways in archaea 
and, by homology, eukaryotes [8]. NER involves the removal of bulky lesions such as 
thymine dimers by exposing the damage through helicase-mediated unwinding of the 
surrounding ~25 nt of DNA, after which an endonuclease excises the segment and the 
resultant gap is filled in by a DNA polymerase [36]. In archaea and eukaryotes, DNA 
unwinding is dependent upon the ATP-stimulated activity of the [4Fe-4S] helicase 
enzyme XPD. Although XPD is itself part of the transcription factor IIH (TFIIH) complex, 
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Fig. 15.7: A model for DNA-mediated redox signaling between repair proteins. Enzymes with the 
cluster in the native [4Fe-4S]2+ form first bind DNA, causing the cluster to become activated toward 
oxidation. Oxidative stress initiates the damage search when highly reactive species such as the 
guanine radical cation are formed; these can oxidize DNA-bound proteins in their vicinity. Oxidation 
of the cluster to the [4Fe-4S]3+ form leads to a 1,000-fold increase in DNA binding affinity, so 
oxidized proteins remain bound and diffuse along the DNA. When another [4Fe-4S] protein binds at 
a distant site, it can send an electron through the DNA base stack to reduce the oxidized protein. At 
this point, the reduced protein binds less tightly to DNA and diffuses away, while the newly oxidized 
protein continues the damage search. This process of redox exchange continues until a segment of 
DNA containing a lesion is approached. Since even subtle lesions can disrupt base stacking, CT is 
attenuated and any nearby oxidized proteins remain bound. Thus, DNA CT allows repair proteins to 
scan large sections of the genome and focus their time on areas containing damage.
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it has nonetheless been isolated from the extremophile Sulfolobus acidocaldarius and 
structurally characterized. Upon incubation on a gold electrode modified with an 
appropriate DNA substrate (20-mer duplex with a 9-mer ssDNA overhang), a reversible, 
DNA-mediated signal centered at 80 mV vs. NHE is observed [37] This signal is compa-
rable in both shape and potential to EndoIII and MutY, in line with predictions for the 
CT scanning model. In the case of XPD, however, the addition of ATP to stimulate DNA 
unwinding strongly enhances the current, while the nonhydrolysable analogue ATP γ-S 
does not. This signal enhancement indicates improved coupling of the cluster to the 
DNA during activity, a function that could be very important in coordinating with other 
proteins during NER, effectively “signaling” that the repair protein is functioning. 

In humans, mutations in XPD are associated with several diseases, including 
xeroderma pigmentosum, Cockayne syndrome, and trichothiodystrophy [8]. The 
archaeal versions of two of these mutants, G34R and L325V, were characterized elec-
trochemically; both were CT-deficient [37, 38]. To see if DNA-mediated signaling could 
occur between disparate pathways and proteins, S. acidocaldarius XPD and E. coli 
EndoIII were incubated together in the presence of DNA and imaged by AFM [38]. 
As with experiments involving only EndoIII, the presence of a CA MM resulted in an 
elevated DNA-binding density ratio; this effect was lost if WT EndoIII or XPD were 
incubated with a CT-deficient signaling partner, namely XPD L325V or EndoIII Y82A, 
respectively. Thus, XPD was able to help EndoIII localize to damaged DNA, but only if 
both proteins were CT-proficient. This experiment established two important general 
properties of CT between [4Fe-4S] proteins: first, that long-range signaling can occur 
between proteins in distinct pathways, and second, that the proteins do not even have 
to be from the same organism in order to communicate in this manner. What is critical 
is that they both bind DNA, have similar DNA-bound redox potentials, and are well 
coupled into the DNA helix to carry out DNA CT.

E. coli DinG is a superfamily 2 helicase with homology to XPD that also contains a 
[4Fe-4S] cluster [7], although DinG is primarily tasked with R-loop maturation rather 
than NER. R-loop maturation involves the helicase-mediated unwinding of RNA-DNA 
hybrids that result from collisions between transcription and replication machinery 
[39]. We found that DinG behaved similarly to XPD on DNA-modified Au electrodes, 
displaying a virtually identical midpoint potential, and the increase in current upon 
the addition of ATP was even more dramatic than for XPD [40]. Likewise, DinG 
showed a redistribution onto mismatched DNA in the AFM assay, both alone and in 
a mixture with WT EndoIII but not when combined with CT-deficient EndoIII Y82A. 
These assays supported the model developed for CT signaling in repair. 

The real value in probing signaling by DinG, as an E. coli protein, was the ability 
to examine in vivo signaling in a bacterial system both with EndoIII and MutY. As an 
initial effort in elucidating signaling between pathways, the lac+ helper function assay 
discussed above was employed to see if CT-active DinG could stimulate MutY activity 
in the same way as EndoIII. Remarkably, a DinG knockout did cause an increase in lac+ 
reversions, despite the fact that DinG and MutY are active in distinct repair pathways. 
This result was in agreement with the in vitro AFM studies showing communication 
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between XPD and EndoIII but went further by demonstrating such communication in 
vivo within the same organism. 

Importantly, we could ask also if EndoIII signaling was necessary for DinG activ-
ity. Here, we used the InvA E. coli strain to test the effect of EndoIII CT on DinG activ-
ity (Fig. 15.8 [41]). This assay relied upon the reversal of the frequently transcribed 
rrnA operon in E. coli to increase the frequency of replication/transcription colli-
sions, causing stalled forks and generating R-loops; DinG correction of these R-loops 
was essential for cell survival. Indeed, cell growth was abolished when EndoIII was 
knocked out, and complementation with either WT or the enzymatically inactive, 
CT-proficient mutant EndoIII D138A restored survival. In contrast, complementation 
with the CT-deficient but enzymatically active EndoIII Y82A did not restore survival. 
Taken together, the MutY helper function and InvA strain survival assays showed that 
long-range signaling by DNA CT is critical to [4Fe-4S] enzymes in disparate pathways: 
DinG signals BER proteins in their search for damage, and the BER proteins, in turn, 
can facilitate R-loop resolution by DinG. 

15.5 A role for CT in eukaryotic DNA replication?

In addition to BER and NER, conserved [4Fe-4S] clusters have been identified in 
eukaryotic replication proteins, including yeast and human DNA primase and the 
yeast B-family DNA polymerases (Pols) α, δ, ε, and ζ [9, 10] (Fig. 15.9). In DNA replica-
tion, a replication bubble is generated by two helicase complexes unwinding DNA in 
opposite directions, and new DNA strands are synthesized in the 5ʹ → 3ʹ direction by 

DinG
DNA Pol III

DNA Pol II

= RNA/DNA Hybrid
DNA
Replication

Inverted 
region

rrn
Transcription

rrnA

DnaB Helicase

RNA Polymerase

Fig. 15.8: E. coli inverted A assay for DinG activity. In this assay, the highly transcribed rrnA operon 
has been inverted to increase the rate of replication/transcription collisions, generating R-loops, 
which the [4Fe-4S] helicase DinG unwinds to resolve the stalled fork. Surprisingly, knocking out 
EndoIII prevented DinG from resolving R-loops, abolishing cell growth. As in the helper function 
assay (Fig. 15.6), both WT and the CT-proficient mutant D138A rescued this effect, while CT-deficient 
EndoIII Y82A did not. Overall, this indicates that CT signaling between EndoIII and DinG is important 
in helping DinG localize to collision sites.
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DNA polymerases, which extend from a short (8–10 nucleotide) RNA primer gener-
ated by a primase enzyme [42]. The directionality of the polymerases necessitates that 
one strand, the leading strand, undergoes continuous synthesis in the direction of the 
fork, and the other, the lagging strand, be formed in discontinuous 120–150 nt Okazaki 
fragments. Under normal conditions, eukaryotic polymerases divide the task of DNA 
replication, with Pol α adding 10–20 nt of DNA to the RNA primer before ceding the 
leading strand to Pol ε and the lagging strand to Pol δ [43]. 

Replication presents an additional puzzle beyond DNA repair, as these proteins 
do not scan the genome, but instead associate in complexes at replication forks [44]. 
Faithful duplication of the genome requires a large amount of coordination among 
DNA-bound [4Fe-4S] proteins, which may be facilitated by DNA-mediated redox sig-
naling. Work in our laboratory has indeed shown this to be the case for DNA primase 
and the lagging strand polymerase Pol δ [45]. Primase forms a complex with Pol α 
(Pol-Prim) in vivo, and together, these proteins form a 20–30-nt RNA-DNA hybrid 
primer. The means by which the RNA and DNA segment lengths are precisely con-
trolled and the mechanism of the primase-Pol α handoff are currently poorly under-
stood. In the case of DNA primase, oxidation of the cluster electrochemically results 
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Fig. 15.9: DNA-binding eukaryotic enzymes containing [4Fe-4S] clusters are found both in replication 
and in repair pathways. The three polymerases (polymerase-α-primase, polymerase ε, and 
polymerase δ) responsible for copying genomic DNA from a parent template all contain a cluster. 
Polymerase-α-primase initiates replication through RNA/DNA primer synthesis; polymerase ε and 
polymerase δ then take over replication on the leading and lagging strand of the replication fork, 
respectively. Dna2 helicase-nuclease, instrumental in Okazaki fragment processing, also contains a 
[4Fe-4S] cluster in its nuclease domain. Repair enzymes, such as XPD helicase in the TFIIH complex 
(NER) and MUTYH/NTHL1 glycosylases (BER), search for and repair any mismatched/damaged bases 
on the nascent genomic DNA. This array of [4Fe-4S] enzymes in several pathways, with the ability to 
communicate with one another through DNA CT, suggests that redox signaling may play a larger role 
in coordinating the complex and dynamic process of eukaryotic replication. 
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in markedly enhanced DNA binding, and redox activity has been proposed to act as 
a switch mediating the hand-off from primase to Pol α. In this model, DNA-bound 
primase in the [4Fe-4S]3+ state would synthesize an 8–10-nt RNA primer, at which 
point reduction of the oxidized primase by the [4Fe-4S] cluster of Pol α would termi-
nate primer synthesis and facilitate the hand-off. Signaling between these particu-
lar proteins is a compelling possibility, given that primase and Pol α form a single 
complex flexible enough to position the [4Fe-4S] clusters in primase and Pol α for CT 
signaling. 

Upon completion of the RNA-DNA hybrid primer by Pol-Prim, the primer end is 
handed off to the clamp loader complex, which attaches the circular sliding clamp 
PCNA to the primed end; PCNA is then bound by Pol ε on the leading strand and Pol δ 
on the lagging strand to synthesize long stretches of DNA in a processive manner [46]. 
Because the clamp loader does not contain a [4Fe-4S] cluster, the Pol δ cluster must 
have a purpose other than primer handoff. Preliminary work with Pol δ has shown 
that, while Pol δ is redox active on DNA, oxidation of the cluster leads to reversible 
stalling of DNA synthesis [45]. Such a stalling mechanism could provide a way for the 
cell to rapidly coordinate a response to replication stress, keeping proteins bound 
near the fork and allowing repair to be undertaken without the need to irreversibly 
dismantle the replication fork. Oxidative stress in particular is a frequent occurrence 
in cells, and it is certainly plausible that the polymerase could be oxidized either 
directly by species like guanine radicals or by other [4Fe-4S] proteins present at the 
fork; in any case, a fast-responding network of redox signaling in replication would 
be an advantage for the cell, complementing slower responses such as phosphoryla-
tion cascades [47]. 

15.6 DNA-binding [4Fe-4S] proteins in human disease

Many DNA processing proteins containing [4Fe-4S] clusters are known to be involved in 
human disease, with noncatalytic mutations near the cluster being surprisingly prev-
alent. These proteins include the human homologues of MutY and EndoIII (MUTYH 
and NTHL1, respectively) and XPD; poorly understood mutations in the [4Fe-4S]  
domain are also present in DNA primase and Pol δ. MUTYH is a critical player in colon 
cancer, specifically in MUTYH-associated polyposis [13]. Several poorly characterized 
mutations in residues near the cluster have recently been recognized. While difficult 
to understand from conventional perspectives, preliminary electrochemical studies 
have revealed at least one of these mutants to be more sensitive to oxygen-mediated 
cluster degradation [48]. Cluster degradation would be especially devastating from 
the perspective of a CT-based damage search, compromising not only MUTYH but 
also other repair proteins within the redox signaling network. Similarly, NTHL1 has 
been recognized as important in a variety of different cancers, although mutations 
in NTHL1 have not been studied to the extent that those in MUTYH have [14]. XPD 
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mutations are better known for their direct role in three major genetic disorders: tri-
chothiodystrophy, Cockayne syndrome, and xeroderma pigmentosum. These disor-
ders cause a photosensitivity phenotype that ultimately results in the development of 
cancer and/or accelerated aging. Cancer-relevant mutations in the [4Fe-4S] domain 
have also been reported in both DNA primase and Pol δ [49, 50]; however, mutations 
in replicative polymerases are relatively rare due to the essential nature of these 
enzymes, and those that have been studied generally occur in catalytic domains [51, 
52]. From these examples, it is clear, however, that noncatalytic [4Fe-4S] clusters in 
DNA-processing enzymes are more relevant to disease than previously suspected. 
Some work has already implicated defective CT capabilities as important, but many 
questions remain to be answered. 

15.7 Conclusions

Our understanding of the role of [4Fe-4S] clusters in DNA-processing enzymes has 
progressed from that of an unusually complex structural group to that of a critical 
element of rapid, long-range redox signaling along DNA. Considered from another 
perspective, the recognition of redox-signaling between [4Fe-4S] proteins has demon-
strated the importance of DNA-mediated CT to biological systems. Indeed, DNA CT is 
crucial for the identification of lesions by low-copy number proteins like MutY, which 
would otherwise be unable to find their targets on a relevant timescale. Redox sign-
aling by [4Fe-4S] clusters has moreover been shown to have utility in a wide range 
of repair pathways and has most recently been documented as critical in eukaryotic 
DNA replication. While these disparate proteins may all use CT for a slightly differ-
ent purpose, the overarching pattern is clear: DNA CT provides a means of rapidly 
coordinating protein activities across the genome, especially under stress conditions. 
Although nuclear proteins utilize other search and signaling mechanisms, these are 
all limited by diffusion; in contrast, CT occurs on a uniquely rapid timescale, pro-
viding a first-step response to events such as oxidative stress. DNA CT serves as a 
sensor for the integrity of the genome and can expedite the cellular response to DNA 
damage, oxidative stress, and other insults to the genome. As more proteins involved 
in DNA processing that contain [4Fe-4S] clusters are identified, more critical roles for 
long-range DNA CT will emerge. Even now, however, it has become clear that long-
range signaling by DNA CT offers a powerful means of genome-wide coordination and 
 communication.
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16 Iron-sulfur cluster assembly in plants
Hong Ye

16.1 Introduction

Iron is an essential micromineral nutrient. To overcome the insolubility of ferric iron 
in soil, plants reduce ferric iron to increase solubility or secrete chelators and absorb 
iron chelates to increase acquisition of iron (strategies I and II). The translocation, 
distribution, and delivery of iron throughout the whole plant involve a number of 
specific transporters and chelators. Inside the plant cell, iron is utilized to assemble 
heme and iron-sulfur (Fe-S) clusters. Fe-S cluster biosynthesis takes place separately 
in major subcellular compartments. It is mediated by the SUF system in plastids, by 
the ISC system in mitochondria, and by the CIA system in the cytosolic and nuclear 
compartments. As an essential pathway, the Fe-S cluster assembly machinery is highly 
 conserved across the green lineage. In contrast to bacteria, plants lack the machinery 
for nitrogen fixation, but the legume plants often have a symbiotic relationship with 
nitrogen-fixing bacteria that use nitrogenase to assimilate nitrogen in specialized 
structures that surround their roots. The potential impact of the research on Fe-S 
protein biogenesis on agriculture will likely be quite significant.

16.2 Iron uptake, translocation, and distribution

Iron is an essential mineral nutrient for plants. Plants take up iron from soil, in addition 
to water and all other minerals. Iron contents in plants are variable; for instance, iron 
concentrations in major staple foods are 4.31 mg/100 g for rice and 0.27 mg/100 g for 
cassava (www.usda.gov), whereas the iron content in some other plants is 10 mg/100 g  
[1]. Despite the fact that iron concentration in soil is high compared with other  minerals, 
most of the soil iron is in the form of insoluble ferric hydroxides and hence is not bioavaila-
ble. The solubility of iron depends on the pH of soil [2]. Iron in low-pH soil is more soluble 
and hence more bioavailable, whereas iron in high-pH soil is more  insoluble and hence 
less bioavailable. Therefore, plants grown in basic soil often suffer iron deficiency, 
demonstrating dwarf size and chlorotic (yellowing of the leaves)  symptoms.

To take up iron from soil at the roots, plants generally employ one of two different 
strategies, either strategy I or strategy II [1–6]. Dicotyledenous plants, for example, Ara-
bidopsis thaliana, use strategy I and express ferric reductases and ferrous iron trans-
porters on the cell membrane of roots. These plants also express a proton pump to 
acidify the root surface. The ferric reductase FRO2 reduces ferric iron into much more 
soluble ferrous iron in the root rhizosphere, the soil rich in plant exudates that sur-
rounds the root [7, 8], and subsequently, ferrous iron is imported into root cells by the 

DOI 10.1515/9783110479850-016

 EBSCOhost - printed on 2/13/2023 8:17 AM via . All use subject to https://www.ebsco.com/terms-of-use



426   16 Iron-sulfur cluster assembly in plants

ferrous transporter, IRT1 [9–11]. Because of their central roles in iron uptake, the gene 
expression levels of IRT1 and FRO2 are highly inducible by iron deficiency. However, 
inside cells, free iron is toxic because it catalyzes the formation of reactive oxygen 
species (ROS) in the Haber-Weiss cycle; therefore, most iron is likely contained within 
chelated complexes in plants. An important intracellular chelator is nicotianamine 
(NA), a compound derived from methionine. The Fe-NA chelate is transported sym-
plastically (through pores that allow cytoplasmic contacts between neighboring cells) 
through plasmodesmata (pores in the plant cell wall) toward the vasculature. At the 
boundary between the endodermis and the vasculature, iron is transported across 
the plasma membrane into the xylem, likely by the transporter ferroportin [1, 2].  
The Fe-citrate chelate is translocated in the xylem from the root to the shoot driven by the 
force of transpiration. In leaves, iron is unloaded from the vasculature and transported 
into mesophyll cells by members of the Yellow Stripe-Like (YSL) family of transporters.

In contrast, monocots, which include the graminaceous plants, for example, rice 
(Oryza sativa), use strategy II for iron uptake [1, 2]. Rice plants secrete phytosidero-
phores of the mugineic acid (MA) family into the rhizosphere, which release insoluble 
ferric iron from soil particles to form an iron chelator complex. The resulting Fe-MA 
chelate is directly taken up into root cells by members of the YSL family of transpor-
ters. However, a recent study has shown that in addition to strategy II, rice is also 
able to take up ferrous iron through the IRT1 transporter [12]. The subsequent steps of 
translocation from root cells to vasculature and from vasculature to leaves are similar 
between strategy I and II plants.

In plant cells, iron is delivered into major organelles including chloroplasts, mito-
chondria, and vacuoles, where it is either stored or utilized for the synthesis of Fe-S 
clusters, heme, and nonheme iron proteins. Iron is imported into mitochondria by a 
mitoferrin-like transporter on the inner membrane [13]. To maintain iron homeostasis 
in the compartment, iron should be exportable. However, no potential mitochondrial 
iron exporter has yet been identified. Iron is imported into chloroplasts by PIC1 [14, 15], 
whereas iron may be exported from chloroplasts by the YSL4 and YSL6  transporters 
[16]. Chloroplasts are the major sink of iron in plant leaf cells, accommodating up 
to 80%–90% of total cellular iron in leaf cells. However, it is unknown whether the 
photosynthetic green organelle is important for the regulation of overall cellular iron 
homeostasis. Iron is used for the Fe-S cluster and heme synthesis in chloroplasts, and 
some iron is stored in ferritin, the iron storage protein of plants [17–19]. Unlike ferritin 
of mammalian cells, which is in the cytosol, the ferritin in plant cells is in chloroplasts/
plastids [19]. To protect from toxicity, iron should be associated with some iron cha-
perone or chelated by chelators in plant cytosol, such as citrate, NA, and phytoside-
rophores. Potential iron chaperones in the cytosol of plant cells have not been identi-
fied. Some have proposed that PCBP family proteins are iron chaperones in eukaryotic 
cells [20], whereas others propose that the complex of monothiol glutaredoxin and 
glutathione bridging an Fe-S cluster facilitates iron delivery in cytosol and nuclei [21]. 
The excess iron in cytosol is delivered to the vacuole for storage, imported by the VIT1 
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transporter, and stored as ferric citrate [22, 23]; the vacuolar iron can be exported by 
NRAMP3/4 transporters [1].

More than 60 Fe-S proteins have been confirmed or estimated in Arabidopsis [24]. 
These proteins have various physiological functions. Fe-S proteins in plastids are 
involved in chlorophyll synthesis, nitrite reduction, sulfite reduction, redox homeo-
stasis, and photosynthesis [25]. Fe-S proteins in mitochondria are involved in molyb-
denum cofactor (Moco) biosynthesis, electron transfer in complexes I and II, glutamate 
synthesis, and biotin synthesis. Fe-S proteins in cytosol and nuclei are involved in 
abscisic acid biosynthesis, ribosome assembly, DNA replication, and DNA repair.

16.3 Fe-S cluster assembly

Despite the simplicity in the structure of Fe-S clusters, the biological assembly of an 
Fe-S cluster is extremely complex [26–30]. Research on plant Fe-S cluster biosynthesis 
has mainly focused on the model plant, A. thaliana. To date, 42 genes have been iden-
tified in Arabidopsis with a proposed function in Fe-S assembly [24, 31, 32]. As listed 
in Tab. 16.1, all these genes are encoded in the nuclear genome, and the expressed 
 proteins are targeted to chloroplasts, mitochondria, and cytosol, respectively. Because 
these compartments are physically separated by membranes, it is thought that Fe-S 
biosynthesis takes place independently in each of the subcellular compartments [25, 
26, 33–35]. Due to the sequence similarity to their orthologues in bacteria, the Fe-S 

Tab. 16.1: List of proteins that are involved in the Fe-S cluster assembly in plant cells.

Protein name Locus Function Reference

Plastid NFS2 At1g08490 Cysteine desulfurase Pilon-Smits et al. (2003)
SUFE1 At4g26500 Activator of NFS2 Xu et al. (2006)
SUFE2 At1g67810 Activator of NFS2 Murthy et al. (2007)

SUFE3 At5g50210 Activator of NFS2 Murthy et al. (2007)
SUFA At1g10500 Cluster transfer Abdel-Ghany et al. (2005) [53]
NFU1 At4g01940 Scaffold Léon et al. (2003) [48]
NFU2 At5g49940 Scaffold Touraine et al. (2004) [49]
NFU3 At4g25910 Scaffold Léon et al. (2003) [48]
SUFB At4g04770 Scaffold Xu et al. (2005) [51]
SUFC At3g10670 Scaffold Xu et al. (2006) [43]
SUFD At1g32500 Scaffold Xu et al. (2005) [51]
HCF101 At3g24430 4Fe-4S insertion Schwenkert et al. (2010) [56]
GRXS14 At3g54900 2Fe-2S transfer Bandyopadhyay et al. (2008) [57]
GRXS16 At2g38270 2Fe-2S transfer Cheng et al. (2006) [58]
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Protein name Locus Function Reference

Mitochondria NFS1 At5g65720 Cysteine  desulfurase Frazzon et al. (2007) [60]
ISD11 At5g61220 Interacting with NFS1 Heis et al. (2011) [62]

ISU1 At4g22220 Scaffold Frazzon et al. (2007) [60]
ISU2 At3g01020 Scaffold Léon et al. (2005) [74]
ISU3 At4g04080 Scaffold Frazzon et al. (2007) [60]
ISA1 At2g16710 Cluster transfer Uncharacterized
ISA2 At2g36260 Cluster transfer Uncharacterized
ISA3 At5g03905 Cluster transfer Uncharacterized
NFU4 At3g20970 Scaffold Léon et al. (2003) [48]
NFU5 At1g51390 Scaffold Léon et al. (2003) [48]
ADX1 At4g21090 Electron transfer Takubo et al. (2003) [75]
ADX2 At4g05450 Electron transfer Picciocchi et al. (2003) [76]
ADXR At4g32360 Electron transfer Takubo et al. (2003) [75]
FH At4g03240 Iron donor Busi et al. (2006) [67]
HSCA1 At4g37910 HSP70-type 

 chaperone
Xu et al. (2009) [77]

HSCA2 At5g09590 HSP70-type 
 chaperone

Uncharacterized

HSCB At5g06410 Co-chaperone Xu et al. (2009) [77]

INDL At4g19540 Cluster transfer/
insertion

Bych et al. (2008) [81]

IBA57 At4g12130 Cluster transfer Waller et al. (2010) [78]

GRXS15 At3g15660 Glutaredoxin Bandyopadhyay et al.  
(2008) [57]

ATM3 At5g58270 ABC transporter Bernard et al. (2009) [86]

ERV1 At1g49880 Sulfhydryl oxidase Levitan et al. (2004) [90]

Cytosol TAH18 At3g02280 Electron transfer Varadarajan et al. (2010) [94]
DRE2 At5g18400 Electron transfer Varadarajan et al. (2010) [94]

NBP35 At5g50960 Scaffold Bych et al. (2008) [81]
NAR1 At4g16440 [FeFe]- hydrogenase-

like
Cavazza C.et al. (2008) [95]

CIA1 At2g26060 WD40 protein Srinivasan et al. (2007) [97]

CIA2 At1g68310 DUF59 domain Luo et al. (2012) [89]
MMS19 At5g48120 Interacting  

with CIA
Stehling et al. (2012) [99]

The proposed function and subcellular localization for each protein is as indicated.

Tab. 16.1 (continued)
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assembly machinery in chloroplasts/plastids is termed as SUF (mobilization of sulfur) 
system, whereas mitochondrial Fe-S assembly is termed as ISC (iron-sulfur cluster) 
system, and the Fe-S biosynthesis in cytosol is referred to as the CIA system (cytosolic 
iron-sulfur assembly).

16.3.1 SUF system in plastids

The chloroplast/plastid SUF machinery of Arabidopsis consists of at least 14 proteins 
(Fig. 16.1 and Tab. 16.1), which are NFS2, SUFE1, SUFE2, SUFE3, SUFA, NFU1, NFU2, 
NFU3, SUFB, SUFC, SUFD, HCF101, GRXS14, and GRXS16.

NFS2 (nitrogen fixation, S protein) is the cysteine desulfurase that provides sulfur 
for Fe-S cluster assembly [36–38]. In isolated form, NFS2 is a dual function enzyme, 
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Fig. 16.1: Working model of the Fe-S cluster biosynthesis in a plant cell. About 40 genes have been 
confirmed or estimated to be involved in the Fe-S cluster assembly in plant cells. All these genes are 
nuclear genome encoded. The expressed proteins are translocated to plastids, mitochondria, and 
cytosol, where Fe-S clusters are assembled separately. The reaction is initiated by the donation of 
sulfur and iron, which are assembled into an Fe-S cluster on a major scaffold. Facilitated by multiple 
delivery or carrier proteins, the preassembled Fe-S cluster is delivered to target proteins, resulting 
in the maturation of Fe-S proteins. In each of the reactions, the arrows from left to right indicate the 
upstream to downstream steps in the Fe-S assembly pathway.
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with both cysteine desulfurase (CysD) activity and selenocysteine lyase (SL) activity. 
The CysD activity catalyzes the removal of a sulfur from cysteine to produce sulfur 
and alanine, whereas its SL activity catalyzes the lysis of selenocysteine to produce 
selenide and alanine. The two enzymatic activities use the same core active site, but 
the CysD activity requires an additional cysteine residue that is not required for the SL 
activity. Homozygous, knockout deletions of NFS2 in plants by T-DNA insertion have 
not been reported, consistent with a crucial role of NFS2. RNAi knockdown plants 
of NFS2 exhibit severe phenotypes including chlorosis, chloroplast disorganization, 
leaf necrosis, and early death; concomitantly, various chloroplast Fe-S proteins are 
decreased in both abundance and activity. In contrast, mitochondrial Fe-S proteins 
and respiration remain unaffected, suggesting that Fe-S assembly is independent 
in mitochondria and chloroplasts [39]. Overexpression of NFS2 enhances selenium 
and sulfur accumulation in plants and increases tolerance to selenate exposure [36, 
40], suggesting that NFS2 might be a part of a system to prevent selenium toxicity in 
plants. The physiological relevance of the SL enzyme activity may not be essential to 
plants because some plant species do not require any selenium. In contrast, the CysD 
activity is essential to plants. However, when measured in vitro, the CysD activity of 
NFS2 was much weaker than its SL activity [36, 38]. This observation suggested that an 
additional factor was required in planta for the CysD activity. The subsequent disco-
very that SUFE proteins strongly stimulated NFS2 provided a possible explanation for 
the assay results [41, 42]. The Arabidopsis genome encodes three SUFE genes, SUFE1, 
SUFE2, and SUFE3. As demonstrated by in vitro biochemical assays, each of the SUFE 
proteins can stimulate the CysD activity of the NFS2 protein 40- to 70-fold and in crease 
Fe-S cluster assembly at least 20-fold. NFS2 and SUFE form a protein complex and 
together function as the cysteine desulfurase in plant chloroplasts/plastids [41, 42].

SUFE1 is a fusion protein with an N-terminal SUFE domain and a C-terminal 
BOLA domain [42, 43]. The SUFE domain is responsible for CysD-stimulating activity, 
whereas the function of the BOLA domain is currently unknown. Bioinformatics ana-
lysis and experimental results for BOLA-like proteins in other species have suggested 
that BOLA interacts with glutaredoxin [44–47]. Hence, it is very likely that the C-ter-
minal BOLA domain of SUFE1 may interact with glutaredoxins in chloroplasts, such 
as GRXS14 and GRXS16. The SUFE domain of SUFE1 physically interacts with NFS2 
to form a hetero-tetrameric complex, which increases NFS2 enzyme affinity for its 
substrate, cysteine, and increases Vmax 40-fold. T-DNA insertion knockout of SUFE1, 
a method for generating loss-of-function mutations in plants, is embryonic lethal, 
suggesting that the essential role of SUFE1 cannot be substituted by other SUFE para-
logues. SUFE2 and SUFE3 share a SUFE domain with SUFE1. They also stimulate the 
CysD activity of NFS2 in a similar manner [41]. Because SUFE2, which consists solely 
of the SUFE region, is specifically expressed in flowers, especially in pollen, it is possi-
ble that SUFE2 may specifically enhance Fe-S cluster biosynthesis in pollen, the male 
gametophyte of flowering plants. SUFE3 is another fusion protein with an N-terminal 
SUFE domain and C-terminal NadA domain. NadA is a quinolinate  synthase,  required 
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for NAD biosynthesis, and it is a [4Fe-4S] protein. SUFE3 stimulates CysD activity 
and enhances Fe-S cluster assembly and delivery to the NadA domain of SUFE3. The 
resulting holo-SUFE3 is the NadA enzyme of plants, involved in a critical step of NAD 
 biosynthesis. Knockout of SUFE3 in Arabidopsis is embryonic lethal.

NFU1, NFU2, and NFU3 (nitrogen fixation, U protein) are scaffold proteins [48–
50]. Their protein sequences consist of an N-terminal NFU domain and a C-terminal B 
domain, whereas mitochondrial NFU4 and NFU5 proteins consist of an N-terminal N 
domain and a C-terminal NFU domain. These NFU proteins share a conserved CXXC 
motif in the NFU domain. They are capable of assembling Fe-S clusters and delivering 
them to target proteins. Plants in which NFU2 is inactivated exhibit a dwarf phenotype 
with pale-green leaves, decreased activity of [4Fe-4S] sulfite reductase, and drastically 
impaired photosystem I (PSI) and ferredoxin accumulation in chloroplasts [49, 50]. 
However, glutamate synthase and Rieske Fe-S proteins are not affected in the mutants, 
indicating that the NFU2 scaffold is responsible for a subset of target proteins. SUFB, 
SUFC, and SUFD form a complex and together function as a multimolecular scaffold 
[51, 52]. The SUFBCD complex can assemble Fe-S clusters in vitro and transfer them 
to target proteins. SUFC is the subunit that possesses ABC/ATPase activity. SUFC 
knockout mutant plants are embryonic lethal, and mutant embryos contain abnormal 
plastids with disorganized thylakoid structures, which are membrane-bound compart-
ments inside chloroplasts. SUFA is an alternative scaffold that probably functions in 
the delivery of Fe-S clusters [53, 54]. In an in vitro reconstitution experiment, SUFA was 
able to acquire a transient [2Fe-2S] cluster. The holo-SUFA was stable and could be 
purified by chromatography. When incubated with ferredoxin, a target protein, SUFA 
could donate its [2Fe-2S] cluster to generate holo-ferredoxin [53].

HCF101 (high chlorophyll fluorescence 101) is an alternative scaffold that functions 
in Fe-S cluster targeting [55, 56]. It is specifically required for the biogenesis of [4Fe-4S] 
proteins, such as PSI and ferredoxin-thioredoxin reductase (FTR) in chloroplasts, but 
not for [2Fe-2S] proteins such as ferredoxin. In the HCF101-deficient mutant plants, 
both the activity and protein level of [4Fe-4S] proteins are reduced. HCF101 belongs 
to the [4Fe-4S] cluster-containing P-loop NTPase superfamily. HCF101 protein binds a 
[4Fe-4S] cluster through ligation to three HCF101-specific cysteine residues. The recon-
stituted cluster can be transferred from HCF101 to a [4Fe-4S] apo-protein [56]. GRXS14 
and GRXS16 possess the canonical CGFS active site characteristic of monothiol gluta-
redoxins. They function as alternative scaffold proteins [57, 58] that can bind [2Fe-2S] 
clusters transiently, before rapidly and quantitatively transferring them to the apo-
protein form of ferredoxin in chloroplasts. A recent structural and biochemical study 
has identified that the Arabidopsis GRXS16 is a two-domain protein [59]. Its N-terminal 
domain has DNA endonuclease activity, whereas the C-terminal GRX domain has redox 
activity and Fe-S cluster biosynthetic activity. GRXS16 may link Fe-S cluster assembly, 
iron homeostasis, the ROS response, and DNA metabolism in chloroplasts of higher 
plants. Moreover, these two plastid glutaredoxins, GRXS14 and GRXS16, are potential 
candidate proteins that physically interact with the BOLA domain of SUFE1 (Fig. 16.1).
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16.3.2 ISC system in mitochondria

The mitochondrial ISC machinery of Arabidopsis consists of 22 proteins (Fig. 16.1, Tab. 
16.1). They are NFS1, ISD11, ISU1, ISU2, ISU3, ISA1, ISA2, ISA3, NFU4, NFU5, ADX1, 
ADX2, ADXR, FH, HSCA1, HSCA2, HSCB, INDL, IBA57, GRXS15, ATM3, and ERV1.

NFS1 is the cysteine desulfurase [60, 61], and an accessory protein, ISD11, is requi-
red to stimulate the cysteine desulfurase activity of NFS1 enzyme [62]. The NFS1-ISD11 
complex forms persulfide. It has been suggested that ISD11 induces a conformatio-
nal change in NFS1 and brings the substrate and the active site cysteine in proximity 
to form persulfide. Hence, ISD11 could regulate cysteine desulfurase activity of NFS1 
enzyme [63]. Frataxin (FH) is a potential iron donor for Fe-S cluster assembly [64–67]. 
Numerous studies have suggested that frataxin may function as an iron-binding cha-
perone for Fe-S cluster assembly, particularly in humans [68–72]. However, the func-
tion of the plant frataxin orthologue, FH, remains elusive and reports on FH roles are 
quite variable. Meanwhile, FH is thought to be an iron chaperone that delivers iron for 
Fe-S clusters. FH insertion mutant plants exhibit decreased activity of mitochondrial 
Fe-S proteins, such as aconitase and succinate dehydrogenase. In addition, FH mutant 
plants also manifest alteration in transcripts from the heme biosynthesis pathway, 
diminished total heme content, and deficient catalase activity. Thus, FH also plays a 
role in heme biosynthesis of higher plants [66]. FH is involved in energy conversion 
and oxidative phosphorylation, iron handling, and response to oxidative stress. FH 
may have other functions in different tissues and in different organisms [73].

ISU1 is the central scaffold protein in mitochondria. As paralogues to ISU1, ISU2 
and ISU3 are alternative scaffolds [74]. Among all three ISU family proteins, ISU1 has 
the highest physiological importance. In agreement with this, ISU1 is constitutively 
expressed at constant levels, whereas ISU2 and ISU3 expression is minimal or non-
detectable. None of the ISU1–ISU3 deletion mutant plants seem to be lethal, probably 
suggesting that ISU1–ISU3 functions are redundant [60]. It is possible that ISU1 is the 
central housekeeping scaffold in plants and is constantly expressed at high levels. 
In normal plant cells, expression of the other ISU paralogues is repressed. However, 
in the absence of ISU1, expression of the other ISU paralogues is induced, and the 
increased ISU2 and ISU3 proteins could substitute for the function of ISU1. Adreno-
doxins ADX1 and ADX2 and adrenodoxin reductase, ADXR, together form the redu-
cing system that provides electrons for de novo Fe-S cluster assembly in the central 
scaffold ISU1. In addition to Fe-S cluster assembly, the ADX-ADXR low-potential electron-
transfer chain transfers electrons from NADH to cytochrome c [75] and also recons-
titutes a functional plant biotin synthase complex [76]. The transcript levels of ADX 
and ADXR are high in flowers, whereas the protein level of ADXR is high in the leaf, 
stem, and flower. HSCA1/HSCA2 and HSCB are the chaperones and co-chaperone, res-
pectively, that work together in the delivery of Fe-S clusters from the ISU1 scaffold to 
target apo-proteins [21]. The preassembled Fe-S cluster on ISU1 needs to be labilized 
by the dedicated chaperone system through sequential protein-protein interactions. 
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A recent study has reported that HSCA1 and HSCB are localized to both mitochondria 
and cytosol in A. thaliana [77]. It would be interesting to see whether some fraction of 
ISU1 is also localized in cytosol because ISU1 is the physiologically relevant partner 
for the chaperone system. HSCB is highly expressed in anthers, the part of the stamen 
where pollen is produced, and trichomes, cells that project from the surface of the 
epidermis. The HSCB insertion mutant shows reduced seed production, reduced wax 
production, which is needed to protect the plant surface in a terrestrial environment, 
inappropriate trichome development, and dramatically reduced activities of Fe-S 
enzymes including aconitase and succinate dehydrogenase [77].

GRXS15, a monothiol glutaredoxin in mitochondria, is an alternative scaffold. 
GRXS15 helps to transfer the Fe-S cluster from ISU1 to apo-proteins, likely via tran-
sient binding of the Fe-S cluster in a glutathione-GRXS15 complex [57]. NFU4 and 
NFU5 are alternative scaffolds, and their mitochondrial localization is confirmed [48]. 
Their function is likely to deliver Fe-S clusters to a subset of target apo-proteins, which 
remain to be identified. ISA1–ISA3 are putative Fe-S cluster delivery proteins, which 
are not yet characterized in plants. IBA57 is a tetrahydrofolate-binding protein. In vivo 
evidence indicates that IBA57 is required for the activity of MiaB, a [4Fe-4S]-contai-
ning tRNA modification enzyme [78]. The expression of IBA57 is high in flowers, long 
narrow seed-pods known as siliques, and seeds. Insertional mutagenesis of IBA57 
is embryonic lethal. ISA1, ISA2, ISA3, and IBA57 may form a protein complex that 
functions in the targeting of [4Fe-4S] clusters to specific mitochondrial apo-proteins, 
including aconitase and radical SAM enzymes [79, 80]. INDL is an assembly factor 
that may be specific to complex I of mitochondria. INDL may bind and transfer a [4Fe-4S] 
cluster to acceptor Fe-S proteins in complex I [81]. The molecular details of INDL func-
tion remain to be characterized in plants.

ATM3 is an ABC transporter located in the inner membrane of mitochondria [82–
85]. It is thought to export a substance from the matrix of mitochondria to cytosol, but 
molecular details on functions of this transporter and its substrate(s) are unknown so 
far. However, several lines of evidence have strongly indicated that ATM3 is not requi-
red for the Fe-S biosynthesis in mitochondria but is rather needed for Fe-S assembly in 
cytosol [86–88]. In the absence of ATM3, cytosolic Fe-S biosynthesis is defective. The 
substrate(s) exported by ATM3 are thought to be a component used for the Fe-S cluster 
assembly in cytosol, which, however, remains to be characterized. In addition to a 
function in the maturation of extramitochondrial Fe-S proteins, ATM3 has a crucial 
role in the molybdenum cofactor (Moco) biosynthesis. It has been observed that cyclic 
pyranopterin monophosphate (cPMP), an intermediate of Moco biosynthesis, accu-
mulates in the mitochondria of ATM3 mutant plants (Moco synthesis is discussed in 
greater detail in Chapter 19 by Leimkühler in this volume). It is therefore reasonable to 
presume that ATM3 has a function in the export of cPMP from mitochondria to cytosol 
[87]. An ATM3 knockout mutant (Sta1) Arabidopsis demonstrates dwarfism and chlo-
rosis phenotype. It also shows altered morphology of leaf and cell nuclei [88]. In a 
comprehensive study using an allelic mutant series of ATM3, the activity of a cytosolic 
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Fe-S protein aconitase was strongly decreased, whereas mitochondrial and plastid 
Fe-S proteins were not affected. In contrast to ATM3, orthologous mutants in yeast 
and mammals accumulate iron in mitochondria, whereas the plant ATM3 mutants do 
not display a dramatic iron homeostasis defect and do not accumulate iron in mito-
chondria [86]. The difference between plants and other eukaryotes concerning the 
effects of ATM3 mutation on cellular iron homeostasis may be because of the presence 
of chloroplasts in plant cells, the organelle known to be more important in acquiring 
cellular iron. Recently, mutagenesis of ATM3 was found to result in defective genome 
integrity in the plant, A. thaliana [89]. These data support that ATM3 function is requi-
red for the maturation of Fe-S proteins in cytosol and nuclei, many of which are the 
genome DNA repair enzymes. ERV1 is a redox-active and FAD-containing sulfhydryl 
oxidase. It is located in the intermembrane space of mitochondria. Similar to ortho-
logues in yeast and animal cells, ERV1 is required for the maturation of Fe-S proteins 
in cytosol. In vitro assays with purified protein and artificial substrates demonstrate 
a preference of ERV1 for dithiols that have a defined space between the thiol groups, 
suggesting that their substrate is thioredoxin-like [90].

16.3.3 CIA system in cytosol

The cytosolic CIA machinery of Arabidopsis consists of seven proteins (Fig. 16.1 
and Tab. 16.1), involving TAH18, DRE2, NBP35, NAR1, CIA1, CIA2, and MMS19. The 
nuclear genome of Arabidopsis encodes only two cysteine desulfurases, NFS1 and 
NFS2. They are localized in the mitochondria and plastids, respectively, led by the 
targeting peptide in each protein [36, 37, 60]. There is not an exclusively cytosolic 
cysteine desulfurase present in plants, which is also true for other eukaryotes. The 
sulfur source for the Fe-S cluster assembly in cytosol is not clear. However, the sulfur 
for Fe-S assembly in cytosol might be provided by two mechanisms. One possibility is 
that ATM3 may export the sulfur to the cytosol for Fe-S assembly. The second possible 
mechanism is to generate a cytosolic cysteine desulfurase by alternative initiation site 
utilization of the mitochondrial NFS1 mRNA, which is believed the case in humans 
[34, 91] but has never been reported in plants.

NBP35 is the scaffold for Fe-S cluster assembly in cytosol of plants [92]. It is cons-
titutively expressed in planta. NBP35 binds a [4Fe-4S] cluster in the C terminus and a 
stable [4Fe-4S] cluster in the N terminus. Holo-NBP35 is able to transfer an Fe-S cluster 
to an apo-protein in vitro. NBP35 mutant plants show an arrest of embryo development 
[92]. NBP35-deficient Arabidopsis mutants are seedling lethal, suggesting an essential 
function [93]. TAH18 is a diflavin reductase, which is able to reduce cytochrome c  
in vitro. It forms a protein complex with DRE2, and these two proteins together provide 
electrons for Fe-S assembly on the NBP35 scaffold [94]. Loss of TAH18 function results 
in early embryonic lethality in plants. TAH18 also has possible roles in the control of 
cell death and chromosomal segregation in mitosis [94]. Consistently, the promoter of 
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TAH18 is activated during cell cycle progression, probably because many DNA repli-
cation and DNA repair proteins are Fe-S proteins, and increased expression of TAH18 
is required to help synthesize more Fe-S clusters for the DNA metabolism proteins 
during cell cycle progression.

NAR1 is an [FeFe]-hydrogenase-like gene. The recombinant NAR1 protein coor-
dinates two Fe-S clusters. NAR1 knockdown results in a dwarf phenotype under nor-
moxia, but the phenotype is indistinguishable from wild type under hypoxic condi-
tions. This result suggests that the exposure to low oxygen might alleviate the severity 
of the phenotype caused by NAR1 knockdown [95]. Another study reports that the 
expression of some hypoxia-responsive genes, including ferredoxin (Fdx5) and two 
[FeFe]-hydrogenases, HydA1 and HydA2, could be upregulated by hypoxia treatment 
in both NAR1 knockdown and wild-type plants. This result indicates that NAR1 is 
not involved in regulating the hypoxia response of green algae [96]. The activity of 
cytosolic Fe-S enzymes, including aldehyde oxidase and xanthine dehydrogenase, is 
decreased in NAR1 knockdown lines, whereas Fe-S protein activities in the chloro-
plast and mitochondria are unaffected. These results indicate that NAR1 is required 
for the activity of cytosolic Fe-S enzymes but not for Fe-S proteins in chloroplasts or 
mitochondria [96].

CIA1 is a WD40-repeat protein, an essential and conserved member of the Fe-S 
assembly CIA machinery. The structure of CIA1 protein folds into a β propeller with 
seven blades arranged around a central axis. The conserved top surface residue R127 
performs a critical function in cytosolic Fe-S protein assembly [97]. CIA2, also named 
AE7, is a DUF59 family gene that acts in the CIA Fe-S cluster assembly pathway to 
maintain nuclear genome integrity [89]. CIA2 mutations result in lower activities of 
the cytosolic [4Fe-4S] enzyme aconitase and the nuclear [4Fe-4S] enzyme DNA glyco-
sylase, ROS1. The severe CIA2 mutant allele is embryonic lethal, whereas the weaker 
CIA2 mutant alleles are viable but exhibit highly increased DNA damage, which 
results in cell cycle arrest through the DNA damage response pathway [89].

MMS19, a conserved HEAT repeat protein, is a component of the CIA pathway 
for Fe-S cluster assembly and is implicated in DNA repair. MMS19 is encoded in the 
genome of plants, for instance, in Arabidopsis, but it has not yet been fully characte-
rized in plants. Studies on its orthologues in mammalian cells indicate that MMS19 
is a member of the cytosolic Fe-S protein assembly (CIA) machinery [98–100]. MMS19 
functions as part of the CIA-targeting complex that specifically facilitates Fe-S cluster 
insertion into apo-proteins involved in methionine biosynthesis, DNA replication, 
DNA repair, and telomere maintenance. However, MMS19 is not required for targeting 
Fe-S clusters to other cytosolic apo-proteins, such as aconitase/IRP1 and glutamine 
amidotransferase (GPAT) [99]. By co-immunoprecipitation and mass spectrometry 
analysis, 12 known Fe-S proteins have been identified in the MMS19 complex, inclu-
ding XPD, FANCJ, DNA polymerase D, DNA primase, and DNA2. Consistent with an 
essential role of MMS19 in DNA metabolism, MMS19 knockout is embryonically lethal 
in mice [100]. As in other eukaryotic cells, NAR1, CIA1, CIA2, and MMS19 proteins 
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form a stable complex in plant cells [89]. This protein complex may be termed as 
“CIA-targeting complex,” which physically interacts with and transfers Fe-S clusters 
to various DNA metabolism Fe-S proteins.

16.4  Regulation of cellular iron homeostasis by Fe-S cluster 
biosynthesis

In mammals, cellular regulation of iron metabolism involves the cytosolic Fe-S protein 
IRP1, providing a tight link between Fe-S protein biogenesis and mitochondrial iron 
homeostasis [101, 102]. Similarly, cellular iron homeostasis in yeast cells is also tightly 
linked to mitochondrial ISC machinery [21, 28]. The mitochondrial inner membrane 
transporter ATM3 homologues export an unknown signal “X” into cytosol. The signal 
reflects iron status in mitochondria, and it affects CIA activity in cytosol. In the defi-
ciency of signal “X,” iron overaccumulates in mitochondria, and cellular iron homeo-
stasis is impaired [33, 34].

Except for the plastid SUF system that is unique to plants, the mitochondrial ISC 
and cytosolic CIA machineries in plant cells are highly homologous to those in yeast 
and mammalian cells. However, to date, there is no strong evidence of an association 
between mitochondrial Fe-S assembly and cellular iron homeostasis in plants. Defects 
in mitochondrial ISC machinery or plant ATM3 do not cause iron accumulation in 
mitochondria of plant cells, although they decrease Fe-S protein activity in cytosol 
[86, 87]. The reason for nonaccumulation of iron in the mitochondria of ATM3 mutant 
plant cells may be because chloroplasts are also involved in cellular iron homeostasis 
or that the chloroplast rather than mitochondrion may develop iron homeostasis pro-
blems. Indeed, it has been reported in an ATM3 mutant (Sta1) plant that the mutant 
shows a chlorosis phenotype [88], a classical indication of iron deficiency in plants. 
Although chloroplasts have normal levels of iron, the mutant plant cells cannot pro-
perly utilize iron. The interplay among mitochondria ISC, plastids SUF, and cellular 
iron homeostasis in plants needs to be further elucidated.

16.5  Conservation of Fe-S cluster assembly genes across the 
green lineage

The green lineage is a diverse group of photosynthetic organisms, including unicel-
lular green algae, mosses, ferns, and seed plants. The evolution has resulted in 
increasing levels of complexity, from the simplest green algae to the more complex 
higher plants. As an essential biological pathway, the Fe-S cluster biosynthetic 
pathway is conserved with the evolution of plants. Comparative genomic analysis 
of Fe-S cluster biosynthesis genes could reveal valuable information. To date, the 
genomes of over 40 plant and photosynthetic species have been sequenced, and 
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gene sequences are available in the Phytozome and NCBI databases. In this chapter, 
five representative plant and photosynthetic species have been selected for a com-
parison of Fe-S biosynthesis genes, including green algae (Chlamydomonas rein-
hardtii), rice (O. sativa), tomato (Solanum lycopersicum), Arabidopsis (A. thaliana), 
and soybean (Glycine max).

Among all Fe-S synthesis genes (Tab. 16.1), the majority are conserved in the five 
species compared and probably in all plants. Only eight genes are not conserved in 
all five species (Tab. 16.2), including SUFE2, NFU3, ISU2, ISU3, ISA2, NFU5, ADX2, 
and MMS19. Lack of conservation suggests that these genes are not essential for all 
plants. It may be that the losses of some non-conserved genes are compensated by 
paralogous genes. Indeed, except for SUFE2 and MMS19, all other non-conserved 
genes belong to a gene family, in which all members have similar functions and can 
compensate for each other. SUFE1–SUFE3 share the SUFE domain, but they are not 
in the same gene family. The presence or absence of a BOLA or NadA domain makes 
them work differently. MMS19 is the only gene without a paralogue that is not con-
served in all five species. MMS19 is encoded in the genome of all four multicellular 
plants including monocots and dicots, but it is not present in the unicellular algae, 
Chlamydomonas (Tab. 16.2). MMS19 is a central component of the NAR1-CIA1-CIA2-
MMS19 complex in mammalian cytosol required for targeting Fe-S clusters to apo-
proteins involved in DNA replication and DNA repair [89, 99, 100]. Hence, MMS19 
may be essential for the maintenance of genome integrity in multicellular plants. 
Unicellular green algae may employ a MMS19-independent mechanism for DNA 
repair. Most of the nonconserved genes are scaffolds, including NFU3, ISU2, ISU3, 
ISA2, and NFU5. An Fe-S biosynthesis machinery typically contains multiple scaf-
folds for delivering the preassembled [Fe-S] clusters to various target proteins. The 

Tab. 16.2: The Fe-S biosynthesis genes that are not conserved across green lineage using five 
species as examples.

Chlamydomonas Rice Tomato Arabidopsis Soybean

Plastid
 SUFE2 – – + + +
 NFU3 – + + + +
Mitochondria
 ISU2 – + + + +
 ISU3 – – – + +
 ISA2 – + + + +
 NFU5 – – – + –
 ADX2 – + + + +
Cytosol
 MMS19 – + + + +

–, Gene is not encoded in the genome of the specific species; +, gene is encoded in the species.
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least important nonconserved gene is NFU5, as it is encoded only in the genome of 
Arabidopsis among the five species compared here (Tab. 16.2). NFU5 and all other 
four NFU genes have been identified and characterized in Arabidopsis. NFU5 is an 
alternative scaffold in mitochondria of Arabidopsis.

The SUFE2 gene is present in all three dicot plants but not in the monocot rice 
(Tab. 16.2). Interestingly, more systematic phylogenetic analysis reveals that the 
SUFE2 gene is encoded in genomes of the majority of dicot plants ( > 90% of sequenced 
dicot species). In contrast, it is not present in all six monocot plant genomes, inclu-
ding Zea mays, Sorghum bicolor, O. sativa, Brachypodium distachyon, Setaria italica, 
Panicum virgatum. It seems that SUFE2 is perhaps a dicot-specific gene. As SUFE2 
expression is flower-specific and high in pollen, SUFE2 has been thought to speci-
fically function in pollen Fe-S cluster biosynthesis [41]. Hence, it is speculated that 
SUFE2 may be important for Fe-S assembly in pollens of dicots, but it is not required 
for Fe-S assembly in pollens of monocots.

16.6 Potential significance to agriculture

Gene mutations in Fe-S cluster biosynthesis are known to cause many severe disea-
ses and even death to humans [26, 33, 34]. The research on mammalian Fe-S biosyn-
thesis is of great medical importance. Gene mutations in Fe-S biosynthesis do not 
necessarily cause diseases in plants, but the resulting severe phenotypes, such as 
dwarf, chlorosis, and even embryonic lethality, highlight that Fe-S cluster assembly 
is an essential and basic biological pathway. Research on plant Fe-S biosynthesis is 
of potential significance to agriculture, based on the following reasons. First, iron is 
an important mineral nutrient to humans, and iron deficiency causes anemia and 
disorders. The majority of the world’s population acquires iron nutrition from plant 
foods (crops, grains, vegetables, fruits), and the iron contents in plant foods therefore 
affect human health. Further research on plant Fe-S cluster biosynthesis could help 
us to identify central gene(s) in regulating cellular iron metabolism, which could be 
used in genetic engineering to produce iron-fortified crops. Second, Fe-S proteins are 
involved in the assimilation of nitrogen, sulfur, molybdenum, and iron nutrition [24, 
25, 31]. These minerals are components of fertilizers widely used in agriculture. The 
Fe-S protein biogenesis in crops would affect the efficiency in the uptake and utili-
zation of mineral nutrients from fertilizers. Excellent gene alleles in the Fe-S protein 
biogenesis could be used as selection markers in molecular breeding to achieve high 
efficiency of crops in the uptake and utilization of mineral nutrients, and reduction 
in the use of fertilizers, which would be good for both agriculture and environmen-
tal protection. Third, toxic heavy metal pollution in soil is increasingly a problem to 
agriculture. Some of the Fe-S cluster assembly genes are already known to have func-
tions in improving plant tolerance to heavy metals. For example, the overexpression 
of NFS2 in plants results in higher tolerance to toxic levels of selenium [40], whereas 
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 increased expression of ATM3 increases the tolerance of plants to cadmium [103]. 
Better understanding of plant Fe-S cluster assembly could help us to develop strate-
gies to reduce toxic heavy metal accumulation in our foods.
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17  Origin and evolution of Fe-S proteins and enzymes
Eric S. Boyd, Gerrit J. Schut, Eric M. Shepard, Joan  
B. Broderick, Michael W. W. Adams and John W. Peters

17.1 Introduction

The strong relationship between the structure and reactivity of various Fe-S minerals 
and their derivatives and biological Fe-S clusters is beyond coincidental and provides 
insights into key aspects of the transition between the abiotic and the biotic earth. 
The near-universal occurrence and the functional diversity of Fe-S clusters in biology 
provide a strong basis for their essential role in biology and almost assuredly indicates 
that their use was a property of the Last Universal Common Ancestor (LUCA) ~3.5 to 
3.8 billion years ago and of more primitive life forms. The parallels between biological 
Fe-S clusters and Fe-S mineral structure and reactivity is one of the main arguments 
in support of an “Fe-S world” theory for the origin of life. There is a great deal of merit 
in arguments supporting a central role for Fe-S moieties in the origin and evolution of 
life given their ubiquitous role and central importance in electron transfer reactions 
and energy conservation in all modes of extant life. However, in addition to Fe-S clus-
ters, energy transformation reactions require nucleotide moieties, suggesting that the 
partnership between the “Fe-S world” and the “RNA world” was likely a very early 
protobiological event. This chapter brings together topics of Fe-S cluster structure, 
function, and biosynthesis, which have been emphasized in preceding chapters of 
this book, in the context of plausible pathways for their integration into biology as an 
important component of the origin and evolution of life.

17.2 Fe-S chemistry and the origin of life

A number of chemical properties inherent to Fe-S minerals and their derivatives 
compel us to think that they had a central role in the origin of life. Wächterhäuser’s 
“Fe-S world” suggests that the first protocells could have existed where Fe-S com-
pounds were not only at the heart of catalysis but could potentially function in  
heredity and compartmentalization [1, 2]. Others share the view that compartmen-
talization and even heredity may have been inorganic in nature, much in the same 
manner as the pioneers of the original “RNA world” theory suggested that the first 
generation of life involved RNA molecules with the combined roles of heredity and 
catalysis and energy metabolism [3, 4]. Many put the constraints for defining life as 
having the elements of a gene-encoded energy metabolism. Thus, both the “Fe-S 
world” and “RNA world” theories as they were originally drafted essentially suggest 
that the first life forms functioned with a single class of molecules. For biochemists 
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working with various metalloenzymes, the idea that first-generation metabolism 
could function without mineral- or metal-mediated chemistry seems impractical and 
unlikely. Although it is easy to envision that nucleotides had a role in metabolism 
from the onset of life, there is no rational reason to suggest that they functioned in the 
absence of minerals or mineral-derived metals and metal clusters. Wächtershäuser 
championed the idea that life arose in and around hydrothermal systems via a meta-
bolism-first scenario founded on the reductive citric acid cycle [5], an idea further 
explored by Russell and Hall [6]. A key feature of this theory is the notion that reac-
tions are catalyzed by pyrite, or other metal sulfides, such as Ni-Fe-S phases. Russell 
and colleagues [7, 8] have more recently proposed a metabolism-first theory in which 
ensembles of molecules are contained in iron-sulfide “membranes” (proto-memb-
ranes). A common notion in metabolism-first theories is that mineral catalysts were 
gradually replaced with protein-based biocatalysts. To support this notion, it is often 
noted that the active metal centers in many proteins, cofactors, and pigments are in 
fact remnants of their mineral-based precursors [9–13].

Whatever the merits of the “Fe-S world,” “RNA world,” and “metabolism-first” 
theories for the origin of life, the strong relationship between the structure and the 
reactivity of Fe-S minerals and the biological Fe-S clusters associated with extant life 
is believed by many to be too strong to be purely coincidental. The implications of this 
compelling relationship are that one can envision a path from minerals to enzymes 
and that perhaps the earliest life forms lived vicariously through aspects of the reacti-
vity of metals and minerals in their local environment. In this scenario, the selective 
pressure for the adaptation of metals in biology would be to refine their reactivity for 
specific functions and to release life from dependency on mineral surfaces, which 
would inherently lower the barrier for diversification into new ecological niches. The 
shared attributes of the abiotic and biotic world are invaluable for understanding 
potential mechanisms for the emergence of initial life and life’s functional diver-
sification over the past  > 3.8 billion years of evolution. A more detailed understan-
ding of the commonalities and parallels between the structure and reactivity of Fe-S  
minerals and the active sites of Fe-S proteins and enzymes could contribute signifi-
cantly to developing more advanced and rational theories for the origin of life that 
can be probed experimentally.

Fe-S clusters are well represented in both the abiotic [9] and biotic worlds [14, 
15]. For example, Fe-S minerals, in particular pyrite (FeS2) and pyrrhotite (Fe1-xS), are 
common on earth, whereas troilite (FeS) is common in iron meteorites. Moreover, 
various proteins and enzymes that have well defined Fe-S clusters are found in nearly 
all life forms. In addition to the essential role of Fe-S clusters in biological electron 
transfer, complex Fe-S clusters are known to be at the catalytic sites of many enzymes, 
including carbon monoxide dehydrogenase, hydrogenase, and nitrogenase [16]. These 
enzymes catalyze the activation of gases that were important on the early earth and 
in present-day biology, namely, hydrogen, nitrogen, carbon monoxide, and carbon 
dioxide, reactions that are often characterized by high activation barriers [17–20].  
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Given the similarity of enzymatic Fe-S clusters and iron-sulfide minerals and their 
derivatives, it has been suggested that biocatalysis was preceded by mineral-based 
catalysis on the prebiotic earth, with emerging life recruiting and optimizing mineral-
based catalysis over time [8, 13, 21, 22].

In some respects it is really not just the parallels that can be drawn between Fe-S 
minerals and biological Fe-S clusters that allow us to rationalize potential pathways 
connecting the two, but it is perhaps even more important to understand the differen-
ces. As the simplest example of an Fe-S mineral, pyrite consists of Fe and S arranged 
in a lattice of alternating disulfides (S2) intermingled with bound octahedral Fe in 
what is best described as the 2+ oxidation state. In contrast, the simplest biological 
Fe-S clusters contain Fe typically in the 2+ or 3+ oxidation state bound in a tetrahedral 
geometry to sulfide (S2–) and thiolate sulfurs (Fig. 17.1). When thinking about these 
two types of Fe-S structures, one can envision a continuum in which mineral surfaces 
are transformed through time by fracture and weathering. Subsequent extraction of 
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Fe ions and Fe-S fragments at these weathered surfaces by thiolate or carboxylate-
based chelators would result in the liberation of protobiological Fe-S clusters. Fe-S 
clusters of this sort have been generated in mimetic inorganic synthesis and have 
been demonstrated to essentially self-assemble and remain stable under anaerobic 
conditions [23–25].

In biological settings, the reactions catalyzed by the complex Fe-S clusters asso-
ciated with carbon monoxide dehydrogenase, acetyl-CoA synthase, hydrogenase, 
and nitrogenase, which all include the synthesis of small organic molecules and the 
redox dependent interconversion of small molecules, only act to provide additional 
enticement to invoke roles for Fe-S clusters in prebiotic chemistry and protobiology 
(Fig. 17.1). There is really no evidence of a step wise type progression that relates Fe-S 
mineral and biological moieties; however, the ability to envision such a hypotheti-
cal trajectory highlights the necessity for further examination of the properties and 
genesis of Fe-S clusters in the context of understanding the transition between abiotic 
and biotic earth and the origin of life.

17.3 The ubiquity and antiquity of biological Fe-S clusters

The previous chapters firmly establish the ubiquity of Fe-S clusters and their impor-
tance as essential components of living cells. In addition to the central role in general 
redox reactions and trafficking electrons, simple and more complex Fe-S clusters 
have key catalytic roles in a number of both catabolic and anabolic metabolic pro-
cesses [17, 18, 26–28]. The aforementioned connections that can be used to relate Fe-S 
minerals in nature and Fe-S clusters in biology coupled with the selective advantages 
of reactions involving Fe-S proteins and enzymes lead one to generally accept that 
these functionalities are ancient, primordial and even likely predate coded proteins 
and the LUCA [29–31]. Although there are clear limitations of phylogenetic work, espe-
cially for addressing origin of life problems, there is a great deal that can be learned 
about rational evolutionary paths for proteins as well as assigning hypothetical bio-
logical functionalities that might be ancient or even primordial. A loose requirement 
for something to be considered ancient or predating the LUCA of extant life is ubi-
quity among organisms comprising the three domains of life. This property was one 
of the key motivating factors for the pioneering work of Carl Woese in establishing 
16S/18S ribosomal RNA as a standard for defining taxonomic classifications and evo-
lutionary relationships between organisms forming the three domains of life [32, 33]. 
The protein synthesis machinery, the ribosome, is conserved across all the domains 
of life in form and function and is one of a number of functionalities that was likely a 
property of LUCA.

In addition to the ribosome, other functionalities exist that are universal among 
organisms throughout all domains of life. Several Fe-S protein and enzyme families 
can be placed into this category and probably the most obvious examples are the 
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ferredoxins [34, 35] and the radical S-adenosylmethionine (SAM) enzymes [36, 37]. 
Both are large families that are involved in a variety of cellular functions, occur in 
all domains of life, and are universally present in deeply rooted organisms within 
each domain. As touched on throughout this book, ferredoxins are key components in 
electron transfer in a broad range of metabolic processes. They are widely and integ-
rally distributed among both simple and complex metabolic pathways where they can 
exist as independent electron transfer functionalities or as domains associated with 
more complex redox enzymes. Examples of the latter include the numerous  ferredoxin 
binding domains present in the N- and C-terminal domains of [FeFe]- hydrogenase. 
Moreover, ferredoxins are involved in a number of widely  distributed components 
of energy metabolism including respiration and photosynthesis.  Ferredoxins and 
 ferredoxin-like domains of enzymes, especially those related to the 2-[4Fe-4S] fer-
redoxins, which are the most abundant, exist with a significant level of primary 
sequence and structural conservation and can be readily identified by the relative 
location of Cys residues in the primary sequence, or what is commonly referred to 
as Cys motifs. Motifs for binding [4Fe-4S] clusters that have been clearly conserved 
through all manner and form of extant life, are strongly suggestive of their antiquity 
and imply an origin that predates the Last Universal Common Ancestor (LUCA) of 
extant life.

The radical SAM enzyme family is defined by a conserved motif of Cys residues 
that are involved in binding a [4Fe-4S] cluster [36]. The Fe-S cluster in radical SAM 
enzymes is bound differently than in ferredoxins where four cysteine thiolates coor-
dinate the Fe ions of the cluster. In radical SAM proteins, the motif is defined by just 
three cysteines that coordinate only three of the Fe ions of the [4Fe-4S] cluster, leaving 
one unique Fe site free to bind the co-substrate SAM (Fig. 17.2) [38, 39]. The reduc-
tive cleavage of SAM that occurs at this “site-differentiated” Fe ion is common to all 
radical SAM enzymes and the 5ʹ-deoxyadenosyl radical product is associated with a 
large variety of radical reactions involving hydrogen atom abstraction. Although the 
reactions in which enzymes of the radical SAM family are involved are diverse, there 
are a couple of observations concerning the nature of the reactions and their evo-
lutionary characteristics that would indicate a potentially primordial origin. Similar 
to ferredoxins, radical SAM enzymes are present and widely distributed through all 
domains of life and their functionalities are associated with processes often ascribed 
to primitive metabolisms (e.g. hydrogenotrophic methanogenesis), and as such are 
present in numerous deeply rooted lineages. It has been suggested that the radical 
SAM enzyme anaerobic ribonucleotide reductase, responsible for the conversion of 
ribonucleotides to deoxyribonucleotides, is more ancient than other forms of ribo-
nucleotide reductases [40]. If true, this implies that DNA synthesis is dependent 
on Fe-S cluster chemistry or biochemistry, consistent with an origin for Fe-S cluster 
chemistry/biochemistry prior to the divergence from LUCA. Moreover, this observa-
tion may suggest that SAM-mediated Fe-S cluster chemistry/biochemistry predates 
encoded proteins, at least DNA-encoded proteins. The ferredoxins and radical SAM 
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enzymes are just two specific examples of ancient Fe-S cluster proteins, but there are 
a number of other connections that can be drawn to suggest that Fe-S chemistry is as 
much of a hallmark of life as nucleotides and nucleic acids.

Increased application of phylogenetic and bioinformatic tools clearly point to 
the ubiquity of Fe-S clusters in early life and suggest a primitive origin for their use 
in biology that predates the proposed appearance of LUCA ~3.8 billion years ago.  
Although it is unclear what type of environment may have precipitated the emer-
gence of life and which may have sustained early life, hydrothermal vents harbor a 
number of features that lead many to suggest these as potential originators of life  
[7, 41]. Most notable among these are the strong redox gradients present in these 
systems that are created by the merging of very reduced and hot (~350°C) hydrother-
mal fluids with lower temperature sea water, creating a suitable energetic driving 
force for the generation of mineral-based catalysts. As an example, the presence of 
elevated concentrations of iron and sulfide in these environments react spontane-
ously to form Fe-S clusters (nanoparticles) that can be further reduced by sulfide to 
generate Fe-S2 and molecular H2 [42]. Fe-S and Fe-S2 produced through these anoxic 
abiotic reaction pathways under the sulfidic and ferruginous conditions present at 
hydrothermal vents may have catalyzed primitive reactions that were adapted and 
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refined by biology as protein catalysts, as outlined in detail in previous sections. 
However, the critical questions become how life met its Fe-S cluster requirements for 
enzyme-based catalysis as it diversified away from sulfidic and ferruginous environ-
ments and how the mechanisms that life employs to generate simple Fe-S clusters 
may have been impacted by the advent of oxygenic photosynthesis and the gradual 
oxidation of early earth environments.

Life’s requirements for Fe-S clusters has led to the emergence of redundant 
mechanisms to control their synthesis, namely the iron-sulfur cluster (ISC), sulfur for-
mation (SUF), the nitrogenase system (NIF), and the APB systems [43–45]. It has been 
suggested previously that the various systems can be categorized as those used for 
general housekeeping (ISC), those used under oxidative stress (SUF), and those used 
for the synthesis of Fe-S clusters associated with specific processes, e.g. NIF, nitroge-
nase. Although the evolutionary trajectory of these systems is complex and remains 
unclear to date, the presence of multiple pathways in some organisms speaks to the 
central role of Fe-S clusters in biology. Unlike ISC, which exhibits a wide distribution 
among bacteria and eukaryotes, the SUF system of Fe-S cluster assembly is present 
in anaerobic methanogens and several archaea, as well as bacteria, which may point 
to its primitive nature and origin prior to the origin of oxygenic photosynthesis. The 
near-universal occurrence of SUF in oxygenic cyanobacteria and other aerobes sug-
gests that SUF proteins evolved mechanisms to deal with O2, and these adaptations 
likely underpin the utility of this system in repairing Fe-S clusters during the oxi-
dative stress response [43]. Further bioinformatic work is needed to tease apart the 
phylogenetic distribution and complex evolutionary history of the major Fe-S cluster 
assembly systems and to provide insight into the role of major geological events  
(e.g. rise of oxygen, nitrogen crisis) in their evolutionary history.

Among the components of the major Fe-S cluster assembly systems are several 
proteins that have shared evolutionary history and that are common among the diffe-
rent assembly systems [43]. Similarities between the homologues present challenges 
in delineating the taxonomic distribution of the major Fe-S cluster assembly systems, 
but at the same time provide opportunities to place the pathways in evolutionary 
time, relative to each other. Homologous copies of cysteine desulfurase (encoded by 
nifS, iscS, sufS/E) [46], which functions to abstract sulfide from cysteine for use as a 
sulfur source in Fe-S cluster synthesis [47], are often encoded by each of the three 
major systems. As an interesting side note, methanogens do not encode for a homo-
logue of cysteine desulfurase and instead presumably derive sulfur for Fe-S cluster 
biosynthesis from sulfide, a phenotype that has been attributed to the distribution of 
methanogens primarily within ecological niches that are anoxic and rich in sulfide 
[48]. However, the availability of sulfide in the environment is unlikely to explain the 
absence of a recognizable cysteine desulfurase, as other physiological groups that 
do not inhabit sulfidic environments also lack homologues of cysteine desulfurases. 
Like cysteine desulfurase, U-type scaffold (IscU, NifU, and SufU) and A-type scaffold 
(NifA, IscA, and SufA) proteins are encoded by each system where they function as 
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platforms for Fe-S cluster synthesis [43]. These scaffolds harbor numerous cysteine-
rich regions that coordinate cluster synthesis; the Fe-S clusters formed at these sites 
are often only bound transiently and are ultimately transferred to apoenzymes.

A critical challenge for all extant life is protecting redox-sensitive Fe-S clusters 
from oxidative damage due to molecular oxygen or oxygen radicals. This raises the 
central question as to what the response of Fe-S cluster assembly processes was to 
the origin of oxygenic photosynthesis and the gradual rise of oxygen. The rise of 
oxygen would have created at least two problems for biology. First, early oceans 
were reduced and replete with ferrous iron, which may have acted as the selective 
pressure leading to the emergence of and proliferation of Fe-dependent enzymes 
and proteins [49]. However, the gradual production of oxygen would eventually 
overcome the “buffering capacity” of the reduced ocean, due in part to the abun-
dance of reduced iron [50]. Simultaneously, the once-abundant soluble Fe2+ pools in 
oceans gradually diminished as iron was oxidized and became less soluble, placing 
strong selection on the development of mechanisms for acquiring and sequeste-
ring iron, which may have been achieved through the use of chelators and perhaps 
scaffold proteins or ferritins, respectively. Second, once the sinks for oxygen had 
been overcome and oxygen began to accumulate in natural systems, biology would 
need to develop mechanisms to shield intracellular Fe-S clusters from coming into 
direct contact with oxygen, or retreat to anoxic niches where oxygen would not be 
freely available to destabilize Fe-S clusters. Accordingly, the Fe-S cluster assembly 
process is likely a sentinel system that accurately reflects selection in the face of 
oxygen-induced oxidative stress, a feature that should be clearly depicted in the 
evolutionary history of constituent proteins. Alternatively, it is possible that the red-
undant Fe-S cluster assembly processes evolved in response to the requirement for 
a stress-resistant cluster assembly pathway or quick production of Fe-S clusters in 
actively O2 respiring cells, which would be evident in a taxonomic profiling of the 
distribution of the various Fe-S assembly systems. Further phylogenetic and taxo-
nomic analysis of the distribution of SUF and ISC on taxonomic trees, especially 
during the emergence of cyanobacteria, would go a long way toward defining the 
role of oxygen in the evolution of biological Fe-S cluster assembly.

17.4 Early energy conversion

Electron transfer-linked ion pumping across an ion-impenetrable barrier likely 
represents the most ancient form of energy conservation. We propose that Fe-S 
minerals provided the raw materials that enabled Fe-S clusters to both function 
in the capacity to act as electron wires and to catalyze redox-linked reactions. 
Moreover, Fe-S clusters have potentially a third function in being able to couple 
electron transfer and proton translocation, thereby affecting the first form of 
biological energy conservation. A good example is the class of energy-conser-
ving, membrane-bound [NiFe]-hydrogenase (MBH) found in hyperthermophilic  
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organisms. These grow at extreme temperatures and are thought by some to be 
the most ancient of extant microbes. These MBH enzymes catalyze the coupling 
of electron transfer from ferredoxin through a highly conserved Fe-S cluster to 
proton reduction (hydrogen gas production), and this is also coupled to thermody-
namically unfavorable ion pumping [51]. Phylogenetic analyses of these enzymes 
demonstrated that this is a blueprint for ancestral energy-conserving mechanisms 
and that this mechanism of electron transfer through these Fe-S clusters is highly 
conserved and used throughout almost all present life forms [52]. In some cases 
the oxidation of simple one-carbon compounds, such as carbon monoxide, and 
formate, is coupled to H2 production and energy conservation based on the MBH 
mechanism. This Fe-S-dependent MBH system also provided the framework for the 
evolution of modern-day oxygen-dependent respiratory systems that use NADH as 
the source of electrons and the Fe-S electron wire and ion-translocating mecha-
nisms are without doubt evolutionarily related to those in the MBH-type systems. 
It is therefore clear that these types of Fe-S clusters are extremely well conserved 
through out respiratory systems and that ancestral life performing some kind of 
respiration most likely contained homologues of these electron wire modules.

Recent new insights and the discovery of electron bifurcation mechanisms have 
reinforced the central role of Fe-S clusters in diverse and arguably ancient metabolic 
processes. Electron bifurcation refers to the mechanism by which endergonic and 
exergonic reactions are coupled in energy conservation transformations. The key 
component of bifurcating mechanisms is the essential and central role of a two- 
electron donor/acceptor group, which, for all characterized bifurcating mechanisms, 
is a flavin that allows the switching/splitting of electrons. Energy conservation by 
electron bifurcation was first proposed in 2008 [53], in which an exergonic reaction 
drives an endergonic reaction without the involvement of an ion gradient. In this 
case, the cytoplasmic enzyme complex butyryl-CoA dehydrogenase catalyzes the 
reduction of crotonyl-CoA (E0ʹ  =  –10 mV) to butyryl-CoA with NADH (E0ʹ  =  –320 mV) 
as the electron donor, and this is coupled to the endergonic reduction of ferredoxin  
(Em  =  –410 mV). As a consequence of this pair of linked redox reactions, the oxi-
dation of NADH can be coupled to H2 production and consequently associates 
electron bifurcation and respiration processes. The flavin-containing systems 
characterized to date are butyryl-CoA dehydrogenase, bifurcating [FeFe]-hyd-
rogenase, hydrogenase-heterodisulfide reductase, trans-hydrogenase (NfnAB), 
bifurcating NADP [FeFe]-hydrogenase/formate dehydrogenase complex, and 
caffeyl-CoA reductase [54]. By mixing or splitting high/low-potential electrons 
through the flavin, unfavorable redox reactions can be driven by simultaneous 
exergonic redox reactions. Electron bifurcation is also assumed to be an ancient 
energy-conserving mechanism. Indeed, flavins (including the methanogenic 
cofactor F420, described in the following paragraph) can be considered remnants 
of an RNA world. In addition, flavins are often loosely associated with prote-
ins and it can be argued that other, more simple redox active centers such as 
Fe-S clusters played their present-day role in an ancient bifurcation system. The  
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importance of Fe-S clusters in bifurcation systems is striking in the case of the 
[FeFe]-hydrogenase. That some of these enzymes have a bifurcation mechanism was 
first demonstrated with the [FeFe]-hydrogenase of the hyperthermophilic bacterium 
Thermotoga maritima (Fig. 17.3) [55]. This organism contains a standard Embden-
Meyerhof glycolytic pathway that produces both NADH and reduced ferredoxin as 
electron carriers. The exergonic electron transfer from ferredoxin to the [FeFe]-hyd-
rogenase active site is used to pull the endergonic transfer of electrons from NADH, 
ultimately producing H2 from both reduced ferredoxin and NADH simultaneously. 
Interestingly, some of the Fe-S clusters that act as electron wires in the [FeFe]-hydro-
genase are highly conserved in the present-day versions of Complex I, again empha-
sizing the evolutionary importance and the catalytic power of Fe-S clusters [52].

The current examples of bifurcation systems are highly evolved, indicating a long 
evolutionary history, although they are mostly found within strict anaerobic orga-
nisms. In methanogens, hydrogenase-heterodisulfide reductase (H2 to heterodisul-
fide and ferredoxin) does not involve nicotinamide nucleotides, although the central 
methanogenic pathway uses the flavin-like cofactor F420, supporting the notion that 
methanogens are present-day representatives of an ancient organism. Meanwhile, 
some butyrate-producing clostridial species use a bifurcating butyryl-CoA dehydroge-
nase (NADH to crotonyl-CoA and ferredoxin) that does not rely on Fe-S clusters (other 
than the ferredoxin) but rather contains only FAD as a cofactor [56]. Although an “all 
Fe-S” bifurcating system lacking flavin has yet to be identified, the ability of Fe-S clus-
ters to carry out two-electron transfer reactions, e.g. [4Fe-4S]1+,2+,3+, and to carry out 
proton-coupled (hydride) transfer reactions, e.g. in [FeFe]-hydrogenase, argues that 
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these moieties could have substituted for the role currently played by flavin in early 
bifurcating systems.

Electron bifurcation, together with substrate-level phosphorylation, and  
electron transport or chemiosmotic phosphorylation make up the three known 
mechanisms of biological energy conservation. Formally, substrate-level phospho-
rylation does not involve redox reactions per se, but the phosphorylating enzymes 
are typically part of oxidative pathways. In the case of the oxidation of glucose to 
acetate, the two oxidation steps [at the level of glyceraldehyde-3-phosphate (GAP) 
and pyruvate] were probably linked to ferredoxin reduction in the earliest forms of 
these pathways, such as those now present in several hyperthermophilic anaero-
bic microorganisms, which contain GAP and pyruvate oxidoreductases (GAPOR and 
POR). Note that GAPOR generates 3-phosphoglycerate, which cannot be used for 
substrate-level phosphorylation, rather than 1,3-bisphosphoglycerate, which can. 
Hence, energy is conserved in the GAPOR reaction in the form of a low-potential 
reductant (reduced ferredoxin), which uses the reducing equivalents to generate 
H2 that is coupled to ion transport via the energy-conserving [NiFe]-MBH described 
in previous paragraphs. Most anaerobes have replaced GAPOR with GAP dehydro-
genase (GAPDH) in which NAD is reduced (rather than ferredoxin) and energy is 
conserved in the form of 1,3-bisphosphoglycerate, which can be used for ATP syn-
thesis. As discussed above, bifurcating [FeFe]-hydrogenase enables reductant from 
both reduced ferredoxin and NADH to be diposed of as H2, as with the anaerobe  
T. maritima. Aerobes have similarly replaced POR with NAD-linked pyruvate dehyd-
rogenase, but in this case, energy is conserved by aerobic respiration. In any event, 
electron transfer reactions involving Fe-S clusters dictate the mechanism in which 
energy can be conserved in pathways, for example, via GAPOR or GAPDH. Accordin-
gly, a unifying theme among all three mechanisms of energy conservation in bio-
logical systems is oxidation-reduction chemistry mediated in part by Fe-S clusters 
that in many cases are ferredoxins.

A hallmark in much of this chemistry is the aforementioned pairing of Fe-S pro-
teins and nucleotides, which reinforces the thought that the intimate relationship 
between Fe-S protein motifs and nucleotides as coenzymes and cofactors in metabolic 
pathways was forged very early. In the context of the origin of life, the Fe-S moieties 
in prebiotic energy-transducing reactions are attractive given their observed versati-
lity in accessing a large range of oxidation-reduction potentials. This allows them to 
participate in a wide range of oxidation-reduction reactions, and as such, it is hard to 
imagine a nucleotide-based primordial energy metabolism that did not involve part-
nering with an Fe-S functionality. The aforementioned versatility of the simple Fe-S 
cluster cubanes in biology and their ubiquitous involvement in oxidative and reduc-
tive processes indeed place them at a seminal crossroads in the origin and evolution 
of early life on Earth.
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17.5 Evolution of complex Fe-S cluster containing proteins

Our most recent work on Fe-S cluster biosynthesis has revealed that the parallels 
between the prebiotic Fe-S mineral reactivity and Fe-S enzymes go beyond common 
chemical reactivity. We have demonstrated that the stepwise modification of Fe-S 
clusters in biology occur by reactions of the type that can also be clearly rationalized 
in terms of the conditions on an early abiotic Earth [57]. These observations include 
radical-based reactions that transform Fe-S clusters by ligand modification and which 
tune their reactivity [13, 58–61]. Through the simple stepwise introduction of specific 
nonprotein ligands and other (non-iron) metals, simple Fe-S clusters are transformed 
into highly reactive metal sites that perform Hadean (representing the earliest eon in 
the Earth’s history) chemistry. Such reactions are present today as the key fundamen-
tal biochemical transformations that support hydrogen, nitrogen, and carbon meta-
bolism in microbial life. The results strongly suggest that the pathway from minerals 
to enzymes and the origin of simple metabolism is preserved in today’s biochemistry.

Our work and the work of others suggest that there are two paradigms for  
generating the metal-containing enzyme active sites (Fig. 17.4) [57]. The first invol-
ves ancestral proteins with defined cavities serving as organic nests for the binding 
of reactive mineral clusters. In this model, these mineral clusters are refined step-
wise through evolutionary time to improve reactivity through the synthesis of a well-
defined cofactor with a combination of small molecule and chelating ligands. This 
paradigm appears to apply for nitrogenase and [FeFe]-hydrogenase. A second para-
digm appears to exist for [NiFe]-hydrogenase and carbon monoxide dehydrogenase 
[62, 63]. These enzymes do not acquire an intact preformed metal cofactor, but rather 
each metal ion or a group of metal ions is modified on the pre-catalytic protein in 
a stepwise fashion. From our preliminary work, we have found that the apparently 
subtle differences in these paradigms have profound implications on the two types 
of biosynthetic pathways involved, the maturation proteins that these pathways 
contain, and consequently on how the two pathways involved in the synthesis of the 

Fig. 17.4: (right) The path from mineral catalysis to biocatalysis represented to begin with  
Fe-S-based minerals (shown here as pyrite) and radiating out via hypothetical modified cluster 
intermediates to complex Fe-S enzymes. The top half depicts [FeFe]-hydrogenases (left) and 
[NiFe]-hydrogenases (right), which both catalyze reversible H2 oxidation reactions. The bottom 
half shows nitrogenase catalyzing N2 reduction (left) and carbon monoxide dehydrogenase 
catalyzing reversible CO oxidation (right). The representation is defined by the two evolutionary 
paradigms: paradigm 1, [FeFe]-hydrogenase and nitrogenase; paradigm 2: [NiFe]-hydrogenase and 
carbon monoxide dehydrogenase). Color scheme: red, iron; orange, sulfur; gray, carbon; cyan, 
molybdenum; green, nickel. (left) The maturation pathways of nitrogenase and [FeFe]-hydrogenase 
enzymes that represent paradigm 1. Importantly, the panel highlights the central role that radical 
SAM chemistry plays in the biosynthetic process. The term “sub” in the [FeFe]-hydrogenase pathway 
reflects synthesis of the [4Fe-4S] and 2Fe subclusters of the H-cluster, respectively.
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Fe-S-based catalytic sites likely evolved from abiotic mineral precursors. The fact that 
the biosynthesis of active site clusters in these two types of enzyme follow different 
paradigms is somewhat surprising especially for the [NiFe]- and [FeFe]-hydrogenases, 
which catalyze the same chemical reaction despite being evolutionarily unrelated 
(i.e. convergent evolution) [62]. Our studies suggest that the nitrogenase and [FeFe]-
hydrogenase structural proteins observed in extant biology were later innovations in 
biological evolution, likely emerging to refine chemistry already catalyzed by unique 
radical-based enzymes [57, 64–66]. The radical enzymes involved in nitrogenase and 
[FeFe]-hydrogenase cofactor biosynthesis catalyze the key Fe-S modifications that are 
responsible for the specialized reactivity of these enzymes and are the key determi-
nants of their ancestry [59]. Such radical-based enzymes are an interesting example 
of the marriage between elements of the Fe-S world and the RNA world where the 
nucleotide SAM promotes unique chemical reactivity that can be firmly placed as the 
type of reactivity that could have promoted mineral modifications in the prebiotic 
Earth to facilitate prebiotic chemistry [13, 40]. The radical SAM centric Fe-S cofactor 
reactivity underpins the first paradigm for cluster assembly. In contrast to the first 
paradigm, preliminary phylogenetic analysis of [NiFe]-hydrogenase, as an example 
of the second paradigm, appears to indicate that the structural proteins are more 
ancient than the biosynthetic components, and perhaps are primordial. In contrast to 
the synthesis and insertion of intact cofactors, the assembly of these proteins invol-
ves modification of metal ions that are already inserted into the protein and that will 
eventually become catalytic once those metal ions are suitably modified.

17.6 The path from minerals to Fe-S proteins and enzymes

Although the relationship between Fe-S minerals and protein-based Fe-S clusters is 
too strong to be coincidental, visualizing the series of steps that might link the two is 
not as clear-cut. We can perhaps envision a form of early life or protolife that might 
have lived vicariously off the capacity for oxidation-reduction reactions and the cata-
lytic potential provided by a mineral surface. Life constrained to a mineral surface 
would be under constant selective pressure to generate mechanisms to effect a release 
from the dependency on the surface and as such expand its ecological distribution. 
From this perspective, initial levels of Fe homeostasis, cluster biosynthesis, and first 
generation functional metal clusters were likely satisfied simultaneously via the  
weathering of mineral surfaces and subsequent chelation of metals and clusters. 
Organic nesting of metal ions not only released reactive metal clusters from the 
surface but also concurrently brought about functional diversification. There likely 
would be ongoing selective pressure that would continue to drive the formation and 
refinement of such organically nested iron ions and the fact that many cofactors have 
a combination of protein and nonprotein organic ligand architectures may illustrate 
this sort of evolutionary progression.
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