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standing of inorganic reaction mechanisms, with focus on dioxygen activation.
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metal complexes, in the properties of metalloenzymes, and in Multi-Frequency
Electron Paramagnetic Resonance. Furthermore, she explores multi-functional
materials based on transition metal compounds including lanthanide complexes.

Peter M. H. Kroneck received his Diploma in Chemistry from the University
of Basel (Switzerland) and his PhD from the University of Konstanz (Germany).
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ity of Inorganic Compounds” (1988), the “Handbook on Metals in Clinical and
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Historical Development and Perspectives
of the Series
Metal Ions in Life Sciences’

It is an old wisdom that metals are indispensable for life. Indeed, several of
them, like sodium, potassium, and calcium, are easily discovered in living matter.
However, the role of metals and their impact on life remained largely hidden
until inorganic chemistry and coordination chemistry experienced a pronounced
revival in the 1950s. The experimental and theoretical tools created in this period
and their application to biochemical problems led to the development of the
field or discipline now known as Bioinorganic Chemistry, Inorganic Biochemistry,
or more recently also often addressed as Biological Inorganic Chemistry.

By 1970 Bioinorganic Chemistry was established and further promoted by the
book series Metal lons in Biological Systems founded in 1973 (edited by H. S,
who was soon joined by A. S.) and published by Marcel Dekker, Inc., New York,
for more than 30 years. After this company ceased to be a family endeavor and
its acquisition by another company, we decided, after having edited 44 volumes
of the MIBS series (the last two together with R. K. O. S.) to launch a new and
broader minded series to cover today’s needs in the Life Sciences. Therefore, the
Sigels’ new series is entitled

Metal Ions in Life Sciences.

After publication of 16 volumes (since 2006) with various publishers during the
past 10 years, we are happy to join forces (from Volume 17 on) in this still
growing endeavor with Walter de Gruyter GmbH, Berlin, Germany, a most ex-
perienced Publisher in the Sciences.

The development of Biological Inorganic Chemistry during the past 60 years
was and still is driven by several factors; among these are (i) attempts to reveal
the interplay between metal ions and hormones or vitamins, etc., (ii) efforts
regarding the understanding of accumulation, transport, metabolism, and toxic-
ity of metal ions, (iii) the development and application of metal-based drugs,

* Reproduced with some alterations by permission of John Wiley & Sons, Ltd., Chiches-
ter, UK (copyright 2006) from pages v and vi of Volume 1 of the series Metal Ions in Life
Sciences (MILS-1).
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(iv) biomimetic syntheses with the aim to understand biological processes as well
as to create efficient catalysts, (v) the determination of high-resolution structures
of proteins, nucleic acids, and other biomolecules, (vi) the utilization of powerful
spectroscopic tools allowing studies of structures and dynamics, and (vii), more
recently, the widespread use of macromolecular engineering to create new bio-
logically relevant structures at will. All this and more is reflected in the volumes
of the series Metal Ions in Life Sciences.

The importance of metal ions to the vital functions of living organisms, hence,
to their health and well-being, is nowadays well accepted. However, in spite of all
the progress made, we are still only at the brink of understanding these processes.
Therefore, the series Metal Ions in Life Sciences links coordination chemistry
and biochemistry in their widest sense. Despite the evident expectation that a
great deal of future outstanding discoveries will be made in the interdisciplinary
areas of science, there are still “language” barriers between the historically sepa-
rate spheres of chemistry, biology, medicine, and physics. Thus, it is one of the
aims of this series to catalyze mutual “understanding”.

It is our hope that Metal Ions in Life Sciences continues to prove a stimulus
for new activities in the fascinating “field” of Biological Inorganic Chemistry. If
so, it will well serve its purpose and be a rewarding result for the efforts spent
by the authors.

Astrid Sigel and Helmut Sigel
Department of Chemistry, Inorganic Chemistry
University of Basel, CH-4056 Basel, Switzerland

Roland K. O. Sigel
Department of Chemistry
University of Ziirich, CH-8057 Ziirich, Switzerland

October 2005
and September 2016
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Preface to Volume 20

Transition Metals and Sulfur:
A Strong Relationship for Life

Transition metal-sulfur sites play key roles in biology. In general, many transition
metal ions — also often called trace elements — are essential to all living organ-
isms. Notably, the number of these essential elements increased over the years,
and the list of their biological functions has also grown steadily. Remarkable
progress has been made in understanding the chemistry operating at the biologi-
cal sites, furthermore early on it became likely that many transition metal ions
harbor sulfur ligands in the metal coordination sphere. The structure and the
reactivity of these metal-sulfur centers was quite different from anything found
in regular coordination complexes. Yet, biomimetic inorganic chemistry, modern
spectroscopic techniques, and high resolution protein crystallography made im-
portant contributions to unravel the properties of the metal-sulfur sites, with
iron-sulfur and blue copper proteins as prime examples. In this volume of Metal
Ions in Life Sciences the focus will be on some of the most intriguing, in our
view, biological transition metal-sulfur sites. These include the blue type 1 Cu
and the purple mixed-valent CuA electron transfer sites, the tetranuclear CuZ
catalytic center of nitrous oxide reductase, the heme-thiolate complex in cyto-
chrome P45, the iron-sulfur proteins with bound inorganic and organic sulfur,
the pterin dithiolene cofactor coordinated to Mo or W, the polynuclear metal
clusters of nitrogenase, the coupled siroheme-[4Fe-4S] center of sulfite reductase,
the NiFeS sites of hydrogenases and CO dehydrogenase, and the Zn-finger do-
mains. We are fully aware of the excellent books and authoritative reviews on
various aspects of the subject, however, it is our motivation to cover in one single
volume source this exciting domain of bioinorganic chemistry.

In Chapter 1 the reader is introduced to the general subject “What is so excit-
ing about transition metal sulfur sites in biology”, including a backward glance

Metal Ions in Life Sciences, Volume 20 Guest Editors: Martha E. Sosa Torres and Peter M. H. Kroneck
Series Editors: Astrid Sigel, Eva Freisinger, and Roland K. O. Sigel

© Walter de Gruyter GmbH, Berlin, Germany 2020, www.mils-WdG.com
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to the early days of bioinorganic chemistry and the exploration of transition
metal sulfur sites. Classically, metal ions are inorganic in nature, they have had
a long and distinguished history at the interface of chemistry and biology, nowa-
days referred to as bioinorganic chemistry. The focus of Chapter 2 is on the non-
metallic element sulfur. Important inorganic forms in the biosphere are elemen-
tal sulfur, sulfate, and sulfide. Because of its range of stable oxidation states (46
to -2), sulfur plays important roles in central biochemistry and is intimately
related to life on Earth. It is present in all major classes of biomolecules, such
as enzymes, proteins, sugars, nucleic acids, vitamin cofactors, and metabolites.
Transition metal sulfur complexes display intriguing catalytic activities. They pro-
vide surfaces and complex cavities in metalloenzymes that activate H,, CO, N,
or N,O, in multi-electron, multi-proton transfer reactions. Given sulfur’s diverse
properties, evolution made an excellent choice in selecting sulfur as one of the
basic elements of life.

Chapter 3 is devoted to one of the most studied metal sites in biology, the blue
type 1 Cu center. The first coordination sphere of these Cu sites hosts two histi-
dine (His) and one cysteine (Cys) residues, with a short Cu-S bond, as ligands
in a trigonal geometry, that renders this unique Cu center an efficient and tun-
able electron transfer site employed in various important redox processes. Next,
the binuclear mixed-valent CuA site is discussed in Chapter 4. CuA acts as an
electron transfer hub in the terminal redox enzymes cytochrome ¢ oxidase and
nitrous oxide reductase. Its complex electronic structure is coupled to its capabil-
ity as highly efficient electron transfer agent used in energy conservation. The
insights provided by applying advanced spectroscopic techniques to native and
bioengineered CuA centers are reviewed in an authoritative manner. In Chap-
ter 5 the tetranuclear copper sulfide CuZ center of nitrous oxide reductase is
discussed. This key enzyme of the biogeochemical nitrogen cycle catalyzes the
reduction of the greenhouse gas N,O to N, and H,O. There exist two forms,
CuZ(4CulS) and CuZ(4Cu2S), leading to considerable differences in their spec-
troscopic and catalytic properties which are reviewed in detail. The catalytic
cycle of nitrous oxide reductase has been explored, and one of the intermediates,
CuZ°, being in the [1Cu?*-3Cu! "] oxidation state, becomes rapidly reduced by
mixed-valent CuA to [4Cu!T]. The complex nature of the tetranuclear CuZ cen-
ter has posed several questions concerning its assembly and its active form in
vivo.

Cytochromes Pyso (CYPs) are in the focus of Chapter 6. Among nature’s most
versatile catalysts, these heme-thiolate enzymes participate in countless essential
life processes. They exist in all domains of life, Bacteria, Archaea, and Eukarya,
and even in viruses. CYPs fight drugs, poisonous compounds in plants, carcino-
gens formed during cooking, and environmental pollutants, the first line of de-
fense to detoxify and solubilize poisonous substances by reacting them with O,.
Iron is proximally coordinated by a thiolate sulfur, and this ligation state repre-
sents the active form of the enzyme. CYPs share a sophisticated catalytic cycle
that involves high-valent Fe(IV) species as key intermediates, with characteristic
properties, crucial for the cleavage of strong C-H bonds.

Chapter 7 centers on iron-sulfur clusters, ubiquitous protein cofactors com-
posed of Fe, inorganic, and organic sulfur ligands. They belong to the most an-
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cient metal sites and may have been crucial for the evolution of life on Earth.
They participate in many central metabolic processes like nitrogen fixation, res-
piration and DNA processing and repair. Organisms evolved various machineries
to synthesize and then transfer iron-sulfur clusters into target proteins which
is discussed in depth. Genome analysis allowed the prediction of the proteins
containing iron-sulfur clusters across a broad variety of living organisms, estab-
lishing links between the size and composition of iron-sulfur proteomes and the
types of organisms that encode them. Given their key functions in metabolism,
dysfunctions of mutations in iron-sulfur proteins, or in proteins participating in
iron-sulfur cluster biogenesis, are associated with serious human diseases. In
Chapter 8 recent exciting developments in the field of biological nitrogen fixation
and nitrogenase are summarized. This enzyme mediates the reductive cleavage
of the stable triple bond of gaseous N, at ambient conditions of temperature
and pressure, driven by the hydrolysis of ATP, to yield bioavailable ammonium.
At the core of nitrogenase resides a complex, iron-sulfur based cofactor that
in most variants of the enzyme contains a heterometal, Mo or V, homocitrate
coordinated to this heterometal, and the interstitial carbide. Spectroscopic stud-
ies helped in trapping and identifying reaction intermediates, and inhibitor- or
intermediate-bound structures of the cofactors were characterized by X-ray crys-
tallography.

The last 20 years have seen a dramatic increase in the mechanistic understand-
ing of the reactions catalyzed by pyranopterin Mo and W enzymes which are in
the focus of Chapter 9. These enzymes possess pyranopterin ene-1,2-dithiolate
(Moco), a novel ligand in bioinorganic chemistry. A synopsis of its biosynthesis
and structure is presented, along with the current understanding of the role
Moco plays in enzymatic catalysis. Oxygen atom transfer (OAT) reactivity is
discussed in terms of breaking strong metal-oxo bonds and the mechanism of
OAT catalyzed by enzymes of the sulfite oxidase (SO) family that possess di-
oxo active sites. The hallmark of sulfite reductase, discussed in Chapter 10, is its
catalytic center made of an iron-containing porphyrinoid called siroheme that is
covalently coupled to a [4Fe-4S] cluster through a cysteine bridge. Siroheme is an
isobacteriochlorin that is more readily oxidized than protoporphyin IX-derived
hemes. The chapter summarizes (i) how microbes use sulfite reductase to survive
in a range of ecosystems, (ii) how atomic-resolution structures of dissimilatory
and assimilatory sulfite reductases reveal their ancient homology, (iii) how the
coupled siroheme-[4Fe-4S] cluster catalyzes the six-electron reduction of sulfite
to sulfide, and (iv) how siroheme is synthesized across diverse microorganisms.
In Chapter 11, three enzymes relying on the interplay of nickel, iron, and sulfur
in their active sites, [NiFe]-hydrogenases, Ni,Fe-containing carbon monoxide de-
hydrogenases, and acetyl-CoA synthases, are reviewed. Prokaryotes use these
enzymes to catalyze reactions driving the global carbon and hydrogen cycles.
Although their active sites have different compositions and assemble Ni, Fe, and
S in different ways and for different purposes, they share a central role of Ni in
substrate binding and activation, with sulfur linking the Ni ion to one or more
Fe ions. A short overview on the properties of the three individual enzymes
highlights their parallels and differences.
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Finally, in Chapter 12 the zinc-finger (ZF) motif is discussed. It represents the
majority of the DNA-binding domains, including 3 % of the human genes and,
besides its DNA recognition function, it is involved in many diverse processes,
such as RNA packaging, transcriptional activation, regulation of apoptosis, pro-
tein folding and assembly, and lipid binding. While the amino acid composition
varies from one domain to the other, a shared feature is the coordination of a
structural Zn(II) ion, by a different combination of cysteine and histidine ligands,
with Zn-Cys,His, representing the classical finger. The current knowledge on
the main classes of eukaryotic and prokaryotic ZFs is summarized, focusing on
the role of the Zn(II) ion, the folding mechanism, and the DNA binding. The
hypothesis of a horizontal gene transfer from prokaryotes to eukaryotes is also
discussed.

In conclusion, volume 20 of the Metal Ions in Life Sciences series offers a
wealth of in-depth information about the structural and functional properties
of transition metal-sulfur sites in living organisms. Significant advances in our
understanding of these important metal centers have been achieved by the appli-
cation of powerful spectroscopic and biochemical techniques including the use
of molecular engineering to create new biologically relevant structures, to manip-
ulate very large biomolecules, and to design artificial metalloenzymes.

Martha E. Sosa Torres
Peter M. H. Kroneck
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Abstract: The number of transition metal ions which are essential to life — also often called
trace elements — increased steadily over the years. In parallel, the list of biological functions in
which transition metals are involved, has grown, and is still growing tremendously. Significant
progress has been made in understanding the chemistry operating at the biological sites where
metal ions have been discovered. Early on, based on the application of physical, chemical, and
biological techniques, it became likely that numerous of these metal centers carry sulfur ligands
in their coordination sphere, such as sulfide (S?), cysteine (RS"), or methionine (RSCHj3). Nota-
bly, the structure and the reactivity of the metal active sites turned out to be quite different from
anything previously observed in simple coordination complexes. Consequently, the prediction of
active-site structures, based on known properties of transition metal ion complexes, turned out
to be difficult and incorrect in many cases. Yet, biomimetic inorganic chemistry, via synthesis
and detailed structural and electronic characterization of synthetic analogues, became an impor-
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tant factor and helped to understand the properties of the metal active sites. Striking advances
came from molecular biology techniques and protein crystallography, as documented by the
publication of the first high-resolution structures of iron-sulfur proteins and the blue copper
protein plastocyanin approximately five decades ago. In this volume of METAL IONS IN LIFE
SCIENCES the focus will be on some of the most intriguing, in our view, transition metal-sulfur
sites discovered in living organisms. These include the type 1 Cu mononuclear center, the purple
mixed-valent [Cul3*-(Cys),-Cu!* "] CuA, the tetranuclear copper-sulfide catalytic center of
nitrous oxide reductase, the heme-thiolate site in cytochrome P,sy, the iron-sulfur proteins with
bound inorganic (S?7) and organic (Cys~) sulfur, the pterin dithiolene cofactor (Moco) coordinat-
ed to either molybdenum or tungsten, the [8Fe-7S] P-cluster and the [Mo-7Fe-9S-C]-homocitrate
catalytic site of nitrogenase, the siroheme-[4Fe-4S] center involved in the reduction of sulfite
(SO%) to hydrogen sulfide (H,S), the NiFeS sites of hydrogenases and CO dehydrogenase, and
the zinc finger domains. We apologize to all researchers and their associates who have made
tremendous contributions to our current knowledge of the steadily increasing transition metal
sulfur sites in proteins and enzymes but are not mentioned here. These omissions are by no
means intentional but merely the consequence of time and space. We are fully aware of the
excellent books and authoritative reviews on various aspects of the subject, however, it is our
motivation to cover in one single volume this exciting domain of bioinorganic chemistry.

Keywords: bioinorganic chemistry - cluster - copper - great oxidation event - iron- iron-sulfur
protein- sulfide - sulfur - trace element - transition metal complex

1. A BACKWARD GLANCE - BIOINORGANIC CHEMISTRY
AND THE EXPLORATION OF TRANSITION METAL
SULFUR SITES

As the guest-editors we had to come to grips with the question “What is so
exciting about transition metal sulfur sites in biology” in getting together the list
of potential topics and authors for this volume of the METAL IONS IN LIFE
SCIENCES (MILS) series. Transition metal ions that are classically inorganic in
nature, have had a long and distinguished history at the interface of chemistry
and biology, which is nowadays referred to by most as bioinorganic chemistry, a
vibrant discipline at the interface of chemistry and the biological sciences [1-25].
Significant advances in bioinorganic chemistry since the middle of last century
have been achieved by (i) the application of powerful spectroscopic techniques
for studies of both structural and dynamic aspects [1, 10, 12, 18], (ii) the wide-
spread use of molecular engineering to create new biologically relevant structures,
to manipulate very large biomolecules at will, and to design artificial metallo-
enzymes [16, 26-28], (iii) the rapid determination of high-resolution structures
of proteins including the structures of large membrane-bound respiratory com-
plexes [29-31], and (iv) more recently the tremendous progress of computation-
al chemistry [32, 33].

In his article entitled “Bioinorganic Chemistry: A New Field or Discipline?
Words, Meanings, and Reality” pioneering researcher Helmut Beinert wrote: “To
the uninitiated it may seem that bioinorganic chemistry is a new field, although,
reports on metals bound to proteins or enzymes date way back into the 19th cen-
tury and may probably be found in earlier centuries if we replace the terms
proteins and enzymes with animal or plant tissues. The term organic meant that
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it has to do with life compared to the counterpart inorganic then referred to
lifeless matter” [11]. Obviously, the subject of bioinorganic chemistry promised
to be a fruitful area of research for many years to come. As a consequence, the
interest in bringing together scientists from various disciplines grew rapidly.
Prime examples, to name a few, are: the symposium on Copper in Biological
Systems, held in 1965 at Arden House, New York, USA [10], the Manziana cop-
per conferences initiated by Bruno Mondovi, Jack Peisach, and Bo Malmstrom
until 1995 close to Rome, Italy [11-13], the International Conferences on Biologi-
cal Inorganic Chemistry (ICBIC) founded by Ivano Bertini and colleagues in
1983 in Florence, Italy [34], since then taking place in different countries around
the world until today, and last but not least the Gordon Research Conferences
Metals in Biology (GRC MIB). Already initiated in 1962 and still active on
an annual basis in Ventura, USA, GRC MIB addresses long-standing, central
challenges and emerging trends in the field of bioinorganic chemistry. Clearly, it
turned into one of the most influential meetings over the years, allowing close
interactions among biologists, biochemists, inorganic chemists, and physical
chemists, to provide an excellent platform for discussing the latest developments
(Figure 1).

Metalloenzymes catalyze the most challenging and consequential chemical re-
actions on Earth, including the ATP driven N, — NHj reduction by nitrogenase
[35], the transformation of CO to CO, by carbon monoxide dehydrogenase as
well as the splitting/formation of H, by hydrogenase [36-38], and the light-driven
splitting of H,O by the Mn,CaOs cluster of the O,-evolving complex in photo-
system II [39]. The complex centers of redox-active transition metal ions and
exogenous (in)organic ligands, that support these reactions, must be assembled
and inserted into proteins by a sophisticated biosynthetic machinery, as elegantly
shown for the active site cluster of nitrogenase or the molybdopterin cofactor
[40-46], and discussed in chapter 7 for iron-sulfur proteins. Indeed, some of
the most notable transformations in nature occur at transition metal centers
coordinated to sulfur ligands.

Although the field has its roots in findings many centuries old, the current
stream of research stems from studies of proteins and enzymes hosting transition
metal ions at their active sites. The metal cores of these biomolecules offer a
unique opportunity to probe their structure and function at functional groups
that can readily be distinguished from the surrounding organic environment by
spectroscopic techniques. Consequently, biophysical chemists were at the front
of bioinorganic chemistry, taking advantage of the power of their methodologies
on a host of interesting problems [1, 11, 18]. These include UV/Vis, continuous
wave and pulsed electron paramagnetic resonance (EPR) techniques, Mossbauer
(for iron) spectroscopy, X-ray absorption (XAS) including near-edge spectrosco-
py (XANES) and extended X-ray absorption fine structure (EXAFS), magnetic
circular dichroism (MCD), and resonance Raman (rR) spectroscopy. Combined
with methods for studying enzyme mechanisms, rapid-freeze (EPR) and stopped-
flow (UV/Vis) kinetics experiments, the ability to get macromolecular X-ray
structures at synchrotrons in record times, and the power of site-directed mu-
tagenesis, cloning, polymerase chain reaction, and similar advances that fueled
the molecular biology revolution. In summary, these physical and biochemical
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techniques brought deeper insights into a host of problems in bioinorganic chem-
istry by the turn of the century [1].

The copper field represents a beautiful example in our opinion, where the
advent of EPR spectroscopy clearly broke the ice. With this technique much
more sense could be made of the metal-to-protein stoichiometry and the UV/
Vis absorption spectra that had been available so far. Suddenly, those designa-
tions, such as CuA and CuB in cytochrome c oxidase (COX) or type 1, 2, or 3
copper in multi-copper oxidases assumed distinct character [11]. The early
work of Keilin and Mann [47], and Tissi¢res [48], conclusively demonstrated
that laccase (later classified as a blue oxidase [49]), the oxidizing enzyme
present in the latex of the Indo-Chinese lacquer tree, is a copper-dependent
enzyme. Furthermore, it was assumed that laccase contained Cu(II) in the rest-
ing state, and that catalytic activity was associated with a change in valency of
the metal to Cu(I). This assumption was confirmed in 1959 by Malmstrom
and coworkers applying the EPR technique [50]. Two decades later, the three-
dimensional structure of the ‘blue’ or ‘type 1’ copper protein plastocyanin iso-
lated and purified from the poplar tree was determined at a resolution of
2.7 A by the group of Hans Freeman in Sidney, Australia [51]. The Cu atom
is embedded in a highly distorted tetrahedral coordination geometry and is
coordinated by a cysteine thiol group, a methionine thioether group, and two
histidine imidazole groups forming a CuScysSme2Nnis center with unique elec-
tronic structural properties [52]. Similarly, the purple CuA center present in
nitrous oxide reductase (N,OR) and predicted to be also present in COX, was
characterized by Antholine, Zumft, and Kroneck (as reviewed by Kroneck
most recently [54]) approximately three decades ago, using multi-frequency
EPR spectroscopy in the range 2.5-35 GHz. The characteristic equidistant
7-line pattern of the EPR spectrum, due to Cu hyperfine interaction with an
intensity ratio of 1:2:3:4:3:2:1 for individual lines, indicated the presence of a
novel Cu site (Figure 2). Its binuclear, mixed-valent structure, [Cu!>*-(Cys),
-Cu'>*], with S=1/2 and two bridging cysteine thiolate residues, was later
confirmed by X-ray crystallography [53, 54].

Both redox enzymes N,OR and COX are constituents of important biological
processes and employ CuA as electron transfer center. N,OR is the terminal
reductase in a respiratory chain converting N,O to N, in denitrifying bacteria,
and COX is the terminal oxidase of the aerobic respiratory chain of certain
bacteria and eukaryotic organisms. They are involved in complex multi-electron
and multi-proton transfer reactions of kinetically inert gaseous molecules. Nota-
bly, COX also pumps protons across the membrane (H;t — Hg), with up to
4 protons per O, molecule (Equations 1, 2) [54].

Nzo + 2H™* + 2e — N2 + H20 (1)
4 Fe-cyt?* + 8H;* + O, — 4Fe-cyt®t + 4HS + 2 H,O )
From such detailed studies we learned that Nature has evolved highly sophisti-

cated ways of controlling the relatively flexible stereochemistry of transition met-
al ions. Early on, the structure and reactivity of active sites in metalloproteins
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Figure 2. Structural model of the purple mixed-valent, electron transfer center CuA in
nitrous oxide reductase from Pseudomonas stutzeri, [Cups'>T-(Cys),-Cups'> 1] (S = 1/2),
and its characteristic 7-line EPR spectrum, microwave frequency 9.31 GHz, temperature
of 10 K; the hyperfine splitting observed in the g| region results from the interaction of
one unpaired electron with two Cu nuclei, 3%Cu nuclear spin I = 3/2 [54].

turned out to be different from anything previously encountered in simple metal
complexes, which inspired numerous inorganic chemists to expand their vision
of metal ion reactivity [2, 7].

All the metal centers (both mono-nuclear and multi-nuclear) discussed in this
volume harbor sulfur ligands in their coordination sphere, e.g., sulfide (S*°),
cysteine (RS™), methionine (RSCH3), the molybdopterin cofactor, or a combina-
tion of these sulfur ligands (see Chapter 2). We will focus on the most exciting, in
our view, transition metal-sulfur sites discovered in living organisms, their complex
three-dimensional structures and catalytic activities. These include the type 1 Cu
mononuclear center in blue copper proteins (see Chapter 3), the purple mixed-
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Figure 3. Distribution of metallothionein (MT) species in vivo using the vertebrate B-
type metal-thiolate cluster as model. The reduced, metal-free and largely unstructured
apo-MT (1) forms a characteristic metal-thiolate cluster structure (2) in the presence of
d'® metal ions, here Zn(II) or Cd(II). Metal release back to (1) is achieved by a drop in
pH or by suitable metal ion chelators. Due to the high thermodynamic stability of the
clusters, the latter process is mainly kinetically driven in vivo. Conditions of oxidative
stress (reactive oxygen/nitrogen species, ROS/RNS, or higher levels of glutathione disul-
fide, GSSG) can generate disulfide bridges accompanied by (partial) metal ion release
(3). Tt is generally considered that partially oxidized sub-metalated species retain part of
their three-dimensional fold and hence allow reversibility of the process in presence of
reductants (glutathione, GSH; glutaredoxin, Grx; glutathione-disulfide reductase, GSR;
thioredoxin, Trx; thioredoxin reductase, TR; or alike) and metal ions. Also the more
complex transition from (1) to (3) or vice versa is feasible.

valent [Cu!*-(Cys),- Cu'>*] CuA present in COX and N,OR (see Chapter 4),
the unique tetranuclear copper-sulfide catalytic center of N,OR (see Chapter 5),
the heme-thiolate site in cytochrome P,s9 with the strong oxidants compound I
and II as key intermediates (see Chapter 6), the iron-sulfur proteins with bound
inorganic (S?7) and organic (Cys") sulfur (see Chapter 7), the pterin dithiolene
cofactor (Moco) coordinated to either molybdenum or tungsten (see Chapter 8),
the [8Fe-7S] P-cluster and the catalytic FeMo cofactor of nitrogenase, which hosts
the unique [Mo-7Fe-9S-C]-homocitrate moiety (see Chapter 9), the siroheme-
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[4Fe-4S] coupled center involved in the six-electron reduction of sulfite (SO%") to
hydrogen sulfide (H,S) (see Chapter 10), or the catalytic NiFeS sites of hydrogen-
ases and CO dehydrogenase (see Chapter 11). Finally, Zn-finger domains will be
introduced in Chapter 12. While their amino acid composition can vary between
the individual domains, a shared feature is the coordination of a structural Zn(II)
ion by a different combination of cysteine and histidine ligands [55-57].

Because of the vast literature accumulated most recently on metallothionein
(MT), this important class of sulfur-rich metal-binding proteins will not be cov-
ered in a special chapter. Instead, we refer to very informative and authoritative
reviews by experts in this dynamic research area [58-63]. MTs are a ubiquitous
class of proteins with an extremely high cysteine content, which can reach up to
30 % of the total amino acid content in the vertebrate forms (Figure 3). The
sheer number of potential metal-coordinating ligands in the form of soft thiolate
groups strongly suggest a pronounced metal binding ability, and indeed, thione-
ins, the metal-free forms of the proteins, soak-up certain metal ions like a sponge.
Due to their thiophilicity, metal ions with the d'® electronic configuration, such
as Zn(II), Cu(I), Cd(IT), and Hg(II) are the preferred binding partners, as stated
by Eva Freisinger, guest-editor of a special issue of the International Journal of
Molecular Sciences published in 2017 (https://www.mdpi.com/journal/ijms/special_
issues/metallothioneins).

2. FROM ANOXIC TO OXIC ENVIRONMENTS - SULFUR
AND THE BIOAVAILABILITY OF TRANSITION METALS

The availability of transition metal ions found in many biological catalysts, with-
out which there would be no life, has changed over geological time and varies
between habitats but is held within vital limits in cells [64]. Oxygen is hailed as
the Elixir of Life, a wonder molecule with many advantages as well as many
disadvantages. However, everybody agrees, oxygen (O,) is important, stop
breathing and you will be dead in a few minutes. In the beginning of the Earth,
approximately four billions years ago, there was not much oxygen around. The
air contained probably 1ppm of O, compared to just less than 21 %
(208500 ppm) today, in principle a pollution without parallel in the history of life
on Earth. For the first single-celled organisms that lived on the early Earth, O,
was anything but live-giving, it was a poison that could kill, even at trace levels
[65, 66]. Anaerobes, “oxygen-hating microorganisms”, can use inorganic nitrogen
and sulfur compounds such as the oxyanions nitrate (NO3) or sulfate (SO%), to
conserve energy by converting them to dinitrogen (N,) or ammonia (NH3), and
to elemental sulfur (S°) or hydrogen sulfide (H,S) (Equations 3-6) [67-70].

2NO; + 10e + 12H* — N, + 6 H,0 3)
SO+ 6e + 8HT — S°+ 4H,0 (5)

SO+ 8e + 10H* — H,S + 4 H,0 (6)
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In contrast, aerobes, humans, animals and plants, depend on O, as terminal elec-
tron acceptor to conserve energy (respiration, ATP synthesis) [71, 72]. The initial
increase of O, in the atmosphere, the great oxidation event (GOE), and its
relationship with life remains a matter of debate and intensive research [73].
The generally accepted theory is that the emergence of organisms capable of
performing oxygenic photosynthesis — probably ancestors of today’s cyanobacte-
ria — contributed to this. The Earth’s early atmosphere was formed by outgassing
of gases, such as H,O, CO,, SO,, H,S, and HCI, trapped in the interior of the
Earth. This still can be observed today during volcanic eruptions. Probably, CO,
N,, NO, H,, HCN, acetylene (C,H,), and traces of O, were also present by the
time of the origin of life [74-80]. The biogeochemical cycling of the basic el-
ements for life (H, C, N, O, P, S) and the biogeochemistry of the essential transi-
tion metals caught the interest of researchers in view of their importance for the
Earth and their impact on our environment and climate [81].

Transition metal ions function as cofactors, or as part of cofactors in enzymes,
and as structural elements in proteins. Essential life processes, e.g., photosynthe-
sis, respiration, or nitrogen fixation, strictly depend on transition metal ions and
their ability to catalyze multi-electron, multi-proton transformations. Other im-
portant life processes, such as proteolysis and the equilibration of carbon dioxide
(CO,) and bicarbonate (HCO3) are hydrolytic reactions that also require cataly-
sis by metalloenzymes. The essential transition metal ions for terrestrial orga-
nisms include vanadium to zinc of the first-row transition metal series, and mo-
lybdenum and tungsten in the second- and third-row series, many of these metals
are coordinated to sulfur ligands [2-4, 82-84]. There exists a long-term link be-
tween atmospheric O, and the geochemical cycles of carbon and sulfur, as point-
ed out by Ebelmen as early as 1845 (Equation 7) [85].

2Fe,0; + 8803 + 16 HY = 150, + 4 FeS, + 8 H,O (7)

In reaction (7) (right to left), FeS, (pyrite) is oxidized during weathering of the
continents. The process from left to right represents several reactions: (i) photo-
synthesis and initial burial of organic matter, (ii) early bacterial reduction of
sulfate (SO%") to hydrogen sulfide (H,S), with organic matter serving as the re-
ductant, and (iii) the precipitation of FeS, via the reaction of H,S with Fe,O;
[70]. To reconstruct the redox history of the planet, geochemists like to choose
sulfur, certainly one of the most versatile elements due to its reactivity in different
reduction and oxidation states. The inorganic sulfur compounds of biological rele-
vance which occur in the biological sulfur cycle are elemental sulfur (S°), sulfate
(SO?), sulfite (SO%), thiosulfate (S,0%), sulfide (S2°), polythionates (e.g., tetra-
thionate, S40%°), and polysulfides (S2°) (see Chapter 2). Many biogeochemical
processes fractionate the multiple stable isotopes of sulfur in telltale ways, helping
researchers to understand the redox evolution of the oceans and the atmosphere
[86-88]. For example, to illuminate the history of the emergence of O,-producing
(oxygenic) photosynthesis, the behavior of the ancient manganese cycle was ex-
amined using scientific drill cores through an early Paleoproterozoic succession
(2.415 Ga) preserved in South Africa. It was found that the original Mn-oxide
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phases were not produced by reactions with O,, pointing to a different high-
potential oxidant. These results suggest that the oxidative branch of the Mn cycle
predates the rise of O, in the atmosphere, and support the hypothesis that the
water-oxidizing complex of photosystem II evolved from a former transitional
photosystem capable of single-electron oxidation reactions of Mn [89].

It has been postulated that O,-evolving photosynthesis altered the solubility
of metals on a global scale, and it has been hypothesized that the selection of
metal centers in metalloenzymes has been influenced by the availability of metals
through geological time, in particular as a result of large differences in the solu-
bility of metal sulfides [20, 90-92]. General restrictions on the availability of
elements as free metal cations (M™, M2%) in the oceans are insolubility and
complex ion formation with anions, such as sulfide, sulfate, silicate, hydroxide/
oxide, or carbonate. The general order of insolubility of salts in the series of
divalent transition metal ions (M2%), is Cu?>* > Ni?* > Zn2* > Co?* > Fe?* >
Mn?" which holds for sulfides and oxides [90-92]. Probably, the early ocean had
high Mg?* and Fe?™ concentrations, and the high Fe?>* concentration reduced
somewhat the amount of sulfide due to precipitation as pyrite, FeS,, which could
enter into weathering reactions (Equation 7). Furthermore, the residual sulfide
greatly restricted the free ion concentrations of Cu and Zn, probably due to
precipitation as insoluble sulfides. Other M>* concentrations in the environment
can be estimated from their solubility products. Of particular interest is the small
difference in the solubility products of Ni(II) sulfide and Ni(II) hydroxide, mak-
ing nickel a particular important element for early life organisms [92]. The envi-
ronment was electron-rich to some extent, and gases such as H, and CO,, and
transition metal sulfides were available. Special catalysts were needed to handle
these gases, featuring a rich biochemical role for nickel [93]. In some sense it
looks as if nickel, similar to cobalt, was most useful when metabolism was based
on such chemicals, but after the advent of O, their value diminished [91].

Molecular oxygen did not immediately accumulate in the atmosphere and
oceans, due largely to the presence of abundant Fe(II) compounds, which reacted
with O, to precipitate massive banded Fe(III) formations (BIFs). As larger con-
centrations of O, began to build up in the atmosphere, redox reactions of metal
sulfides with O, could occur, such as the transformation of insoluble MoS,
(Mo(1V), molybdenum disulfide) to soluble MoO%(Mo(V1), molybdate) (Equa-
tion 8) [71, 82].

2 MOSZ + 7 02 + 2 H20 = 2 MOO;Zf + 4 SOz +4HT (8)

This reaction may have allowed life to proliferate by making the highly soluble
molybdate ion available for incorporation into critical molybdenum enzymes, such
as nitrate reductase (NO3 — NO3) and sulfite oxidase (SO%3 — SO7). MoO3~
itself is catalytically inactive in biological systems and has to be complexed by
a special scaffold, either the ubiquitous pterin dithiolene cofactor (Moco) (see
Chapter 8), or the catalytic cofactor of bacterial nitrogenase, which hosts the
unique [Mo-7Fe-9S-C]-homocitrate moiety (see Chapter 9).
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3. OUTLOOK AND FUTURE DIRECTIONS

Recently, deep-time evolutionary connections within the oxidoreductase class of
enzymes were analyzed with regard to protein structure similarities. In metallo-
enzymes, structural similarity between proteins may be a result of convergence
on a limited repertoire of metal-binding protein topologies. Most likely, a small
contingent of modular structures was incorporated repeatedly in oxidoreductases
across the tree of life, with ferredoxin as the first likely module, giving rise to a
number of specialized iron-sulfur proteins. Independently, other important redox
proteins evolved, such as the cytochrome c featuring as axial ligands histidine
and methionine to the heme iron center, the blue type 1 Cu mononuclear site,
and the mixed-valent CuA binuclear center featuring Cu ligands histidine,
cysteine, and methionine, which give access to an increased variety of metabolic
substrates and redox potentials [23]. In this context, the concept of a last univer-
sal common ancestor of all cells (LUCA) is central to the study of early evolution
and life’s origin. To get further insight, all clusters and phylogenetic trees for
6.1 million protein coding genes from sequenced prokaryotic genomes were ex-
amined to reconstruct the microbial ecology of LUCA which led to the identifi-
cation of protein families that trace to LUCA by phylogenetic criteria. These
proteins are not universally distributed, thus they can shed light on LUCA’s
physiology. LUCA’s biochemistry is replete with iron-sulfur clusters and radical
reaction mechanisms, its cofactors reveal dependence upon transition metals,
flavins, S-adenosyl methionine, coenzyme A, ferredoxin, molybdopterin, corrins,
as well as selenium, and its genetic code required nucleoside modifications and
S-adenosyl methionine-dependent methylations. LUCA inhabited a geochemi-
cally active environment rich in H,, CO,, and iron. The data support the theory
of an autotrophic origin of life involving the Wood-Ljungdahl pathway (also
called the reductive acetyl-coenzyme A pathway, with H, as electron donor, and
CO, as electron acceptor) in a hydrothermal setting [94].

In summary, the bioinorganic chemistry of transition metals and sulfur is a
vibrant field of research as impressively documented by discoveries of novel
metal sites with remarkable chemical activities [95]. For example, Jeoung and
Dobbek reported the double-cubane [FegSo]-cluster [{FesS4(SCys)z}2(u»-S)]. The
enzyme containing this cluster can reduce small molecules including acetylene
(C,H,), azide (N3), and hydrazine (N,H,), it belongs to a class of metallo-
enzymes akin in fold, metal clusters, and reactivity to nitrogenase [96]. In 2015,
Hausinger and associates opened a new chapter of nickel biochemistry when
they described for the first time a tethered nicotinic acid-derived Ni complex in
lactate racemase from Lactobacillus plantarum (Figure 4) [97].

This novel organometallic cofactor, a Ni(II) pyridinium-3,5-bisthiocarboxylic
acid mononucleotide, carries a Ni-C bond and is named nickel-pincer nucleotide
(NPN) [98-102]. Rosenzweig and coworkers isolated the protein PmoD from
methane-oxidizing microorganisms which transform the greenhouse gas methane
(CH,) to methanol (CH3OH) using the copper-dependent enzyme particulate
methane monooxygenase. PmoD is critical for Cu-dependent growth on methane
and forms a Cu center that exhibits the spectroscopic (UV/Vis, EPR) features
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of a well-defined mixed-valent CuA site found in COX and N,OR, however, it
uses a previously unobserved ligand set derived from a cupredoxin homodimer
(see Chapter 4) [103].

Last but not least, another exciting development which gained a lot of interest
in recent years, relates to the emerging field of rare earth element biochemistry
and the role of lanthanides as biologically essential metals. A statement which
was unthinkable until recently, says bioinorganic chemist Lena Daumann. She
and microbiologist Huub Op den Camp lead a team of researchers who want to
understand why nature has chosen lanthanides to have a catalytic role in alcohol
dehydrogenase enzymes as they are found in methanotrophic and methylotroph-
ic bacteria. These enzymes oxidize the alcohol to the corresponding aldehyde in
a 2-electron, 2-proton transfer reaction at the catalytic PQQ (2,7,9-tricarboxy-
pyrroloquinoline quinone) cofactor which, depending on the organism, coordi-
nates either a divalent Ca?™ ion or a trivalent lanthanide ion (Ln3*, Ce3™,
Eu®™) [104-107].
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ABBREVIATIONS AND DEFINITIONS

ATP adenosine 5'-triphosphate

BIF banded ferric iron (Fe**) formation
COX cytochrome ¢ oxidase

EPR electron paramagnetic resonance
EXAFS extended X-ray absorption fine structure
Fe-cyt?>t/3+ cytochrome reduced/oxidized

Ga billion years (gigayears = 10° years)
GOE great oxidation event

LUCA last universal common ancestor

MCD magnetic circular dichroism

NPN nickel-pincer nucleotide

N,OR nitrous oxide reductase

PQQ 2,7,9-tricarboxypyrroloquinoline quinone
rR resonance Raman

XANES X-ray absorption near-edge spectroscopy

XAS X-ray absorption spectroscopy
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biosphere are elemental sulfur (Sg), sulfate (SO?"), and sulfide (S%"), sulfite (SOZ"), thiosulfate,
(S,0%"), and polythionates (S;0Z%7; S,02°). Because of its wide range of stable oxidation states,
from +6 to -2, sulfur plays important roles in central biochemistry as a structural and redox-
active element and is intimately related to life on Earth. Unusual reaction pathways involving
sulfur compounds become possible by the specific properties of this element. Sulfur occurs in
all the major classes of biomolecules, including enzymes, proteins, sugars, nucleic acids, vitamin
cofactors, and metabolites. The flexibility of these biomolecules follows from its versatile
chemistry. The best known sulfur mineral is perhaps pyrite (Fool’s gold), with the chemical
formula, FeS,. Sulfur radical anions, such as [S;]™, are responsible for the intense blue color
of lapis lazuli, one of the most desired and expensive artists’ materials. In the microbial world,
inorganic sulfur compounds, e.g., elemental sulfur and sulfate, belong to the most important
electron acceptors. Studies on microbial sulfur metabolism revealed many novel enzymes and
pathways and advanced the understanding on metabolic processes used for energy conserva-
tion, not only of the microbes, but of biology in general. Transition metal sulfur complexes
display intriguing catalytic activities, they provide surfaces and complex cavities in metalloen-
zymes that activate inert molecules such as H,, CO, N, or N,O, and they catalyze the transfor-
mations of numerous organic molecules. Both thiamine diphosphate- (ThDP) and S-adenosyl-
L-methionine- (SAM) dependent enzymes belong to Nature’s most powerful catalysts with a
remarkable spectrum of catalytic activities. In conclusion, given sulfur’s diverse properties,
evolution made an excellent choice in selecting sulfur as one the basic elements of life.

Keywords: adenosine 5’-phosphosulfate - biotin - coenzyme M - cyclo-octasulfur - hydrogen
sulfide - iron-sulfur - lapis lazuli - pyrite - S-adenosyl-L-methionine - sulfide - thiamine - thiol

1. INTRODUCTION: THE MANY FACES OF SULFUR -
FROM BRIMSTONE TO FOOL'’S GOLD TO LAPIS
LAZULI

Evolution has made intriguing choices in selecting the basic elements of life.
Although metal ions, such as sodium, potassium, magnesium, calcium, manga-
nese, iron, or copper, are central to all of biochemistry because of their functions
as cofactors, as part of cofactors in enzymes, and as structural elements in pro-
teins, a group of elements clustered in the early part of the periodic table —
carbon, nitrogen, phosphorus, oxygen, and sulfur — are represented in the mole-
cules of life [1]. The ocean represents a major reservoir of sulfur on Earth, with
large quantities in the form of dissolved sulfate (SO3") and sedimentary minerals,
e.g., gypsum (CaSO, X 2H,0) and pyrite (FeS,). Sulfate is the most stable form
of sulfur on today’s oxic Earth. Weathering and leaching of rocks and sediments
are its main sources to the ocean. The natural release of volatile organic sulfur
compounds from the ocean, mainly as dimethyl sulfide, (CHj3),S, transports sul-
fur from the ocean to terrestrial regions, and it also affects atmospheric chemistry
and the climate system [2].

The non-metallic chemical element sulfur, 32S, referred to in Genesis as brim-
stone and correctly identified as an element in 1777 by Antoine Lavoisier, is
the tenth most abundant element in the universe and the fifth most common
element on Earth [3]. Sulfur has two electrons in the outer s orbital and four
electrons in the p orbitals (s?>p* configuration), and it is one of the most reactive
of the elements within the Periodic Table. Pure sulfur, also called cyclo-octasul-
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fur (cyclo-Sg), is the most common allotrope of sulfur [4]. It is a tasteless, odor-
less, crystalline solid, bright yellow in color, a poor conductor of electricity, and
quite insoluble in water (5 ug/L at 298 K) [5]. Noteworthy is also its tendency
to form chain and ring polymers, reflecting the remarkable strength of the S—S
bond (266 kJ mol™!) [6]. Although studied for centuries, sulfur remains at the
center of extensive research by chemists, biochemists, microbiologists, and geo-
chemists. This includes research on improving energy efficiency, environmental-
ly friendly uses for oil refinery waste products, development of polymers with
unique optical and mechanical properties, and materials produced for biological
applications [7].

Sulfur occurs in all major classes of biomolecules, including enzymes, proteins,
sugars, nucleic acids, vitamin cofactors, and metabolites. The flexibility of sulfur-
containing biomolecules follows from the versatile chemistry of this element. As
members of the same periodic group, sulfur and oxygen share similarities in
chemical reactivity. However, sulfur’s position in the periodic table endows its
compounds with distinct properties that are advantageous to biological systems.
For example, thiols (R-SH) are superior nucleophiles compared with alcohols
(R-OH) and also serve as versatile activating groups in thioester biochemistry.
Disulfide bonds (RS-SR) are more stable than peroxide bonds (RO-OR), and
biology has taken advantage of this stability by using disulfide bonds as structur-
al features of proteins. Sulfur can adopt a wider variety of oxidation states than
oxygen, for instance in the oxidation of cysteine to sulfenic (R-SOH), sulfinic
(R-SO,H), and sulfonic (R-SO5;H) acids. Sulfur is less electronegative than oxy-
gen, permitting it to more readily adopt a positive charge, which is used by a
number of enzyme cofactors. Sulfur is big enough to be able to populate 3d
orbitals, which distinctly sets it off from oxygen, and it has a much lower tenden-
cy to form hydrogen bonds than oxygen. Sulfur can occur in formal valencies
from -2 to +6, i.e., it seems equally prone to donate electrons to reach the
electron configuration of neon as it is to accept electrons to adopt the argon
configuration. Today we know, sulfur forms highly covalent bonds, as has recent-
ly been confirmed by sulfur K-edge X-ray absorption spectroscopy [8, 9]. There
is little energy change involved for sulfur to go from being an electrophile as,
say, in disulfide, to being a nucleophile as in a thiol. Thus, sulfur makes and
breaks bonds easily; elementary sulfur occurs in rings of eight and in open sulfur
chains, as we find them in polysulfides; and it is easy to exchange sulfur isotopes
into these structures.

Most sulfur-containing minerals are metal sulfides, and the best known is per-
haps the mineral pyrite, also called Fool’s gold, with the chemical formula Fe(IT)
disulfide, FeS, (Fe?>*S%"), containing clear S-S bonds [3, 10]. Recently, one of
the most peculiar deep-sea hydrothermal-vent gastropods was discovered, re-
ferred to as the ‘scaly-foot gastropod’ (Chrysomallon squamiferum) [11, 12]. This
gastropod has been found at depths of about 2.4-2.8 km, and it attracted much
attention because of its hundreds of black metallic sclerites covering the foot
(Figure 1).

The shell is of a unique construction: the outer layer consists of iron sulfides,
the middle layer is equivalent to the organic periostracum found in other gastro-
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Figure 1. Deep-sea hydrothermal-vent gastropod Chrysomallon squamiferum (scaly-foot
gastropod) from the Kairei vent field; the outer layer of the shell consists of iron sulfides,
the middle layer is equivalent to the organic periostracum found in other gastropods, and
the innermost layer is made of aragonite (CaCOs;). Reproduced from [12]; open-access
article distributed under the terms of the Creative Commons Attribution License.

pods, and the innermost layer is made of aragonite (CaCOs). Features of this
composite material are in the focus of researchers for possible use in protective
applications [13]. The foot is also unusual, being armored at the sides with iron-
mineralized sclerites. The soft tissue core of each sclerite is covered in conchiolin,
which is in turn covered with pyrite (FeS,) and greigite (FesS,), making it the
only extant metazoan known to utilize iron sulfide as part of its skeleton. The
scales, coated with iron sulfides, are heavily colonized by &- and d-proteobacteria,
and it was thought that the microbes perhaps participate in the mineralization
of the sclerites. However, S and Fe isotopic analyses indicate that both S and Fe
in the sclerites originate from hydrothermal fluids rather than from bacterial
metabolites. The magnetic properties of the sclerites are not optimized for mag-
netoreception and instead support use of the magnetic iron sulfide minerals as
structural elements. In any case, this novel metazoan-microbial collaboration il-
lustrates the great potential of organismal adaptation in chemically and physical-
ly challenging deep-sea environments [14-17].

There is also a blue side of sulfur. When burned, elemental sulfur emits a blue
flame with formation of sulfur dioxide (SO,), which has a stinging smell. When
dissolved in ionic liquids, the solution develops an intense blue color, due to the
presence of the [S3]~ radical anion [18-28]. Electron paramagnetic resonance
(EPR) played a key role in identifying and characterizing the [S;]™ radicals
in ultramarine blue materials, and Gardener and Fraenkel reported the initial

printed on 2/13/2023 1:01 AMvia . All use subject to https://wmv. ebsco. conlterns-of -use



EBSCChost -

SULFUR, THE VERSATILE NON-METAL 23

Figure 2. Lapis lazuli, the deep blue metamorphic rock used as a semi-precious stone
since antiquity. Left: Lapis lazuli with pyrite from Afghanistan in its natural state; re-
produced with permission by H. Grobe, Creative Commons CC-BY-SA-2.5; https://en.
wikipedia.org/wiki/Lapis_lazuli. Right: Chemical structure of lazurite, with frameworks
of alternating silica and alumina tetrahedra creating large cages; white spheres are Na*
cations, entrapped in the center the yellow S radical anion responsible for the blue
color. Reproduced from https://chemicalstructure.net/portfolio/lazurite/.

observation of an EPR spectrum and attributed it to a sulfur-centered radical
[18]. It has been used as a reference material for EPR spectroscopy, since its
g factor = 2.0029 is well separated from the free electron value, g = 2.0023, and
since the EPR signal does not saturate readily, it is a useful microwave power
monitor [21, 24, 25]. Sulfur radical anions are also responsible for the intense
blue color of lapis lazuli, a metamorphic rock used as a semi-precious stone.
As early as the 7th millennium BCE, lapis lazuli was mined in Afghanistan,
and it was used in the funeral mask of Tutankhamun [29]. As one of the most
desired and expensive artists’ materials throughout history, there has long been
interest in studying natural lapis lazuli and get a deeper insight in the tradition-
al method of extracting its blue component, lazurite [30]. Lapis lazuli is a com-
plex rock whose composition is defined by the presence of the mineral lazurite
(Na,Ca)g(AlSi04)6(SO4,S,Cl),, which is responsible for its overall blue hue
(Figure 2). Inclusions of several other minerals are also common, including
pyrite and calcite (CaCOs) in varying amounts. Lazurite belongs to the group
of sodalite minerals which contain frameworks of alternating silica and alumina
tetrahedra creating large cages. Extra-framework ions (Ca?*, K™, Na™, Cl~,
OH™, SO7, S2), and neutral species (H,0) are entrapped within these cages.
Lazurite’s blue color is attributed to sulfur polyanion radicals trapped in the
cage structure. Variations in color appear to be related to ratios between vari-
ous sulfur species: the trisulfur radical [S;]~ is mainly responsible for the blue
color, but contributions from disulfur [S,]~ and tetrasulfur [S4]~ radicals can
shift the color towards yellow, green, or red, respectively [22-24, 26-28, 30].
Until recently, geochemists believed that inside Earth, only two forms of mole-
cules contained sulfur: (i) sulfides (based on H,S or S?7), and (ii) sulfates (based
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on H,SO, or SO7). The detection of [S;]~ during these experiments indicates
that sulfur must be considerably more mobile in hydrothermal fluids in the
Earth’s crust than was previously thought. This is because, unlike sulfides and
sulfates, which attach to minerals as soon as they appear in fluids, [S;]"~ proves
to be extremely stable in the aqueous phase. In other words, below ground these
ions must flow for long distances in dissolved form, taking with them the noble
metals to which they may be bound [31-33].

In view of the immensely rich literature on the chemistry, biochemistry, and
geochemistry of sulfur, we suggest for introduction the article by iron-sulfur pio-
neer Helmut Beinert entitled “A tribute to sulfur” published in 2000 [34]. For
further insight into the topic of transition metals and sulfur and the biogeochemi-
cal cycle of sulfur, broader perspectives and more inclusive of the work of ex-
perts in this dynamic research area are available in very informative and authori-
tative comments and reviews [35-55].

In this chapter we will introduce the reader to several important aspects of
sulfur biochemistry, microbiology, and geochemistry, and we will also take a
glimpse at its unique coordination chemistry which will be discussed in greater
detail in the following chapters of this volume.

2. SULFUR AND ENERGY CONSERVATION

Like oxygen and selenium, sulfur belongs to group 16 of the periodic table of
the elements, notably it is about 1000 times less abundant in nature than oxygen.
Because of its wide range of stable oxidation states, sulfur can play important
roles in central biochemistry as a structural and redox-active element and is
intimately related to life on Earth. The three most abundant forms of sulfur in
the biosphere are elemental sulfur (Sg; formal oxidation state 0), sulfate (SO7;
+6) and sulfide (S?>7; —2). Other prominent oxyanions of sulfur are sulfite (SO%;
+4), dithionite (S,0%; +3), thiosulfate, (S,0%7; +5/-1) and polythionates, such
as trithionate (S;0Z%7; 0/+5) and tetrathionate (S,0%; 0/+5) [56, 57]. Interconver-
sions of these species constitute their biogeochemical cycles which are sustained
by complex biological processes, with microbes playing a prominent role. Numer-
ous studies suggest that the ability to reduce sulfate was developed early during
prokaryotic evolution [58-63] (see Section 2.3 and Chapter 10 of this book).
Unusual reaction pathways involving sulfur apparently become possible by the
specific properties of this element [34].

2.1. Metal Sulfides and Early Life

How did life begin? Naturally, there can hardly be a bigger question. Although
heavily disputed, many of the scientists studying the origin of life are confident
today that they are on the right track — and they have the experiments to back
up their confidence [64-77].
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In his article entitled “Origin of Life: RNA World versus Autocatalytic Anabo-
lism”, published in 2006 [78], chemist Giinter Wichtershduser wrote: The deep
past of the earth is unobservable. Therefore, the problem of the origin of life, the
emergence of the first evolvable entity, which is the primordial ancestor of all
extant organisms, can only be solved by a theory. Theories on the origin of life
are scientific rather than myth, if they have empirical significance: empirical bio-
logical significance by providing evolutionary explanations for extant facts of
biology and/or empirical chemical significance by predicting unknown but testa-
ble chemical reactions. Preferably, they also should have geological significance
by being compatible with geological theories on the early history of the earth,
which themselves, however, need to be scrutinized for their power to explain and
predict facts of geology and chemistry. Only two theories on the origin of life
appeared detailed enough for an evaluation by the above criteria: (i) the RNA
world theory which assumes that the first organism was a “living” RNA-like
molecule replicating in a prebiotic broth of activated nucleotides, and (ii) the
autocatalytic anabolist theory (also called iron-sulfur world theory) which assumes
that life began on minerals with an anabolic metabolism of synthetic, autocatalyt-
ic carbon fixation cycles [78]. According to Wichtershiuser, the earliest form of
life, termed “pioneer organism”, originated in a volcanic hydrothermal flow, at
high pressure and high temperature. It had a composite structure of a mineral
base with catalytic transition metal centers. These metal centers catalyzed auto-
trophic carbon fixation pathways generating non-polymer organic compounds
from gases, such as carbon monoxide (CO), carbon dioxide (CO,), hydrogen
cyanide (HCN), and hydrogen sulfide (H,S) (Equation 1). The reaction of FeS
and H,S led to the formation of pyrite (FeS,) and dihydrogen and has been
demonstrated under mild volcanic conditions [79-81].

FeS + H,S — FeS, + 2H* + 2e~ (=H,) AG°=-41.9kJ/Lmol (1)

The organic compounds were retained on or in the mineral base as ligands of the
transition metal centers with a flow retention time in correspondence with their
mineral bonding strength thereby defining an autocatalytic “surface metabolism”,
producing more complex organic compounds, more complex pathways, and more
complex catalytic centers. Notably, the biogeochemistry associated with deep-sea
hydrothermal environments in the present and ancient deep oceans is driven by
the unique microbial and chemical processes without energy input from sun light.
Reductants, e.g., H,S and H,, are used as energy sources which are emitted from
hydrothermal vents. Iron sulfides are continuously precipitated in such environ-
ments. Thus, their surface, hosting traces of transition metals, such as Ni, Cu, W,
and Mo, has played a critical role in prebiotic organic synthesis and early evolu-
tion of energy metabolisms in ancient Earth.

Of course we do not know for sure how life started. However, if it was at high
temperature in deep-sea vents, clearly iron and sulfur had to be of prime impor-
tance. There was plenty of them around and both belong to the chemically most
versatile elements, sulfur more so than iron. The properties of both elements are
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all mirrored in the behavior of Fe-S clusters, with iron, as a fitting partner, though
not quite as versatile [42, 82-86]. Recently it was reported that particles of the
Fe(II),Fe(I11) sulfide mineral greigite can reduce CO, under ambient conditions
to simple organic chemicals, such as methanol (CH;OH), formic acid (HCOOH),
acetic acid (CH;COOH), and pyruvic acid (CH;COCOOH) [85, 86]. Greigite
(formula Fe?*Fe3*S,) is the sulfur equivalent of the iron oxide magnetite, Fe;0,.
The structural similarity between Ni-doped greigite and the Ni,Fe-S clusters
present in biological enzymes has led to suggestions that greigite minerals could
have acted as catalyst for the origin of life [87-90]. Note that the cubic Fe,S, unit
of greigite is observed in the [4Fe-4S] units of many important iron-sulfur en-
zymes involved in transformations of CO, H,, or N, (see Chapters 7, 8, 10, and
11 of this book).

2.2. Sulfur Respiration

Given a choice of elements to reconstruct the redox history of the Earth, geo-
chemists will choose sulfur. Many biogeochemical processes fractionate the mul-
tiple stable isotopes of sulfur in telltale ways, leaving their imprint in the sedi-
mentary record [91-95]. The availability and speciation of sulfur in the early
biosphere must have played an important role, the different oxidation states of
this element (S?>7, S°, S,0%, SO%, or SOF) can all act as an important source
of energy for different types of sulfur-metabolizing organisms.

In the microbial world, elemental sulfur (S”) belongs to the most important
inorganic electron acceptors. Studies on microbial sulfur metabolism revealed
many novel enzymes and pathways and advanced the understanding on metabol-
ic processes used for energy conservation in extreme environments, not only of
the microbes, but of biology in general. Major processes include aerobic oxida-
tion as well as anaerobic reduction of S° [96-98]. The microbial oxidation of
inorganic sulfur compounds and elemental sulfur to sulfate is one of the major
reactions in the global sulfur cycle. Notably the process of biological sulfur oxida-
tion is important in bioleaching operations for the industrial bioleaching of metal
sulfides or heavy metal recovery from industrial waste [98-101]. Based on the
1.7 A crystal structure of the sulfur oxygenase, a reaction scheme is proposed
for the aerobic S° oxidation in the thermoacidophilic archaeon Acidianus ambi-
valens (Figure 3). It includes the O,-dependent disproportionation of S° to pro-
duce sulfite and hydrogen sulfide (Equations 2-4), thiosulfate is likely produced
from a non-enzymatic reaction (Equation 5) [102, 103].

S+ O, + H,LO — HSO3 + H* (oxygenation) (2)
38° + 3H,0 — HSO3 + 2HS™ + 3H* (disproportionation) (3)
4° + O, + 4H,0 — 2HSO3 + 2HS™ + 4H* (sum) )

S + HSO3 — S,03 + HT (non-enzymatic)  (5)
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A cysteine persulfide, CyS-S—, and a low-potential mononuclear non-heme iron
site ligated by a 2-His-1-carboxylate facial triad (His86, His90, Glu114) in a pock-
et constitute the active site. It is proposed that a cysteine-bound sulfane sulfur
chain is the substrate of disproportionation and oxygenation at the iron site and,
further, that dissolved and linear sulfur species are the actual substrates and not
the regular Sg ring.

Coming to anaerobic sulfur reduction, the ability to reduce elemental sulfur to
H.,S (Equation 6) using H, or organic substrates as electron donors is widespread
among bacteria and archaea [44].

SO + H2 i st (6)

There exists a highly specialized group of obligate anaerobes which use dissimila-
tory sulfur reduction as the main, if not the sole, catabolic process [104]. True
dissimilatory sulfur-reducing bacteria were discovered by Pfennig and Biebl [105].
These bacteria preferentially develop together with sulfur-excreting phototrophic
green-sulfur bacteria. It was demonstrated for Desulfuromonas acetoxidans that
the energy-conserving reduction of elemental sulfur to hydrogen sulfide was stoi-
chiometrically linked to the oxidation of acetate to CO,. This process is called
sulfur respiration in analogy to the reduction of dioxygen (O,) to water (H,O),
and it was shown that sulfur respiration was coupled to phosphorylation [39, 106
112]. As expected from their metabolic activities, from preliminary work on these
organisms, and from the sheer appearance of their extracts, the sulfur-reducing
bacteria proved to be a rich source of iron-sulfur proteins and cytochromes as
shown by low temperature EPR studies [113-115]. Elemental sulfur is particularly
important for the metabolism of extremely thermophilic archaea, which show an
optimal growth temperature higher than 80 °C. Thomas Brock was the first per-
son to observe such extremophiles, and his pioneering work initiated investigation
of thermophilic bacteria in volcanic areas [40, 116].

In view of its low solubility in water S° cannot be easily consumed by microbes.
So-called “hydrophilic” or “colloidal” sulfur, and organic trisulfides, RS-S°-SR,
have been reported to produce H,S with considerable velocities in the presence
of enzyme preparations obtained from sulfur-reducing bacteria [117, 118]. Nota-
bly, elemental sulfur is readily converted to polysulfide in aqueous solution by
reaction of elemental sulfur with sulfide, the product of sulfur respiration (Equa-
tion 7), and the sulfur-reducing microorganism Wolinella succinogenes was shown
to grow on polysulfide as electron acceptor converting it to hydrogen sulfide
(Equation 8) [39, 119, 120].

nS® + HS — S, + Ht (7)
S22, + 2 +2HT — SZ + H,S (8)

Recently, the 2.4 A structure of the polysulfide reductase (Psr) from bacterium
Thermus thermophilus was resolved (PDB ID 2VPZ), revealing how the integral
membrane protein complex recognizes and reduces its unique substrate S27
[121]. The quinone-coupled reduction of polysulfide represents a process impor-
tant in extreme environments, usually volcanic or geothermically active, such as
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Figure 4. Crystal structure (2.4 A) of the polysulfide reductase (Psr) from bacterium
Thermus thermophilus; ribbon representation of the PsrABC dimer viewed parallel to the
membrane, subunit C in red; each catalytic PstA subunit hosts one Mo molybdopterin
guanine dinucleotide (bis-MGD) cofactor and five [4Fe-4S] clusters; in the catalytic cycle
of Psr, menaquinol (MQ) is reduced on the periplasmic side of the membrane, releasing
two protons and electrons; the electrons are transported via the Fe-S clusters to the active-
site Mo, where polysulfide is reduced with the evolution of hydrogen sulfide; image from
the RCSB PDB of PDB ID 2VPZ [121].

deep-sea vents and hot springs. Psr is a key energy-conserving enzyme of the 7.
thermophilus respiratory chain, using S27 | as the terminal electron acceptor and
pumping protons across the membrane via a previously unknown mechanism.
The enzyme belongs to the well-studied family of molybdenum- or tungsten-
containing oxidoreductases, the PsrA subunit hosts the catalytic Mo center ligated
by the molybdopterin guanine dinucleotide cofactor (bis-MGD), five cubane-type
[4Fe-4S] clusters serve as electron transfer agents (Figure 4). FAD and NAD(P)H-
dependent coenzyme A disulfide reductases/polysulfide reductases have been pro-
posed to be important constituents in the sulfur-reducing hyperthermophiles Pyro-
coccus horikoshii and Pyrococcus furiosus. The enzyme from P. horikoshii was
reported to reduce efficiently a range of disulfides (RS-SR), persulfides (RS-SH),
and polysulfide compounds. Its role in the reduction of elemental sulfur in vivo
remains unclear, it might be a part of a sulfur-dependent antioxidant system. The
2.7 A structure (PDB ID 4FX9) reveals a relatively restricted substrate channel
leading into the sulfur-reducing side of the FAD isoalloxazine ring, suggesting how
this enzyme class may select for specific disulfide substrates [122].
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2.3. Microbial Activation of Sulfate

Dissimilatory reduction of sulfate to hydrogen sulfide, with sulfite as crucial in-
termediate, is one of the oldest and most prominent microbial energy-conserving
pathways on Earth. As life may have originated in hot environments, the occur-
rences of sulfate-reducing hyperthermophilic archaea and deep-branching ther-
mophilic bacteria indicate an early origin of this process. Isotopic data suggest
that dissimilatory sulfate reduction began over 3 billion years ago but acquired
global significance only after sulfate concentrations had considerably increased
in the Precambrian oceans approximately 2.35 billion years ago. Sulfate-reducing
microorganisms are ubiquitous and play an imperative role in the global cycling
of carbon and sulfur [57-59, 123-131].

Sulfate is an energy-rich molecule that is, however, chemically inert. To use this
energy source, microorganisms have to invest ATP [58]. Three enzymes are the
key players in the dissimilatory reduction of sulfate to hydrogen sulfide: (i) ATP
sulfurylase, (ii) adenosine 5'-phosphosulfate reductase, and (iii) dissimilatory
sulfite reductase (Equations 9-11). Because of its low redox potential (E” =
-516 mV), sulfate cannot be directly reduced by H, or organic acids, it has to be
converted to adenosine 5'-phosphosulfate (APS) in a reaction catalyzed by ATP
sulfurylase (Figure 5). Hereby, the redox potential E” (APS/AMP + HSO3) is
shifted to —60 mV. The formation of APS is endergonic and probably driven by
the subsequent hydrolysis of pyrophosphate and the energetically favorable APS
reduction. Therefore, the activation of sulfate to APS is assumed to consume
two ATP equivalents. APS reductase, a FAD, [4Fe-4S] enzyme, converts APS to
sulfite and AMP, followed by the six-electron reduction of sulfite to hydrogen
sulfide as the final step (EY (HSO3/HS )= -116 mV).

Mg-ATP + SO — Mg-PP; + APS 9)
APS + 2¢- — AMP + HSO; (10)
HSO;3 + 6e~ + 6H* — HS™ + 3H,O (11)
NH,
N X
N
]
0. 0., 0 A
I/} /'7 \ O
{imt o) o
HO OH

Figure 5. Schematic representation of adenosine 5'-phosphosulfate (APS).
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This multi-electron, multi-proton transfer process is catalyzed by dissimilatory
sulfite reductase which contains the coupled siroheme-[4Fe-4S] cofactor at the
active site (see Chapter 10). In total, the equivalent of 2/3 ATP will be generated
in this pathway. Two molecules ATP, out of three, are required for the activation
of sulfate and 1/3 ATP for the transport of the sulfate into the cell. Recently, a
protein-based trisulfide was identified as key intermediate that couples the re-
duction of sulfite to energy conservation (Figure 6) [132-134].

3. SULFUR AND METAL COORDINATION

Because of the restricted scope of this chapter, and in view of the following
chapters written by renowned experts in the field of transition metal sulfur sites
in biological systems, only a short overview and selected bibliography of this
topic will be given. It is well known that sulfur-containing compounds can act as
a poison for catalysts because of their strong coordinating and adsorptive proper-
ties, which cause them to block reactive metal sites. On the other hand, numer-
ous transition metal sulfides display intriguing catalytic activities in their own
right. They provide surfaces (solid state) and complex cavities (metalloenzymes)
that activate small molecules such as H,, CO, N, or N,O, and they catalyze the
reductive transformations of organic molecules [31, 135-141].

The chemistry of the transition metals has been exploited extensively in both
biology and industry. In many applications, the metal is coordinated by sulfur,
either in the form of a sulfur-containing organic ligand or in the form of a variety
of inorganic sulfur-donor groups. Sulfur coordination is required for the func-
tioning of numerous biological catalytic metal centers. These metal sites encom-
pass different transition metals, such as V, Fe, Ni, Cu, Zn, Mo or W, and both
mononuclear and homo- as well as hetero-polynuclear architectures have been
found. The role of sulfur involves the modulation of the activity of the metal,
but often the sulfur ligand itself can be involved in substrate binding, acid-base
activity, or redox processes crucial to catalysis. The industrial interest in metal
sulfur compounds includes applications in catalysis, anticorrosion, lubrication,
antioxidancy, and battery technology [141].

Reports on metal ions bound to proteins or enzymes, in terms of the coordina-
tion compounds of the 1913 Nobel laureate Alfred Werner [142], date way back
into the 19th century and may probably be found in earlier centuries if the
terms “proteins” and “enzymes” will be replaced with “animal or plant tissues”.
Naturally, the major polymers in living matter are carbon compounds, whereas
the transition metals are usually only present in traces. However, there is no life
without transition metals [143]. Obviously, there is a long trail of discovery of
metals in proteins or in other components of living organisms, metals that were
required for their structure or function, although details of what the functions
implied were initially missing and hard to come by [144]. Since the early days of
Bio(inorganic) chemistry, or Inorganic Biochemistry, when the nature of the met-
al constituents of the respiratory enzyme (Atmungsferment) cytochrome ¢ oxi-
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dase were still a matter of debate between Otto Warburg and David Keilin [145],
ever more complex metal-dependent proteins have been purified and crystal-
lized, physical techniques and attendant theories can probe deeply into the intri-
cacies of electronic structure and structural dynamics, chemical syntheses of pro-
tein and metal coordination units become more sophisticated, and biochemical
syntheses with site-directed mutagenesis disclose functions of specific amino acid
residues. Basically, proteins, although somewhat complicated, reduce to a spatial-
ly correlated multidentate ligand. The proteins act as a unique ligand, its struc-
ture and environment can modulate important properties such as electronic
structure, redox potential, and detailed stereochemistry [41].

Proteins coordinate metal ions (M) with nitrogen, oxygen, and sulfur endoge-
nous biological ligands; the amino acids cysteine (Cys; RS™) and methionine
(Met; RS-CHj;) provide thiolate and thioether sulfur for M coordination. Bond-
ing depends on the M-SR or M-SR-CHj; angle. For RS™, the dominant valence
orbitals involved in bonding are the two sulfur p orbitals which are perpendicular
to the C-S bond. These orbitals are degenerate in the free base, but split in
energy into m and pseudo-o levels upon bonding to a metal with a M-S-C angle
less than 180°. The m orbital is perpendicular to the M-S-C plane, while the
pseudo-o orbital is in the plane with its lobe pointed toward the metal ion but
not necessarily along the bond axis unless the M-S-C angle is close to 90°; the
M-S-C angles of metal thiolates are mainly in the range of 100-120°. RS-CHj;
ligands are often found to bind the metal ion below the molecular plane and
approximately 40° off the plane normal; two valence orbitals (by, a;) are involved
in bonding, which are p orbitals on the sulfur atom perpendicular to and largely
in the ligand plane, respectively. Sulfide (S*), like water (H,O), hydroxide
(HO"), and oxide (O?") belong to the class of exogenous ligands. The frequent
occurrence of sulfido bridges (as well as of oxo bridges) and terminal ligands
arises from the enhanced acidities of their conjugate acids when coordinated to
sufficiently oxidized metal ions, together with the considerable bond strengths
associated with binding these intensely nucleophilic dianions, with the most
prominent examples observed in the bridging units Fe(IIT)-S-Fe(II1)/(II) of iron-
sulfur clusters and terminal oxo-sulfido groups in molybdenum and tungsten
proteins [41, 146-148]; (see Chapters 7-11 of this book).

Generally, in metalloproteins two types of metal sulfur sites are found:
(i) mononuclear centers with specific protein or cofactor ligation, such as the
blue type 1 copper electron transfer center, CuScys(Npis)2Smer, in plastocyanin
[149], the CuNy;5(Smer)- site in Cu trafficking protein CusF [150], or the Cu(I)
Smet-X3-Snmer binding motif in a-synuclein [151], and (ii) polynuclear sites with
p-sulfido bridges connecting two or more metals, e.g., the centers in iron-sulfur
proteins, [2Fe-2S] and [4Fe-4S] [82, 152], or the four-metal cubane [Ni,3Fe-4S]
cluster in anaerobic carbon monoxide dehydrogenase [153]; hereby the iron
atoms are coordinated both by the bridging sulfur atoms (also called inorganic
or acid-labile sulfur) and by cysteine thiolate sulfurs (also called organic sulfur)
[82, 154-156].

A common structural motif present in electron transfer protein active sites,
e.g., the blue type 1 Cu center in plastocyanin, the purple mixed-valence CuA
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center [Cu'>*-Cu!>+] in cytochrome oxidase and nitrous oxide reductase, or
the new type of CuA site observed in methane- and ammonia-oxidizing bacte-
ria, and the Fe protein cytochrome c, is the presence of an axial metal-Sy,
bond. This structural feature gained major interest in recent years in view of
its significant influence on the redox potential of the electron transfer center
[157-163].

4. SULFUR IN COFACTORS AND COENZYMES

Next to essential amino acids cysteine (Cys) and methionine (Met), biotin (vita-
min B;) and thiamine (vitamin B;) (Figure 7) are important organosulfur com-
pounds needed for biochemical functioning. Homocysteine, (H,N)(HOOC)CH-
CH,-CH,-SH [164], a homologue of cysteine and ligand of molybdenum or va-
nadium, in nitrogenase [165], and taurine, H,N-CH,-CH,-SO3H, an important
source of hydrogen sulfide via anaerobic respiration of sulfite in the human gut
[166], are other sulfur-containing acids, but are not part of the primary structure
of proteins.

Many enzymes with important roles in cellular metabolism use prosthetic groups
ending with a sulfhydryl (-SH) moiety, e.g., coenzyme A and lipoic acid [167]. The
tripeptide glutathione, y-glutamyl-cysteinyl-glycine, carries reducing equivalents
for cellular repair of oxidation through its sulthydryl group. In methanogenesis, a
multistep biochemical transformation of carbon dioxide (CO,) to methane (CHy),
several organosulfur cofactors are involved including the immediate precursor to
methane, methyl-coenzyme M, CH;3-SCH,CH,SO3 (CH3-S-CoM). The Ni enzyme
methyl-coenzyme M reductase harbors the Ni(I)-hydrocorphin coenzyme F-430
as a prosthetic group and catalyzes the reversible reduction of CH5-S-CoM with
coenzyme B, HS-CoM, to CH, and the heterodisulfide CoM-S-S-CoB [168-173].

0 NH;

A

NT N*
HN NH | S
H H )\ oz =
i, /\\/\\
[ ‘ COOH
OH

Figure 7. Schematic representation of the organosulfur compounds biotin (vitamin B-;
left) and thiamine (vitamin By; right).
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4.1. Thiamine Diphosphate, Essential Coenzyme in All Forms
of Life

Thiamine diphosphate (ThDP) is an essential organosulfur molecule that is re-
quired for processes of general metabolism amongst all organisms, it is the only
naturally occurring thiamine derivative that is found as an enzyme cofactor. It
consists of a sulfur-containing thiazolium nucleus, a 4-aminopyrimidine ring, and
a diphosphate moiety that is required to provide tight binding to the target en-
zyme via a Mg?™" cation (Figure 8). The electrophilic nature of the positively
charged thiazolium ring is key to the stabilization of carbanion states of the
cofactor, the ThDP-ylide, and of covalent substrate-ThDP conjugates in terms
of a so-called ‘Umpolung — or polarity inversion’ mechanism [174-176]. This
makes ThDP an effective participant in the reversible catalytic cleavage of C-C
bonds of vicinal dicarbonyl or a-hydroxyketone groups, exhibiting a chemical
ability not possessed by protein functional groups.

Since the fundamental experiments published by Ronald Breslow in 1958 on
the mechanism of ThDP action [177], an enormous number of complex organic
syntheses catalyzed by ThDP-dependent enzymes with high chemo-, regio-, and
stereoselectivity was reported. They are exceedingly multifunctional biocatalysts,
form a vast and diverse class of proteins, and catalyze a wide variety of enzymatic
reactions including the formation or cleavage of C-S, C-O, and C-N bonds [178-
186]. Most importantly, ThDP-dependent enzymes are involved in the making

R R
| |
H\(/N(B/ H* O(/l\}/
S S
R R

Figure 8. Stick representation of thiamine diphosphate (ThDP) in the typical V-confor-
mation found in structures of ThDP-dependent enzymes; the N4’ amino nitrogen of the
pyrimidine ring comes close to the thiazolium ring allowing formation of the ThDP-ylide
ion; the C2-H moiety of the thiazole ring can act as an acid forming a carbanion; the
tetravalent nitrogen just adjacent to C2 stabilizes the negative charge, making the reaction
much more favorable; the diphosphate group binds to a Mg?* cation, which forms a com-
plex with the active site cavity [184], C (grey), N (blue), S (yellow), O (red), P (orange).
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and breaking of C-C bonds, their synthetic applications increased exponentially
since the 1990s thanks to the progress in molecular biology giving access to large
amounts of highly pure enzymes and variants [187-190]. Because of the ability
to form asymmetric C-C bonds, ThDP-dependent enzymes are versatile catalysts
for important transformations and exhibit a remarkable substrate spectrum. Al-
though very diverse in sequence and domain organisation, they share two com-
mon protein domains, the pyrophosphate and the pyrimidine domain. For the
comprehensive and systematic comparison of protein sequences and structures
the Thiamine diphosphate-dependent Enzyme Engineering Database (TEED)
was established in 2010 [191]. ThDP-dependent enzymes share a conserved fold
[182, 183], in which paired active sites (~25 A apart) are arranged in the inter-
face between two subunits. Note that ThDP-dependent enzymes are typically
obligate dimers, however, some associate further into higher oligomers. Activa-
tion of the organosulfur cofactor depends on the binding of its 4’-aminopyrimi-
dine ring to the active site cavity that enables it to access catalytically relevant
imino and pyrimidinium tautomers (Figure 8), and the adoption of a V-shaped
conformation when the two cofactor rings are bent over a conserved hydropho-
bic residue. This brings the exocyclic N4’ of the pyrimidine ring close to the C2
atom of the sulfur-containing thiazolium ring, causing a significant decrease of
the pK, of this C-H moiety to facilitate its deprotonation and formation of a
highly nucleophilic ylide species [174-176, 192].

4.2. S-Adenosyl-L-Methionine, Key Player
in the Radical SAM Pathway

Originally, free radicals had been regarded as rather rare species in enzymatic
catalysis [193]. The most convincing evidence for the participation of radicals in
enzymatic reactions was obtained by magnetic resonance techniques, such as the
flavin semiquinone [194], the quinone cofactors in electron transfer reactions, and
the tyrosyl radical in ribonucleotide reductases [195]. More recently, two impor-
tant classes of dioxygen-independent enzymatic reactions were recognized to pro-
ceed through radical-based mechanisms, those catalyzed by S-adenosyl-L-methio-
nine/Fe-S enzymes and the adenosylcobalamin-dependent enzymes (which do not
contain sulfur and therefore are not discussed here) [45, 46, 196-213]. S-adenosyl-
L-methionine (SAM or AdoMet) is formed by the reaction of L-methionine and
ATP as first reported by Cantoni in 1952 [214]. A metabolite present in all living
cells, SAM plays a central role in cellular biochemistry as a precursor to methyla-
tion, aminopropylation, and transsulfuration pathways. It is well known as the
methyl donor for the majority of methyltransferases that modify DNA, RNA,
histones and other proteins, dictating replicational, transcriptional, and transla-
tional fidelity, mismatch repair, chromatin modelling, epigenetic modifications
and imprinting, which are all topics of great interest and importance in cancer
research and aging [215]. SAM acts as the precursor in the biosynthesis of the
polyamines spermidine and spermine, of the metal ion chelating compounds nico-
tianamine and phytosiderophores, and of the gaseous plant hormone ethylene
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Figure 9. Reductive cleavage of S-adenosyl-L-methionine (SAM) to L-methionine and
the 5'-deoxyadenosyl radical.

[199]. Decades of research on the biochemical and molecular roles of SAM in
cellular metabolism provided an extensive foundation for its use in clinical stud-
ies, including those on depression, dementia, vacuolar myelopathy, liver disease,
and osteoarthritis [197]. SAM has long been regarded as a source of methyl
groups (CH;) for DNA methylation, biosynthesis of hormones and neurotrans-
mitters, and regulation of signal transduction (cell’s methyl iodide). The methyla-
tion reaction of biomolecules can proceed readily based on the chemical reactivity
of nucleophiles with the electrophilic sulfonium ion (Figure 9), and this property
of SAM was regarded as the principal reason for its existence [46, 198].

Notably, a new role for SAM — according to biochemist Perry Frey “A Wolf in
Sheep’s Clothing, or a Rich Man’s Adenosylcobalamin?” [198, 210] — evolved in
parallel to the emergence of novel types of redox, regulatory, and enzymatic
roles for iron-sulfur clusters, mediating two electron redox processes, coupling
proton and electron transfer, and catalyzing disulfide reduction and reductive
cleavage of SAM via sulfur-based cluster chemistry (Figure 10) [198, 208-213,
216-219].

Since then, an increasing number of radical SAM/Fe-S enzymes, e.g., lysine
2,3-aminomutase, pyruvate formate lyase activase, anaerobic ribonucleotide re-
ductase, biotin synthase, lipoyl synthase, and benzylsuccinate synthase to name
a few, were discovered. The bioinformatics study from 2001 [196] revealed that
the superfamily of radical SAM enzymes contained over 600 members, many
catalyzing reactions that were rich in novel chemical transformations. Mean-
while, the superfamily has grown immensely, and new details about the scope of
reactions and biochemical pathways in which its members participate have
emerged [204]. A recent analysis of the Structure-Function Linkage Database
(SFLD) (http:/sfld.rbvi.ucsf.edu/django/superfamily/29/) [220] suggests that there
are more than 113,000 SAM radical enzymes [210]. SAM serves as the free radical
initiator. Basically, it is cleaved to the 5'-deoxyadenosyl radical (Figure 9), which
propagates radical formation by abstracting hydrogen atoms, either from sub-
strate molecules to form radical intermediates, or from glycyl residues of en-
zymes to activate them [202, 203]. These diverse transformations involving SAM
are a consequence of the diverse reactions that can be supported at the cofactor’s
sulfur center, as highlighted in the biosynthesis of biotin (vitamin B;). This chal-
lenging reaction, which requires the insertion of one sulfur atom between two
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non-activated carbon atoms of dethiobiotin, is catalyzed by sulfur transferase
biotin synthase, a homodimer in solution, with one [2Fe-2S] and one [4Fe-4S]
cluster, and SAM in each monomer (PDB ID 1R30) [221]. Lipoyl synthase (PDB
ID 5EXK, SEXJ) is another remarkable member of the radical SAM superfami-
ly. In addition to SAM and the regular [4Fe-4S] cluster, this enzyme employs an
auxiliary [4Fe-4S] cluster to catalyze the attachment of two sulfur atoms as the
final step of lipoic acid synthesis [222-225]. Lipoic acid is an eight-carbon,
straight-chain fatty acid containing sulfhydryl groups at atoms C6 and C8 which
allow reversible formation of a cyclic disulfide. As a cofactor lipoic acid is re-
quired for the oxidative decarboxylation of a-keto acids. It is covalently attached
to the enzyme by an amide bond to a terminal lysine residue, e.g., in the pyruvate
dehydrogenase complex [226, 227].

In conclusion, radical SAM enzymes are powerful catalysts, in terms of the
sheer number of spectacular transformations catalyzed, the radical SAM super-
family is hard to beat. A number of superb review articles recently written on
the subject are recommended to acquire a deeper appreciation of this important
class of enzymes [209-213].

5. OUTLOOK AND FUTURE DIRECTIONS

Although sulfur has been explored extensively since its identification as element
by Lavoisier in 1777, sulfur and its compounds remain in the focus of active
research in chemistry, biochemistry, geochemistry, microbiology, and medicine.
Clearly, evolution made an excellent choice in selecting sulfur as one basic el-
ement of life in view of its astounding chemical properties. Notably, the field
of geomicrobiology has experienced an extraordinary growth in recent years.
Microorganisms have been studied in all kinds of extreme environments on
Earth, ranging from crystalline rocks from the deep subsurface, ancient sedimen-
tary rocks and hypersaline lakes, to dry deserts and deep-ocean hydrothermal
vent systems [96]. For example, the anaerobic oxidation of the greenhouse gas
methane, that exists in huge amounts in sea-floor sediments across the globe, to
carbon dioxide by a consortium of methanotrophic archaea, has been shown to
be coupled to the process of sulfate reduction to hydrogen sulfide, with elemen-
tal sulfur as a key intermediate [228-230]. Advances in oxygen and sulfur isotope
biogeochemistry make significant contributions to our understanding of these
complicated processes linking the biogeochemical cycles of the elements, e.g.,
carbon and sulfur [231-236].

New enzymes have been discovered, functionally and structurally characterized,
such as the membrane-bound sulfane reductase from thermophilic Pyrococcus
furiosus [237], the formyl-methanofuran dehydrogenase from Methanothermo-
bacter wolfeii, a key enzyme of methanogenesis carrying an electron supplying
core with a record high of 46 (!) electronically coupled [4Fe-4S] clusters [238], or
the human DNA primase, where a [4Fe-4S] cluster appears to act as an on/off
redox switch for DNA binding [239]. Not too surprising, a new catalytic activity
by a radical SAM enzyme, the reductive cleavage of sulfoxides and sulfones, has
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been found most recently [240], and in diphthamide biosynthesis an usual cleav-
age of the SAM C-S bond leading to the capture of the 3-amino-3-carboxypropyl
radical, and not to the 5'-deoxyadenosyl radical, could be detected [241, 242].

The investigation of the biosynthesis and physiological role of persulfides, such
as cysteine hydropersulfide (CysSSH) or glutathione persulfide (GSSH), has at-
tracted lots of interest by researchers in recent years [50]. These sulfur com-
pounds are found in prokaryotes, eukaryotic cells, and mammalian tissues. The
chemical properties and abundance of these species suggest a pivotal role for
compounds containing an -SSH group in cell-regulatory processes, persulfides
can function as potent antioxidants and cellular protectants, and as redox signal-
ing intermediates [243]. Furthermore, the important life-supporting role of hy-
drogen sulfide (H,S), which evolved from microorganisms to plants, inverte-
brates, vertebrates, and finally to mammals, has to be mentioned. For a long
time, H,S was only known for its toxicity and environmental hazard, the appreci-
ation of its physiology started by the discovery of endogenous H,S production
in mammalian cells and gained momentum by typifying this gasotransmitter
(next to NO and CO) with a variety of important functions in cardiovascular,
neuronal, immune, renal, respiratory, gastrointestinal, reproductive, liver, and
endocrine systems [244-246].

As sulfur is quite abundant in nature, nontoxic, environmentally benign, there
is an increasing interest in industrial applications. For example, sulfur has a ultra-
high theoretical capacity and theoretical energy density, which distinguishes it
from other cathode materials. Consequently, the area of lithium-sulfur batteries
gained significant momentum over the past few decades and substantial progress
could be made. However, there still exist quite a few scientific and technical
problems to be solved which currently prevent lithium-sulfur batteries to become
commercialized [247, 248]. In addition, there exist exciting applications of sulfur
radicals in organic synthesis, polymer chemistry, and in materials science, as most
recently reviewed [249].

Last but not least, as there is a rich chemistry and biochemistry for selenium,
like oxygen and sulfur a member of group 16 of the Periodic Table, the excellent
review by Reich and Hondal entitled “Why Nature Chose Selenium” must be
mentioned here. It describes important discoveries of the biological processes
that selenium participates in, and a point-by-point comparison of the chemistry
of selenium with the atom it replaces in biology, sulfur. The in-depth analysis
reveals that redox chemistry is the largest chemical difference between Se and
S. This difference is very large for both one-electron and two-electron redox
reactions, and much of this difference is due to the inability of selenium to form
7t bonds of all types [250].

ACKNOWLEDGMENTS

The authors are grateful for continuous financial support by DGAPA-UNAM,
Facultad de Quimica-UNAM and CONACYT (MEST, ARM, ASP), and by the
Deutsche Forschungsgemeinschaft and the Universitdt Konstanz (PK).

printed on 2/13/2023 1:01 AMvia . All use subject to https://wmv. ebsco. conlterns-of -use



SULFUR, THE VERSATILE NON-METAL 41

ABBREVIATIONS AND DEFINITIONS

AMP adenosine 5'-monophosphate
APS adenosine 5'-phosphosulfate
ATP adenosine 5'-triphosphate
Cys cysteine
Dsr dissimilatory sulfite reductase
EPR electron paramagnetic resonance
FAD flavin adenine dinucleotide
His histidine
Met methionine
MGD molybdopterin guanine dinucleotide
NAD(P)H  nicotinamide adenine dinucleotide (phosphate)
PP; pyrophosphate
Psr polysulfide reductase
SAM S-adenosyl-L-methionine
SFLD Structure-Function Linkage Database
TEED Thiamine diphosphate-dependent Enzyme Engineering Database
ThDP thiamine diphosphate
XAS X-ray absorption spectroscopy
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Abstract: Cupredoxins host in their scaffold one of the most studied and interesting metal
sites in biology: the type 1 (T1) or blue Cu center. Blue Cu proteins have evolved to play key
roles in biological electron transfer and have the ability to react with a wide variety of redox
partners. The inner coordination sphere of T1 Cu sites conserves two histidines and one
cysteine with a short Cu-S(Cys) bond as ligands in a trigonal arrangement, with a variable
axial ligand that modulates the electronic structure and reactivity. The structural, electronic
and geometric features of T1 Cu centers provide the basis for a site that can be optimized by
the protein structure for each biological function. This chapter highlights the properties that
make this unique Cu center in biology an efficient and tunable electron transfer site. The
contributions of the first coordination shell and the high covalency of the Cu-S(Cys) bond in
the T1 Cu site to its distinctive geometric and spectroscopic features are discussed, as well as
the role of the protein scaffold in imposing an ‘entatic’ state with a distorted tetrahedral
geometry that minimizes geometric changes upon redox cycling. The analysis of naturally
occurring perturbed blue Cu sites provides further insights into how the protein scaffold can
tune the properties of the T1 Cu site. Blue Cu sites display a wide range of reduction poten-
tials, as these are tuned to be consistent with their physiologically relevant electron donors
and acceptors. The different properties of the protein matrix that play important roles in fine-
tuning the reduction potential of T1 Cu sites are also discussed, including the nature of the
axial ligand and outer coordination sphere effects. These concepts are further illustrated by
the discussion of examples of biosynthetic blue Cu proteins. Finally, the different features of
the T1 Cu site that make it an optimal site for electron transfer (ET) are discussed, in terms
of Markus theory for intra- and inter-molecular ET. The active site in multicopper oxidases is
used as an example to illustrate the contributions of the anisotropic covalency of the blue Cu
site to an efficient ET, while the diverse reactivity of the T1 Cu sites in these enzymes is
discussed to dissect the different properties provided by the protein that help tune these
unique sites for biological ET.

Keywords: blue copper - blue copper proteins - electron transfer - multicopper oxidases - type 1
copper

1. INTRODUCTION: BLUE COPPER SITES IN BIOLOGY

First-row transition metals are essential cofactors in metalloproteins as they facil-
itate a large variety of chemical processes due to their accessible range of redox-
states as well as a flexible number of ligation partners. Numerous biological
pathways depend on at least one metalloprotein. Thus, transition metals are
essential for life. The evolution of metalloproteins reflects the bioavailability of
metals, especially in the oceans. In the anoxic or euxinic (anoxic and sulfidic)
ocean that existed in the early Precambrian era, copper was mostly available as
insoluble Cu(I) salts, such as Cu,S. It was after the great oxygenation event,
2.4-2.7 billion years ago, when an increase in atmospheric oxygen changed the
bioavailability of copper, given the high solubility of Cu(II) salts. Thus, copper
emerged as one of the last cofactors to be incorporated in biological systems [1,
2]. Though being a late addition for evolutionary consideration and toxic for
most organisms, the versatility of functionalized copper in terms of properties,
such as reactivity and reduction potential, resulted in a remarkable variety of
organisms utilizing copper proteins, including bacteria, plants, and humans [3].
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Several protein cofactors containing copper binding sites have been character-
ized and classified by their spectroscopic features, such as mononuclear type 1,
mononuclear type 2, and binuclear type 3 Cu sites. Cu sites have also been
classified by their function, including type 1 Cu and Cu, sites as electron transfer
centers; binuclear and trinuclear Cu sites for oxygen activation and reduction;
and tetranuclear Cuy sites for N,O reduction [4]. From this diversity of Cu sites
that we know today, the first one to be utilized in proteins was the type 1 (T1)
Cu center, also named blue Cu site [1, 2]. The unique spectral features of T1
copper sites, as compared to synthetic copper molecules, made blue Cu proteins
an attractive research topic [4-7]. Oxidized T1 Cu sites are distinguished by an
intense absorption maximum around 600 nm, resulting in the intense blue color
characteristic of these sites, and a remarkably small hyperfine splitting in their
electron paramagnetic resonance (EPR) spectra [8-10]. The unique spectral fea-
tures of blue Cu sites are discussed further in Section 2.2.

The majority of T1 Cu sites are present in cupredoxins, also known as blue
copper proteins, a family of proteins named according to its electron transfer
function similar to ferredoxins [11]. Cupredoxins are a superfamily of small
(<20 kDa) and soluble proteins containing a single T1 site. They can be found
in all the three kingdoms Archaea, Bacteria, and Eukarya with a majority in
plants in terms of number of unique proteins. In cupredoxins, both oxidized and
reduced states are easily interchangeable and, in some cases, withstand oxidation
in an oxidizing environment. Additionally, cupredoxins are capable to reduce/
oxidize a variety of proteins, mostly cytochromes, with remarkable reduction/
oxidation rates facilitated by hydrophobic patches interacting with the reduction/
oxidation partner. Thus, earliest studies described blue copper proteins as elec-
tron transport systems [8, 9]. This proposed function is further supported by a
rigid tertiary structure, which is neither perturbed by redox cycling, nor by the
removal of the copper ion [12-14]. The versatility of cupredoxin oxidation/reduc-
tion partners is one of the mayor obstacles in conclusively identifying physiologi-
cally relevant redox partners. Additionally, blue Cu proteins (BCPs) often share
their role as electron shuttle with cytochromes, such as cytochrome ¢4 in photo-
synthesis, which are also potential donors/acceptors [15-20].

Numerous cupredoxins have been characterized and their amino acid sequen-
ces determined [21-23]. Additionally, a remarkable number of structures from
X-ray diffraction and nuclear magnetic resonance have been reported. Sequence
analysis from different small BCPs resulted in a phylogenetic tree with three
branches separating at the trunk: (i) plastocyanin-like BCPs occurring in bacteria
and plants, (ii) azurin-like BCPs exclusive to bacteria and (iii) phytocyanins only
found in plants [11, 21, 24]. The plastocyanin-like branch is divided further into
the subfamilies plastocyanins, pseudoazurins, and amicyanins, while the phytocy-
anin family includes stellacyanins, uclacyanins, plantacyanins, and early nodulin
proteins, the latter uncapable to bind copper [22]. The azurin family shares com-
mon ancestors with multi-domain enzymes containing cupredoxin-like domains
such as nitrite reductase and cytochrome oxidase [25]. Rusticyanins are proteins
only found in the bacterium Thiobacillus ferrooxidans and share an even closer
relation to multicopper oxidases and nitrite reductases, having the T1 Cu sites
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with the highest reduction potentials of single domain cupredoxins [24, 26, 27].
Sequence identity between subfamilies is remarkably low (<20 %). However,
all BCPs feature an eight-stranded Greek key p-barrel and extended hydrogen
networks achieving the structural rigidity, though the actual order of B-sheets
varies strongly between subfamilies [23, 28, 29].

Cupredoxins host in their scaffold one of the most studied and interesting
metal sites in biology: the T1 or blue Cu center. BCPs fulfill an important func-
tion in biology as ET sites. The unique electronic structure and geometric prop-
erties of T1 Cu centers, as well as the particular structural features of each cupre-
doxin scaffold, provide these sites with key properties that make them optimal
for ET, as discussed in the following sections.

2. THE BLUE COPPER CENTER: A MISTERY
AT THE BIRTH OF BIOLOGICAL INORGANIC
CHEMISTRY

2.1. The Type 1 Blue Copper Site: Born to Do Electron
Transfer?

In 1939, Green et al. demonstrated the inhibitory effect of copper chelators on
photosynthesis and respiration of the green water alga Chlorella pyrenoidosa
[30]. The involvement of copper in photosynthesis was discovered in 1960 by
Katoh and Takamiya, who first isolated plastocyanin (Pc) from the green algae
Chlorella ellipsoidea [8, 31]. Around the same time, azurin (Az) was first isolated
from Bordetella in 1963 [9] to become later one of the first blue copper proteins
to be structurally characterized and sequenced [32, 33]. A few years later, the
first phytocyanin was isolated as a very basic protein from cucumber seed and
peel, and named the cucumber basic protein (CBP) or cucumber plantacyanin,
though it had also been found in a variety of plants, e.g., spinach plantacyanin
or spinach basic protein [34-36]. Initial characterization of isolated BCPs showed
that their intense blue color would disappear upon addition of reducing reagents.
It would take several years for the origin of the blue color to be discovered,
while in some cases their physiological roles remain elusive even today, as is
the case of azurin and phytocyanins. This is surprising, considering how widely
expressed BCPs are in nature. For example, phytocyanins are a family of plant-
specific BCPs that have been identified in a number of different plants including
maize, cotton, tobacco, rice, cucumber, spinach, cabbage and, most importantly,
in the small weed flower Arabidopsis thaliana [11, 37, 38]. The extensive efforts
of sequencing the genome of Arabidopsis thaliana reveal phytocyanins as one of
the largest protein families known in plants [39, 40]. In spite of their omnipres-
ence in plants, and the fact that one of the members of this family, stellacyanin,
has been extensively studied in vitro, the physiological role of phytocyanins re-
mains unknown.

Bioinorganic chemists know that the blue Cu center is a site with unique fea-
tures that makes it optimal for rapid long-range ET, as discussed in this chapter.

printed on 2/13/2023 1:01 AMvia . All use subject to https://wmv. ebsco. conlterns-of -use



EBSCChost -

THE TYPE 1 BLUE COPPER SITE 55

Yet, the challenge of elucidating the particular physiological role of each blue
copper protein still stands, and it lies on the identification of their redox partners
in vivo. In the case of plastocyanin, its role in photosynthesis is clear, and it is
expressed in cyanobacteria, most green algae, and all higher plants [15, 16, 19,
41]. Localized in the inner space (lumen) formed by thylakoid membranes, Pc
acts as an electron shuttle between photosystems II and I, large trans-membrane
complexes formed by several proteins, involved in photosynthesis. The electron
from water splitting in photosystem II reduces the cytochrome b¢f complex, the
electron donor for Pc, which in turn reduces the P700* subunit of photosystem
1 [42, 43]. Pc resists oxidation by the oxic environment created by photosynthetic
water splitting, suggesting that this blue copper protein evolved as an ET system
that can keep copper redox cycling under aerobic conditions.

The fact that Pc is expressed in cyanobacteria, the first organisms on Earth to
come in contact with oxygen, underscores the notion that the first biological role
of copper incorporated in living organisms was that of ET to enable photosyn-
thesis. Indeed, the Cu-binding cupredoxin fold superfamily evolved early and it
is ubiquitous in eukaryotic proteomes, suggesting that their early role as electron
transport proteins accompanied eukaryotic evolution [1]. Of course, as living
organisms evolved to deal with increasing oxygen concentrations on our planet,
copper became more bioavailable, and it was also incorporated into enzymes
that can reduce or activate oxygen, including cytochrome ¢ oxidase, which is a
key player in respiration [44]. As a result of this evolution, today the role of T1
blue Cu centers (and Cu, sites as well) as ET sites that play essential roles in
both, photosynthesis and respiration, is undeniable. In fact, one could simply just
say that life on our planet would not be the same without blue copper proteins
that assure efficient electron transport. In the sections that follow, a summary of
the unique structural, electronic, and geometric features of the blue Cu site is
provided, to further highlight the properties that make this unique Cu center in
biology an optimized site for electron transfer.

2.2. Origin of Unique Features of the Blue Copper Center:
A Highly Covalent Matter

Since their discovery, the origin of the intense blue color characteristic of blue
copper proteins puzzled bioinorganic chemists. Electronic absorption spectra of
these proteins show an intense (¢ ~5000 M~'cm™') maximum at 600 nm (Fig-
ure 1A). However, tetragonal and square planar Cu(II) complexes normally
show weak d — d transitions (¢ ~40 M~'cm™) in this region. This is because
Cu(IT) complexes adopt a preferred square planar geometry due to the Jahn-
Teller distorting force present in the Cu(Il) state. Square planar Cu(II) com-
plexes have Dy, symmetry, and thus, all their ligand field (LF) transitions are
parity forbidden, yielding very low intensity signals (Figure 1A and D). In order
to explain the intense blue band centered at 600 nm, before the first blue Cu
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protein was structurally characterized, early spectroscopic studies performed by
Solomon, Hare, and Gray predicted a tetrahedral geometry for the T1 Cu center
[45]. This was based on circular dichroism (CD) and magnetic circular dichroism
(MCD) studies of Rhus vernicifera stellacyanin, bean plastocyanin, and Pseudo-
monas aeruginosa azurin. They predicted a flattened tetrahedral (D,g) site with
two His and one Cys as Cu ligands, and weak LF transitions appearing at lower
energy (above 800 nm). The intense absorption band at 600 nm was deconvolut-
ed as two ligand-to-metal charge transfer (LMCT) bands originating from the
S(Cys) ® — Cu 3dy.,2 and S(Cys) 6 — Cu 3dy.2 transitions [45]. The fact that
the absorption spectrum of blue Cu sites reflected a distorted tetrahedral geom-
etry led to the idea that the protein opposes the Jahn-Teller distortion that a
normal Cu(II) complex would suffer from. By imposing a T4 geometry on the
T1 Cu center, the protein would be activating the site for ET, enforcing a rack-
induced or ‘entatic’ state (Section 3.1) [46, 47]. Today we know that the inner
coordination sphere of T1 Cu sites is mostly conserved, with two Cu(II)-N(His)
bonds at ~ 2 A, which are common to Cu(Il)-imidazole interactions [5], and a
Cu(II)-S(Cys) bond at 2.1 A that is shorter than most other Cu(II)-S thioether
bonds (~2.5A). In those sites with a Met as an axial ligand, like the early
studied bean Pc and Pseudomonas aeruginosa Az, a long axial Cu-S(Met) bond
at 2.9 A completes the coordination sphere (Figure 1C) [48, 49].

Another unique feature of blue Cu sites is that they display an unusually
small metal hyperfine splitting in their EPR spectra. Cu(II) ions have a d° elec-
tronic configuration and are paramagnetic. The metal hyperfine coupling re-
sults from the interaction of the electron spin in the 3d,2.,2 orbital with the
nuclear spin of ®>%Cu (I = 3/2), which leads to the characteristic four line split-
ting pattern in the parallel region of Cu(Il) EPR spectra. Normal Cu(II) com-
plexes exhibit a large metal hyperfine coupling, with A values ranging from
140 to 200 X 10~* em™; for [CuCly]*>-, A =164 X 10~* cm™. In contrast, T1 Cu
sites display a metal hyperfine splitting that is decreased by more than a factor
of two, as compared to normal Cu(II) complexes: for the blue site in Pc, A =
63 X 10~* cm™! (Figure 1B) [6, 7]. Initially, this decreased metal hyperfine inter-
action was thought to originate from the distorted Ty symmetry of the site,
through mixing of the Cu 4p, character into the 3d,.,» ground state of the
complex; however, detailed X-ray absorption spectroscopy (XAS) studies de-
termined that this was not the case [50, 51].

A decreased metal hyperfine splitting in blue Cu sites reflects on a significantly
decreased interaction of the unpaired electron spin in the 3d,2.,2 orbital with the
metal nuclear spin, which would be a result of having a very covalent site with
the Cu electron spin delocalized into the ligand orbitals [52]. Indeed, the short
Cu-S(Cys) bond distance reflects a strong and highly covalent site, as determined
by electronic structure calculations using density functional theory (DFT). The
ground state wavefunction for the T1 Cu site shows an important delocalization
of the electron spin density into the pm orbital of the sulfur atom of the Cys
thiolate: 60 % S(p) and only 40 % Cu(d) character, as determined by early DFT
studies [53]. The high covalency of the T1 Cu site has been confirmed by elegant
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XAS studies that compare the spectroscopic features of model complexes with
that of a blue Cu site [51, 54, 55]. Metal L-edge XAS was used to quantify the
3d,>.y> character in the highest occupied molecular orbital (HOMO): since the
Cu(2p) to Cu(3d) transition is electric dipole-allowed, while the Cu(2p) to
S(3p) transition is not, the intensity of the Cu(2p) to HOMO transition at
930 eV can directly report on the Cu(3d) character in the HOMO. Thus, a
quantitative comparison of Cu L-edge XAS of a Dy, [CuCl,]*~ complex with
the blue Cu site in Pc, allowed to determine that the latter has only ~41 % Cu
3d,2.y2 character (Figure 2A) [55]. Such low Cu 3d,2.2 character underscores
the high covalency of the blue Cu center, and is consistent with having a very
small metal hyperfine splitting, as observed by EPR. On the other hand, ligand
K-edge XAS can be used to probe the sulfur p character in HOMO, which
would reflect the delocalization into the ligand S(p) from the Cys thiolate. The
sulfur K-edge feature at 2470 eV reports on the S(1s) to HOMO transition.
Since the S(1s) to S(3p) transition is electric dipole-allowed, while the S(1s) to
Cu(3d) is not, the 2470 eV signal can directly report on the sulfur 3p character
in the HOMO. A quantitative comparison of sulfur K-edge XAS of a Cu(II)-
thiolate model complex with the blue Cu site in Pc, allowed to determine that
the latter has ~38 % S(3p) character (Figure 2B) [51, 54]. These seminal XAS
studies demonstrated the high covalency of the Cu(II)-S(Cys) bond, and pro-
vided the basis to explain the decreased metal hyperfine splitting that is charac-
teristic of blue Cu sites.

The highly covalent Cu(II)-S(Cys) bond of T1 Cu centers also gives origin to
the intense S(Cys) to Cu charge transfer bands responsible for the intense blue
color of these sites, since the intensity of LMCT transitions reflect the overlap of
the ligand donor and metal acceptor orbitals. A detailed MCD study of blue Cu
sites at low temperature showed that indeed this is the case; however, the relative
orientation of the Cu 3d,>.,» and the S(Cys) 3p orbitals is different from the nor-
mal tetragonal Cu(II) complexes. Typically, the Cu 3d,.» orbital would be ori-
ented to maximize the ¢ overlap with the ligand donor orbital, the S(Cys) 3p
orbital, that lies in the direction of the Cu-S bond; this is the case for normal
tetragonal complexes and for the green Cu sites (Figure 3). Such relative orienta-
tion of the Cu 3d,.,2 and the S(Cys) 3p orbitals yields normally a strong o overlap
leading to an intense S(Cys) 0 — Cu 3d,2. transition, and a weak 7 overlap that
yields a low intensity S(Cys) m — Cu 3d,.y2 transition. However, seminal MCD
studies demonstrated that the T1 Cu center has the relative strengths of these
interactions inverted, i.e., the o overlap is small and the S(Cys) 0 — Cu 3de.2
transition has low intensity, while the strongest interaction comes from a large &
overlap that yields a high intensity S(Cys) m — Cu 3d,.2 transition. This im-
plies that the Cu 3d,..,2 orbital in the T1 Cu site is oriented to maximize the &
overlap with the S(Cys) 3p, i.e., is rotated 45° such that the 3d,>_,» lobes bisect
the Cu-S(Cys) bond (Figure 3).

In summary, the unique spectroscopic features of the T1 Cu site are due to a
distorted tetrahedral geometry with a highly covalent Cu(II)-S(Cys) m bond.
The distorted geometry imposed by the protein structure (‘entatic’ state) and
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Figure 3. Comparison of schematic representations of Cu d,2_» and S(Cys) p orbitals for
a classic blue copper site, and normal and green copper sites, highlighting the relative
intensities of the o and ;t S(Cys) to Cu(II) charge transfer transitions in each case.

the unusually high covalency of the Cu-S thiolate bond provide the blue Cu site
with unique tunable properties that make it optimal for ET function, as it will
be discussed in Sections 3 and 4. Indeed, the protein scaffold plays an important
role in tuning the unique geometric and electronic properties of the T1 Cu cen-
ter, as evidenced by the naturally occurring perturbed blue Cu sites discussed
below.

2.3. Perturbed Type 1 Copper Sites

The unique spectroscopic features of T1 Cu sites are due to the strong overlap
between the metal 3d,2.,» orbital and the S(Cys) 3p orbitals, resulting in a highly
covalent site. The nature of the interaction between these orbitals allows for a
classification of known T1 Cu sites into two sets [56]: (i) The classic blue copper
sites, such as azurin and plastocyanin, with spectral features as described above;
and (ii) the group of perturbed blue copper sites, including rusticyanin, (Rc), pseu-
doazurin, (PAz), CBP and nitrite reductases, (NiR). Most of the latter proteins
have the same ligand set as Pc [S(Cys), 2 N(His), and S(Met)], but they exhibit
perturbed spectral features: a thombic EPR signal (Ag, = g, — g, > 0.01) and an
absorption maximum at 450 nm, in addition to the intense transition at 600 nm in
their UV-visible absorption spectra (Figure 4A). The ratio of the two absorption
bands (Re = g450/€609) can be as low as 0.15 for the classic site in Pc, or as high as
1.2 for NiR; usually, perturbed blue copper sites display Re = €450/€00 = 0.5. The
relative intensity of the absorption maximum at 450 nm has been associated with
an enhanced pseudo o-type of interaction (instead of a n-type) between the metal
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Figure 4. (A) Comparison of low-temperature absorption spectra of a series of blue
copper proteins with the same ligand set [S(Cys), 2 N(His), S(Met)] Pc (classic blue site),
CBP (perturbed blue site) and NiR (green site); showing increasing intensity in the
~450 nm (Cys pseudo-o CT) band as the ~600 nm (Cys n CT) band decreases. (B) Com-
parison of crystal structures of the T1 Cu sites in these proteins, showing contraction of
the Cu-S(Met) bond associated with elongation of the Cu-S(Cys) bond, and (C) variation
of the dihedral angle ¢ between the planes N(His)-Cu-N(His) and S(Cys)-Cu-S(Met).
Adapted with permission from [53], copyright 2004, American Chemical Society.
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3d,2.,» and the ligand S(3p) orbitals, which varies according to the geometry of the
site [4, 57]. The ¢ dihedral angle formed between the N(His)-Cu-N(His) and
S(Met)-Cu-S(Cys) planes are related to the Cu-S(Cys) interaction (Figure 4C): as
¢ decreases, the pseudo o interaction increases, rendering a more perturbed site;
in contrast, classic blue copper sites have a larger ¢ angle and a decreased pseudo
o interaction. The NiR site displays the maximum pseudo o interaction, its severe
tetragonal distortion leads to a strong absorption at 450 nm and an intense green
color (Figure 4A).

A comparison of a series of naturally occurring T1 Cu centers (Pc, CBP, NiR)
can provide further insights into the fine mechanisms that control the spectral
features of perturbed sites. Although these proteins share the same ligand set
[S(Cys), 2 N(His), and S(Met)] (Figure 4B), their color ranges from blue in Pc
to green in NiR, reflecting a change in the nature of the Cu(II)-S(Cys) bond:
from a significant m donor character in the classic Cu site in Pc to a greater
contribution of a pseudo o donor interaction in the green site of NiR [6, 7, 34].
Indeed, the S(Cys) m — Cu 3d,2.,2 charge transfer (CT) signal intensity decreas-
es as that of S(Cys) pseudo 0 — Cu 3d,2.,» CT increases in this series, going
from Pc via CBP to NiR (Figure 4A); reflecting changes in their geometric
structure. Specifically, the Cu(II)-S(Met) bond contracts by 0.3 A and the
Cu(II)-S(Cys) bond is elongated by 0.1 A; while the S(Met)-Cu-S(Cys) plane
rotates into the N(His)-Cu-N(His) plane, triggering a more tetragonal struc-
ture (Figure 4B and C). Overall, a longer Cu-S(Cys) distance and a shorter
Cu-S(Met) bond favor the pseudo ¢ interaction with the Cys ligand, leading
to a more perturbed site. Thus, although the protein structure imposes certain
structural properties of T1 Cu sites, the strength of the Cu-S(Met) bond deter-
mines their distortion, fine-tuning their geometric, electronic, and redox behav-
ior (Section 3.2) [6, 7, 34].

Another good example of the role of the axial interaction in the spectroscopic
properties of T1 Cu sites is illustrated by the thermodynamic equilibrium that
the enthalpically favored green copper site in NiR displays, as it converts into
an entropically favored blue site with an increase in temperature [58-61]. The
change from green to blue is associated with a decreased intensity of the pseudo
o CT band, an increased intensity of the «t CT transition, and the weakening of
the axial thioether ligand (Cu-S(Met) ~ 2.5 A) at elevated temperatures (Fig-
ure 3 and 5A). Consistently, the mutation of the axial Met for a non-coordinating
Thr residue in NiR yields a NiR variant with blue Cu features, confirming the
role of the axial ligand in the green/blue transition (Figure 5B) [60].

On the other hand, a series of mutations of the axial ligand in cucumber stella-
cyanin further illustrates the role of this interaction in determining the electronic
structure properties of a T1 Cu site. In the wild-type site the axial S(Met) interac-
tion has been replaced by a stronger O(Gln) ligand [62], while two mutations
have been studied: GIn99Met and GIn99Leu; providing a O(Gln) to S(Met) to
a non-coordinating axial ligand (Leu) series that covers the range of native axial
interactions in blue copper sites [63]. The absorption spectra of this set of pro-
teins display a high-intensity S to Cu LMCT and a weak pseudo ¢ S to Cu
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Figure 5. (A) Temperature-dependent electronic absorption spectra, showing the ther-
modynamic equilibrium between green and blue Cu sites in NiR. (B) Comparison of
electronic absorption spectra of wild-type NiR (green) and Met182Thr NiR (blue). Adapt-
ed with permission from [7], copyright 2016, John Wiley and Sons.

LMCT transition, reflecting a similar tetrahedral environment and a blue color
for stellacyanins and all its variants. Their MCD spectra show an increase in
the LF transitions energies on going from wild-type to Gln99Met to GIn99Leu,
indicating that the Cu ion moves into the N(His)-S(Cys)-N(His) plane and the
site becomes more trigonal, as the axial ligand is weakened or lost. Consistently,
decreased g values and increased A values were observed by EPR. Sulfur K-
edge XAS shows an increase in the pre-edge intensity, going from wild-type to
GIn99Met to GIn99Leu stellacyanin, indicating a more covalent Cu(II)-S(Cys)
bond.

Overall, this series of mutated stellacyanins illustrate the correlation of the
weakened (or lost) axial ligand interaction with the stronger and more covalent
Cu-S(Cys) interaction. A similar observation can be derived from a comparison
of T1 Cu sites in multicopper oxidase (MCOs) proteins, such as fungal laccase
and Fet3p, where a non-coordinating residue (Leu or Phe) is located at the
axial position [64-67]. These sites have a trigonal structure, display an intense
7t S to Cu CT transition, a weak pseudo o to Cu CT band, decreased g and
increased A values, as compared to the classic tetragonal T1 Cu sites in other
MCOs [53, 68-70]. The lack of an axial ligand results in a compensating in-
crease in covalency of the Cu-S(Cys) bond. Consistently, mutation of the non-
ligating axial residue (Phe463) to a Met in Polyporus pinsitus fungal laccase
yields a T1 Cu with the electronic structure and spectral features of a classic
blue Cu site [70].

In summary, studies of series of mutated T1 Cu sites in different proteins
demonstrate that the axial ligand modulates the geometric and electronic struc-
ture of a blue copper center. As the axial ligand interaction is weakened (or
lost), the metal ion moves into the N(His)-S(Cys)-N(His) plane, the geometry
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becomes more trigonal, and the Cu(II)-S(Cys) bond becomes shorter and more
covalent; indicating that the strength of the axial ligand inversely affects the
strength of the equatorial Cu(II)-S(Cys) bond. The implications of these changes
in electronic structure onto the redox properties of the T1 Cu center will be
further discussed in Section 3.2.

Other perturbed T1 Cu centers have been generated by mutations of the Cys
residue. The double mutation Cys112Asp/Met121Glu in Az results in a novel Cu
site that no longer fits the classification of T1 Cu due to the loss of the copper-
thiolate interaction. This site has been named “type zero Cu”, it has a small
parallel hyperfine splitting and displays rapid electron transfer rates characteris-
tic of T1 copper centers [71-74]. The T1 Cu in Az has also been modified by
incorporation of selenocysteine (SeC) and selenomethionine (SeM) to generate
the Cys112SeC and Met121SeM azurin variants [75]. The spectral features of
Met121SeM Az were essentially identical to those of wild-type Az, while the
Cys112SeC variant displayed a red-shifted band at 677 nm and an increased par-
allel hyperfine splitting value (A =99 X 10~* cm™!), as compared to wild-type
Az (A =67 X 10~*cm™"). The Cu(II)-Se(SeC) bond length is only 0.14 A
longer than the Cu-S(Cys) distance, yet it displays only minor changes upon
reduction of the metal center [76]. The fact that the structural features of the T1
Cu center suffers little change upon redox cycling, even in the Cys112SeC Az
variant, underscores the important role of the protein scaffold in maintaining
the ‘entatic’ state, as it will be discussed in Section 3.1.

Finally, other perturbed T1 Cu centers worth mentioning are those with an
open coordination position, namely: the red Cu center in nitrosocyanin (Nc), the
purple site in the nitrifying archaeon Nitrosopumilus maritimes (Nmar1307) and
the His117Gly variant of azurin. Nitrosocyanin is a mononuclear copper protein
that shares a high sequence homology and a similar overall fold with Pc, Az, and
Rc. However, Nc exhibits an unprecedented trimer of single domain and its T1
Cu displays a square pyramid geometry with a S(Cys) ligand, two N(His), and a
water molecule; while a carboxylate oxygen from Glu is on the pyramid apex. The
site in Nc lacks the long Cu-S(Met) and short Cu-S(Cys) bonds characteristic of
most blue copper centers, and it exhibits a bright red color due to a strong absorp-
tion band at 390 nm (g399 ~ 7,000 M~ cm™!) [77, 78]. The spectroscopic param-
eters of this site are more typical of a type 2 Cu center than of a T1 Cu site,
exhibiting a large Cu hyperfine splitting (g = 2.25 and A; =144 X 10*cm™) and
a low reduction potential (Eq= +85 mV); its open coordination site suggests a
putative catalytic role, rather than an ET function for Nc.

Another T1 Cu site with an open binding position is the purple mononuclear
Cu center found in Nmar1307. The site displays a tetragonal distortion with a
weak Cu(II)-S(Cys) bond and it can bind a water molecule as an exogenous
ligand. The EPR spectrum indicates that this site can adopt two different coordi-
nation geometries in nearly equal population: one axial species with a Aj =
98 X 10*cm™, and a more rhombic one with a smaller A (69 X 10~ cm™),
corresponding to two different water binding modes. The deep purple color of
the protein arises from two strong absorption bands with similar intensity, at 413
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and 558 nm [79]. The open coordination position in the purple Cu center in
Nmar1307 may also bind other exogenous ligands, such as nitrous oxide, for
catalytic purposes. Indeed, having an open coordination position may improve
catalytic function, as shown for the His117Gly Az variant, where the loop con-
taining the Cu ligating residues gains flexibility and allows for the coordination
of exogenous ligands [80-82]. The His117Gly variant displays a lower reactivity,
as compared to wild-type Az, yet the introduction of an exogenous imidazole
ligand restores the reactivity above the wild-type level [83]. While the His117Gly
Az variant illustrates the role of having an open coordination position in the
reactivity of the T1 Cu center, the naturally occurring perturbed T1 Cu centers
of Nc and Nmar1307 with open coordination sites may fulfill catalytic functions,
going beyond the classic role of the T1 site in electron transfer.

3. FINE-TUNING THE REDOX POTENTIAL
OF A BLUE COPPER SITE

T1 Cu centers fulfill an important function in biology as ET sites. Their reduc-
tion potentials are fine-tuned to fit closely between those of their respective
electron donor and acceptors. For example, in the photosynthetic transport
chain cytochrome f~-Pc-P7007", the E, of the blue Cu site in Pc (4370 mV) falls
between that of its electron donor cytochrome f (+340 mV) and its electron
acceptor P700" (4490 mV). The thermodynamic properties of T1 Cu sites are
finely modulated to match their function in biological ET chains, as even a
small shift in their reduction potential could have severe consequences. Thus,
a wide range of reduction potentials is observed for T1 Cu sites, ranging from
+184 mV relative to standard hydrogen electrode (SHE) in stellacyanins [84]
to even > +1000 mV for one of the T1 Cu centers in human ceruloplasmin
[85]. The latter belongs to the family of MCOs, which are multi-domain pro-
teins with four or six Cu centers, at least one of them being a T1 Cu site. The
highest reduction potentials for T1 Cu centers are found in MCOs, as they are
optimized to oxidize a wide range of substrates [78, 86-88]. The different reduc-
tion potentials for blue copper proteins are depicted in Figure 6A. A family of
BCPs that illustrates well the wide variety in spectral features and reduction
potentials that T1 Cu sites can have, are the auracyanins, a family of four pro-
teins (A-D) from the filamentous anoxygenic phototroph Chloroflexus auran-
tiacus. The E, for their T1 Cu sites ranges from +83 mV (auracyanin D) to
+423 mV (auracyanin C), while their spectral features vary from those of a
classical blue copper site (auracyanin B) to those with highly perturbed spectra
(auracyanins C and D) [89].

The reduction potential for the Cu(II)/Cu(I) pair depends on several factors,
including steric hindrance, distortion of the coordination sphere, the hydro-
phobicity of the environment, and the type of ligands around the site. Sulfur
donors and nitrogen m-acceptors generally raise the potential, while anionic
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Figure 6. (A) Wide range of reduction potentials of native blue copper sites; the redox
potential of aqueous Cu(II/T) is shown for comparison. (B) Variation of E, values of T1
Cu sites as a result of mutating the axial ligand in cucumber stellacyanin, amicyanin, NiR,
Az, Rc, and fungal laccase. In the series non-ligating axial ligand to Met to Gln, an in-
crease in donor strength of the axial ligand correlates with a decrease of the Cu-S(Cys)
bond strength, resulting in a decreased E. (C) Variation of Ej produced by mutations in
the outer coordination sphere of the T1 Cu centers in Ami, PAz, Az, and Rc. Elimination
or formation of hydrogen bonds result in significant changes in the reduction potential.
(D) E, values of T1 Cu sites in new proteins produced by loop-elongation or loop-contrac-
tion mutagenesis. Chimeras display reduction potential values that are closer to that of
the protein loop that was introduced. (E) A wide range of reduction potentials is achieved
in designed blue Cu proteins using the Az scaffold, and fine-tuning E, with several muta-
tions. (F) Axial ligation of T1 Cu sites in native blue proteins; T1pg denotes the perma-
nently reduced T1 Cu site in human ceruloplasmin. E, values compiled here were taken
from [22, 60, 63, 75, 84, 85, 87, 89, 91, 93-94, 96, 102, 103, 105 112-119, 123-127, 130-132,
147-153, 155].
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ligands lower it [90]. The trigonal core of three donors [2 N(His), S(Cys)] in
the classic blue copper proteins, such as Az and Pc, is more amenable for Cu(I)
and thus, it leads to a higher E; (250-370 mV) [91], as compared to the reduc-
tion potential of the Cu(II)/Cu(I) pair in water (~ +150 mV). Fine-tuning the
reduction potential of T1 Cu sites is attributed to several factors, including the
folding of the protein around the site [47, 92], hydrogen bonding networks
involving the second coordination sphere [93], and the degree of interaction of
the axial ligand [94-97]. The following sections describe each of these factors
in more detail.

3.1. The ‘Entatic’ State

In general, it is assumed that the intermediates of (fast/efficient) ET reactions
involving metal complexes require a geometry which is between the favored
geometry of the two valence states. However, Cu(I) and Cu(II) display differ-
ent geometry and coordination number preferences. While Cu(I) prefers lower
numbers of ligands in geometries that include linear, trigonal, and tetrahedral,
Cu(II) prefers higher coordination numbers with tetragonal or square planar
geometries for four coordination sites, and squared based pyramidal or octa-
hedral for five and six coordinate centers, respectively. T1 Cu sites are generally
four coordinate in a distorted tetrahedral geometry, or trigonal three coor-
dinate sites when there is no coordinating residue at the axial position. In all
cases, they have three strong ligands arranged in a pseudo-trigonal manner:
one Cys thiolate and two His imidazoles, while weak axial interactions typically
involve a Met thioether or Gln amide. This unusual geometry of blue copper
centers is reflected in their unique spectral features, as discussed above, and it
is highly conserved upon redox cycling. Indeed, crystal structures of BCPs have
demonstrated that the ligand positions are essentially unchanged upon reduc-
tion of the Cu(Il) form to Cu(I) (Figure 7), and are practically identical to
those in the apoprotein [98]. While the strong set of ligands [2 N(His), S(Cys)]
arranged in a pseudo-trigonal manner may suffice the preferences of a Cu(I)
ion, the Cu(Il) ion is constrained by a rigid geometry that is distorted from
its preferred tetragonal configuration, resulting in the ‘entatic’ state. Crystal
structures of apo and metal-substituted BCPs have also supported the notion
of the ‘entatic’ state: structures of Az [49, 99], Pc [14], PAz [12], and amicyanin
(Ami) [13] show little difference in the position of the ligating residues (0.1-
0.3 A) between their apo and Cu-bound forms. The structural and electronic
features of the T1 Cu site, as generated by the ‘entatic’ state, seem to be sup-
ported by the faf fold in the BCPs [23, 28].

The ‘entatic’ state occurs in a protein when a group, metal or non-metal, is
forced into an unusual, energized geometric or electronic state [47]. In many
proteins involved in biological ET, the redox-active metal ion displays a distorted
geometry approximating that of the transition state in which it is involved. This
results in a design in which the redox-active site itself would achieve a condition
energetically favorable to catalysis. The T1 Cu sites are a prime example of a
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Plastocyanin
Cu(ln) Cu(l)

Figure 7. Superposition of the crystal structures of oxidized and reduced plastocyanin.
A comparison of the coordination sphere of the T1 Cu center shows that the site suffers
minimal changes upon oxidation. Figure generated from PDB ID 1BXU (blue) and 1BXV
(green) (oxidized and reduced Pc, respectively) [166] coordinates using Visual Molecular
Dynamics (VMD).

metal ion in an ‘entatic’ state that modulates ET, both through the constraint of
its redox potential and of its relaxation energy upon redox state change. Indeed,
the metal-ligand bonds in T1 Cu centers, as determined by X-ray crystallography
and extended X-ray absorption fine structure spectroscopy, are lengthened by
0.1 A or less between the two oxidation states. These small changes in bond
length are crucial to assure the low reorganization energy of T1 Cu sites, and,
thus, a fast ET for its function (Section 4). The small conformational change
between the Cu(II) and Cu(I) states in the T1 Cu center can be explained in
terms of the electronic structure of the T1 Cu(II) site. The unusually distorted
tetrahedral geometry imposed by the short S(Cys)-Cu bond causes the loss of
degeneracy for the dy.,2 and d,, orbitals, eliminating the Jahn-Teller distorting
force that is common to Cu(Il) ions in a “normal” Ty ligand field [56]. The
absence of the Jahn-Teller distortion in the oxidized state means that there is
little reorganization of the ligand sphere upon redox change. The relative lower
energy of the 3d,2_,2 orbital results in a significantly more positive potential than
would be the case for the same ligand set in a tetragonal environment. Uncon-
strained Cu complexes with a 4N-ligand set have an Ey ~ —200 mV, while a con-
strained distorted tetrahedral complex with tetrakis-imidazole coordination has
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an Eq ~ +350 mV [100], suggesting that the distorted tetrahedral geometry con-
tributes ~ +500 mV to the reduction potential.

3.2. Role of the Axial Ligand

While a 2 N(His), S(Cys) ligand set is a unique feature of all T1 Cu centers, the
axial ligand is not conserved [101]. In most BCPs, the axial position is occupied
by a Met residue acting as a weak ligand with its thioether group at 2.6-3.15 A
from the metal ion [87]. However, some other blue proteins, like stellacyanin,
have a Gln residue in this position at 2.2 A, while others have a non-coordinating
residue, such as Leu or Phe, as is the case for fungal laccases and one of the T1
sites in ceruloplasmin (Figure 6F) [85, 102]. A stronger bond with the axial ligand
correlates with larger tetragonal distortions and a weaker Cu(II)-S(Cys) bond,
as illustrated for the green sites (Section 2.3) [95, 103-105]. The T1 Cu center in
Az represents a special case, having a fifth oxygen ligand at 3.0 A, provided by
a Gly carbonyl residue at the opposite position to the axial Met [106]. Overall,
axial ligation in T1 Cu sites plays a very important role in determining the prop-
erties of each site [101, 103, 107, 108]. For example, the presence of an axial
ligand protects the site against exogenous ligand coordination [109], it provides
stability towards temperature and pH changes [110], and most importantly, it
contributes to the fine-tuning of the reduction potential of these sites [95, 109].

The large range of reduction potentials found for BCPs is a result of evolution-
ary pressure to match the different biological functions of each protein. In gener-
al, T1 Cu sites with strong oxygen-based axial ligands, such as Gln, display lower
values of Ej (+190 to +320 mV), due to a stabilization of the Cu(II) state. This
phenomenon is found in stellacyanin, where the Cu center has a Gln axial ligand,
representing the strongest axial coordination and the lowest reduction potential
(184 mV) among all T1 Cu sites [84, 111]. T1 Cu centers with a Met axial ligand
show a wide range of reduction potentials, between 200 and 680 mV (Figure 6A).
The strength of the axial ligand interaction is one of the main factors tuning the
value of E: as the thioether-metal bond strength decreases, the Cu-S(Cys) bond
interaction is stronger, resulting in increased stabilization of Cu(I) over the oxi-
dized state, and thus, an increased reduction potential. The modulation of the
axial ligand bond strength provides a first coordination sphere mechanism for
the protein to tune the reduction potential by up to 200 mV [56, 101]. On the
other hand, some T1 Cu sites have a fifth carbonyl axial ligand from a Gly
residue that, being an oxygen-based ligand, stabilizes Cu(II) over the Cu(I) state.
This is the case of the blue center in Az, located at the low end of Met-containing
T1 Cu centers with a Eq ~ +300 mV. As compared to Az, the carbonyl O-Cu
interaction in Pc is much weaker, resulting in a somewhat higher potential
(+370 mV) (Figure 6A). Consistently, a mutation in Az (Phe114Asn) that gener-
ates a hydrogen bond between the carbonyl oxygen of Gly and Asnl14, also
disrupts the interaction between the Cu ion and its fifth ligand, causing an in-
crease of 122 mV in the reduction potential [112]. Finally, several blue Cu centers
have non-coordinating hydrophobic residues in the axial position (Leu in fungal
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laccase), where the complete lack of axial ligand coordination leads to a three-
coordinate Cu site with a strong Cu-S(Cys) interaction, stabilizing the Cu(I)
state. These effects, coupled with the hydrophobicity of the residue, results in
the T1 Cu centers with the highest reduction potentials (+427 to +1000 mV)
(Figure 6A) [113]. Figure 6B summarizes the role of the axial ligand in fine-
tuning the reduction potential of T1 Cu sites: an increase in donor strength of
the axial ligand is related to lower E values, demonstrating that the chemical
nature of the axial ligand has a great impact on the reduction potentials in the
T1 Cu sites.

The fine mechanism by which the strength of the axial ligand fine-tunes the
reduction potential of T1 Cu sites is also demonstrated by a comparison of Pc,
CBP, and NiR (Section 2.3). These sites share the same ligand set [S(Cys),
2 N(His), S(Met)], yet their redox potentials vary from 370 mV in Pc, 317 mV
in CBP to 247 mV in NiR (Figure 6A). As described in Section 2.3, the color
of these proteins ranges from blue in Pc to green in NiR, reflecting changes in
their geometric and electronic structure (Figure 4). Basically, the axial Met liga-
tion becomes stronger from the blue Pc site to the green NiR center, with the
concomitant decrease of the Cu-S(Cys) bond strength and destabilization of
the Cu(I) reduced state, resulting in a decrease in reduction potential along this
series [6, 7, 34].

Site-directed mutagenesis has been extensively used in native BCPs to evaluate
the role of the axial ligand in their electronic structure and redox properties.
Met121 in Az has been mutated to all possible 19 amino acids, finding that its
replacement by hydrophobic residues without a donor atom (Ala, Val, Leu, Ile)
stabilizes Cu(I) over Cu(Il) and increases the Ey by 60-140 mV [114, 115]. Con-
versely, Met substitutions by Glu [114, 115], Gln [105] or Cys [116] residues
lower the reduction potential by 100-200 mV (Figure 6B). Interestingly, His, Lys
and Asp mutations in the axial position do not generate a change in Eq [114,
115]. Moreover, a series of iso-structural non-natural amino acids — including
oxomethionine (OxM), difluoromethionine (DFM), trifluoromethionine (TFM),
selenomethionine (SeM), and norleucine (Nle) — were introduced at the position
of Met121 in Az [75]. These mutated T1 Cu sites exhibited little change in their
UV-Vis electronic absorption and EPR spectra, while their reduction potentials
span in a 225 mV range, correlating linearly with the hydrophobicity of the axial
ligand (Figure 6B). Met121 in Az has also been replaced by homocysteine (Hcy),
containing an extra methylene group. This substitution decreases the distance
between the axial ligand and the Cu ion, resulting in a longer Cu-S(Cys) bond
length (2.22 A), a large parallel hyperfine splitting (A =180 X 10*cm™), and
electronic absorption features that are very similar to those of the red Cu center
in nitrosocyanin [116]. The reduction potential of this T1 Cu variant is ~100 mV
lower than that of wild-type Az, a trend that is consistent with having a stronger
interaction with the axial ligand and a weaker Cu-S(Cys) bond (Figure 6B).

Another series of mutations that illustrates the role of the axial ligand is that
of cucumber stellacyanin, where the axial Gln has been replaced by Met and
Leu [63]. The redox potential of this site (260 mV) [37] increases to 420 [37] and
580 mV [63], upon the Gln — Met and Gln — Leu mutations, respectively. This
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trend is consistent with that found in naturally occurring T1 Cu centers, as dis-
cussed above. Mainly, as the strength of the axial ligand decreases (in the series
going from Gln to Met to non-coordinating Leu), the reduction potential increas-
es. Consistently, the Met to Gln substitution in the blue Cu center of NiR causes
a decrease in E, of 127 mV [117], while in Rc this mutation also decreases E,
by 108 mV [94]. Moreover, mutation of a Met to a non-coordinating residue in
the axial position increases the reduction potential by ~100 mV, as observed for
the Met — Leu mutation in Rc, which leads to a very high E, value, ~ +800 mV
at pH 3.2 [94], similar to those found in sites naturally having a Leu axial ligand,
such as fungal laccase and one of the T1 Cu sites in ceruloplasmin [94]. Consist-
ently, the Phe — Met mutation in fungal laccase results in a decrease of the
reduction potential by ~100 mV (Figure 6B) [118].

In summary, the protein fold in BCPs provides different degrees of hydropho-
bicity and axial ligands of variable strength. As illustrated in the examples dis-
cussed here, the axial ligand modulates the geometric and electronic structure
of the blue copper site to fine-tune the reduction potential of the T1 Cu center.
Overall, as the donor strength of the axial ligand decreases, the strength of the
Cu-S(Cys) bond increases with subsequent stabilization of the Cu(I) state and an
increase in reduction potential. However, the wide range of reduction potentials
observed within families of blue Cu proteins with the same axial ligation suggests
that, in spite of the great impact of the axial ligand, there are other properties
of the protein matrix that play important roles in tuning the reduction potentials
of T1 Cu sites, as discussed below.

3.3. Inner versus Outer Coordination Sphere Effects

As discussed above, the reduction potential of T1 Cu centers is highly dependent
on the metal coordination geometry and the donor atoms around the Cu ion.
However, the inner coordination sphere cannot fully account for the wide range
(~ 600 mV) of reduction potentials observed for blue copper proteins with a given
fixed ligand set. The axial ligand only accounts for tuning the redox potential in
a range of ~ 220 mV [96]. Thus, the nature of the chemical environment around
the ligating residues, namely the outer coordination sphere, should contribute to
the specific reduction potential of each protein. While the protein provides the
‘entatic’ state to maintain the copper ion in a geometry that is intermediate be-
tween the preferences of Cu(II) and Cu(I) states, there is a cost in energy to
sustain such a constrained geometry. This is overcome by outer sphere interac-
tions between the Cu ligands and surrounding residues [61]. In fact, the ‘entatic’
state in blue Cu proteins is induced mainly by an extensive network of hydrogen
bonds [46]. The protein scaffold is not a passive entity, and variations in its hydro-
gen bonding network play an important role in fine tuning the electronic and
physical properties of T1 Cu centers, such as the reduction potential [119].
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The inner sphere ligands of T1 Cu sites display several hydrogen bonds, often
conserved in several BCPs (Figure 8). For example, in Az (Figure 8A) one of the
His ligands binds Cu through its N, whereas N, has a hydrogen bond with the
carbonyl oxygen of PhelS. This hydrogen bond is conserved in other blue Cu
proteins, but other residues provide the proton acceptor atom: Glu49 in Ami
(Figure 8D), Asn80 in Rc (Figure 8B), and a water molecule in phytocyanins.
Also, in all blue copper proteins, the sulfur atom of the coordinating Cys forms
one or two hydrogen bonds with the amide N-H groups from adjacent residues.
These H bonds modulate the electron density of cysteine S, which is crucial for
the highly covalent nature of the Cu—S(Cys) bond. In Az, Cys112 forms two
hydrogen bonds with the backbone amide groups from Asn47 and Phell4 [29,
120]. Additionally, Asn47 forms another hydrogen bond with the oxygen from
the Thr113 side chain, strengthening even more the two ligand loops (Figure 8A).
A similar scenario is found in Rc, where the coordinating Cys138 forms hydrogen
bonds with amide groups from Ser86 (equivalent to Asn47 in Az) and Ile140;
while the carbonyl oxygen of Ser86 hydrogen-bonds with the amide from
GIn139, strengthening the two ligand loops (Figure 8B) [93]. In contrast, Pc, PAz
and Ami (Figure 8C, D) have only one hydrogen bond around the coordinating
Cys residue, since the corresponding Phe residue (Phel14 in azurin) is a Pro in
these proteins [48, 121, 122].

Site-directed mutagenesis studies have revealed important information about
how the hydrogen bonding network around the blue Cu center tunes its reduc-
tion potential and other properties. Unlike mutations of the metal ligating resi-
dues, mutations in the outer coordination sphere are less likely to change the
spectroscopic features of the T1 Cu site, yet allow to probe the role of hydrogen
bonding networks modulating/influencing its redox potential. For example, the
Ser86Asn mutation in Rc resulted in a decrease of the reduction potential of the
T1 Cu center, and this was attributed to the strengthening of the H-bonding
interactions between two ligand-containing loops (Figure 6C) [93]. Conversely,
mutations of the corresponding Asn by Ser [112] or Leu [123] in Az, that elimi-
nate the hydrogen bond between Asn47 and Thr113, result in an increase of E,
by 130 and 110 mV, respectively. Furthermore, the additional hydrogen bond
between Cys112 and Phell4 in Az was probed with the Phell4Pro mutation
and it resulted in a decreased reduction potential of the blue Cu center. It is
proposed that abolishing the hydrogen bond to the thiolate of Cys112 provides
more conformational flexibility of the Cys residue (Figure 6C) [124]. Consistent-
ly, in PAz and Ami, where a Pro residue is in place of the corresponding Phel14
in Az, mutating the Pro resulted in an increase of the reduction potentials of
these sites [119, 125, 126]. Additionally, placing a residue that can form H bonds
(Ala and Ile) at Pro80, which is adjacent to the His81 ligand in PAz, alters the
hydrogen-bonding network in the vicinity of the T1 center and results in a signifi-
cant increase of the reduction potential: 139 mV in the Pro80Ala mutant [125]
and 180 mV in the Pro80Ile mutant (Figure 6C) [127].

Overall, these studies demonstrate that the hydrogen-bonding network in the
second coordination sphere fine-tunes the reduction potential of blue copper
proteins. In fact, an additive effect of mutations on the outer coordination sphere
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has been observed for Az, where the reduction potential of the T1 Cu center
could be altered from +90 to +640 mV, a range that is much wider than that
reported for native T1 copper proteins (Figure 6E) [112].

Beyond the hydrogen-bonding network, other outer-sphere factors can influ-
ence the redox potential. The hydrophobic nature of residues in the second coor-
dination sphere of the metal center is also believed to play an important role in
tuning the reduction potential of the T1 Cu site [91, 119, 128]. Hydrophobic
encapsulation increases reduction potentials by exclusion of water and it encloses
the positively charged metal center in a low dielectric protein medium. For exam-
ple, the Cu site of Rc is surrounded by hydrophobic residues, namely Phe54, 51,
76, 83 and 111 and Ile140, that stabilize the Cu(I) state. The higher reduction
potential of Rc, in relation to others blue copper proteins, has been ascribed to
the effect of these hydrophobic residues [128, 129]. Additionally, the longer N-
terminal region of Rc protects the hydrophobic patch of the protein, contributing
to its high stability and elevated reduction potential at low pH (+680 mV at
pH 3.2) [130, 131]. The role of a hydrophobic environment is further confirmed
by the effect of incorporating four Phe residues in the positions Met13, Leu33,
Met44, and Leu86, which are part of the secondary coordination sphere of the
T1 Cu in Az. These mutations were inspired by the highly hydrophobic environ-
ment of the blue Cu in Rc; they yielded little change in the electronic absorption
and EPR spectra of the site, but a modest increase in its reduction potential that
correlated with the number of Phe incorporated and amounted to up to 30 mV
(Figure 6E) [132].

Clearly, several factors provided by the protein scaffold lead to a fine-tuning
of the reduction potential of T1 Cu centers. This knowledge allows us to control
the E, in new biosynthetic blue copper centers, taking advantage of a variety of
redox reactions that can be used for numerous applications, from alternative
energy generation to synthesis of intermediates or final products for industrial
applications.

3.4. Biosynthetic Blue Copper Centers

The knowledge of how metalloproteins work can help us to design new biosyn-
thetic molecules that reproduce the structures and functions of native proteins.
Biosynthetic metalloproteins can reveal hidden structural features that may be
missing from studies of native metalloproteins, but also, the new metalloenzymes
can be used for biotechnological applications. A full understanding of the factors
that govern metal functions in proteins makes it possible to design new biosyn-
thetic molecules with improved properties, such as higher stability and greater
efficiency, or even new functions not found so far in nature. However, designing
an inner and outer coordination sphere to obtain a new functional metallopro-
tein is a challenge. The design of small models containing the basic components
of a native metalloprotein has been an approach that helps to identify the mini-
mum features needed for function. Also, the rationally-designed systems are
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often simpler than the native systems, allowing de-convolution of their properties
and a deeper understanding of them.

Two complexes that model the key geometric and electronic features of the
blue copper site have been developed by Kitajima, Fujisawa, and Moro-oka
(Complex 1) [133, 134] and Holland and Tolman (Complex 2) [135]; in both
cases a triphenylmethylthiolate is used to model the Cys ligand. Complex 1 is
based on a tridentate tris(pyrazolyl )hydroborate [HB(pz');]™! ligand, while Com-
plex 2 uses the bidentate [3-diketiminate ligand. Complex 1 has a trigonally dis-
torted tetrahedral structure, with a short and strong Cu(II)-S(thiolate) bond at
2.1 A, and an axial N(pz') ligand at 2.2 A. The structure of Complex 1 is very
similar to that of the copper center in Pc, having a long axial thioether (2.8 A).
In contrast, Complex 2 has a three-coordinate, trigonal planar Cu center, with a
structure very similar to the one of three-coordinate blue copper sites in fungal
laccases [113]. The availability of these models allowed a deeper understanding
into the electronic structure of T1 Cu sites, particularly, with respect to the co-
valency of the Cu(II)-S(thiolate) bond, the nature of the equatorial nitrogen
ligands and the role of the axial ligand.

Initial attempts to model the copper site in BCPs were done by replacement
of Zn by Cu in Zn-binding proteins, such as horse liver alcohol dehydrogenase
[136-139] or insulin [140-142]. Horse liver alcohol dehydrogenase contains a
catalytic Zn(II) ion that is coordinated in a distorted tetrahedral geometry by
2S(Cys) 2N(His) O(H,O). Replacement of the catalytic Zn(II) ion with Cu(II)
results in a protein with an intense blue color due to a strong absorption maxi-
mum at 623 nm and a rhombic Cu(IT) EPR spectrum [136, 137]. The properties
of this Cu(II)-substituted protein suggested that the unique spectroscopic prop-
erties of the T1 Cu center can be replicated by Cys and His residues in a distort-
ed tetrahedral environment. Another close mimic of the T1 Cu center was devel-
oped using insulin. The Zn(II)-insulin R hexamer contains two identical zinc
sites, each coordinated to three N(His) and one chloride or phenolate ion in a
distorted tetrahedral geometry. Upon addition of thiolate ligands, such as penta-
fluorobenzenethiolate or tetrafluorobenzenethiolate, the Cu(II)-insulin Rg hex-
amer exhibits a strong absorption around 630 nm and an axial EPR spectrum
that is similar to those of blue Cu proteins [140, 142]. Interestingly, addition of
benzenethiolate or 4-methylbenzenethiolate resulted in derivatives with rhombic
EPR spectra that resemble those of green Cu centers.

A red Cu center has been engineered into the T2 Cu site of Cu-Zn superoxide
dismutase (CuZnSOD) [143, 144]. CuZnSOD is a dimeric enzyme with two iden-
tical subunits, each of which contains a T2 Cu and a Zn site. The Cu(II) site is
coordinated to four His residues and a water molecule in a distorted square
pyramidal geometry, while the Zn(II) ion is ligated by three His residues and
one Asp residue in a distorted tetrahedral geometry. The Cu(II) and Zn(II) ions
are bridged by a His ligand. When one of the ligating His residues in the Cu site
(His46 or His120) is substituted by a Cys residue, the new site displays EPR
signals that are typical of T2 Cu centers, and new strong absorption maxima at
379 and 406 nm for His46Cys and His120Cys, respectively. On the other hand,
the replacement of His80, which is a ligand for Zn(II), by a Cys residue, and
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replacing the Zn(II) ion by Cu(II) in the His80Cys variant, leads to a CuCuSOD
with a green T1 Cu site showing electronic absorption, MCD and resonance
Raman spectra that are similar to those of the T1 Cu site in NiR [104], yet its
EPR spectrum is similar to that of stellacyanin [143]. The strong Cu(II)-S(Cys)
bonding interaction is the most fundamental structural component of the T1 Cu
site and is one that is extremely difficult to mimic with synthetic systems. How-
ever, the constraints of the binding sites in metalloproteins can stabilize metal
geometries that are not usually observed in small Cu(Il) complexes. Thus, these
proteins have provided useful model systems through which the spectroscopic
features of the blue copper center may be systematically probed.

Another example of a designed protein with a blue Cu center is one where
the protein scaffold is provided by four-stranded a-helical coiled-coils. In this
case, the Cu(II) is coordinated by two N(His) and one S(Cys), adopting a trigo-
nal planar geometry in the hydrophobic core of the scaffold. This de novo de-
signed protein displayed a blue color, electronic absorption and EPR features
that resemble those of a typical T1 Cu site, while the metal center showed a
reduction potential of 328 mV [145].

In order to take advantage of the structures made by nature, site-directed
mutagenesis has been extensively used to generate new blue Cu proteins with
different combinations of the loops containing the metal ligands. The blue Cu
center is placed between loop regions, involving three ligands on a loop linking
B-strands 7 and 8 and the fourth coordinating residue on the loop linking (3-
strands 3 and 4 [146]. Although the blue copper proteins have a conserved inner
coordination sphere, the ligand-containing loops from different proteins show
variation in length and sequence. Loop-directed mutagenesis can be used to graft
active sites onto the rigid p-barrel structure of blue Cu proteins that provides an
ideal scaffold for protein engineering studies. The loops in PAz, Pc, and Az have
been replaced by the shorter loop from Ami, resulting in chimeras named PAz-
Ami, Pc-Ami, and Az-Ami variants, respectively [147, 148]. In all cases these
mutations conserve the active site structure with limited effects on the spectro-
scopic properties of the T1 Cu center. However, loop contraction always results
in a decrease of the reduction potential, ranging from ~ 30 mV in Az-Ami to
~60 mV in Pc-Ami and PAz-Ami at about neutral pH values (Figure 6D) [148].
Ami has the lowest E value with respect to PAz, Pc, and Az; thus, the introduc-
tion of its C-terminal active site loop in PAz-Ami, Pc-Ami, and Az-Ami variants
results in a reduction potential that is closer to that of the Ami protein. Con-
versely, when the longer active site loops of PAz, Pc, and Az were introduced
into the Ami protein scaffold, resulting into chimeras named Ami-PAz, Ami-
Pc, and Ami-Az [149-151], the new proteins displayed an increase in reduction
potential, resulting in a E,, value that is closer to that of the protein loop that was
introduced into the Ami scaffold (Figure 6D). Thus, loop-contraction generally
provides an active site environment preferable for the Cu(II) state, whereas loop
elongation leads to an active site which favors the Cu(I) state.

The chimeras discussed above suggest that the chemical environment provided
by each loop plays a determining role in the reduction potential of the blue Cu
site. For example, in the Az-Pc variant, where the Pc loop is introduced into the
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Az scaffold, the loop adopts a conformation identical to that in Pc and its E,
increases to a value that matches the reduction potential of Pc [152]. Moreover,
the Az-Nc mutant, where the loop of the red Cu site in nitrosocyanin is intro-
duced into the Az scaffold, displays a red color and its electronic absorption and
EPR spectra closely resemble those of Nc, despite the fact that the axial ligand
is a His instead of a Glu. The reduction potential of the Az-Nc chimeric protein
lies between the reduction potentials of Az and Nc (~ 50 mV below that of Az),
probably reflecting the effect of having different axial ligands [153]. Thus, insert-
ing the Nc loop into the Az scaffold is enough to provide the chimeric T1 Cu
center with the red Cu spectroscopic features of Nc, while reducing its reduction
potential (Figure 6D). Other mutations in the loop of Az include its replacement
by a range of sequences containing Ala, Gly, and Val residues, in order to assess
the importance of amino acid composition and length of this region. Variations in
the nature of residues, while maintaining the loop length, preserve the structural
features of the loop, suggesting that loop structure is dictated by length and not
sequence [154].

Finally, the knowledge gained about the properties that fine-tune the reduction
potential of the T1 Cu site within the same protein scaffold, has allowed the
design of new proteins that cover a wide range of E, values. For example,
changes in hydrophobicity and hydrogen-bonding networks around the T1 Cu
site in Az were caused by combinations of mutations that include Phel14Pro,
Phel14Asn, Met121GlIn, Met121Leu, and Ans47Ser, yielding blue sites where
the reduction potential could be tuned over a 700 mV range, with a gradual
variation of approximately S0 mV between the individual mutants [112]. Anoth-
er study used the Az scaffold and different combinations of five mutated residues
and two metal ions (Cu and Ni) to tune the reduction potential from
+970 £ 20mV to —954 £ 50 mV. The mutations included: Asn47Ser and
Phell4Asn, that tune the hydrogen-bonding networks near the Cu center;
Met121Leu, that adds a hydrophobic residue in the axial position; and Met44Phe
and Glyl16Phe, that increase the hydrophobic nature of the surrounding en-
vironment (Figure 6E) [155]. The ability to design blue Cu centers covering a
wide range of E, values clearly documents the understanding that has been
achieved about the structural features that tune the reduction potentials in met-
alloproteins.

The reduction potential is a critical parameter in determining the efficiency of
most biological and chemical reactions. Extensive experimental and theoretical
work has been devoted to the understanding of the molecular factors responsible
for fine-tuning the reduction potential of metal active sites. This knowledge may
enable scientists and engineers to design new redox agents for chemical, bio-
chemical, biophysical, and biotechnological applications.

4. TYPE 1 COPPER REACTIVITY AND ELECTRON
TRANSFER PATHWAYS

Blue Cu centers act as ET sites in a wide variety of electron transport chains.
As discussed above, while the electronic and geometric structure of T1 Cu cen-
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Figure 9. (A) Active site of the multicopper oxidases showing the T1, T2, and T3 Cu
sites. Electron transfer pathways from the substrate to the T1 Cu sites in the ferroxidase
Fet3p (B) and the fungal laccase TvLc (C). In Fet3p (B), the His ligands to the T1 Cu
(His489 and His413) are H-bonded to E185 and D409, while in TvLc (C) the 2,5-xylidine
H-bonds to D206 and H458, a ligand to the T1 Cu site. Adapted with permission from
[88], copyright 2007, American Chemical Society.

Trinuclear cluster: site of
oxygen reduction

ters are conserved across different biological systems, the reduction potentials
are tuned by the protein scaffold to be consistent with the physiologically rele-
vant electron donors and acceptors. However, in many cases the physiological
redox partners of BCPs have not been identified, representing a challenge for
future research in the biology of these proteins. Examples of BCPs where their
redox partners are known are Pc and Ami. Pc accepts electrons from cytochrome
f and transfers them to P700" in photosystem I [15, 16, 19, 20], while Ami
accepts electrons from methylamine dehydrogenase to transfer them to a cyto-
chrome ¢ [156, 157]. In both cases, protein-protein complexes are formed to
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achieve ET [42]. In contrast, some blue Cu centers have their electron acceptors
within the same protein, as is the case in a family of enzymes named multicopper
oxidases (MCO), where the T1 Cu accepts electrons from a wide variety of small
substrates, but it always transfers them to the same acceptor: a trinuclear Cu
center located 13 A away in the same protein, where O, is reduced to water
(Figure 9A) [4, 53, 158]. The reactivity of T1 Cu sites in MCOs is quite diverse,
as these enzymes are present in several organisms and are important for a variety
of physiological functions, including: lignin formation in plants, lignin degrada-
tion in fungi, iron metabolism in yeast and mammals, copper homeostasis in
bacteria, and manganese oxidation in bacterial spores. Thus, the electron donors
for the T1 Cu center in MCOs vary from organic substrates to metal ions [88].
The diverse reactivity displayed by BCPs brings up several important questions:
How can a T1 Cu center sustain electron transfer from/to such a wide range of
electron transfer partners? What are the factors that determine the reactivity of
blue Cu proteins? And what makes these sites so efficient for electron transfer?
Marcus theory for ET can help us to answer these questions. In the following
sections, the contributions of the electronic structure and geometric properties
of T1 Cu centers, as well as the important properties provided by the protein,
that tune these sites for biological ET are discussed.

4.1. Anisotropic Covalency and Electron Transfer Pathways

The active site of MCOs provides an excellent example of how the anisotropic
covalency of the T1 Cu center contributes to rapid ET. In these enzymes, the Cys
ligand at the blue Cu center is flanked by two His residues in the sequence,
forming a highly conserved triad HisCysHis, where the His imidazoles are ligands
to the type 3 site in the trinuclear cluster (Figure 9A). Rapid (>107 s7!) intramo-
lecular ET from the T1 Cu center over 13 A to the trinuclear cluster in MCOs
has been analyzed in terms of the rate of non-adiabatic ET (Equation 1) [7]:

ket = (40/h2Mk T)2(H o) %exp[—(AGO+ M)Ak T] (1)

where H,p is the electronic coupling matrix element, AGP is the driving force,
and )\ is the reorganization energy [159]. The driving force AG? is determined
by the difference in reduction potentials of the T1 Cu site and the trinuclear
center, which are tuned for the electron flow to go in that direction. In Section 3,
the factors involved in the fine-tuning of the reduction potential of blue Cu sites
were discussed. The reorganization energy A refers to the energetic cost of the
geometric changes that the site suffers upon redox cycling; in Section 3.1, the
role of the protein in imposing an ‘entatic’ state that minimizes this term for the
T1 site was discussed. While AG® and A are important for ET, it was found in
the MCOs that the main contribution comes from the H,p term, which refers
to the electron transfer pathways that involve the connectivity between the Cys
ligand to the T1 Cu center and the two His ligands to the trinuclear site. The
H g term depends linearly on the covalency of the Cu-S(Cys) bond. The high
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covalency of the Cu-S(Cys) bond and its relative orientation in the direction
of the two Cys-His pathways provide a superexchange pathway for rapid ET
(Figure 9A) [7]. Thus, the anisotropic covalency of the T1 Cu center primes this
site to be ready to pass on the electron effectively towards the trinuclear Cu
cluster. It should be mentioned that this is not the only case where anisotropic
covalency contributes to the efficiency of an electron transfer Cu center. In the
case of the binuclear Cuy, site, it has been shown that the anisotropic covalency
provided by a Cu-S(Cys) bond contributes to both, intermolecular and intramo-
lecular ET in cytochrome c oxidase [160].

4.2. Tuning the Type 1 Copper Reactivity
for Biological Function

Let us now consider intermolecular electron transfer from an electron donor or
substrate that has to form a complex with the blue Cu protein; this would be a
protein-protein complex for Pc or Ami, or a small substrate binding to the pro-
tein in MCOs. The semiclassical expression for the rate of intermolecular ET,
ke, is given by Equation (2) [159]:

kET = SKA(4TES/h2)\.k T)l/z(HAB)ZeXp[—(AGO + >\.)2/4}\,kT] (2)

ket is now not only dependent on the electronic coupling matrix element (Hap),
the driving force (AGP), and the reorganization energy ()); but also on the steric
term (S), and the equilibrium constant for formation of the interaction complex
(Ka)- Together, the S and K 4 terms relate to the formation of a substrate-protein
or protein-protein complex and the binding affinity associated to this interaction.
Also, in this case the Hp term is given by the electron transfer pathways that
are provided by the interface between the two molecules upon formation of
the interaction complex. For the case of protein-protein complexes, quantitative
analysis of the rate of intermolecular ET is limited by the availability of structur-
al information, and this is needed to assess potential electron transfer pathways.
Examples of structurally characterized protein-protein complexes include: Pc
with cytochrome f[161], Az with aromatic amine dehydrogenase (AADH) [162],
and a ternary complex of Ami with its two redox partners, the electron donor
methylamine dehydrogenase (MADH) and the electron acceptor cytochrome
¢ss51; [18]. A comparison of the protein complexes of Az and Ami with their
respective electron donor partners illustrates how, while having electron transfer
pathways with different efficiencies, the protein scaffold compensates with other
terms of Equation (2), to make electron transfer rates optimal in both systems
[162]. Namely, while the MADH-Ami complex provides an electron transfer
pathway that is ~ 100 times faster than that of the AADH-Az complex, the Az
blue Cu site compensates this by having a lower reorganization energy and a
larger driving force for ET, as compared to the T1 Cu site in Ami.

MCOs also help illustrate the contributions of the protein environment around
the T1 Cu center to intermolecular electron transfer from the substrate. MCOs
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can oxidize a wide variety of substrates that range from organic molecules to
metal ions. As discussed in Section 3, the nature of the axial ligand and the outer
coordination sphere contribute to fine-tuning the reduction potential of the blue
Cu center. Not surprisingly, the reduction potentials of T1 Cu sites in MCOs
range from 300400 mV for sites with a Met axial ligand, as in ascorbate oxidase,
tree laccase and the two redox-active T1 sites in human ceruloplasmin, to high
potentials (from 550 to >1000 mV) in fungal laccases and the non-redox active
T1 site in ceruloplasmin, which lack an axial ligand [88].

An interesting case is the T1 Cu site in the yeast ferroxidase Fet3p, having the
lowest reduction potential (427 mV) among T1 sites with no axial ligand. Strik-
ingly, with such a low reduction potential, the driving force (AG®) to oxidize
Fe(II) to Fe(III) would be very small, since the Eq of the Fe(II)/Fe(11I) redox
couple at pH 6.5 is 420 mV. However, Fet3p has an Fe(II) binding site that tunes
down the reduction potential of the substrate to make the ferroxidase reaction
possible; it is estimated that the protein-bound Fe(II) must have an Ey <190 mV
[163]. The Fe(II) binding site in Fet3p is provided by carboxylate residues in the
vicinity of the T1 Cu site, namely Glul85 and Asp409, which are connected
through hydrogen bonds to the two His ligands of the blue Cu center (Figure 9B)
[164]. In this way, by having a binding site for its preferred substrate, Fet3p
optimizes three terms of Equation (2): (i) it provides a high affinity binding site
for Fe(II), optimizing the SK 5 term; (ii) it tunes down the reduction potential
of the substrate to provide a large AGY; (iii) and the ligands for Fe(Il) provide
efficient electron transfer pathways from the substrate to the T1 Cu center, opti-
mizing the H,p term [88, 163]. The multicopper ferroxidases, such as yeast Fet3p
and human ceruloplasmin, are an example of how the protein environment
around the T1 Cu site tunes their reactivity and optimizes it to achieve high
specificity towards Fe(II) ions, their physiologically relevant substrate. Providing
a binding site for a metal ion that maximizes each contributing term to intermo-
lecular ET (Eq. 2) from the metal ion substrate to the T1 Cu site may be a
general strategy in multicopper metallo-oxidases.

Finally, a comparison of Fet3p with a fungal laccase, Trametes versicolor laccase
(TvLc), provides further insights into how the protein fold around the T1 Cu
site provides the basis for substrate specificity [88]. The physiological substrates
of fungal laccases include lignin and pigments, and in vitro these enzymes are
very efficient in the oxidation of organic compounds, such as phenols and hydro-
quinones. In contrast, Fet3p displays a very rapid reduction of the T1 Cu center
by Fe(II), while being quite slow when confronted with organic substrates. The
overall protein folds of TvLc and Fet3p are quite similar, and in both proteins
one of the His ligands to T1Cu is solvent-exposed. The crystal structure of the
complex of TvLc with 2,5-xylidine reveals the formation of hydrogen bonds be-
tween the substrate and His458, a ligand for the blue Cu site; and with Asp206
in the vicinity of the metal center (Figure 9C) [165]. This connectivity provides
efficient electron transfer pathways from the organic substrate to the T1 Cu
center, optimizing the Hap term in Equation (2). Moreover, the presence of
hydrophobic residues in the vicinity of the T1 Cu site favors the binding of
aromatic substrates, optimizing the SK 5 term for this type of substrates. In con-
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trast, Fet3p lacks such hydrophobic residues, having the carboxylate residues
that provide a binding site for Fe(Il) instead, as discussed above. Thus, while
Fet3p and fungal laccases are homologous and display almost identical protein
folds, the chemical environment around the T1 site in each of them optimizes
the interaction and intermolecular ET with their respective physiological sub-
strates [88].

5. CONCLUDING REMARKS

Blue Cu proteins have evolved to fulfill an important function in biology as
electron transfer sites that interact with a wide variety of redox partners. The
cupredoxin protein scaffold plays a major role in tuning the distinctive structural
and reactivity properties of T1 Cu sites for the physiological function of each
blue Cu protein. The distorted tetrahedral geometry is imposed by the protein
structure (entatic state) and the unusually high covalency of the Cu-S(Cys) bond
provides the blue Cu site with unique features that make it optimal for ET
function: small geometric changes upon redox cycling and anisotropic covalency
to direct and make ET more efficient. While the nature of the axial ligand in the
first coordination sphere of the T1 Cu site has a direct impact on its spectroscopic
features and reduction potential, other factors in the outer coordination sphere,
such as hydrogen-bonding networks and the hydrophobicity of the residues
around the T1 site, also play a role in tuning its reduction potential and assuring
a large driving force for ET.

Finally, the protein also provides efficient electron transfer pathways upon
formation of complexes between the blue Cu protein and its redox partners.
Future research efforts towards the identification of physiologically relevant
electron donors and acceptors of blue Cu proteins and the structural characteri-
zation of interaction complexes shall provide further insights on how these pro-
teins are optimized for biological electron transfer.
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ABBREVIATIONS AND DEFINITIONS

AADH aromatic amine dehydrogenase
Ami amicyanin
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Az azurin

BCPs blue copper proteins

CBP cucumber basic protein

CD circular dichroism

CT charge Transfer

CuZnSOD copper-zinc superoxide dismutase
DFM difluoromethionine

DFT density functional theory

AG° driving force

Ey reduction potential

EPR electron paramagnetic resonance
ET electron transfer

Hagp electronic coupling matrix element
HCy homocysteine

HOMO highest occupied molecular orbital
A reorganization energy

Ka equilibrium constant for formation of the interaction complex
LF ligand field

LMCT ligand to metal charge transfer
MADH methylamine dehydrogenase
MCD magnetic circular dichroism
MCOs multicopper oxidases

Nc nitrosocyanin

NiR nitrite reductase

Nle norleucine

OxM oxomethionine

PAz pseudoazurin

Pc plastocyanin

Rc rusticyanin

S steric term

Sec selenocysteine

SeM selenomethionine

SHE standard hydrogen electrode
TFM trifluoromethionine

T1 type 1

XAS X-ray absorption spectroscopy
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