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About the Editors

Peter M. H. Kroneck received his Diploma in Chemistry from the University
of Basel (Switzerland) and his PhD from the University of Konstanz (Germany).
He worked as a postdoctoral student with Jack T. Spence, Utah State University
(Logan, USA), and he was a visiting professor with Helmut Beinert, University
of Wisconsin (Madison, USA), with Israel Pecht, Weizmann Institute of Science
(Rehovot, Israel), with William E. Antholine, National EPR Center, Medical
College of Wisconsin (Milwaukee, USA), and in 2012 he was the Robert Noyce
Professor at Grinnell College (Grinnell, USA). He was the head of the Bioinor-
ganic Research Group at the University of Konstanz, where he became a Profes-
sor of Biochemistry in 1989. In 2002, he received the Medal of the European
Society of Biological Inorganic Chemistry; in 2009 he was the first Non-US scien-
tist who chaired the Gordon Research Conference “Metals in Biology”. His
group’s research activities have focused on structural and spectroscopic proper-
ties of copper, iron, molybdenum and tungsten enzymes and their functional
roles in the biogeochemical cycles of nitrogen and sulfur.

Martha E. Sosa Torres is Full Professor of Chemistry at the Universidad
Nacional Auténoma de México (UNAM, Mexico). She received her Bachelor and
Master Degree in Chemistry summa cum laude from UNAM, and her PhD from
the University College London (U.K.) working with Martin L. Tobe. She did post-
doctoral work with Martin Hughes, King’s College London (U.K.), and she was
a visiting professor at the University of Konstanz and the University of Freiburg
in Germany. She received several prestigious fellowships from international insti-
tutions. In 2008, she organized the Summer School “Metal Ions in Biology — Key
Elements of Life” in Cuernavaca (Mexico) sponsored by the German Academic
Exchange Service (DAAD). Her research is directed towards the understanding
of inorganic reaction mechanisms, with focus on dioxygen activation. Her group
is interested in the spectroscopic, magnetic, and structural analysis of metal com-
plexes, 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.

Astrid Sigel has studied languages; she was an Editor of the Metal Ions in
Biological Systems series (until Volume 44) and also of the “Handbook on Toxic-
ity of Inorganic Compounds” (1988), the “Handbook on Metals in Clinical and
Analytical Chemistry” (1994; both with H. G. Seiler), and the “Handbook on
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Metalloproteins” (2001; with Ivano Bertini). She is also an Editor of the MILS
series from Volume 1 on, and she coauthored about 50 papers on topics in Bio-
inorganic Chemistry.

Eva Freisinger is Associate Professor for Bioinorganic Chemistry and Chemi-
cal Biology (2018) at the Department of Chemistry at the University of Ziirich,
Switzerland. She obtained her doctoral degree (2000) from the University of
Dortmund, Germany, working with Bernhard Lippert and spent three years as
a postdoc at SUNY Stony Brook, USA, with Caroline Kisker. Since 2003, she
performs independent research at the University of Ziirich where she held a
Forderungsprofessur of the Swiss National Science Foundation from 2008 to
2014. In 2014, she received her Habilitation in Bioinorganic Chemistry. Her re-
search is focused on the study of plant metallothioneins with an additional inter-
est in the sequence-specific modification of nucleic acids. Together with Roland
Sigel she chaired the 12" European Bioinorganic Chemistry Conference (2014
in Ziirich, Switzerland) and the 19" International Conference on Biological In-
organic Chemistry (2019 in Interlaken, Switzerland). She also serves on several
Advisory Boards for international conference series; since 2014 she is the Secre-
tary of the European Bioinorganic Chemistry Conferences (EuroBICs), and an
Editorial Board Member of the Journal of Inorganic Biochemistry. She joined
the group of editors of the MILS series from Volume 18 on.

Roland K. O. Sigel is Full Professor (2016) of Chemistry at the University of
Ziirich, Switzerland. In the same year he became Vice Dean of Studies (B.Sc./
M.Sc.) and in 2017 he was elected Dean of the Faculty of Science. From 2003 to
2008 he was endowed with a Forderungsprofessur of the Swiss National Science
Foundation, and he is the recipient of an ERC Starting Grant 2010. He received
his doctoral degree summa cum laude (1999) from the University of Dortmund,
Germany, working with Bernhard Lippert. Thereafter, he spent nearly three
years at Columbia University, New York, USA, with Anna Marie Pyle (now
Yale University). During the six years abroad he received several prestigious
fellowships, and he was awarded the EuroBIC Medal in 2008 and the Alfred
Werner Prize (SCS) in 2009. 2015-2019 he was the Secretary of the Society of
Biological Inorganic Chemistry (SBIC) and since 2018 he is the Secretary of
the International Conferences of Biological Inorganic Chemistry (ICBICs). His
research focuses on the structural and functional role of metal ions in ribozymes,
especially group II introns, regulatory RNAs, and on related topics. He is also
an Editor of Volumes 43 and 44 of the MIBS series and of the MILS series from
Volume 1 on.
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Historical Development and Perspectives
of the Series
Metal Ions in Life Sciences’

It is old wisdom that metals are indispensable for life. Indeed, several of them,
like sodium, potassium, and calcium, are easily discovered in living matter. How-
ever, the role of metals and their impact on life remained largely hidden until
inorganic chemistry and coordination chemistry experienced a pronounced re-
vival 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 now in this still growing endeavor with
Walter de Gruyter GmbH, Berlin, Germany, a most experienced Publisher in
the Sciences.

The development of Biological Inorganic Chemistry during the past 40 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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viii PERSPECTIVES OF THE SERIES

(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 21

Metals, Microbes, and Minerals:
The Biogeochemical Side of Life

Microorganisms are found in almost every conceivable niche of the Earth. Antoni
van Leeuwenhoek from Delft, universally acknowledged as the father of micro-
biology, saw the animalcules with his hand-lens microscope in 1674. Through
their metabolic activity, they affect the chemistry and physical properties of their
surroundings. They play key roles in carbon and nutrient cycling, in animal (in-
cluding human) and plant health, in agriculture and the global food web. Un-
doubtedly, microbes played an important role in the evolution of the Earth and
its atmosphere. It is the aim of this book to introduce the reader to the world of
microorganisms, and to recognize the role they have played in the history of the
Earth, and still play in altering our environment.

Studies of microbial interactions with geological media advance the field of
Geomicrobiology. Most likely life had a rocky start according to expert Robert
Hazen. How could dead minerals have assisted the emergence of life? The an-
swer is chemistry. Minerals grow from simple molecules into ordered structures;
critical transformations might not have been possible without the help of miner-
als acting as containers, scaffolds, templates, catalysts, and reactants.

Recently, a consortium of scientists published a Consensus Statement concern-
ing climate change and microorganisms. It is now well established that human
activities cause unprecedented animal and plant extinctions, surprisingly micro-
organisms are generally not discussed in the context of climate change. They
date back to the origin of life on Earth, at least 3.8 billion years ago, and they
will likely exist well beyond any future extinction events. Unless humans appreci-
ate the importance of microbial processes, they fundamentally limit their under-
standing of Earth’s biosphere and response to climate change and thus jeopar-
dize efforts to create an environmentally sustainable future.

Metal Ions in Life Sciences, Volume 21  Guest Editors: Peter M. H. Kroneck and Martha E. Sosa Torres
Series Editors: Astrid Sigel, Eva Freisinger, and Roland K. O. Sigel

© Walter de Gruyter GmbH, Berlin, Germany 2021, www.mils-WdG.com
https://doi.org/10.1515/9783110589771-202
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X PREFACE TO VOLUME 21

Chapter 1 introduces the reader to the complex and fascinating microbial
world. As potent chemists and geoengineers, microbes had a significant influence
on the history of the Earth. And they still do, in altering our environment. Their
presence within geologic media had a profound effect on themselves and on
the chemical and physical properties of the surrounding environment. Note that
nowadays a remarkable number of microbially catalyzed reactions have been
explored down to the level of enzyme structure, active site architecture, and
specific roles of neighboring amino acid residues.

Global element cycles are in the focus of Chapter 2. Prokaryotes (classical
Bacteria and Archaea) enable not only simple exergonic redox reactions to
proceed but also couple exergonic with endergonic reactions, to perform bio-
synthesis. Microbial transformations can be highly specific and can direct reac-
tions towards single types of products, such as the stereospecific production of
one enantiomer, an important application in nowadays biotechnology. There-
fore, they hold great promise for future applications in degradative and biosyn-
thetic activities.

Chapter 3 emphasizes that biological processes leave an “imprint” in the form
of non-equilibrium isotope distributions in metabolites, which have been inten-
sively studied in sediments of various Earth ages. A central finding is that
isotope fractionation occurs with high variability. Three different scales are
investigated, (i) the enzyme level, (ii) the cell level, and (iii) the ecosystem
level. The isotope fractionation of carbon from CO, in water oxidizing photo-
trophs, and the fractionation of sulfur from sulfate during microbial reduction
of sulfate to hydrogen sulfide are discussed and fodder for future integration
across these scales is provided.

The in situ detection and visualization of metals within cells and tissues is ad-
dressed in Chapter 4. Advances in imaging techniques, notably improved detection
sensitivity and spatial resolution, enable metal imaging from the mesoscale down
to the nanoscale size regime. The most important techniques for quantifying and
visualizing biological metals are reviewed. Direct detection approaches (X-ray flu-
orescence microscopy, secondary ion mass spectrometry, laser-ablation inductively
coupled mass spectrometry) and indirect imaging methods (fluorescence microsco-
py, magnetic resonance imaging) are discussed in detail.

Metal-bearing minerals are an integral part of almost all “metabolism-first”-
type scenarios for the emergence of life as highlighted in Chapter 5. Metabolism-
first scenarios stand in opposition to primordial soup hypotheses which envisage
prebiotic synthesis of organic molecules as building blocks enabling life to come
into being. A critical analysis of the historical roots of these emergence of life
hypotheses points out fundamental inconsistencies, thus it is necessary to appeal
to basic thermodynamic principles to provide rigorous guidelines for developing
contradiction-free models. Combining these guidelines with the current under-
standing of biological energy conversion, arguably the process most fundamental
to all life, strongly suggests an expansion of previous mineral-based scenarios.

Chapter 6 centers on magnetotactic bacteria, which form so-called magneto-
somes, intracellular organelles consisting of ferrimagnetic crystals which seques-
ter and biomineralize large amounts of iron in specific membrane-enclosed com-
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partments. Magnetosome biosynthesis is under spatio-temporal control by
specific factors and functions. The resulting cellular dipole moment acts like a
compass needle which aligns the cell in the geomagnetic field. Magnetotaxis
appears to facilitate the navigation of the actively swimming bacterial cells along
vertical redox gradients within stratified sediments of natural waters. Recent
knowledge on the diversity and ecology of magnetotactic bacteria is summarized
as is the process of magnetosome biomineralization.

Chapter 7 elucidates important aspects of microbial life on iron. Reduced and
oxidized iron compounds are present in virtually all of Earth’s environments. Fe
is essential to all (micro)organisms because it is a key constituent of numerous
metalloenzymes. It can be used as an electron donor, or acceptor, by microorga-
nisms for metabolic redox reactions which generate energy and drive growth. In
this chapter it is discussed how different types of Fe(Il)-oxidizing (aerobic, micro-
aerophilic, anoxygenic phototrophic, anaerobic nitrate-reducing) and Fe(III)-re-
ducing (ammonium-oxidizing, organic matter-oxidizing, methanotrophic, sulfur-
oxidizing) microorganisms use the oxidation and reduction of Fe(II) and Fe(III),
respectively, to generate energy and to produce biomass.

In Chapter 8 recent advances in the field of extracellular redox chemistry are
summarized. Life depends on metals and their redox transformations within the
biologically accessible potential range. These transformations influence their mo-
bility in water, their bioavailability, their toxicity, and their affinity towards bio-
molecules. The current state of the art is surveyed regarding the interaction
between living organisms and metals with respect to the mechanisms of microbial
assimilatory metal uptake, with special emphasis on iron. Direct metal uptake
by membrane transporters and indirect metal uptake by metallophores are ad-
dressed. The implications of the extracellular redox chemistry of microbes for
the environment, health, and biotechnology are discussed, including open ques-
tions that reveal new possibilities for diverse applications.

Metal ions have driven many of biology’s catalytic processes since life first
evolved, however, this advantage is a double-edged sword. Some metal ions are
essential but also toxic if not processed properly, and others are non-essential
but toxic if available. These aspects are in the focus of Chapter 9. The molecular
methods that microorganisms have developed to deal with toxic metal ions (Cr,
Ag, Au, Cd, Hg) are covered as are the toxic effects of the nutrient metals under
dis-homeostasis. Toxic but rare or unavailable elements are not covered, yet brief
introductions to some non-nutrient but highly toxic metals and metalloids of
groups 13-15, Al, Tl, Pb, As, and Bi are included.

Chapter 10 focuses on rare earth elements essential for our daily life. Just think
of their use in high technologies like cellular phones and computers, and the use
in renewable energy applications. Their interaction with biomolecules and living
organisms, and the exploitation of their photo-physical properties for a range of
applications in biochemistry and medicine have been studied for many decades.
Yet, an entirely new area of research has emerged in the past ten years after it
was established that many bacteria utilize certain rare earth elements in their
metabolism. The chapter gives an overview on the most recent developments
with an account of the more established uses of rare earth elements in biochemis-
try, biomining, and medicine.
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In conclusion, Volume 21 of the Metal Ilons in Life Sciences series offers a
wealth of in-depth information about the world of microorganisms and their
important role in all aspects of life. Unique chemical reactions have been discov-
ered which employ novel sophisticated transition metal centers. They have been
explored to the level of enzyme structure, active site architecture, and specific
roles of neighboring amino acid residues, and can be understood nowadays at
atomic resolution.

It is the study of microbial interactions with geological media, which advances
the field of Geomicrobiology. Significant advances in the understanding of these
novel metal centers, such as CuA and CuZ present in nitrous oxide reductase,
the coupled siroheme-[4Fe-4S] cluster of dissimilatory sulfite reductase, the su-
per catalyst cytochrome P450 heme thiolate, or the Fe- and V,Mo Fe-S clusters
of nitrogenase to name a few, have been achieved by the application of powerful
spectroscopic and biochemical techniques, as also discussed in greater detail in
Volume 20 of Metal Ions in Life Sciences, entitled Transition Metal Ions and
Sulfur: A Strong Relationship for Life.

Peter M. H. Kroneck
Martha E. Sosa Torres
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Abstract: Microorganisms are found in almost every conceivable niche of the Earth. They
populate every habitable environment, and through their metabolic activity, affect the chemis-
try and physical properties of their surroundings. They are outstanding chemists and geoengi-
neers, and they did this for billions of years, thus playing an important role in the evolution
of the Earth and its atmosphere. Their presence within geologic media has a profound effect
on themselves and on the chemical and physical properties of the surrounding environment.
Obviously, today spectacular scientific breakthroughs take place between the boundaries of
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the disciplines of Geology, Paleontology, Chemistry, Physics, and Biology, and new scientific
disciplines come up, such as Astrobiology and Geomicrobiology. It is the aim of this chapter
to introduce the reader to the fascinating world of microorganisms, and to recognize their
important role they have played in the history of the Earth, and still play, in altering our
environment. A remarkable number of reactions catalyzed by microbial enzymes have been
explored down to the level of protein structure, active site architecture, and specific roles of
neighboring amino acid residues. Thus, a lot of once obscure microbiology can be understood
nowadays at the atomic level. Notably, numerous geochemical processes observed in the past
were discovered through recent years to be catalyzed by microbes, except for those occurring
at temperatures beyond 120 °C, the thermal borderline of living organisms. It is the study of
microbial interactions with geological media, which advances the exciting field of Geomicro-
biology. To speak with microbiologist Bernhard Schink, author of the chapter entitled Mi-
crobes: Masters of the Global Element Cycles: “If — after all the great discoveries in chemistry
through the last 150 years — chemists may have been tempted to claim “it is all chemistry out
there” I tend to oppose: “it is all microbiology — using a highly refined microbial biochemis-
try”.

Keywords: catalysis - geomicrobiology - great oxidation event - history of earth - metals -
microbes - minerals - surface

1. INTRODUCTION: FROM MICROBES
TO METALLOENZYMES

When one ponders on the question ‘Why did we, inorganic chemists by training,
choose the title Metals, Microbes, and Minerals: The Biogeochemical Side of Life
for this volume of the METAL IONS IN LIFE SCIENCES (MILS) series, several
options come up. Firstly, based on what we learned from our activity as guest-
editors for Volume 14 The Metal-Driven Biogeochemistry of Gaseous Compounds
in the Environment [1], Volume 15 Sustaining Life on Planet Earth: Metallo-
enzymes Mastering Dioxygen and Other Chewy Gases [2], and Volume 20 Transi-
tion Metals and Sulfur: A Strong Relationship for Life [3], we felt that this was a
timely and important topic. The most powerful motivation, however, resulted
from the interaction with numerous pioneering researchers of microbiology and
bioinorganic chemistry over several decades, either through experiments in the
laboratory or thanks to fruitful discussions at international conferences and
workshops. In first place come Norbert Pfennig (Department of Biology, Univer-
sity of Konstanz) [4, 5], Walter G. Zumft (Institute of Molecular Microbiology,
Karlsruhe Institute of Technology) [6, 7], and Helmut Beinert, (Biochemistry
Department, University of Wisconsin-Madison) [8, 9]. Guided by Norbert Pfen-
nig (Figure 1), a survey was made in 1983 together with Helmut Beinert of com-
ponents of sulfur-reducing bacteria, such as “Spirillum 5175”, that can be detect-
ed by electron paramagnetic resonance spectroscopy. “Spirillum 5175 was later
described as the type strain of the new genus and species Sulfurospirillum deley-
ianum [10-14].

These early studies have opened up new and fascinating areas of research with
exciting discoveries. Enzymes with novel transition metal centers (Fe, Cu, Mo, W)
and unique catalytic properties (Equations 1-4) (Figures 2-5) could be purified
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Figure 1. Norbert Pfennig (1925-2008), Professor of Microbiology, Department of Biolo-
gy, University of Konstanz [4, 5, 13].

from both anaerobic and aerobic microorganisms [15], and were characterized in
collaboration with microbiologists E. Bock (Hamburg), H. Cypionka (Konstanz/
Oldenburg), J. E. Escamilla Marvan (Mexico City), J. Harder (Bremen), H. Huber
(Regensburg), D. Jendrossek (Stuttgart), A. Kroger (Frankfurt), B. Schink (Kon-
stanz; see also Chapter 2), J. Simon (Frankfurt/Darmstadt), K. O. Stetter (Regens-
burg), D. A. Webster (Chicago), and W. G. Zumft (Karlsruhe) [16-39].

N,O + 2H* + 2e¢” - N, + H,O (1)
copper sulfide enzyme N,OR (Figure 2)

NO; + 8H* + 6e- — NH;S + 2H,0 (2)
multi-heme enzyme CCNIR (Figure 3)

C,H, + H,0 — CH;CHO (3)
tungsten-iron sulfur enzyme WAH (Figure 4)

SO3™ + 8H™ + 6~ — H,S + 3H,0 )

siroheme-iron sulfur enzyme DSIR (Figure 5)
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Second in this context, we have to bring up the name of international patent
lawyer Giinter Wichtershiduser, chemist by training and Honorary Professor at
the University of Regensburg, and his intriguing Iron-Sulfur World theory. His
ideas, if correct, mean that scientists seeking to understand the origin of life on
Earth should focus on the chemistry that takes place on the surface of minerals,
particularly in hot environments like the deep undersea volcanoes that gash the
ocean floor [40]. The theory assumes that life began on minerals with an anabolic
metabolism of synthetic, autocatalytic carbon fixation cycles, with the oxidative
formation of pyrite (FeS,) from Fe(II) sulfide (FeS) and H,S providing the re-
ducing power to the pioneer metabolism (Equation 5).

FeS + H,S — FeS, + 2H" + 2e¢™ (= Hy) AG° = —41.9kJ/Lmol  (5)

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 metab-
olism”, producing more complex organic compounds, more complex pathways,
and more complex catalytic centers (see Chapter 5) [41-48].

In this chapter we intend to introduce the reader to the fascinating world of
microorganisms, and to stress the important role they have played in the history
of the Earth, and still play, in altering our environment. A remarkable number
of reactions catalyzed by microbial enzymes have been explored down to the
level of protein structure, active site architecture, and specific roles of neighbor-
ing amino acid residues. Thus, a lot of once obscure microbiology can be under-
stood nowadays at the atomic level. Notably, numerous geochemical processes
observed in the past were discovered through recent years to be catalyzed by
microbes, except for those occurring at temperatures beyond 120 °C, the thermal
borderline of living organisms. In view of the vast literature accumulated and
still accumulating in the field, we suggest for introduction the books by world-
renowned experts Robert Hazen (Clarence Robinson Professor of Earth Science
at George Mason University) entitled “The Story of Earth”, and Donald Can-
field (Professor of Ecology at the University of Southern Denmark) entitled
“Oxygen: A Four Billion Year History” [49, 50]. Furthermore, we recommend
Volume 4 of the MILS series “Biomineralization: From Nature to Application”
published in 2008 [51]. The discussion will be centered to some extent on the
role of metals and their interaction within and outside of the microbial cell, and
the impact of microbes hosting numerous sophisticated metalloenzymes on the
environment. To stay updated with the rapidly advancing field, broader perspec-
tives and more including the work of experts in this vibrant research area are
available in a number of very informative and authoritative reviews [52-61].

2. EARLY LIFE CHEMISTRY AND CATALYSTS:
CAN WE FIND THEIR TRACES IN ROCKS?

The Critical Zone (CZ) is the Earth’s outer shell where all the fundamental
physical, chemical, and biological processes critical for sustaining life occur and
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interact. As microbes in this zone drive many of these biogeochemical cycles,
understanding their impact on life-sustaining processes starts with an under-
standing of their biodiversity. Microbes are found throughout the CZ, down to
5 km below the surface, but their functional roles change with depth due to
habitat complexity, e.g., variability in pore spaces, H,O, O,, and nutrients. Abun-
dances of prokaryotes and microeukaryotes decrease significantly by orders of
magnitude with depth. The relatively low abundance of microeukaryotes in the
deep subsurface suggests that they are limited in space, nutrients, are unable to
cope with O, limitations, or some combination thereof. Since deep regions of
the CZ have limited access to recent photosynthesis-derived carbon, microbes
there depend on deposited organic material or a chemolithoautotrophic metabo-
lism that allows for a complete food chain, independent of the surface, although
limited energy flux means cell growth may take tens to thousands of years. Mi-
crobes are found in all regions of the CZ and can mediate important biogeo-
chemical processes. With the recent “omics” technologies at hand, microbial
ecologists have new tools to link the composition and function of in sifu microbi-
al communities. These methods can be used to search for new metabolic path-
ways relevant to biogeochemical nutrient cycling, and to determine how the ac-
tivity of microorganisms can affect transport of carbon, particulates, and reactive
gases between and within CZ regions [62].

Today, many spectacular scientific breakthroughs take place between the bound-
aries of the previously august and familiar disciplines of Geology, Astronomy,
Paleontology, Chemistry, Physics, and Biology, each symbolically separated into
their own buildings on most university campuses. Each discipline has not only a
faculty with its own rules and boundaries, but entire fields with their own vocabu-
laries and favored methods of disseminating information coming from research.
Furthermore, as science advances quickly, new scientific disciplines have come up,
such as Astrobiology and Geomicrobiology, which barely existed before the 1990s
[63-79]. For example, the recognition of the important role that microorganisms
play in altering our environment, advanced the field of Geomicrobiology, the study
of microbial interactions with geologic media, significantly [70-76].

Despite the importance of carbon atoms linked together to build biological
macromolecules, such as proteins (carbon-based life), simple molecules that exist
as gases, have had the greatest influence on the history of life: dioxygen (O,),
carbon dioxide (CO,), methane (CH,), and hydrogen sulfide (H,S). Sulfur, in
fact, may have been the single most important of all elements in dictating the
nature and history of life on Earth [77-79]. Earth is over 4,500 million years old
[80-83]. Note that in discussing geological time, 1 Gyr is 10° years, 1 Myr is
109 years, see also the discussion published by The International Union of Pure
and Applied Chemistry (IUPAC), and the International Union of Geological
Sciences (IUGS) [84]. Probably in the early stage, occasional impacts might have
heated the ocean over 100 °C. Consequently, only hyperthermophiles, organisms
optimally living in water at 80-110 °C, would have survived. Early hyperthermo-
phile life, probably near hydrothermal systems, may have been non-photosyn-
thetic, and many housekeeping proteins and biochemical processes may have an
original hydrothermal heritage. The development of anoxygenic and then oxy-
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genic photosynthesis would have allowed life to escape the hydrothermal setting.
By about 3,500 million years ago, most of the principal biochemical pathways
had evolved, and were global in scope [79, 85-87]. In 1999, Brocks and colleagues
reported molecular fossils that expanded the geological record of eukaryotic
biology and confirmed that cyanobacteria lived in Archean environments, which
produced O, that transformed our planetary surface [82, 88]. In 2017, Dodd
and associates described putative fossilized microorganisms that are at least
3,770 million and possibly 4,280 million years old, in ferruginous sedimentary
rocks from northern Quebec, Canada [89-91]. This may be the oldest known
sign of life on Earth. The tiny hematite tubes are as much as 4,280 million years
old, and they are stunningly similar to structures produced by microbes living
around undersea hydrothermal vents. The microscopic metallic detritus, plus
chemical signatures associated with ancient metabolisms, would push back the
date at which life arose on Earth; see also the article in National Geographic by
N. Drake [89-92].

2.1. Mineral Surfaces and Microbes
“The farther back you can look, the farther forward you are likely to see” — Winston Churchill.

Exactly how life on Earth began remains a burning scientific question until today
(see Chapter 5). The simple truth is, there were rocks and minerals on Earth
before there was life. In 2013 Robert Hazen (Carnegie Institution’s Geophysical
Laboratory and George Mason University), cataloged the 420 minerals that like-
ly characterized Earth’s Hadean Eon, that is the planet’s first 550 million years.
These minerals comprise a mere 8 % of the diversity of minerals we see on Earth
today, a complexity that is a direct result of the interplay between rock and life
over geological time [93]. The Earth has always been a restless, evolving planet.
Even today the air, the oceans, and the land are changing, perhaps at a pace
unequaled in our planet’s recent past.

From the geological point of view the Earth’s surface is continuously changing.
An igneous rock is transformed under the action of high pressure or heat into a
metamorphic rock, and both igneous and metamorphic rocks can be eroded into
a sedimentary rock. As all rocks on the Earth’s surface are recycled, a rock’s type
gives information about the way it was made, while its mineralogical composition
informs about its chemical nature. Clay minerals are ubiquitous on our planet,
they are also abundant in the matrix of many primitive chondrites, present in
interplanetary dust particles, and have been described on Mars in the form of
ferromagnesian smectite. On Earth, during the Hadean and early Archean, when
life originated, over 30 different clay minerals have been described with a large
distribution in hydrothermal deposits. As clay minerals have a high affinity for
organic molecules and can act as catalysts, they were proposed to play important
roles in the origins of life on Earth, whether life emerged at hydrothermal vents,
at active serpentinizing sites, on dry land exposed to ultraviolet sunlight, or in
evaporative environments [94, 95].
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Earth’s natural libraries reveal a multibillion-year story of coevolution shared
by elements, minerals, rocks, and life. The more we examine Earth’s rich rock
record, the more we see how the natural world, both living and non-living, has
transformed itself again and again. The early evolution of Earth was a conse-
quence of two intertwined chemical realities: (i) Cosmochemistry, that is making
the elements, and (ii) Petrochemistry, that is making rocks, says leading expert
Robert Hazen [96]. He and colleagues examined the roles of minerals in the
origin of life, with a focus on mineral-catalyzed organic synthesis and interactions
between biomolecules and mineral surfaces, also called “mineral evolution” and
“mineral ecology” [93, 97-101].

When life arose on Earth, a complex mineral world was already present, ready
to interact with the first biomolecules via their surfaces which are the obligation
zone of contact with the outside world. How it directed chemical evolution has
been the subject of much speculation. Specific roles for minerals have been in-
voked for the emergence of the three main distinguishing features of life, infor-
mation storage, metabolism, and compartmentalization. One idea was that clays,
not only guided the first steps toward life, but actually were the first living orga-
nisms, storing information in the sequence of their layers. While there is little
evidence for this far-reaching claim, mineral surfaces may have supplied selectiv-
ity in adsorption and/or polymerization, thus selecting a subset in the space of
possible proteins and nucleic acids. A lot remains to be understood concerning
the molecular structure of relevant surfaces and the precise mechanisms of their
interactions with biomolecules [93-102].

Concerning the emergence of metabolic activity, mineral surfaces are well-
known as efficient catalysts (routinely applied in industrial heterogeneous cataly-
sis) but they can also have played the role of alternate reaction media, offering
thermochemical conditions different from those in solution, and allowing to har-
nessing macroscopic gradients and cyclical variations in temperature and humidi-
ty to produce the molecular-level imbalances that are characteristic of life. This
includes the storage of chemical energy in the form of molecular-scale concentra-
tion gradients and the appearance of proto-metabolic cycles including reactions
with mineral surfaces, some vestigial remains of which could perhaps still be
found in metabolism. Minerals may also have played a role in compartmentaliza-
tion, opposing the dilution process that would otherwise have destroyed emerg-
ing prebiotic systems [103-114]. Any type of adsorption has the potential to
maintain high local concentration, but the micro-, meso-, and macroporosity of
minerals from zeolite to pumice, and the tunable porosity of clay minerals, seem
most attractive in this respect, as discussed in two special issues of open-access
journal Life [60, 114].

2.2. Microbes, Minerals, and Electron Transfer

Life and element cycling on Earth depend on redox chemistry, that is oxidation
and reduction of inorganic and organic compounds [115]. Understanding of bio-
geochemical electron transfer reactions is crucial for predicting and protecting
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environmental health (see Chapters 7, 8, and 9). Energy can be released and
stored via the oxidation of both organic and inorganic electron donors by micro-
organisms coupled to the reduction of electron acceptors, such as humic substan-
ces, Fe-bearing minerals, transition metals, metalloids, and actinides. Environ-
mental redox processes play key roles in the formation and dissolution of
mineral phases, redox cycling of trace elements and their host minerals often
control the release or sequestration of inorganic compounds. Redox processes
control the chemical speciation, bioavailability, toxicity, and mobility of elements,
such as C, N, P, S, Cr, Fe, Mn, Co, Cu, As, Sb, Se, Hg, Tc, and U. Humic substan-
ces and mineral surfaces can catalyze the redox transformation and degradation
of organic compounds [115].

Microbes interact with metals and minerals in natural and synthetic environ-
ments, altering their physical and chemical state, with metals and minerals also
able to affect microbial growth, activity, and survival [116]. Application of micro-
bial processes by the mineral industry, so-called biohydrometallurgy, predates
the understanding of the role of microorganisms in metals extraction, commonly
referred to as bioleaching. Undoubtedly, microbial processes were at work to
leach the copper from sulfide minerals, which the rustics were able to recover
by the process now known as precipitation on iron [117]. It has been known for
a long time that the rate of oxidation of a number of sulfide minerals, e.g., pyrite
(FeS,), is markedly accelerated by Fe-oxidizing bacteria, such as Thiobacillus
ferrooxidans, and related species. They play important roles in geochemical min-
eral transformations, in problems of water pollution associated with acid mine
drainage, in the leaching and recovery of valuable metals from metal sulfide
ores, and in eliminating pyritic sulfur from coal [118-126].

Many minerals are biogenic in origin, and their formation is of global signifi-
cance, they provide important structural components for numerous microbial
groups [127]. Furthermore, metal-mineral-microbe interactions are fundamental
to microbial biomineralization, the collective processes by which organisms form
minerals since the dawn of life on Earth. The biologically-mediated organization
of aqueous ions into amorphous and crystalline compounds resulted in materials
that were as simple as adventitious precipitates or as complex as exquisitely
fabricated structures that meet specialized functionalities. This phenomenon is
widespread in biology and mediated by bacteria, protists, fungi, plants, and ani-
mals [64, 67, 128-133].

2.3. Microbes, Metals, and Radionuclides

It is well established that microorganisms are able to reduce metal compounds.
Microbes that couple growth to the reduction of a metal, such as manganese
(Mn) can play an important role in the biogeochemistry of certain anaerobic
environments. For example, Alteromonas putrefaciens MR-1, coupled its growth
to the reduction of Mn oxides only under anaerobic conditions. The characteris-
tics of this process were consistent with a biological reduction of Mn, suggesting
that this bacterium used Mn oxide as a terminal electron acceptor [134].
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Dissimilatory metal-reducing bacteria can transfer electrons to insoluble me-
tallic compounds in natural habitats and to the surface of terminal acceptors
outside the cell to support their respiratory metabolism, in a process designated
extracellular electron transfer (EET) [135]. These microbes gained notoriety
from the time it was realized that they represent excellent targets for bioremedi-
ation of contaminated sediments, soils, and ground waters, and, most important,
as promising producers in microbial fuel cells. Bacteria from the genus Shewanel-
la and Geobacter gained lots of attention for EET studies, as understanding EET
mechanisms is crucial to develop and improve their biotechnological applications
(see Chapters 7 and 8). The isopotential window that allows a smooth electron
flow from the cell interior to the exterior might constitute the modus operandi of
dissimilatory metal-reducing bacteria for which it may be beneficial to minimize
dissipation of free energy across electron transfer networks. Such a modus ope-
randi can explain the large abundance of multiheme c-type cytochromes (see
Figure 3, CCNIR) participating in EET in these microorganisms.

Obviously, the presence of several redox centers in a single protein is advan-
tageous for electron transfer by (i) increasing the reduction power of the cells,
(ii) expanding the protein redox-active windows via heme-heme interactions
between neighboring redox centers, and (iii) facilitating electron transfer across
large distances without the need for transient recognition and binding between
successive physiological partners. This clearly contrasts with proteins contain-
ing a single redox center, which have a range of redox activity limited by the
Nernst curve [135]. In tropical iron ore regions, biologically-mediated reduction
of crystalline iron oxides drives ongoing iron cycling that contributes to the
stability of surface duricrusts.

Most recently [136], a glucose-fermenting microbial consortium capable of re-
ducing at least 27 mmol/L iron oxide goethite could be enriched, its metagenome
analysis led to the recovery of a metagenome assembled genome of an iron
reducer belonging to the genus Telmatospirillum. Notably, the Telmatospirillum
genome encoded putative metal transfer reductases and a novel, multi-heme
outer membrane cytochrome for EET. With goethite, short chain fatty acid pro-
duction shifted significantly in favor of acetate rather than propionate, suggesting
goethite works as hydrogen sink in the culture. Stimulating microbial fermenta-
tion has potential to drive reduction of crystalline iron oxides, the rate limiting
step for iron duricrust re-formation [136].

Microbes play important roles in the environmental fate of toxic metals and
radionuclides with a multiplicity of mechanisms as integral components of natu-
ral biogeochemical cycles [137]. A diverse group of specialized Bacteria and
Archaea can use such activities to conserve energy for growth in the absence of
O,. Clearly, respiratory metal reduction has opened up numerous important
areas of research. These transformations play crucial roles in the cycling of both
inorganic and organic species in a range of environments and, if harnessed, may
offer the basis for innovative biotechnological processes. Interactions between
microorganisms and minerals at the nanoscale have a major impact on the geo-
chemical cycling of metals, such as iron and manganese. Hereby, Fe(IIT) minerals
are often the dominant terminal electron acceptor for microbial metabolism in
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anoxic subsurface sediments, and play a defining role in controlling the mobility
of trace elements through the Fe(III)/Fe(II) redox couple, with Geobacter as one
major key player(discussed in detail in Chapters 7 and 8) [138-142]. Pyrite (FeS,)
is the most abundant sulfide mineral on Earth, it is frequently associated with
coals and Cu, Co, Ni, and Zn sulfide ores. Its oxidation is usually undesirable in
commercial processes (net acid generating bio-heaps, coal, petroleum refining),
an environmental issue known as acid mine drainage. Consequently, the role of
bacteria in FeS, oxidation is necessary for commercial applications and environ-
mental protection [143].

The biology of metal-transforming microorganisms is of fundamental and ap-
plied importance for our understanding of past and present biogeochemical pro-
cesses on Earth and in the Universe [144]. Clay minerals and metal oxides are
essential parts of the soil matrix and strongly influence the structure of microbial
communities and the formation of biogeochemical interfaces in soils. For exam-
ple, metal oxides have significant impacts on alkane-degrading community struc-
ture and the effects increased during soil maturation [74]. Recently, several stud-
ies have examined the effects of soil minerals on the viability of bacterial cells.
For example, montmorillonite remarkably improved the metabolic activity of
Pseudomonas putida, whereas kaolinite and goethite significantly inhibited the
activity [106]. The mineralosphere, which has been defined as the specific inter-
face and habitat encompassing the rocks and the surrounded soil, is under the
influence of minerals. Along with biofilm formation, bacterial surface properties,
including adsorbability, hydrophobicity, and nutrient capture, underwent change
accordingly, and the changes could be enlarged in the subsequent processes.

Biogeochemical interactions between microorganisms and minerals at the na-
noscale have a major impact on the geochemical cycling of bulk (e.g., Fe and
Mn) and trace elements (e.g., As and Cr) in the subsurface. The significance of
microbes in the biogeochemical Mn and Fe cycles has gained broad appreciation,
with particular interest to the reduction of oxidized Mn and Fe compounds. The
complete oxidation of organic substances or H, coupled to the reduction of Mn
or Fe oxides could be demonstrated in sediments and pure cultures, and numer-
ous of bacteria have been isolated that grow with oxidized Mn or Fe compounds
as sole terminal electron acceptor. Fe(III) minerals are often the dominant termi-
nal electron acceptor for microbial metabolism in anoxic subsurface sediments,
and play a defining role in controlling the mobility of trace elements through
the Fe(III)/Fe(II) redox couple [145, 146].

Metals are keys to all aspects of our daily life. Their increasing demand puts
a permanent pressure on natural resources [147]. Due to a rapidly changing
society, a growing world population, and new technologies and future products,
an increasing demand of metals has to be expected. The primary production and
industrial processing of metals and widespread use in many products and indus-
try resulted in the release of many metals to the environment. The pollution
with toxic metals is mainly caused by the release of the metals in effluent waters
from mines, landfills, factories, and metal refineries. Further, current recycling
rates are low for many technical products and rare metals. Recycling has become
increasingly difficult due to the complexity of products and diverse interactions
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within recycling systems. Especially many modern electronic products contain
small amounts of metals with a complex composition that complicates their re-
covery. Despite valuable elements electronic wastes contain many environmental
organic or inorganic contaminants such as polychlorinated biphenyls, polycyclic
aromatic hydrocarbons, Sb, Cr, Ni, and others that potentially can be released
to the environment.

Further, the promoted “low carbon technologies” that are considered as envi-
ronmentally friendly such as wind turbines, solar cells, energy-saving light bulbs,
fuel cells, and catalytic converters require rare and precious metals. Currently, the
majority of these elements are mined and extracted from primary or in highly
energy-intensive processes. Mining activities have a great impact on environmental
conditions, they lead to elevated levels of metals in surrounding soil and water
courses, resulting in destruction of vegetation and crops. Further, there are severe
concerns regarding the availability of these elements in the future due to their low
abundance and difficulty to access. Biological approaches can contribute to solve
some of these problems by enhancing metal recovery from technical waste prod-
ucts, processing wastes, industrial waste waters, and other secondary sources. Mi-
croorganisms developed many processes that influence biogeochemical cycles of
elements, e.g., bio-weathering, microbial reduction, biomineralization and biopre-
cipitation, or bioaccumulation. These processes provided by nature can be used
as tools for many clean industrial processes, recovery of metals, novel bio-based
materials, bioremediation, but also “green” recycling processes [148].

3. THE GREAT OXIDATION EVENT

Dioxygen (O,) is considered one of the most important elements on Earth. In
short terms, it means life, aerobes use O, to conserve the energy they have to
gain from their environment [149]. The evolution of O,-producing cyanobacteria
was arguably the most significant event in the history of life after the evolution of
life itself, says geologist Donald Canfield, Professor of Ecology at the University
of Southern Denmark. Dioxygen is a potent oxidant whose accumulation into
the atmosphere forever changed the surface chemistry of the Earth. It is also a
preferred electron acceptor used in the respiration of countless different orga-
nisms that conduct a wide variety of different metabolisms. Thus, relationships
between life, O,, and Earth surface chemistry become obvious [150]. Aerobic
organisms (in contrast to anaerobic organisms), including humans, animals, and
plants, depend on it to conserve the energy, without O, these organisms cannot
support an active lifestyle [150-154]. From a biological point of view, the most
important oxygen compound on Earth is water, H,O. It is the source of almost
all the dioxygen in the atmosphere, moderates the climate of the Earth, and acts
as an excellent solvent for biomolecules.

What makes O, so special? In the ground state O, is a diradical (*0,; triplet
0,) and is paramagnetic, it can enter many organic and inorganic reactions. In
a way, O, is a strange molecule, for all its ubiquity. Oxygen’s two least strongly
held electrons, responsible for most of its chemistry, have available to them two
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anti-bonding m* orbitals. Clearly, its appearance in the atmosphere changed the
course of evolution on Earth. However, compared to other oxygen radicals, such
as the superoxide anion (O57), the hydroxyl radical (*OH) and the peroxide
radical (*OOH), triplet O, is surprisingly unreactive. Along these lines, O, in its
first excited state ('O,; singlet O,) which is diamagnetic and lies 95 kilojoules
above the triplet ground state, is much more reactive [154, 155]. Dioxygen gas
does not react with itself or the other main component of our atmosphere, dini-
trogen (N,), under normal conditions. However, the effect of ultraviolet light
upon O, is to form the blue gas ozone, Oz, the second allotrope of oxygen.
Basically, atmospheric O, is controlled by the geochemical cycles of carbon and
sulfur, as proposed (Equations 6 and 7) almost two centuries ago [156-161].

CO, + H,0 — HCHO + O, (6)
2Fe,0; + 8503~ + 16H* — 150, + 4FeS, + 8H,0 )

The initial increase of O, in the atmosphere, its build-up in the ocean, its increase
to near-modern levels in the sea and air, and its cause-and-effect relationship
with life are among the most heavily disputed stories in the history of the Earth
(Figure 6) [162]. Dioxygen seems to be present everywhere, it makes up approxi-
mately 21 % of the current atmosphere. However, free O, was anything but
plentiful during the first half of Earth’s 4.5-billion-year history. Evidence for a
permanent rise to appreciable concentrations of O, in the atmosphere approxi-
mately 2.3 billion years, now known as the Great Oxidation Event (GOE), left
clear fingerprints in the rocks and is now deeply entrenched in our understanding
of the early Earth [150, 162-164].

Stages
1 | 2 3 4 5

0.5

0.4 f— _

03—

Atmosphere
Poz (atm)

02—

01—

" o — i

Figure 6. Estimated evolution of atmospheric PO,. The upper red and lower green lines
represent the range of the estimates. The stages are stage 1 (3.85-2.45 Gyr ago (Ga)),
stage 2 (2.45-1.85 Ga), stage 3 (1.85-0.85 Ga), stage 4 (0.85-0.54 Ga), and stage 5
(0.54 Ga—present) [161]. Permission for reusing this file granted by H. Holland, Wikipedia,
license under GFDL.
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Biological, chemical, and physical processes interacting on and beneath the
Earth’s surface determine the concentration of O, and variations in O, distribu-
tion, both temporal and spatial. In the present-day Earth system, the process
that releases O, to the atmosphere (photosynthesis) and the processes that con-
sume O, (aerobic respiration, sulfide mineral oxidation, oxidation of reduced
volcanic gases) result in large fluxes of O, to and from the atmosphere [165].
Loss of natural vegetation and the burning of fossil fuels lead to changes of our
atmosphere at an alarming rate, with two interconnected themes receiving the
most attention: (i) the rise in atmospheric carbon dioxide (CO,) concentration,
and (ii) the escalation of global temperatures. These changes are accompanied
by natural phenomena with potentially catastrophic consequences, such as un-
predictable climate subsystems and rising sea levels from polar ice cap recession.
Although this does not currently appear to be a priority for environmental con-
cern, there is yet another change already underway, and that is the so-called
global deoxygenation. Although the current volume of O, in our atmosphere is
still pretty high, it is diminishing inexorably [166].

The atmosphere has apparently been oxygenated since the GOE approximately
2.4 Ga ago, with the beginning of the photosynthetic O, production still heavily
disputed [164-167]. However, geological and geochemical evidence from older
sedimentary rocks indicates that oxygenic photosynthesis evolved well before this
oxygenation event. Fluid-inclusion oils detected in approximately 2.45 Ga old
sandstones contained hydrocarbon biomarkers evidently sourced from similarly
ancient kerogen, preserved without subsequent contamination, and derived from
organisms producing and requiring molecular oxygen. Molybdenum and rhenium
abundances and sulfur isotope systematics of slightly older (2.5 Ga) kerogenous
shales document a transient pulse of atmospheric O,. As early as approximately
2.7 Ga, stromatolites and biomarkers from evaporative lake sediments deficient in
exogenous reducing power strongly imply that oxygen-producing cyanobacteria
had already evolved. Even at approximately 3.2 Ga, thick and widespread kero-
genous shales are consistent with aerobic photoautrophic marine plankton, and
uranium-lead data obtained from approximately 3.8 Ga old sediments suggest
that this metabolism could have arisen by the start of the geological record.
Hence, the hypothesis that oxygenic photosynthesis evolved well before the at-
mosphere became permanently oxygenated seems well-supported [168].

Pre-photosynthetic niches were meagre with a much lower productivity com-
pared to modern photosynthesis. Serpentinization and volcanism reliably provid-
ed H,, methanogens and acetogens reacted CO, with H; to conserve energy and
to produce organic matter. These skills pre-adapted a bacterium for anoxygenic
photosynthesis, probably starting with H; in lieu of an oxygen acceptor. Use of
reduced iron(Il) and sulfide followed as abundant O, acceptors, allowing pro-
ductivity to approach modern levels. Cyanobacteria evolved O, production, but
they did not immediately dominate the Earth. Eventually, both anoxygenic and
oxygenic photosynthesis oxidized much of the Earth’s crust and supplied sulfate
to the ocean. The process of anoxygenic photosynthesis remained important until
there was enough O, in down welling seawater to quantitatively oxidize massive
sulfides at mid-ocean ridge axes. The evolution of oxygenic photosynthesis is
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generally accepted as the ultimate cause of the GOE, but it has proved difficult
to constrain the timing of this evolutionary innovation.

The oxidation of manganese in the water column requires substantial free O,
concentrations, and thus any indication that manganese oxides were present in
ancient environments would imply that oxygenic photosynthesis was ongoing.
Manganese oxides are not commonly preserved in ancient rocks, but there is a
large fractionation of Mo isotopes associated with the sorption of Mo onto the
Mn oxides that would be retained. These experimental results suggest that O,
from oxygenic photosynthesis started to accumulate in shallow marine settings
at least half a billion years before the accumulation of significant levels of atmo-
spheric oxygen [154, 169]. In order to illuminate the history of Mn-dependent
water splitting, the behavior of the ancient Mn cycle was examined using newly
obtained scientific drill cores through an early Paleoproterozoic succession
(2.415 Ga) preserved in South Africa. Applying microscale X-ray spectroscopic
techniques coupled to optical and electron microscopy and carbon isotope ratios,
it could be shown that the Mn was hosted exclusively in carbonate mineral pha-
ses derived from reduction of Mn oxides during diagenesis of primary sediments.
Additional observations revealed that the original Mn-oxide phases were not
produced by reactions with O,. These results point to a different high-potential
oxidant and suggest that the oxidative branch of the manganese cycle predates
the rise of O,, and provide strong support for the hypothesis that the water-
oxidizing complex of photosystem II evolved from an earlier transitional photo-
system capable of single-electron oxidation reactions of manganese [170].

The anoxic deep open ocean was rich in free iron during the Proterozoic, but
this iron remained effectively inaccessible since a photosynthetic expansion would
have quenched its own supply. Near the Proterozoic-Phanerozoic boundary, bioen-
ergetics innovations allowed eukaryotic photosynthesis to expand into the deep
open oceans and onto the continents, where nutrients are inherently harder to
come by. Key insights into the ecological rise of eukaryotic photosynthesis emerge
from analyses of marine Synechococcus and Prochlorococcus, abundant marine
picocyanobacteria whose ancestors colonized the oceans in the Neoproterozoic.
The reconstructed evolution of Prochlorococcus reveals a sequence of innovations
that ultimately produced a form of photosynthesis more like that of green plant
cells than other cyanobacteria. Innovations increased the energy flux of cells,
thereby enhancing their ability to acquire sparse nutrients, and as by-product also
increased the production of organic carbon waste. Some of these organic waste
products in turn had the ability to chelate iron and make it bioavailable, thereby
indirectly pushing the oceans through a transition from an anoxic state rich in free
iron to an oxygenated state with organic carbon-bound iron [171].

4. CALCIUM IN REDOX ENZYMES

Calcium (Ca; atomic number 20, electron configuration [Ar]4s?, Ca2" [Ar]) is
an essential element needed in large quantities in the human body. As an alka-
line earth metal, Ca is a reactive metal that forms a dark oxide-nitride layer
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Figure 7. Anhydrite (CaSO,). Left: Schematic representation of molecular formula.
Right: Anhydrite mineral from Naica Mine, Chihuahua, Mexico. Permission for reusing
these figures granted by Materialscientist at English Wikipedia, CC BY-SA 3.0.

when exposed to air. Its physical and chemical properties are most similar to its
heavier homologues strontium (Sr) and barium (Ba). It is the fifth-most abun-
dant element in the Earth’s crust and the third-most abundant metal, after iron
(Fe) and aluminum (Al). Notably, Ca is the most abundant metal and the fifth-
most abundant element in the human body [172].

The Ca®™ ion acts as an electrolyte and is vital to the health of the muscular,
circulatory, and digestive systems. It is indispensable to the building of bone, and
supports synthesis and function of blood cells. Ca?>™ regulates the contraction of
muscles, nerve conduction, and the clotting of blood. Consequently, intra- and
extracellular Ca®* levels are tightly regulated by the body. The element can play
this role because the Ca?* ion forms stable coordination complexes with many
organic compounds, especially proteins. It also forms compounds with a wide
range of solubilities, enabling the formation of the skeleton [51]. Ca’?* is an
important second messenger in the regulation of the cell life cycle in addition to
being an essential component in biomineralization. Ca?* mediates its action in
regulation by binding to Ca?" receptors/proteins that in turn regulate signal
transduction, enzymatic activity, and protein stability. Owing to the fast progress
in genomic information and structural biological studies, our understanding of
calcium-binding proteins has been greatly expanded. Since the early 1990s, the
three-dimensional structures of calcium-binding proteins have been extended to
more than 1000 today and calcium-binding proteins are found in every cellular
compartment [173].

Among the most important minerals containing the element Ca, are those of the
carbonate family. Rocks, such as limestone (CaCQO3), dolomite (CaMg(CO3),),
and marble, are quarried for their calcium carbonate content, heated to produce
quick lime (CaQO) which is used for cement and many other industrial purposes.
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Calcium sulfates (CaSO,), such as gypsum and anhydrite, anhydrous calcium
sulfate (Figure 7), are used for creating plasterboard for construction along with
many other uses. Fluorite (CaF,) is used primarily as a flux, it is also used as a
source of fluorine to create hydrofluoric acid (https://www.mindat.org/element/
Calcium) [174].

Notably, though not redox-active ([Ar] electron configuration), the Ca®* ion
is an important constituent in several biological metal redox centers. Most promi-
nent example is the CaMn4Os cluster of the oxygen evolving complex (OEC) of
photosystem II (PS II) (Figure 8). Dioxygen, key to all aerobic life, is abundant
in the Earth atmosphere because of its constant regeneration by photosynthetic
water splitting, which is catalyzed by PS II (Equation 8).

2H,0 —» O, + 4H' + de” PS II CaMn4Os5 (Figure 8) 8)

PS 1II is a multi-peptide membrane protein complex embedded in the thylakoid
membrane, involved in photosynthetic H,O splitting and O, evolution, one of
the most important, life-sustaining chemical processes on Earth. PS II is usually
found as a dimer, with each monomer hosting more than 20 peptides and about

D1-D342

D1-H332

CP43-E354 »
D1-H337

\
p1 -E333

o,
o

Figure 8. X-ray crystal structure of the CaMn4Os core of the oxygen evolving complex
of photosystem II at a resolution of 1.9 A (PDB 3WU2) [175, 176]. Reprinted by permis-
sion from Nature, Crystal structure of oxygen-evolving photosystem II at a resolution of
1.9 A, Y. Umena, K. Kawakami, J.-R. Shen, N. Kamiya, Nature 2011, 473, 55-60.
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Lys 274

Asp 262

Tyr 254 Gln 276

Figure 9. The highly conserved Ca?™ site in CCNIR of Wolinella succinogenes bridges
two stretches of protein that hold active site residues; a set of conserved tyrosine residues
might play a role in radical stabilization during catalysis (PDB 1FS7) [31, 32].

100 cofactors, including chlorophylls, quinones, carotenoids, and lipids. The OEC
cycles through five intermediate S states (Sy to S4, known as the Kok cycle) that
corresponds to the abstraction of four successive electrons from the OEC.

Once four oxidizing equivalents are accumulated (S, state), a spontaneous reac-
tion occurs that results in the release of O, and the formation of the most reduced
state, the S, state. Upon further light excitation, the initial S; state is formed once
again, and the catalytic cycle is resumed. Strontium (Sr) can functionally replace
Ca in the OEC and, therefore, Sr XAS studies of the SrMn4Os5 cluster helped to
study the structural changes of the native CaMn,Os cluster [175, 176].

The multi-electron, multi-proton transfer enzyme cytochrome c nitrite reduc-
tase (CCNIR) (Equation 2) (Figure 9) [31, 32, 177-181], certain classes of heme
peroxidases [182-189], and the bacterial pyrroloquinoline quinone-dependent al-
cohol dehydrogenases (see Chapter 10) [24, 190-194], represent further impor-
tant examples and coordinate Ca®* ions in strictly conserved binding sites which
are important for catalysis.

The Ca?* binding site of CCNIR, a homodimer harboring five c-type heme
centers in each monomer, is an essential structural feature in the overall architec-
ture of the enzyme, and the region surrounding the Ca binding site is one of the
most highly conserved parts of the whole sequence. This is easily understood for
Tyr-218, which is an active site residue that can directly interact with substrate.
It can be rationalized that the Ca?™ ligands Lys-274 and GIn-276 immediately
precede another active site residue, His-277, such that the calcium bridges
two stretches of protein that hold key residues for catalysis. Furthermore, both
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Lys-274 and GIn-276 take part in forming the active site cavity, whose electro-
static surface potential is presumably essential for guiding substrate influx and
product efflux (Figure 9).

The detoxification of reactive oxygen species (ROS) is a major task for any
organism growing in a microaerobic or aerobic habitat. Thus, a series of enzymes
evolved that can reduce, cleave, or disproportionate such ROS. For peroxides
(H,0,, ROOR), the heme cofactor has proven to be an excellent tool, and be-
side the well-characterized monofunctional peroxidases, there exist c-type di-
heme enzymes found exclusively in prokaryotes [182, 183]. Heme peroxidases
oxidize a variety of substrates using hydrogen peroxide (H,0,), such as cyto-
chrome ¢ peroxidase, horseradish peroxidase, and ascorbate peroxidase. The
resting Fe(I1I) form of the enzyme reacts with H,O, to form the so-called Com-
pound I, a Fe(IV)=0 species, which reacts further to oxidize the substrate. Usu-
ally, they contain a single non-covalently bound heme, and they have been cate-
gorized into three classes based on sequence alignments and biological origin
[182, 185, 186]. Class I, the intracellular peroxidases, includes yeast cytochrome
¢ peroxidase and a number of plant and bacterial peroxidases. Secretory fungal
peroxidases form class II. These enzymes are monomeric glycoproteins with four
conserved disulfide bridges and two conserved calcium sites. The secretory plant
peroxidases, or classical plant peroxidases form class III. Peanut peroxidase, a
class III enzyme, binds two Ca®>™" ions at the so-called distal and proximal sites.
The proximal Ca®* is 13.4 A from the heme iron, the distal Ca2* is 16.0 A from
the iron. In bacterial c-type diheme peroxidases (functional homodimers; each
monomer has two connected cytochrome c-like domains, each with one heme
group covalently attached via thioether bonds) the two heme groups within a
monomer are separated by a Fe-Fe distance of =21 A. Two Ca2* binding sites
with different affinities have been identified, the occupancy of these sites not
only affects electron transfer between the two heme centers, but also seems to
influence the equilibrium of inactive monomers and active dimers, underlining
the important role of calcium [182-189].

So-called quinoprotein alcohol dehydrogenases use the pyrroloquinoline qui-
none cofactor coordinated to a Ca®* cation (PQQ-Ca?™) to catalyze the oxida-
tion of alcohols RCH,OH to the corresponding aldehydes RCHO. The catalytic
cycle is thought to involve a hydride (H™) transfer from RCH,OH to PQQ,,—
Ca’™, resulting in the generation of RCHO and PQQ,.q—Ca?™, re-oxidation of
the cofactor by a c-type cytochrome proceeds in two sequential steps via the
PQAQ radical [124, 190-194].

Last but not least, a Ca®* ion was found to play a key role in the assembly of
Cu-dependent nitrous oxide reductase (N,OR), a head-to-tail homodimer carrying
the dinuclear CuA mixed-valent electron transfer center [CuA!>*—CuA'>*] and
the tetranuclear [4Cu2S] CuZ catalytic site (Equation 1) (Figure 2) [195]. Its matu-
ration largely occurs in the periplasm and includes the insertion of at least one
Ca’* jon per monomer. In the absence of Ca?*, substantial parts of the enzyme
surrounding the binding sites for the copper ions revealed structural disorder.
Reconstitution of the mixed-valent CuA site was possible in vitro but required the
presence of Ca?" ions for a stable insertion of the center. An excess of Ca?™
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prevented copper insertion, and the structural analysis of the Ca?>* apo-N,OR
revealed that the cation is sufficient to structure the disordered regions of the
protein.

5. OUTLOOK AND FUTURE DIRECTIONS

How life exactly arose on the young Earth, remains disputed. Most likely, life
had a rocky start, the first living entity must have been crafted from air, water,
and rock. Originally, it seemed that nothing could be more lifeless than a rock.
So how could rocks, in other words minerals, have assisted the emergence of life?
The answer is chemistry. Minerals grow from simple molecules into an ordered
structure because of chemical reactions, critical transformations might not have
been possible without the help of minerals acting as containers, scaffolds, tem-
plates, catalysts, and reactants [196-199].

Most recently, a large consortium of expert scientists published a Consensus
Statement concerning climate change and microorganisms [200]. It is now well
established that human activities and their effects on the climate and environ-
ment cause unprecedented animal and plant extinctions. Clearly, they cause loss
in biodiversity, and endanger animal and plant life on Earth. Losses of species,
communities and habitats are comparatively well researched, documented, and
publicized. By contrast, microorganisms are generally not discussed in the con-
text of climate change, particularly the effect of climate change on microorga-
nisms. Microorganisms play key roles in carbon and nutrient cycling, animal (in-
cluding human) and plant health, agriculture and the global food web. They live
in all environments on Earth that are occupied by macroscopic organisms, and
they are the sole life forms in other environments, such as the deep subsurface
and ‘extreme’ environments.

Microorganisms date back to the origin of life on Earth at least 3.8 billion
years ago, and they will likely exist well beyond any future extinction events.
Although microorganisms are crucial in regulating climate change, they are rare-
ly in the focus of climate change studies and are not considered in policy devel-
opment. Their immense diversity and varied responses to environmental change
make determining their role in the ecosystem challenging. In this Consensus
Statement, the links between microorganisms, macroscopic organisms and cli-
mate change are illustrated, and put humanity on notice that the microscopic
majority can no longer be the unseen elephant in the room. Unless humans learn
to appreciate the importance of microbial processes, they fundamentally limit
their understanding of Earth’s biosphere and response to climate change and
thus jeopardize efforts to create an environmentally sustainable future [200].

In summary, Geomicrobiology will continue to be a rich and important field of
research [201-212]. Determining and understanding the world of microorganisms
have greatly advanced a variety of fields and our understanding of unusual chem-
ical reactions and novel catalytic metal sites, such as the one-megadalton metal-
loenzyme complex in Geobacter metallireducens which is involved in benzene
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ring reduction beyond the biological redox window [210], or the trinuclear cop-
per catalytic center of the thiocyanate dehydrogenase (Equation 9),

N=C-$~ + H,0 — N=C-O~ + S° +2H"* + 2¢" (9)

isolated from the haloalkaliphilic sulfur-oxidizing bacterium of the genus Thioal-
kalivibrio ubiquitous in saline alkaline soda lakes [211].

ACKNOWLEDGMENTS

This volume of the Metal lons in Life Sciences is the result of numerous fruitful
collaborations of many years in the laboratory and inspiring discussions at inter-
national conferences with great colleagues and highly talented students men-
tioned in this chapter. Our deepest thanks go to Norbert Pfennig who introduced
one of us (PK) to this fascinating world of microorganisms which then sparked
the idea to collaborate with researchers in the field, Heribert Cypionka, Oliver
Einsle, Ulrich Ermler, Giinter Fritz, Bernhard Schink, Karl O. Stetter, Julia
Steuber, Dale Webster, Friederich Widdel, and Walter G. Zumft, to name a few.
The authors are grateful for continuous financial support by CONACYT and
DGAPA-UNAM (MEST), and Deutsche Forschungsgemeinschaft and Univer-
sitdt Konstanz (PK).

ABBREVIATIONS AND DEFINITIONS

CCNIR cytochrome c nitrite reductase

(674 critical zone

DSIR dissimilatory siroheme-[4Fe-4S] sulfite reductase

EET extracellular electron transfer

Ga billion years (gigayears = 10° years); geological time, 1 Gyr is
10° years, 1 Myr is 10° years

GOE great oxidation event

LUCA last universal common ancestor

N,OR Cu-dependent nitrous oxide reductase

OEC oxygen evolving complex (photosynthesis)

PDB Protein Data Bank; https://www.rcsb.org/

PQQ pyrroloquinoline quinone cofactor

PSII photosystem II

ROS reactive oxygen species

WAH W-dependent acetylene hydratase

XAS X-ray absorption spectroscopy
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Abstract: Prokaryotes, i.e., classical Bacteria and Archaea, are excellent catalysts which en-
able not only simple exergonic redox reactions to proceed but can also couple exergonic with
endergonic reactions, e.g., in biosynthesis. As true for all biochemical processes, microbial
transformations can be highly specific and can direct reactions specifically towards single
types of highly defined products, e.g., to the production of only one type of enantiomeric
product. Microbes can combine endergonic activations at the beginning of a reaction chain
with exergonic steps at a later stage in a transformation sequence. With the enormous
breadth of microbially catalyzed reactions, nearly every energetically feasible reaction can
be catalyzed by microbial activities, and numerous reactions that were considered in the past
as purely chemical processes have been found later to depend on microbial activities.
Through microbial growth, the catalytically active biomass can dynamically adapt to the
needs of specific transformation processes, depending on the amount of energy derived in
the respective reactions. Given the broad diversity of their reaction capacities, microbes hold
great promise for applications in degradative and biosynthetic activities, also in the future.

Keywords: anaerobic bacteria - fermentation - lithotrophic oxidation - microbial degradation -
microbial growth - minimum energy quantum - redox reactions

1. INTRODUCTION: MICROBES AS CATALYSTS

Microbes are an extremely heterogeneous and metabolically versatile group of
organisms. In this chapter, I will focus on metabolic activities of Bacteria and
so-called Archaeobacteria or Archaea which both together are defined as pro-
karyotes because they do not contain a membrane-surrounded nucleus (Greek
karyon) but their genetic material is organized in one or few rings of DNA that
are present free in the cytoplasm. Different from cells of eukaryotic organisms
such as animals and plants which contain real nuclei, prokaryotes exhibit an
enormous metabolic versatility, beyond the well-known processes of aerobic res-
piration or oxygenic photosynthesis that higher organisms do. They can live in
the absence of molecular oxygen (O,), either by fermentations or anaerobic
respirations, they can use inorganic compounds as electron donors or acceptors,
no matter if they are accessible as dissolved compounds or not, they can handle
quite inert substrates such as hydrocarbons or dinitrogen, and they can live at
extremes of heat, cold, acidity, alkalinity, salinity or water shortage. Due to their
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small cell size (in the range of one to few um), their surface-to-volume ratio is
very high and with this, their metabolic activity and their rate of interaction with
their surroundings are typically high. Prokaryotes cannot take up particulate
substrates by, e.g., phagocytosis as eukaryotic protozoa do; thus, polymeric or
otherwise non-dissolved substrates have to be depolymerized or otherwise be
metabolized outside the cell.

Microbes act in nature as chemical catalysts. Needless to say, they cannot do
wonders (although many of us sometimes think they do); they can only catalyze
reactions that are thermodynamically feasible. As good catalysts, they speed up
reactions that would otherwise occur also purely chemically, e.g., the corrosion
of metallic iron. They can also allow exergonic reactions to proceed that would
never proceed on their own, e.g., the oxidation of organic matter with O,. Actu-
ally, this is perhaps the most important niche of biotic activities in general: to
overcome the kinetic hindrance of metastable reaction systems. As it is true
for biochemical reactions in general, enzyme-catalyzed reactions not only allow
thermodynamically feasible reactions to occur, but they also direct them into a
certain direction, e.g., produce stereospecifically only one enantiomer of a chiral
compound, not a mix of both (racemate).

A very essential feature of biochemical reaction systems, not only in this con-
text, is their ability to couple exergonic and endergonic reactions. Endergonic
reactions, e.g., substrate activations at the beginning of a reaction chain, can be
enabled by exergonic steps that proceed later in the process, typically by transfer
of coenzymes or reactive co-reactants such as phosphoryl groups. With this, many
substrates become metabolically accessible that otherwise are hard to attack.
Similarly, microbial growth, i.e., the (endergonic) biosynthesis of microbial bio-
mass, is fueled by the simultaneous (exergonic) degradation of, e.g., organic mat-
ter with O, as electron acceptor. Even more elegantly, the energy needed for
growth can be derived from light reactions as in phototrophic bacteria, no matter
whether they are oxygenic (O,-producing) or anoxygenic, i.e., oxidizing organic
or reduced sulfur compounds. It is worth mentioning at this point that nearly all
organic matter on Earth derives directly or indirectly from photosynthetic activi-
ties. Phototrophs, both anoxygenic and oxygenic ones, were also responsible for
the dramatic oxidation event around two billion years ago which changed the so
far reduced state of our Earth’s crust and atmosphere from an entirely reduced
to a largely oxidized state, including the accumulation of sulfate (SOZ ™) in sea-
water, of Fe(III) oxides in Banded Iron Formations (BIFs), and of dioxygen in
our atmosphere [1, 2]. These gigantic changes of our world’s chemistry are due
to the efficient coupling of prokaryotic light reactions with the endergonic oxida-
tion of sulfide (S?7), iron(II), and water, with carbon dioxide (CO,) as oxidant
that was concomitantly reduced to organic cell material [1].

Many of the processes to be considered in this chapter are catalyzed in the
absence of O,, by strictly anaerobic microbes that are sensitive to O,. Dioxygen
and its metabolic derivatives, such as hydrogen peroxide (H,0O,), superoxide
(O57) and hydroxyl radicals (HO*®), destroy or inactivate many anaerobic en-
zymes, coenzymes or metastable reaction intermediates very quickly. The devel-
opment of techniques for strictly anoxic handling of microbial cultures in the
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late 1960ies [3] and transfer of these handling strategies also to cell-free extracts
and enzyme preparations opened the door to an unbelievably colorful spectrum
of biochemical reactions that are unique to the anaerobic world, and many of
these reactions also provide insights into the early evolution of biochemistry and
of life in general [4-7]. In the present chapter, I will use a few examples of
microbial processes to demonstrate what we can learn still today from these
witnesses of early life evolution, looking not only at the reactions themselves
but also at the microbes that use them and often also create the reaction condi-
tions under which the respective enzymes operate.

2. THE BIOCHEMICAL “REDOX TOWER”

Nearly all types of energy metabolism are redox reactions between electron do-
nors and acceptors of different redox potentials. This is also true for fermenta-
tions which can be defined as redox processes of carbon compounds which un-
dergo dismutation reactions to more reduced and more oxidized products. Since
energy yields in anaerobic processes are much lower than in aerobic respirations,
the majority of substrate is transformed in the energy metabolism. This is the
main job of the respective organisms where they earn the “money”, i.e., the
ATP they need for the synthesis of cell matter and growth. Most biochemically
catalyzed redox reactions operate within a redox range of -420 mV to +810 mV
at neutral pH (Figure 1), with very few exceptions outside this range.

2.1. Aerobic and Anaerobic Respirations

Figure 1 gives a general overview of redox systems used by microbial activities.
Oxidation of organic compounds on the upper left side releases electrons that
are delivered to an acceptor on the right side, e.g., dioxygen. The electrons are
channeled through various carrier systems indicated in the middle of this figure,
mostly resulting in the formation of ATP via proton translocations through respi-
ratory enzymes in the cytoplasmic membrane. Sugars are excellent electron do-
nors allowing a maximum of ATP formation in the respiratory chain; electrons
from acetate or partly degraded organic matter such as humic compounds (calcu-
lated as phenol equivalent) or hydrocarbons have to feed a major part of their
electrons into the respiratory chain at a more positive redox potential than
NADH, e.g., at the quinone level, resulting in a smaller ATP yield.

On the side of the electron acceptors, a broad variety of alternative oxidants
can be applied. We find these alternatives spatially organized, e.g., in a lake
sediment. Whereas aerobic respiration dominates in the top few millimeters,
nitrate (NO3 ) reduction to either dinitrogen (N,) gas or to ammonia/ammonium
(NH3/NH; ) takes over below this layer, followed by reduction of Fe(III) or
Mn(IV) oxides to Fe?* and Mn?™ ions, reduction of sulfate to hydrogen sulfide
(H,S) and finally reduction of CO, to methane (CH,) [8]. This redox sequence
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Figure 1. Redox potentials (E’, pH 7.0) of biologically relevant electron donors and ac-
ceptors, including important electron carriers inside the cell. Fd, Ferredoxin; MQ, mena-
quinone; UQ, ubiquinone; cyt, cytochrome. Modified after [99].

stretches over 10-20 cm depth within a freshwater sediment and can extend
over several meters in deep ocean sediments, depending on the availability of
organic matter from primary production. In marine sediments, the zone of sulfate
reduction is far bigger than in freshwater sediments since seawater contains more
than 100 times more sulfate than freshwater (28 mM versus 100-200 uM, respec-
tively). The sequence of these alternative redox processes is determined by the
redox potentials of the respective redox systems in play (Figure 1), with the
most positive (most energy-yielding) process served first and others sequentially
following. It goes without saying that the energy (ATP) yields of the respective
reduction processes decrease with the decreasing redox potential of the acceptor
system, with about 3 ATP per electron pair with NADH as donor and O, as
acceptor, and less than one ATP with the redox couple NADH plus sulfate. The
sequence extends in the opposite direction in, e.g., a groundwater plume in soil
at an oil contamination site, with the most reduced zone at the contamination
site itself. The predominant redox reactions can be localized in sediment profiles
with specific electrodes as far as surface-active reagents (H,, Fe?™, H,S, O,) are
involved.

The reduction of CO, to CH4 or to acetate (CH3;COO™) both are exciting
examples of refined microbial biochemistry which both involve metals in the
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final product formation reactions. The release of CH, from a sulfur-bound meth-
yl residue is catalyzed inside a water-free pocket in the methyl-coenzyme M
reductase enzyme in a reversible reaction involving a redox change of a corrin-
oid-bound nickel ion [9, 10]. The key reaction of CO, reduction to CH;COO~
(homoacetogenesis) is catalyzed by an enzyme complex involving the reduction
of CO, to a nickel-bound carbon monoxide (Ni-CO) which is subsequently com-
bined with a methyl residue to form an acetyl-nickel intermediate which is thio-
lytically cleaved to form acetyl-coenzyme A [11, 12]. The reaction is mimicked
in the Monsanto process of technical acetic acid synthesis from methanol and
carbon monoxide with rhodium as catalyst which is run at large scale at pressures
of 30-60 bar and 150-200°C [13]. The CO dehydrogenase/acetyl-CoA synthase
complex does basically the same at much milder conditions. It is widespread in
the world of strict anaerobes and operates in many functions: (i) in the acetogen-
ic energy metabolism of the homoacetogens as mentioned above, (ii) in the as-
similatory synthesis of acetyl-CoA in numerous autotrophic anaerobes, (iii) in
acetate cleavage by acetate-degrading methanogens, and (iv) in acetate oxidation
by most completely-oxidizing sulfate reducers. It is a key enzyme of anaerobic
metabolism that is found both in classical Bacteria and in Archaea and may
count among the oldest enzymes in the evolution of life, therefore.

Beyond the “classical” electron acceptors mentioned, also other redox-active
compounds can be used as electron acceptors. Among those are oxides of metals
and metalloids such as CrO7~, SeO7~, SeO%~ or AsO3 . Reductive transfor-
mation of these toxic compounds to less toxic or to water-insoluble derivatives
is being applied for groundwater restoration or drinking water treatment in natu-
rally or artificially contaminated regions [14, 15].

2.2. Lithotrophic Oxidations

The reduced derivatives formed in the anaerobic respiration processes men-
tioned above will either move on their own by molecular diffusion or will be
transported with groundwater currents earlier or later to more oxidized zones
of the underground where they meet reactants of higher redox potentials, most
prominently again dioxygen. The energy spans for redox reactions that open up
between reactants under these conditions are being exploited nearly always by
microbial metabolic activities, so-called lithotrophic oxidations (Greek lithos:
rock, mineral). Thus, CH,, H,S, Fe?*™, Mn?*, NH;", Cr3*, SeO3~, AsO3~ and
others can be reoxidized to the respective more oxidized forms, and the available
energy be exploited for microbial ATP synthesis and growth. While CH, and
NH," are comparably stable and require serious biochemical efforts for activa-
tion (see Section 2.5) the others react nearly spontaneously with O, and other
oxidants such as Fe(III) oxides or nitrite (NO5). Whereas oxidation of CHy,
H,S, Fe?*, Mn?*, and NH;~ with O, has been described many years ago, begin-
ning with Sergey N. Winogradsky’s seminal work [16-18], other options such as
oxidation of CH4 with SO3~, NO3 or Fe(I1I) have been described only recently
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[19-21], and the same applies to O,-independent ammonia oxidation [22] and
NOj -dependent oxidation of Fe(1I) [23].

The couple phosphate/phosphine (PO3 ~/PHj3) has an extremely low redox po-
tential, overall -680 mV at pH 7.0 (Figure 1). Nonetheless, several reports claim
that bacterial cultures reduced phosphate to phosphine with simultaneous oxida-
tion of organic matter. It is obvious from comparison of the redox potentials
that this would be a highly endergonic process that could never feed a bacterium.
In none of these claims the product PH; was ever reliably identified; mostly, a
“garlic-like odor” (probably due to formed thiols) was taken as proof (see over-
view in [24, 25]). In general, phosphorus does not change its redox state in bio-
chemistry and stays nearly always at the redox state P(V), i.e., as PO3 . None-
theless, PO3~ can be reduced biochemically to the P(III) or P(I) state in the
biosynthesis of phosphonate lipids and secondary metabolites, e.g., the naturally
occurring herbicide glufosinate (phosphinothricin, CsH;;NO4P~), but these syn-
theses are highly ATP-consuming [24]. On the other hand, reduced phosphorus
compounds, due to their very low redox potential, can be potent electron donors
for microbial life. A sulfate-reducing bacterium was isolated which couples the
oxidation of phosphite (HPO3™) to the reduction of sulfate and obviously ex-
ploits the available energy of this redox reaction quite efficiently [26, 27]. Several
other bacteria can use HPO3~ or hypophosphite (H,POj3 ) as phosphorus source
for cell matter synthesis [28] and with this exploit phosphorus sources that are
available in today’s environment only at low amounts but at higher solubility
than phosphate, and may have played a more important role in the early phase
of life’s evolution [29].

Lithotrophic oxidation can also be taken over by phototrophic bacteria, pro-
vided that light penetrates down to sediments or water layers where, e.g., HS™ is
available, such as in shallow stagnant water bodies. So far, light-dependent oxida-
tion (with CO, as electron acceptor, which is reduced to cell mass) has been
described for H,O (oxygenic photosynthesis of cyanobacteria and green plants),
H,S [30], Fe?>* [31], and NO5 [32]. Analogous processes with Mn?*, NH; or
CH, as electron donor have not been described yet; thus, one of the “missing
lithotrophs” that Broda anticipated [33] is still missing today.

3. REDOX REACTIONS WITH METALS

3.1. Iron Reduction and Oxidation in Acidic and Neutral
Environments

Iron is the fourth most abundant element in the Earth’s crust, and iron minerals
make up a substantial amount of soils and sediments. In acidic environments,
e.g., in volcanic sulfur springs at pH 2 and lower, both Fe>™ und Fe?* ions are
well soluble, and redox transitions between both are mechanistically easy (see
Chapter 7). The transition from the Fe(III) to the Fe(II) state and back repre-
sents an essential redox process also in neutral sediments and waters, which has
implications also on the availability (solubility) of iron ions for microbial growth.
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Figure 2. Reduction of Fe(III) oxide by direct cell attachment or via dissolved electron
carriers. (Courtesy by Dr. Kristina Straub, with permission).

At neutral pH under reducing conditions, the Fe?* ion is still rather well soluble;
precipitation with sulfide to form FeS, or with carbonate to FeCOs, still leaves
Fe?* ions in the micromolar range in solution. In the oxidized Fe(IIl) state at
neutral pH, iron forms oxides and hydroxides of extremely low solubility, thus
necessitating refined and highly costly strategies for aerobic organisms to secure
their iron needs for cell matter synthesis, e.g., for iron-containing enzymes such
as heme and iron-sulfur proteins [34]. Use of iron oxides as electron acceptors
at neutral pH requires huge amounts of Fe(III) and precludes a costly uptake
into the cells, thus the electrons have to be delivered outside the cell. So far,
two different strategies have been discovered how this electron transfer can be
accomplished (Figure 2).

Some bacteria use dissolved electron carriers to transfer electrons to the iron
mineral surface that either are present in the surroundings, e.g., humic com-
pounds [35] or dissolved sulfur species of various redox states [36], or they use
compounds that they synthesize themselves for this purpose, e.g., phenazines
[37]. Other bacteria have to attach directly to the iron oxides and deliver the
metabolic electrons in direct surface contact or via electrically conductive pili,
so-called “nanowires” (see Chapter 8). The way how electrons are transmitted
inside such nanowires is still unclear; electrons might hop through series of iron
complexes, e.g., cytochromes, from source to sink [38], or closely arranged aro-
matic ring structures might act as electrical conductants, comparable to the elec-
trical conduction in graphite [39] (see Chapter 8).

Solubility problems arise also in iron oxidation at neutral pH. Specialists for
this kind of metabolism are representatives of the genus Gallionella which are
found in nature as rusty orange-red viscous pillows in small ditches and ponds
where slightly acidic Fe?"-rich groundwater meets O,-rich surface waters. These
bacteria release the formed Fe(III) oxyhydroxide (FeO(OH)) only at one site
on their cell surface thus producing screw-like bands of iron oxides with small
contents of proteins, thus avoiding that the entire cell covers itself with “rust”
that would preclude further metabolic activity [40, 41]. The screw-like threads
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produced this way form the mentioned viscous pillows which limit convective
access of O, to the Fe?*-rich water. With this, the bacteria largely prevent direct
chemical oxidation of Fe?™ ions with O, that otherwise might outcompete the
bacterial activity.

3.2. Extracellular Electron Transfer

Similar to the delivery of electrons to insoluble Fe(III) oxides described above,
iron-reducing and also other bacteria can transfer electrons to an anode which,
if coupled to a suitable cathode, allows to close an electrical circuit. In such a
system, the bacteria facilitate electron transfer from, e.g., organic matter via the
electric conductant to, e.g., dioxygen as terminal acceptor, and the electric poten-
tial difference between both can partially be sequestered for electrical work (Fig-
ure 3) [42, 43].

This concept is already being applied for advanced wastewater treatment strat-
egies [44]. Microbes can as well transfer electrons directly from metallic surfaces
and deliver them to external acceptors, e.g., in bacterial enhanced metal corro-
sion with either SOF~ or O, as electron acceptor [45]. Alternatively, microbes
can settle on the cathode side to take up cathode-derived electrons for reduction
of CO, to CH,, thus converting excess electricity from wind or solar power
plants into CH, as a storeable energy carrier [46]. Unfortunately, such systems
work only on a small scale so far, and their efficiency in energy translation is
rather limited.

The reduction of elemental sulfur (S°) by anaerobic bacteria is another chal-
lenge due to its extremely low solubility. In this case, the reaction product H,S
helps to stimulate sulfur respiration by dissolution of S° to polysulfide (S2~) that
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Figure 3. A microbial fuel cell including microbial cells attached to the anode. Modified
after [100].
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can be used by most sulfur reducers as an electron acceptor [47]. The formed
H.,S does not accumulate as such in natural environments but reacts with Fe?*
ions to form black precipitates of FeS. In deeper sediment layers, FeS is further
converted to FeS, (pyrite) as a very stable end product. Formation of pyrite in
sediments has long been considered as a purely chemical process which uses
either Fe(III) or S sulfur as a co-substrate [48]. Recent results indicate that FeS,
formation from FeS could as well be catalyzed in a microbial process according
to the Wichtershiuser reaction (Equation 1) [49].

Fes + st — FeSZ + H2 (1)

This process probably involves extracellular electron transfer reactions due to
the very low solubility of the iron sulfides, perhaps through a reversal of H,-
dependent sulfur respiration [47].

4. ACTIVATION OF INERT SUBSTRATES

4.1. Dinitrogen

The industrial synthesis of ammonia from N, and H, in the so-called Haber-
Bosch process, despite being an exergonic reaction, requires high temperature
(450°C) and high pressure (300 bar) to become efficient. Numerous Bacteria
and Archaea catalyze this process, also called nitrogen fixation, at normal tem-
perature and pressure using the enzyme nitrogenase. This enzyme requires re-
duced ferredoxin as electron donor and ATP as an energy source, and employs
molybdenum and iron in its catalytic center [50]. Higher organisms never learned
to produce nitrogenase themselves, but numerous plants established quite inti-
mate cooperations with nitrogen-fixing bacteria to exploit this important pro-
karyotic metabolic capacity for themselves, e.g., in the well-known leguminous
plant-Rhizobium symbiosis [51]. The exact reaction mechanism of nitrogen re-
duction by this enzyme has not been understood yet, but the molybdenum metal
obviously plays a central role in it; some bacteria use alternatively a vanadium
nitrogenase [50]. Efficient mimicking of the microbial nitrogenase enzyme sys-
tem for technical application at large scale would be highly desirable since the
Haber-Bosch process requires enormous amounts of energy (about 2 % of the
global human energy budget).

4.2. Ammonia

Ammonia once released through decomposition of biomass, especially of pro-
teins, is stable under air. Its oxidation in soil and oxygen-rich waters is initiated
by Bacteria and Archaea through the action of ammonia monooxygenase. This
enzyme uses dioxygen as co-substrate and introduces one oxygen atom into the
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ammonia substrate to form hydroxylamine (NH,OH). The second oxygen atom
of O, is reduced to water with additional two electrons from a reductant XH,
that have to be replenished in the further oxidation process (Equation 2).

Such oxygenase reactions are highly exergonic (AGy ~ 350 kJ mol™!) and irre-
versible; they can be considered as “incomplete combustions” of the substrate
molecule. Nonetheless, this costly activation of an otherwise inert substrate mol-
ecule creates a specific niche for the microbes specialized on this type of metabo-
lism. Oxygenases in general are employed in aerobic microbial biochemistry for
the activation of inert substrates. The additionally supplied electrons are needed
to produce an iron-bound peroxide residue in the enzyme which renders the
oxygen even more aggressive for its attack on the inert substrate molecule [52].

Removal of bound reduced nitrogen is an important step in the wastewater
treatment technology. In efforts to improve the conventional process of aerobic
ammonia oxidation and subsequent denitrification, it was found that ammonia
was also removed by an oxygen-independent process through reaction with ni-
trite, the “Anammox” process (Equation 3) [22].

NH; + NO; + H* — N, + 2H,0 3)

This highly exergonic reaction (AGg = —410 kJ mol™) is well known in chemistry
as nitrogen symproportionation (comproportionation). The bacteria catalyzing
this process have not yet been obtained in pure culture, but the biochemistry
has been basically elucidated in enriched cell material and by metagenomics
analysis. It was shown that NO5 is first reduced to nitric oxide (NO) which
attacks the NH; molecule to form hydrazine (N,H,) as the first intermediate
that is subsequently oxidized to N, [53]. To protect the bacterial cytoplasm from
the highly reactive and toxic NO and N,H,, the described reactions proceed
inside cell-internal compartments, so-called anammoxosomes.

4.3. Saturated Aliphatic Hydrocarbons

Aerobic oxidation of saturated hydrocarbons (R-CHj;) is initiated, similar to
ammonia, by a monooxygenase reaction (Equation 4) [54]. Again, the further
oxidation steps have to replenish

R-CH; + O, + XH, —» R-CH,OH + H,0 + X (4)

the additional electrons (from XH,) consumed in the initial activation reaction.
With the simplest hydrocarbon methane (R = H), the further oxidation leads via
formaldehyde (H,CO) and formic acid (HCOOH) to CO,. With higher alkanes,
the oxygenase attacks preferentially the terminal carbon atom, and the further
degradation proceeds via beta-oxidation of the resulting fatty acids.
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Saturated hydrocarbons (alkanes) can also be degraded in the absence of diox-
ygen. Anaerobic methane oxidation under strictly anoxic conditions with sulfate
as electron acceptor proceeds as a reversal of methane formation (methyl coen-
zyme M reductase; see Section 2.1). The initial attack on CH, happens in a
water-free pocket inside the methyl coenzyme M reductase enzyme, probably by
the thiyl radical end of coenzyme M [55, 56] to form methyl coenzyme M; the
methyl group is further oxidized to CO,. For anaerobic oxidation of higher hy-
drocarbons, the alkane molecules can be added to fumarate through a glycine
radical-catalyzed reaction to form alkyl-succinate [57] which is further degraded
by CoA activation and (-oxidation.

4.4. Aromatic Hydrocarbons

Aromatic cyclic hydrocarbons, such as benzene (CgHg) or naphthalene (C,oHsg),
are difficult to attack due to their highly delocalized, perfectly symmetric xt elec-
tron system that is comparably stable due to its high resonance energy
(151 kI mol™ C¢Hg, 255 kJ mol™ C;oHg). There are basically two different strate-
gies to attack these structures. Aerobic bacteria pull electrons out of the ring
structure with O, as a co-substrate (di-oxygenase reaction) to form a dihydrodiol
and subsequently a catechol derivative in which the m electron system is suffi-
ciently localized to allow further oxidative attack and ring cleavage [52, 58]. In
contrary, anaerobic bacteria attack the aromatic substrate, preferentially benzo-
ate (C¢Hs-COO™), after CoA activation in a reductive manner, pushing further
electrons into the ring and with that, abolishing the aromatic character. Different
from the analogous Birch reduction of benzene which requires metallic sodium
as reductant (Eg= -2.7 V) in nonaqueous solution, the biological reduction of
benzoyl-CoA, due to its slight polarization by the neighboring carbonyl group,
proceeds at Ey = -500 mV in two one-electron steps and leads to a cyclohexadi-
ene derivative that can further undergo defined reduction and hydratation reac-
tions [59]. Thus, the stability of the delocalized m electron system can be over-
come either by oxidation or by reduction, depending on the availability of O, or
strongly reducing conditions. Benzene derivatives with two or three hydroxyl
groups can form keto-enol tautomers and therefore can undergo direct reduction
without CoA activation [59, 60].

5. COMBINATION OF ENDERGONIC AND EXERGONIC
REACTIONS

In classical glycolysis, sugars are activated at the beginning through phosphoryla-
tion to form sugar phosphates. This serves two functions: It makes the substrate
easier accessible for the subsequent cleavage and redox reactions, and it prevents
the now charged substrate molecule from escaping out of the cell by diffusion.
Of course, the ATP invested at the beginning has to be recovered at the end of
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the reaction sequence, e.g., in the reactions of phosphoglycerate kinase and pyru-
vate kinase. Organic acids are often activated by group transfer with coenzyme
A as activating agent, transferring the energy-rich thioester linkage directly from
one acyl residue to another one in CoA transferase reactions as, e.g., in both
pathways of lactate fermentation to propionate and acetate [61].

5.1. Dissimilatory Reduction of Sulfate

The reduction of sulfate to hydrogen sulfide is an important anaerobic respirato-
ry process, especially in marine sediments where sulfate is available in huge
amounts (28 mM in seawater). Whereas the overall process can accept electrons
on average at 218 mV standard potential (Figure 1) the first step from sulfate
to sulfite has a standard redox potential of —527 mV at pH 7.0 and cannot be
served directly with electrons derived from oxidation of organic matter or from
dihydrogen [62]. Therefore, sulfate-reducing microorganisms first spend ATP in
an activation of SO7 ~ to form adenosine 5'-phosphosulfate (APS) and pyrophos-
phate (PP;) (Equation 5):

SO~ + ATP — APS + PP, (5)

Since the equilibrium of this reaction is still on the left side, PP; is hydrolyzed to
two molecules of inorganic phosphate (P;) to shift the equilibrium to the right.
The subsequent reduction of APS to AMP plus sulfite (SO3 ™) has a standard
redox potential of -60 mV, and its reduction, as well as the further reduction of
SO3~ to S?~ (Ey = -116 mV) is easy to accomplish by dissimilatory sulfite reduc-
tase with electrons at the NADH or the menaquinone level (Figure 1). The sulfite
reductase reaction is an interesting case of a transfer of six electrons, with a
protein trisulfide carrying zero-valent sulfur (RS-S°-SR) formed as reaction
intermediate [63, 64]. Of course, the initial activation of SO~ to APS and
the implicit shift of the redox potentials of SO7/SO3~ reduction to APS/
SO3~ (a shift of 470 mV redox potential difference!) has to be paid for by invest-
ment of two ATP equivalents (ATP — AMP + 2P;), and this investment has to
be earned again in subsequent electron transport phosphorylation steps. This is
a classic example of substrate activation through investment of energy at the
beginning that has to be regained at the end, thus making a substrate accessible
that otherwise could not be used at all.

5.2. Reversed Electron Transport

In several biochemical processes, electrons have to be transported against the
electrochemical potential, from a more positive to a more negative level. Of
course, this requires energy. The phenomenon of “reversed electron transport”
has been described already in the mid 1960s for phototrophic bacteria and sever-
al chemolithotrophic bacteria [65-67] which both have to reduce NAD™ for
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Figure 4. Direct and reversed electron flow at the prokaryotic cytoplasmic membrane.

autotrophic CO, fixation in the Calvin cycle, but have electrons available only
at the level of quinones or even a more positive potential (Figure 1). Under-
standing this phenomenon became possible only after the Mitchell theory [68]
provided the concept of separation of redox reactions and ATP synthesis and
their connection through a charged membrane acting as a chemical capacitor.
Exergonic electron transport processes establish through proton translocation a
charge across the membrane that supplies the necessary energy for ATP synthe-
sis in the ATP synthase complex. Reversal of this system allows a “reversed
electron transport”, e.g., from quinones to NADH to be energized through ATP
hydrolysis. Similarly, exergonic electron transport, either by the cytochrome bc;
complex or cytochrome oxidase, can directly energize endergonic electron trans-
port from quinones to NADH (Figure 4). This way, redox reactions at different
redox potential ranges can energetically support each other in a manner that
only a highly organized arrangement of different redox systems in an energetical-
ly connected structure such as the cytoplasmic membrane of prokaryotic cells
can provide.

5.3. Electron Bifurcation

Another fascinating device connecting exergonic and endergonic redox process-
es is electron bifurcation. In the ethanol-plus-acetate-fermenting bacterium Clos-
tridium kluyveri, the exergonic reaction chain from ethanol (C,HsOH) to buty-
rate (C3H,COO") plus caproate (CsH;;COO™) has to “pull” the endergonic
conversion of a minor amount of ethanol to acetate plus H,, including the con-
comitant synthesis of ATP in the acetate kinase reaction (Figure 5a), obviously
without a direct energetic linkage between these two reaction paths [69]. The
problem was solved in 2008 with the discovery that the NADH electrons derived
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Figure 5. Electron flow in the energy metabolism of Clostridium kluyveri: (a) without
electron bifurcation, (b) with an electron-bifurcating EtfAB enzyme complex (black dot).

in ethanol oxidation are stoichiometrically distributed between a low-potential
ferredoxin (Ey = =500 mV) and the high-potential reduction of crotonyl-CoA to
butyryl-CoA (Ey = -125 mV) (Figure 5b) [70]. The EtfAB complex catalyzing
this “bifurcation” reaction contains a flavin as electron carrier which can deliver
the electrons at two different redox potentials [70]. Such EtfAB complexes can
operate reversibly in the direction of “bifurcation” or “confurcation” and have
proven as excellent solutions to an understanding of energetically relevant key
steps in numerous anaerobic metabolic processes, including homoacetogenesis,
methanogenesis, and sulfate reduction [71-73].

6. AUTOCATALYTIC ADJUSTMENT OF CATALYTIC
CAPACITY

Different from chemical catalysts, microbes multiply on their own and, with that,
adapt their catalytic capacity to the substrate transformation needs. This applies
to natural situations where microbes with special metabolic capacities grow just
where these capacities are needed, and they die off when the respective job is
done. This is true in a wastewater treatment plant where degradation capacities
for specific wastewater contents supplied, e.g., by an industrial customer, will grow
with the supply of these substrates, and will decline again when they are not
needed anymore. Thus, such catalytic activities adapt to their respective job needs.

6.1. Microbial Growth Associated with Energy Metabolism

Microbial growth is most often directly associated with the availability of a
growth substrate. An easily degradable organic substrate most often covers the
energy needs for growth and also supplies the necessary organic carbon for cell
matter synthesis. Specific substrates require the induction of specific enzymes
for their degradation, and the induction pattern of degradative enzymes often
helps to elucidate degradation pathways via proteomic techniques. Nonetheless,
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problems may arise if energy and cell carbon are not both supplied by the same
substrate as, e.g., especially with the lithotrophic bacteria discussed in Section
2.2; they receive their energy from oxidation of an inorganic electron donor but
need CO, for synthesis of their cell material, thus, utilization of one substrate
may be limited by lack of the other one. Microbial growth also depends on the
supply of nitrogen compounds, phosphate, vitamins, trace elements, etc., and lack
of either one may seriously limit the turnover of a substrate although the latter
is available at huge excess.

Enrichment strategies used in the laboratory for selection of lithotrophic mi-
crobes most often use CO, as sole carbon source because the simultaneous sup-
ply of an inorganic and an organic electron source may be counterproductive
with respect to the intended selection. In nature, however, lithotrophic microbes
running their energy metabolism with an inorganic electron donor may prefer
to use organic compounds for cell matter synthesis, but our classical enrichment
strategies would not select for such microbes. In the anaerobic world, such com-
binations of lithotrophic energy metabolism with heterotrophic carbon assimila-
tion are quite common: most known hydrogen-oxidizing methanogens or sulfate
reducers depend on acetate plus CO, as co-substrates for cell matter synthesis.

6.2. Co-Metabolism

In some cases, especially with stable or synthetic compounds, it happens that the
initial attack on a substrate does not lead to a product that the respective orga-
nism can use any further. “Promiscuous” enzymes produced by one organism
may attack also substrates that the respective organism cannot handle. We have
seen in Sections 4.1 and 4.2 that aerobic degradation of both CH, and NH; is
initiated by oxygenases, and since both molecules are of nearly identical size and
shape a methane-oxidizing bacterium may also oxidize NH; to NH,OH (Equa-
tion 2) but cannot metabolize it any further, and the same applies to an ammoni-
um-oxidizing microbe converting CH, to CH3;0H (Equation 4) and no further
either. Similarly, methane-oxidizing bacteria oxidize ethane (C,Hg) to ethanol
(C,HsOH) and excrete it because they cannot handle ethanol any further. For
such “non-productive” transformations the term “co-metabolism” has been
coined [74], and such activities may play a major role in the environment in the
transformation of synthetic compounds, so-called “xenobiotics” [75] as long as
specific strategies for “productive” degradation of such compounds are lacking
and only side activities of promiscuous enzymes may cause modifications of these
substrates. It is obvious that in these cases there is no positive correlation be-
tween substrate transformation and microbial growth, even if a further microbe
may happily use the intermediate thus produced. Even worse, in the described
cases of alkane versus ammonium oxidation, the respective side activity of the
degradative enzyme is even detrimental to the producing organism because these
monooxygenases consume electrons in these non-productive side reactions and
divert them from the original (productive) metabolism of the producer. Applica-
tion of non-specific monooxygenases in partial degradation of, e.g., halogenated
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hydrocarbons, requires either supplementation with pre-grown cells or the simul-
taneous supply of a “productive” substrate, therefore, to provide the necessary
reducing power in the initial oxygenation and the necessary energy (and carbon)
for growth and maintenance of the producing cell [76].

6.3. The “Minimum Energy” Debate

How much energy does a microbial cell need for growth? Synthesis of ATP
under physiological conditions in a bacterial cell, implying also irreversible
steps in a metabolic reaction chain, requires —-60 to —70 kI mol™! ATP [69].
Membrane-bound enzyme complexes, so-called ATPases, convert reversibly
ATP to ADP + P;, with concomitant translocation of protons (in some cases
Na™ ions) across the cytoplasmic membrane. The stoichiometry of these revers-
ible transformations is in most cases 3-4 H* (or Na™ ions) per ATP synthesized
or hydrolyzed [77, 78] and with this, the minimum amount of energy required
for synthesis of ATP in small increments comes to —15 to —20 kJ mol~!. Reactions
yielding less energy can proceed, of course, but they cannot support growth of a
bacterium and, with this, cannot produce a positive correlation between substrate
transformation and growth, i.e., adaptation of catalytic capacities to the amounts
of substrate to be transformed.

The exact value of the “minimum amount of energy for life” has been dis-
cussed repeatedly through recent years. There are several examples of anaerobic
bacteria that run their energy metabolism with energy yields close to the mini-
mum value defined above [79-81] and also free-energy calculations based on
quantitative analysis of pool sizes of reaction intermediates in dynamic equilibri-
um in methanogenic processes within lake sediments or bioreactors converge in
the same range [82, 83]. Even in the extremely energy-poor situation of microbial
communities in the marine deep subsurface, minimum energy yields in the range
of —10 kJ mol™! substrate transformation have been calculated which may partly
be explained by low phosphorylation potentials inside the microbial cells and
combinations of Na*- and H"-driven energy couplings [84, 85].

A minimum amount of —20 kJ per mol can be brought about, e.g., by a two-
electron redox reaction with a potential difference of ~100 mV (Figure 1). An
example is the oxidation of ferredoxin with NAD™ as electron acceptor cata-
lyzed by the so-called Rnf complex that has become essential in the energy
metabolism of many strict anaerobes [86]. In the opposite direction, the Rnf
complex provides an energy-dependent “reversed electron transport” from
NADH to ferredoxin in phototrophic and aerobic bacteria capable of nitrogen
fixation, to supply low-potential electrons for the splitting of the N,N triple bond
to produce ammonia [87]. The list of redox potentials shown in Figure 1 suggests
some examples of electron donor and acceptor combinations that should allow
microbial energy conservation but perhaps have never been tried.
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7. SPECIFICITIES AND LIMITS OF ENZYME-CATALYZED
REACTIONS

7.1. Stereospecificity and Substrate Affinity

Enzymes do not only catalyze reactions that are thermodynamically possible,
they most often also direct the reaction into a specific direction. The discovery
of biochemical stereoselectivity goes back to Louis Pasteur who worked in the
1860s on tartrate that he received from winemakers. He observed that in an
aqueous solution of a (thermally produced) racemic mixture of D- and L-tartrate
only the D-enantiomer was degraded by microbes whereas the L-enantiomer
remained in solution [88]. He attributed this selective discrimination to a “vis
vitalis”, a specific ability that is inherent only to living organisms. The fact that
enzymes discriminate between stereo isomers (enantiomers) of otherwise identi-
cal compounds has established the central role that enzymes and enzymatically
active microbes play in the biotechnological production of organic compounds,
including lactic acid, food additives, vitamins, pharmaceuticals, and many others.
Modern chemical catalysts try to substitute for enzymes in some of these process-
es, but they hardly ever reach the degree of enantioselectivity that the three-
dimensional architecture of a reaction center inside a protein can achieve.

Microbial enzymes do not only show high substrate specificity, they typically
also show high substrate affinity and bind their respective substrates even at very
low concentrations. It is not always clear which structural and chemical proper-
ties determine this affinity. As an example, I mention hydrogenases which revers-
ibly bind the smallest known molecule, dihydrogen (H,), either for its release or
for its activation, and which are found in numerous aerobic or strictly anaerobic
Bacteria and Archaea. Many hydrogenases contain nickel and iron in their cata-
lytic centers, others have only iron as catalytic centers. These enzymes catalyze
the release of electrons from H, and vice versa with minimal overpotentials [89],
much more efficient than, e.g., a platinum catalyst, a property that makes them
interesting especially for applications in technical dihydrogen or solar energy
conversion and storage.

The affinity of hydrogenases for H, differs between different H,-metabolizing
microbes and determines, e.g., the dihydrogen pools and with this the bioenerget-
ics of fermenting communities that cooperate in anaerobic methane formation
via syntrophic “interspecies hydrogen transfer” [79]. The recently discovered
nickel-iron hydrogenase of a Mycobacterium sp. from soil represents an extreme
case. It was found to bind and oxidize H, at 50 and 130 pM concentration and
with this contributes to the removal of this trace gas from our atmosphere [90].
Threshold concentrations of other hydrogenases (and their half-saturation con-
stants K,,,) are about 10-100 times higher and therefore these enzymes cannot
participate in the oxidation of H, at atmospheric concentration levels [91]. So
far, the structural or chemical properties determining this high substrate affinity
remain unknown.
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7.2. Operation in Reaction Chains and Their Limitations

From the early work by Winogradsky [18] it is known that the microbial oxida-
tion of NH; to NO3 requires a cooperation of two different microorganisms (see
Section 4.2). One bacterium, e.g., Nitrosomonas sp., oxidizes NH; to NO3 , here-
after another bacterium, e.g., Nitrobacter sp., oxidizes NO5 to NOj3 in a second
step. This strange division of labor between two metabolically different orga-
nisms remained enigmatic for many years. Why is there not a bacterium that
does the entire oxidation from NHj to NO3 ? Costa et al. [92] provided a con-
vincing explanation for this phenomenon. Since enzymes are rather spacious
macromolecules, and since the space inside a bacterial cell is limited, the number
of enzyme molecules of every single type (which determines the maximal specific
reaction rate and with this the ATP synthesis rate) competes against the number
of steps that can be run within a reaction chain. Thus, short reaction chains
would allow higher rates of ATP production and vice versa. It was concluded
that long reaction chains would be advantageous especially at low reaction rates.
Consequently, bacteria oxidizing NH; completely to NO3 (“Comammox bacte-
ria”) were finally enriched in biofilm reactors at low growth rate [93, 94], differ-
ent from the “classical” enrichment strategies that select for fast-growing orga-
nisms. The example shows that long reaction lines can be detrimental under
conditions of low energy supply; in this case, a modular organization of functions
into different reaction units may allow a significant increase in turnover effi-
ciency.

Division of labor between metabolically different organisms is a common fea-
ture especially found among anaerobic microbes. Conversion of polymeric bio-
mass to CH, and CO, in a sediment or a bioreactor requires the cooperation of
at least three to four different metabolic types (guilds) of microbes, including
primary fermenters, secondary fermenters, homoacetogens, and methanogens
[79]. The reason why never a single organism was found so far that could convert
cellulose directly to CH4 and CO, may be the same as with the nitrification story
told above. The reaction chain of glycolysis — after cellulose depolymerization
outside the cell — and that of CH, formation from H, and CH;COO™ together
would include many enzymatic steps that would render the total transformation
activity low. Such organisms could be enriched preferentially in oligotrophic sedi-
ments at low substrate supply and unlimited detention times. At higher turnover
rates, the well-known modular multi-step organization is obviously the better
choice for faster substrate turnover and ATP synthesis, especially in the extreme-
ly energy-limited situation of methanogenic microbial communities.

8. CONSEQUENCES OF MICROBIAL REDOX ACTIVITIES

Due to their high surface-to-volume ratio and the implication of high metabolic
activity, microorganisms not only take advantage of metabolic chances that na-
ture provides, but they also shape their environment as a consequence of their
activity.
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8.1. Redox Heterogeneity Inside a Bacterial Colony

Cells forming a bacterial colony on a Petri dish may appear to run their energy
metabolism entirely by aerobic respiration. Measurement of dioxygen distribu-
tion inside such colonies by micro electrodes revealed that the majority of the
inhabitants of such a colony may be strongly O,-limited and even entirely O,-
deprived in its lower part. Actually, a bacterial “film” as thin as 50 um (about 50
cell layers!) in the upper colony part suffices to consume the dioxygen content
from air-saturated to entirely anoxic within a substrate-supplied colony [95], thus
forcing the lower cell layers to either switch to anaerobic fermentation or to give
up their energy metabolism entirely if they do not have another choice. What is
true for a bacterial colony in the laboratory applies as well at large scale to
natural environments. Since the solubility of O, in aqueous solution is rather
limited, and since its diffusive transport is often slow compared to the rate of its
consumption, O, concentration becomes quickly limiting, e.g., in a lake sediment,
and below a few millimeters in depth we find entirely anoxic conditions. The
same applies to a waste dumpsite where huge amounts of organic matter are
decomposed, or to soils, especially if excess water prevents convective oxygen
transport as especially true for rice paddies. In all these cases, anaerobic process-
es will prevail in the degradation of organic matter, according to the “biochemi-
cal redox tower” mentioned above (Section 2.1). If we further consider digestive
tracts of animals which are nearly entirely O,-depleted it becomes obvious that
a major part, perhaps the majority of organic matter in nature, is degraded anae-
robically, applying the biochemical toolbox of anaerobes rather than O,-depend-
ent oxygenase and oxidase reactions.

8.2. Aerobic Sulfide Oxidation in a Marine Sediment: Kinetic
Aspects

A special case of aerobic versus anaerobic metabolic transformation is the natu-
ral cycling of sulfur compounds. Sulfate is a common electron acceptor in anoxic
sediments, and its reduction produces major amounts of hydrogen sulfide, espe-
cially in marine sediments. Part of this H,S reacts with Fe?* ions to form FeS,
the black material that accumulates in such places. Another part of H,S diffuses
upwards and will finally meet free dioxygen. The chemical reaction of H,S with
O, at neutral pH leads to a mix of S° SO3~, S,03%~ (thiosulfate) and other
sulfur compounds. Specialized aerobic bacteria such as Beggiatoa spp. oxidize
H,S completely to SOz, but they have to compete against the chemical reaction
mentioned above. The way how they do this has been demonstrated in model
experiments in test tubes in which a soft agar mimics the sediment structure
(Figure 6) [96].

In both test tubes, H,S diffuses upwards against O, which diffuses from the
top to the bottom. In the left, non-inoculated test tube, O, and H,S will accumu-
late to substantial concentrations in the overlap zone and become depleted due
to chemical oxidation of H,S by O, as described above. The right test tube was
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Figure 6. Distribution gradients of dioxygen (red dots) and hydrogen sulfide (blue dots)
in agar-stabilized media with a sulfide source at the bottom and air from the top, after
incubation for 3—4 days. Left: Non-inoculated control tube; right: tube inoculated with
Beggiatoa cells; shaded area: enrichment of Beggiatoa cells; figure produced from data
published by Nelson and associates [96].

inoculated with Beggiatoa cells that have grown through three days of incubation
and form a whitish layer just where O, and H,S meet. These bacteria act as an
efficient catalyst which intensifies the reaction of H,S with O, to SO~ . In con-
trast to the non-inoculated test tube, O, and H,S meet in the growth zone only
to a minimum extent showing that the (biochemically) catalyzed process oper-
ates much more efficiently at low reactant concentrations than the non-catalyzed
chemical reaction does. The gradient slopes of both reactants are significantly
steeper in the inoculated test tube, indicating about three times higher reaction
rates compared to the control test tube. Thus, the bacteria not only enhance the
rate of O,-dependent H,S oxidation, they also separate the oxidized from the
sulfide-supplied reduced part of the sediment and outcompete entirely the
chemical H,S oxidation process. At dynamic equilibrium, the H,S oxidation rate
is determined by the diffusion kinetics of the reactants, and even the reaction
stoichiometry (1:2) can be calculated from the slopes of both distribution gradi-
ents according to Fick’s law.

Due to the high reactivity of H,S, its accumulation in deeper sediment layers
leads to a general decrease of the measurable redox potential, in the range of
Eo =-200mV. These electrons can be tapped by, e.g., a platinum electrode which,
if connected to another electrode acting as a cathode in an air-saturated solution,
establishes an electron flux that can provide electrical energy. Exactly this con-
cept is being exploited by so-called cable bacteria, a novel type of sulfide-oxidiz-
ing bacteria that grow in cell chains of several thousand cells up to 2-3 cm (!)
long, thus connecting the sulfide-rich sediment layers with the oxygen-saturated
sediment surface [97]. It is not entirely clear yet how all cells in these chains
manage to satisfy their energy needs. They are connected by thin fibers that may
be electrically conducive and guide electrons from all deeper cells to the top
cells that are exposed to oxygen [98]. These cable bacteria are another fascinat-
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ing example of the ways how microbes exploit chemical and physical potentials
for their energy metabolism.

9. CONCLUSIONS

This chapter was written by a microbiologist who focuses his research on the
activities of microbes in natural and semi-natural environments. Many microbial-
ly catalyzed reactions have been elucidated through the recent four decades
down to the level of enzyme structure, reaction center architecture, involvement
of amino acid residues, metals and metal complexes, thus, a lot of “obscure mi-
crobiology” has turned into bright chemistry. On the other hand, many geochem-
ical processes observed in the past were found through recent years to be cata-
lyzed by microbes, except for those occurring at temperatures beyond 120 °C,
the thermal borderline of living organisms. If — after all the great discoveries in
chemistry through the last 150 years — chemists may have been tempted to claim
“it is all chemistry out there” I tend to oppose: “it is all microbiology — using a
highly refined microbial biochemistry”.

Some reactions in microbial biochemistry, e.g., the acetyl CoA synthase reac-
tion, were found to mimic metal-catalyzed reactions known from classical syn-
thetic chemistry, but the bacteria run this process under far milder conditions,
at normal pressure and ambient temperature. Others, such as nitrogenase or
hydrogenase reactions, may prove as models for chemical processes to be opti-
mized to higher efficiency in the future than through the conventional chemistry
at hand so far, e.g., in fertilizer production or energy supply and storage. Microbi-
ology provides an amazingly diverse toolbox of enzymes for application in a new
world of “mild” synthetic chemistry. Microbes most often grow on demand and
can supply their complex biochemistry at low cost according to the needed ca-
pacity. This applies to comparably simple processes such as microbial wastewater
treatment and freshwater supply, biogas production, or ore leaching. Fermenta-
tions leading to solvents and organic acids have been used in food production
and preservation already for millennia. Biosynthetic processes, such as the pro-
duction of secondary metabolites including vitamins, antibiotics and further
pharmaceuticals, require more refined control of culture purity and process op-
eration. There is a lot of promise for fruitful cooperation of chemists and micro-
biologists for our future!
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ABBREVIATIONS
AMP adenosine 5’-monophosphate
APS adenosine 5'-phosphosulfate
ATP adenosine 5'-triphosphate
DNA deoxyribonucleic acid
NAD™* nicotinamide adenine dinucleotide, oxidized
NADH nicotinamide adenine dinucleotide, reduced
P; inorganic phosphate
PP; pyrophosphate
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Abstract: Biological processes often leave an “imprint” of their presence in the form of non-
equilibrium isotope distributions in metabolites. These distributions (i.e., fractionations) have
been intensively studied in sediments corresponding to various Earth ages, as well as in labora-
tory-based culture studies. A central finding has been that isotope fractionation occurs with
high variability, leading to questions of what drives this. In this chapter we discuss some sour-
ces of this variability. To build a picture of this, we deal with three different scales: the enzyme
level, the cell level, and the ecosystem level. To compare and contrast, we discuss the isotope
fractionation of carbon from CO, in water-oxidizing phototrophs which utilize the Calvin
cycle (i.e., the Calvin-Benson-Bassham cycle), and the fractionation of sulfur in sulfate during
microbial sulfate reduction to hydrogen sulfide. Overall, we attempt to provide some back-
ground and fodder for future integration across these scales, where it is the collective challenge
of researchers from multiple disciplines — who study across these scales — to elucidate what a
particular isotope ratio observed in a natural system may represent.

Keywords: carbon fixation - enzymes - metabolic reversibility - microbial sulfate reduction -
photosynthesis - reaction energetics - respiration - stable isotopes

1. EARTH HISTORY AND STABLE ISOTOPE
BIOGEOCHEMISTRY

The oldest material record of life on Earth is made of rocks and minerals. Within
these, microfossils can suggest the existence of life (e.g., [1-3]), but microbial life
is generally not well-preserved during lithification (becoming a mineral or rock).
In addition to these microfossils, biogenic sedimentary mounds called stromato-
lites — explained as laminated sediments of lithified microbes — also attest to the
presence of life on the earlier Earth [4]. The visible record of life is not without
controversy however [5-7], and supplementing the record of life in deep time
are stable isotope distributions. The oldest evidence of a particular physiology —
microbial methane formation — was found in the form of trapped methane with
ratios of 13C/12C carbon coincident with biological methane formation [8]. Going
further, the oldest putative evidence of life on Earth is in the form of *C/!2C
carbon ratios suggestive of biological fractionation [9].

The distribution of stable isotopes can provide a “fingerprint” of source and
process, and this is valuable for the analysis of both ancient and contemporary
samples. For example, isotope measurements can enable sourcing of food and
drink [10-12].
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This chapter introduces the reader to a multi-level perspective of biological
isotope fractionation which can be applied to contemporary and deep time ques-
tions. We focus on the application of isotope fractionation in biological processes
at the enzyme and cell levels, and touch on the ecosystem scale. We discuss
sulfur isotope fractionation during microbial sulfate reduction, which is a major
component of the Earth’s current sulfur cycle. In discussing carbon, we focus on
carbon fixation through the Calvin cycle which operates in autotrophic oxygen-
producing photosynthetic organisms (and also in non-photosynthetic organisms
such as some aerobic iron oxidizing-bacteria [13]). Similar discussions to those
below could also be made for other processes involving carbon and sulfur, and
also for other stable isotope systems, for example nitrogen.

1.1. Isotopes Through Time: The Example of Sulfur in Sulfate
and Pyrite

On the present Earth, sulfate (SO~ ) is the most abundant electron acceptor
for life [14]. Sulfur has four stable isotopes: 32S, 33S, 34S, and 3°S, and variations
in the isotopic content of materials can record the activity of biological processes
(see [15, 16] for review). Most sulfur is in the form of 32S and 34S, which are
referred to as the “major isotopes”. 33S and 3°S are referred to as the “minor”
isotopes. Microbial metabolisms involving sulfur are thought to have an ancient
history as evidenced by the preservation of sulfur isotope signals coincident with
their presence in deep time [16, 17] (Figure 1, [16, 18-28]). Why does this vary
through time? Many hypotheses could be entertained.

2. A STABLE ISOTOPE PRIMER: THE ‘LANGUAGE’
OF ISOTOPE FRACTIONATION

2.1. How Isotope Values Between Molecules Are Calculated
and Expressed

Below we briefly detail how variations in isotope content are discussed in the
geochemical literature. Notes prepared by John Hayes on “An Introduction to
Isotopic Calculations” will be useful for any reader who is new to isotopes [29],
and the reader is directed there for a more thorough discussion.

2.2. Delta Notation

A natural way of comparing isotope abundances in a sample is through a ratio,
for example the ratio of 1*C/!2C. It is useful to have a standard frame of reference
to make comparisons (like the Vienna Canyon Diablo Troilite (VCDT) men-
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Figure 1. Sulfur isotope values of sulfide and sulfate through time. Sulfide is in the form
of pyrite, and the values are normalized to a standard of Vienna Canyon Diablo Troilite
(VCDT); a common reference from which to measure variation. Data are re-plotted from
[18], which was compiled from [16, 19] and supplemented with data from [20-28]. Ma
refers to millions of years before the present.

tioned in the caption of Figure 1 for sulfur). This is done by comparing isotope
ratios in a sample of interest to isotope ratios that are present in a standard, and
becomes a ratio of ratios. Since differences in isotope abundances can be quite
small, differences are typically presented not in units of per cent (1/100), but in
units of per mille (1/1000). Recall that a miligram is 1/1000 of a gram, and that
millimolar is 1/1000 of molar.

The delta notation allows for a comparison of ratios where isotope abundances
can be expressed in comparison to a standard as in Equation (1):

0 = (ratio(sample)/ratio(standard)) — 1) - 1000 1)

The units of & are per mille, %o.

2.3. Equilibrium Isotope Fractionation

Differences in the formation energies of molecules lead to the chemical potential
for a reaction to occur. During a chemical reaction, the concentrations of mole-
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cules adjust until the energy on both sides of a chemical equation become equal.
In the case of molecules whose atoms can be formed from more than a single
isotope, the energy differences between isotopically substituted molecules results
in a difference in chemical potentials, which subsequently leads to differences in
final concentrations of the isotopically substituted molecules when energy is
equal across a chemical reaction. This final (at equilibrium) difference in concen-
trations of isotopically substituted molecules gives rise to the equilibrium isotope
effect (EIE).

Equilibrium isotope values are usually written as fractionation factors, which
are a ratio of ratios corresponding to the isotopic equilibrium. For example,
for an isotope exchange between two molecules A and B, we could consider
Equation (2),

AL + BH = BL + AH ©)

where L and H indicate the heavier and the lighter version of the isotope,
respectively. The fractionation factor is a way of expressing ratios of isotopes
(usually written as alpha, o) and can be calculated from the above introduced
delta (8) (Equation 1). One way of expressing the difference in heavy and light
isotopes in the above equation would be to write alpha as the ratio of heavy
to light in the molecule A, divided by the ratio of heavy to light isotope in B
(Equation 3):

acamy = (AH/AL)/(BH/BL) (3)
As a further example, for the molecule thiosulfate (S,0% ™), we could consider
sulfur isotope equilibration between the two sulfurs in thiosulfate, considering
the major isotopes (Equation 4)

34532903~ + 32832503 = 282503 + 32834503 )

and write a ratio of ratios for a as below, considering the two sulfurs (Equa-
tion 5):

34S / 328
T MS03 /PS03

a(S/SO%™) (5)

Another example which occurs more quickly than the above at room tempera-
ture in the absence of catalysts is the equilibration of sulfur isotopes between
sulfur in two of the forms of sulfide (SH-, H,S) written below (Equation 6):

3SH- + SH, = ¥SH- + ¥SH, (6)

Again, a would be the ratio of species A to species B, which could be either SH-
or SH,.
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Sometimes, instead of writing o which corresponds to the fractionation factor,
the related enrichment factor is written, usually with an epsilon (&) (Equation 7):

e=o0-1 (7)

2.4. Kinetic Isotope Fractionation

Energy differences of chemical intermediates which occur during a reaction can
be shown along an axis of the “reaction coordinate”, which depicts the energy
of reactants, intermediates, and products. Depending on the mechanism of reac-
tion, the path between reactants and products can be different. For differently
isotopically substituted molecules, the energy difference from the ground state
to the intermediate state varies with isotope substitution, leading to a kinetic
rate difference between isotopically substituted molecules. Mechanistic informa-
tion can be extracted from the differences in rate between isotopically substitut-
ed reactants. The interested reader is directed to more in depth treatments [30,
31]. For the current discussion, the difference in rate between different isotopi-
cally substituted molecules is the important concept.

In the case of a kinetic isotope effect (KIE), we can express the kinetic fractiona-
tion factor as a ratio of rates between the two different isotopes. A normal kinetic
isotope effect occurs when the heavier isotope reacts more slowly than the lighter
isotope, and an inverse isotope effect occurs when the heavier isotope reacts more
quickly than the lighter isotope. At chemical equilibrium, the forward and reverse
rates of a reaction are equal, and forward and reverse kinetic isotope effects cancel
out, leaving the equilibrium isotope effect (EIE) (Equation 8):

EIE = KIE;q — KIE o, (8)

2.5. Rayleigh Distillation Model for Isotope Fractionation
During an Enzyme Assay

Enzymes in the laboratory are typically studied at conditions where the substrate
is abundant, and the product starting concentration is zero. The reaction can be
started in different ways, for example by adding substrate, some cofactor, or the
enzyme catalyst itself. Under these initial rate conditions which occur before
product has accumulated, the reaction may be unidirectional. For the discussion
of isotopes, which might be fractionated kinetically as substrate is converted to
product, this unidirectional characteristic is important since it means that when
the ratio of isotopes in substrate and product are measured, the abundances are
derived from the starting composition, and the forward catalytic fractionation
factor, without “contamination” (or confusion!) from the reverse reaction, or
equilibrium fractionation.

Under the above conditions, where the starting amount of substrate defines
the sum amount of both the substrate and product during the course of the assay,
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Figure 2. Example application of a Rayleigh distillation model applied to a closed system
for kinetic isotope fractionation analysis of the enzyme APS reductase. On the left, change
in the isotope composition of the substrate and product occurs as the enzyme-catalyzed
reaction proceeds. On the right, the isotope composition of substrate and product are re-
plotted against an x-axis which shows a natural log-transformed (In) amount of substrate
remaining (f), or product formed, and the slope of the line 348(pmdum/reaclam) corresponds
to the ongoing fractionation between isotope pools in the substrate and product, following
an equation of the form & = diniar + **€(productreactanyy ® In (f). The assay shown on the
left was conducted at 32 °C and 20 °C, and the corresponding Rayleigh distillation model
approximation [32] for the 32 °C experiment is shown on the right. The figure is modified
from [18], which was published under a Creative Commons Attribution 4.0 International
License http://creativecommons.org/licenses/by/4.0/.

the system is a closed kinetic system, where a Rayleigh distillation model can be
applied (Figure 2). Here, if a reaction were to proceed irreversibly to completion,
the isotope composition of the product approaches the initial isotope composi-
tion of the substrate (though for an in vitro enzyme reaction, maintaining irre-
versibility to 100 % reaction completion may be unlikely). If the isotope ratio of
the substrate and product are measured during the course of such a reaction,
these can be plotted against an axis which describes the extent of the reaction,
yielding a straight line whose slope estimates the apparent kinetic isotope effect
(Figure 2). The reader is referred to [29, 32] for more background and the neces-
sary mathematical description for application.

3. AN ENZYME PRIMER: THE ‘LANGUAGE’ OF ENZYME
KINETICS

Biological reaction rates often occur at rates which are orders of magnitude
faster than their non-biological counterparts. Critically, they can occur with vary-
ing degrees of net directionality, but since biology is a non-equilibrium process
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where molecules “flow” through metabolic pathways, some net directionality
always occurs through metabolism. This flow of molecules is accomplished by
the activity of enzymes, and can lead to an isotope effect, where the kinetic
isotope effect is the ratio of the respective forward and backward rate constants.
Depending on its position in metabolism, its kinetic properties, and the state of
a cell, an enzyme might act as an equilibrator and quicken the establishment of
an equilibrium isotope effect between molecules, or on the other hand it might
be unidirectional and display only the kinetic component (the kinetic isotope
effect). At, or between, these two (EIE and KIE), isotopes will be partitioned.

Enzymes enhance the rate of reaction by lowering activation barriers. In solu-
tion, a pool of enzymes may be exposed to higher or lower concentrations of a
substrate. If the substrate concentration is low relative to the enzyme concentra-
tion, there are many enzyme molecules that are not in the process of performing
reactions. On the other hand, if the concentration of substrate is high in compari-
son to the enzyme, all the enzyme molecules might be carrying out reactions. In
this case they can be said to be “saturated”. Describing this, we follow Noor et
al.’s useful review [33] and the reader is directed there for further information.

Mathematically, the degree of enzyme saturation, and the propensity of a given
enzyme to become saturated can be written as in Equation (9) where C repre-
sents capacity,

C=5s/(Ks + s) )

where s is the concentration of substrate and K, is a concentration of s which
relates the velocity of reaction to the concentration of substrate (K is the half
saturation constant, often written as K,,, referring to the Michaelis constant in
Michaelis-Menten kinetics). However, enzymes produce products (p), and these
can be included as a term by re-writing Equation (9) as given in Equation (10):

C- s/K
(1 + s/K + p/K,)

(10)

where K, is the product half saturation constant for the product, and p is the
concentration of product. These terms can be thought of as saturation, or capaci-
ty [33]. When the concentration of s is large, the reaction velocity is not modulat-
ed by K. All the available enzymes are occupied by substrate and the enzyme
is saturated. If more substrate is added to the solution, there will not be a change
in the observed reaction rate. The velocity is at a limit (referred to as V., in
kinetic discussions). When s is small compared with K, there are many enzyme
molecules not performing reactions. There is “capacity” to perform more reac-
tions, and if more s is added to the solution, an increase in observed reaction
rate will occur proportionally to the amount of s added.

Every catalyst has its own turnover number, that is, the number of reactions
that it can perform per unit time. The maximum reaction rate that can be
achieved by a catalyst in solution will be (Equation 11),

V=K - E (11)
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where V is the observed reaction rate (velocity), K¢, is the turnover number
(with units of inverse time), and E is the concentration of catalyst.

When the overall velocity observed is modulated by the degree of saturation,
the above equations can be combined (Equations 12 and 13):

V=E Ky - C (12)

s/Kg

V=FE- at
Kea (1 + s/K, + p/K,)

(13)

It is routine for biochemists to study enzymes under conditions of very low prod-
uct concentrations (p starts at zero at time zero). In that case the capacity term
of Equation (13) reduces to the simplified capacity form of Equation (9) above.
In this condition, it is typical to hold the concentration of E constant, and per-
form multiple experiments where the starting concentration of a substrate s is
varied from low to high. In this way, the relationship between enzyme turnover
number, and saturation can be determined, as demonstrated by Michaelis and
Menten and others.

The above discussion captures much of the kinetics and was fundamental to
the development of enzymology. In addition to kinetics however, all chemical
processes also have a thermodynamic component which dictates the directionali-
ty of the reaction: forward versus reverse, or the case of equilibrium where the
forward and reverse rates are equal. In biochemical experiments within the lab,
enzymes are most frequently assayed at high thermodynamic driving energies;
the Gibbs energy of reaction is large and negative. However, it is important to
consider how the rate of a reaction might change with thermodynamics, and the
energetic “distance” to equilibrium encountered in an enzyme assay.

Since the thermodynamic favorability of a chemical reaction can be under-
stood from the basis of formation energies and the reaction product and sub-
strate ratios, it is possible to rearrange the Gibbs free energy of reaction equation
to a form which expresses the forward and reverse rate ratio, as developed below,
where AG" is the reaction energy at standard state, R is the universal gas con-
stant, and T is temperature.

Bassham and Krause recognized this in their study of algal photosynthetic
carbon fixation, where they noted that the ratio of rates for a forward and re-
verse reaction should change together proportionately, starting from the condi-
tion of equilibrium where the forward rate equals the reverse [34]. They wrote
the equilibrium constant K., as a ratio of forward and reverse rates, and by
combining this with the reaction quotient, were able to derive an expression
which relates the Gibbs energy of reaction with the reversibility following the
Equations (14)-(18):

AG.,, = AG” — RT - In([substrate]/[product]) (14)
AG,, = -RTInK' — RT - In([substrate]/[product]) (15)
AGy, = -RTIn(k'twd/k'rev) — RT - In([substrate]/[product]) (16)

printed on 2/13/2023 12:53 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

68 McGLYNN

AGyy, = -RTIn(k'fwd - [substrate])/(k'rev - [product]) 17)
AGx, = -RTIn(fwd. rate)/(rev. rate) (18)

Predicted ratios of forward to reverse rates in relationship to the Gibbs energy
of reaction are plotted in Figure 3, and take the form of the relationship between
K¢q and standard reaction energy. This assumption of changing proportionality
in forward and reverse rates, as it relates to the energy of the reaction in the cell
(what Bassham and Krause [34] called the “steady state” energy), allowed them
to quantify the ratio of forward and reverse rates at different reaction energies,
and thus identify potential sites of metabolic regulation.

More recently, the above relationship derived from rate proportionality in a
steady state open system (i.e., a living cell) was incorporated into enzyme kinetic
models, allowing for energy of reaction to be understood as modulator of cata-
lyzed rate [33, 35].

Re-writing Equation (14) as Equation (19),

AG, = AG” + RT - In([product]/[substrate]) (19)
we see (Equation 20) that

(p/s) — eAGm/RT (20)
K'eq

where p and s are the product and substrate concentrations. This follows because
Equation (21) holds

AG" = —RTInK,, 1)
If we write (Equation 22)

D = 1 — eAGm/RT (22)

Figure 3. Expected ratios of forward to reverse reaction rates as a function of AGy,.
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we have an expression where the directionality D varies between 0 and 1. When
AGy, is large and negative, the expression approaches 1, but when AG,,, goes
to 0, D approaches zero and the reaction is at equilibrium with no net forward
or reverse reaction velocity. Since equilibrium is the state when a reaction’s for-
ward and reverse rates are equal, this expression can be used to modify the
above kinetic expressions in accord to their net directionality. The typical case of
in vitro biochemically is a thermodynamically very favorable case: AGy, is large
and negative and the expression is equal to 1. However, when AG,y, becomes
smaller and approaches zero, the reaction approaches equilibrium and opposite
reaction rates: the reaction becomes more reversible, until AG,, =0, D =0, and
the velocity of the reaction = 0, as in Equation (23) [33]:

s/K

. (1 _ eAern/RT) (23)
(1 + s/K, + p/K,)

V=E K -

4. ENZYMATIC STABLE ISOTOPE FRACTIONATION:
ENZYMES ARE NOT IRREVERSIBLE CATALYSTS

Since the thermodynamics of a reaction dictates the reversibility of a reaction,
this also dictates how isotopes will be fractionated by an enzyme when it is
strongly driven, or close to equilibrium. We can consider that the observed frac-
tionation of isotopes in a chemical reaction will be related to the KIE and the
EIE as in Equation (24) [36]:

F = KIEg.q + x - (EIE - KIEgq) (24)

where F is the observed fractionation, and x is the reversibility, that is, the ratio
of rates of reactant formed from product, to product formed from reactant, de-
rived from the discussion above [33-35] (Equation 25):

x =v /v = eAGm/RT (25)

Thinking about the relationship between equilibrium and kinetic isotope frac-
tionation in Equation (24) above, we can see that at large negative values of
AG,y,, the reversibility of the reaction x approaches zero, and F is equal to
KIE¢wq. When AG,,, = 0, the ratio of the forward and reverse rates is one, and
the F is equal to the EIE value. Given an open system which does not quantita-
tively convert substrate to product, observed fractionation values of a chemical
reaction will occur between the KIE and EIE values, making their determination
a primary constraint on understanding biological isotope fractionation. This ap-
proach was developed by Wing and Halevy [36], and a more detailed discussion
of this concept of reversibility with enzyme catalyzed reactions in the context of
reaction energies is given in [35].

Below, we discuss carbon isotope fractionation during CO, reduction by the
enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo) which oc-
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curs in a number of autotrophs, and also sulfur isotopes as they are fractionated
during microbial respiration on sulfate. These two systems are used as models
to discuss how the kinetic and thermodynamic relationships above can manifest
in organismal isotope fractionations. Key questions to keep in mind while read-
ing are: is this enzyme rate determining in the metabolism? And: what is the
reversibility of the enzyme in the metabolism that it operates within?

4.1. Enzymology of the Calvin Cycle, A Central Role
for RuBisCO?

CO, fixation in oxygenic photosynthetic organisms occurs by the continual re-
generation of ribulose bisphosphate, which is the substrate for carboxylation by
the RuBisCo enzyme. The enzyme is a member of a larger family of enolases
[37, 38]. Overall, the Calvin cycle uses enzyme reactions found in glycolysis and
the pentose phosphate pathways. Four reactions that are unique to the Calvin
cycle link the glycolysis and pentose phosphate components: (i) RuBisCO, which
carboxylates ribulose bisphosphate, (ii) an aldolase, which combines erythrose
4-phosphate and dihydroxyacetone phosphate, (iii) a phosphatase, which de-
phosphorylates the sedoheptulose diphosphate product of the former reaction,
and (iv) a kinase, which phosphorylates ribulose 5-phosphate in an ATP-depend-
ent reaction. An up to date description of the Calvin cycle and a brief history of
its discovery is provided in a recent and useful article [39].

Although other enzymes in the Calvin cycle are involved in the formation
and breaking of bonds to CO,-derived carbon, agreement in the carbon isotope
composition of tomato plants and isotope fractionation observed by the RuBis-
Co enzyme (from spinach) was suggestive that the RuBisCo enzyme is a major
control on the biomass carbon isotope composition of organisms which employ
the Calvin cycle [40]. Subsequent work indicated that variation in fractionation
exists [31, 41], and furthermore that some of this variation can be attributed to
differences in transition state energy between enzymes [31].

4.2. Microbial Respiration on Sulfate Involves Three Primary
Enzymes: Sat, Apr, Dsr

Sulfur isotope fractionation during microbial respiration has been intensively
investigated at the level of laboratory microbial populations, as well as cell ex-
tracts/lysates (e.g., [42-44]). Models of sulfur isotope fractionation have supplied
rationale as to the cellular conditions under which fractionation values occur [36,
45, 46], and recently, the kinetic isotope effects of the enzymes involved in sulfate
reduction have begun to be investigated [18, 47].

Microbial sulfate reduction is accomplished by three enzymes, which together
results in the eight electron reduction of sulfate to sulfide [48]. The reactions are
catalyzed by (i) sulfate adenylyltransferase (EC# 2.7.7.4, Sat), (ii) the FAD and
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[4Fe-4S] cluster binding adenylylsulfate reductase (EC# 1.8.99.2, Apr), and (iii)
dissimilatory sulfite reductase (EC# 1.8.99.5, Dsr) which harbors a siroheme
linked to a [4Fe-4S] cluster. The reactions catalyzed by each enzyme (neglecting
the protons) are: the activation of sulfate by Sat [49] (Equation 26)

sulfate + ATP = adenosine 5'-phosphosulfate + diphosphate (26)

This is followed by a two-electron reduction of adenosine 5'-phosphosulfate
(APS) to form sulfite by Apr [50, 51] (Equation 27):

adenosine 5'-phosphosulfate + 2e~ = SO3~ + AMP 27)

After the formation of sulfite, DstABC together participate in the six-electron
reduction of sulfite to sulfide (Equation 28):

SO}~ + 6H* + 6e = 3H,0 + S (28)

This reaction occurs by the two-electron reduction of sulfite by DsrAB to pro-
duce protein-bound sulfur (S°) on DsrC, which is coordinated by two CysSH
residues [52, 53] (Equation 29):

SO3~ + 2e + DsrC(CysSH), = DsrC(CysS-S°-SCys) + 3H,O (29)

This is followed by a four-electron reduction of the bound sulfur and Cys
residues to produce sulfide (HS™) and regenerate the thiol form of Dsr,
DsrC(CysSH), (Equation 30):

DsrC(CysS-S%-S-Cys) + 4e~ + 3H™ = DsrC(CysSH), + HS- (30)

Since the first step of microbial sulfate reduction does not involve the formation
or breaking of a bond to the sulfur atom, it can be speculated that the Sat
enzyme may not have a large KIE associated with it. On the other hand, the
Apr and Dsr enzymes both involve bond formation and breaking events at the
sulfur atom.

The first enzyme in the sulfate reduction pathway to be investigated with the
goal of understanding KIE was the DsrAB complex [47]. This enzyme catalyzes
the reduction of sulfite to intermediate reduction state products such as thiosul-
fate (S,03%7), trithionate (S;0%7) [53]. Working with the bacterium Desulfovi-
brio vulgaris str. Hildenborough, experiments conducted in the absence of DsrC
gave the opportunity to isolate the initial two electron reduction step by measur-
ing the 34S/32S isotope value changes in sulfite and the reduced sulfur of
S;0%~ and S,03~ during enzyme assay [47]. The apparent isotope fractionation
factor was determined to be 15.3 £+ 2 %o (2 0), in contrast to the predicted value
for the whole enzyme complex of 50 %o [45]. Importantly, this work also estimat-
ed sulfur isotope fractionation by the DsrAB enzyme purified from the Archae-
on Archaeoglobus fulgidus, giving the first insight into potential evolutionary
variability of isotope fractionation at the enzyme level. The obtained result was
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within error of the bacterial enzyme, suggesting that perhaps the sulfur isotope
fractionation by the Dsr enzyme may not vary as a function of enzyme sequence
evolution.

Later, the Apr enzyme isolated from Desulfovibrio vulgaris Miyazaki was deter-
mined to have an apparent isotope effect of 20.3 %0 + 0.5%0 at 32°C [18]. The
results of this measurement were discussed in the context of the cell energetic state
and the isotope fractionation between sulfate and sulfide in laboratory studies, as
well as in the rock record. The first enzyme of the sulfate reduction pathway, Sat,
has not yet been evaluated for isotope fractionation.

5. METABOLIC STABLE ISOTOPE FRACTIONATION:
ORGANISMS ARE NOT ENZYMES

Inside the cell, the concentration of metabolites can vary by condition and time.
This means that a given enzyme may or may not be operating kinetically at
saturated state, and also that the concentration of product is not zero (as as-
sumed in Equation 9). Other than this difference in kinetic state of the catalyst,
variation in metabolite concentration alters the thermodynamic potential of the
reaction, and can lead to conditions where the reaction is not unidirectional and
occurs with some reversibility (Equation 25). Together, this variability requires
that the full spectrum from kinetic unsaturated to saturated states, as well as
near equilibrium to effectively irreversible be considered. If the concentrations
of individual enzyme substrates and products are known, then together with the
EIE and enzyme KIE values, the isotope ratios of each metabolite, and that of
the whole cell summed reaction, can be calculated [36].

How can the concentrations of each substrate and product be known however?
One way is to directly measure them, as has been done for the case of the
sulfate-reducing bacterium Desulfovibrio alaskensis [54], and the alga Chlorella
pyrenoidosa [34]. A separate way other than direct measurement would be to
predict the concentrations, and if this prediction can be made, then together with
the KIE and EIE values, inference on the isotope ratios of species in the cell
can be made as described for the case of microbial sulfate reduction [36].

5.1. Reaction Step Energetics in the Calvin Cycle

Bassham and Krause determined the steady state concentration of metabolites
in the photosynthetic carbon reduction cycle which later became known as the
Calvin cycle [34] (Figure 4). These energetics were re-evaluated subsequently
using density functional theory estimates of formation energies [55]. In either
the original, or the later estimate of reaction step energetics, the step performed
by RuBisCo is the most exergonic. In the later estimate, the RuBisCo step was
estimated to operate at around —130 kJ/mol, making it perhaps the most exer-
gonic chemical reaction in biology.
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Figure 4. AG energy values of reactions in the Calvin cycle calculated from steady state
metabolite concentration values in Chlorella pyrenoidosa and reported previously [34, 55].
The enzyme abbreviations and names are: RuBisCo; PGK/GAPDH, phosphoglycerate
kinase + glyceraldehyde 3-phosphate dehydrogenase; TIM, triosephosphate isomerase;
FBP aldolase, fructose bisphosphate aldolase; FBPase, fructose-1,6-biphosphatase; trans-
ketolase; SBP aldolase, sedoheptulosebisphosphate aldolase; SBPase, sedoheptulosebis-
phosphatase; PPE, pentosphosphate epimerase; RP isomerase, ribosephosphate isomer-
ase; PR kinase, phosphoribulokinase. Transketolase features twice in the figure, acting
first on glyceraldehyde 3-P and fructose-6P (step 6), and second on glyceraldehyde
3-phosphate and sedoheptulose-7P (step 9).

As noted by Bassham and Krause [34], there are four highly exergonic steps
in the cycle given their calculated energetics: Rubisco, FBP aldolase, SBP phos-
phatase, and PR kinase. The combined kinase and dehydrogenase steps could
also be included in with the more recent calculations of Mondal et al. [55]. These
reactions are expected to be highly irreversible. Among these four, the step with
the lowest energy associated with the reaction, PR kinase, has an energy of
-15.8 kJ/mol, which corresponds to a ratio of forward to reverse reaction fluxes
in the cell of 612. At —41 kJ/mol, the RuBisCo step of CO, fixation is expected
to have a ratio of forward to reverse rates of 15, 378, 228 (see Figure 3 for the
expected relationship between Gy, and reaction flux). These exergonic steps are
also steps on which metabolic control is exerted [56-58]; the other steps exist
close to equilibrium and substrates and products can easily “spill” from one side
of the reaction equation to the other.

From the perspective of carbon isotope fractionation in the Calvin cycle, these
energy data are highly relevant. First, as a net reaction, the Calvin cycle can be
considered as the synthesis of phosphoglyceraldehyde from three molecules of
carbon dioxide (Equation 31):

3CO, + 9ATP + 6 NADPH + 5H,0 = D-glyceraldehyde 3-phosphate
+ 9ADP + 6 NADP + 8P; (31)

At the concentrations of substrates measured by Bassham and Krause [34], the
reaction energy is estimated to be —289 kJ/mol for the above reaction. It is highly
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directional in the forward direction, and this ensures that the substrate of RuBisCo
(ribulose 1,5-bisphosphate) is present as the substrate for CO, fixation. Indeed,
at 2.04 mM, ribulose 1,5-bisphosphate was the most abundant compound mea-
sured by Bassham and Krause.

5.2. Reaction Step Energetics During Microbial Sulfate
Reduction

One remarkable characteristic of sulfate reducing microbes is the wide range
of observed growth rates. In the laboratory, respiration rates on sulfate can be
as high as in the 10’s or 100’s femtomol SO%~ reduced per cell per day
(fmol cell”! day™'), but in the natural environment, this value can be as low as
10~ fmol cell™! day™! [59]. Translating these rates into electrons per second,
the low end of 10~* fmol SO3~ cell! s! corresponds to ~8 ¢~ cell™! s7!. At the
high end of 100 fmol SO~ cell”! s7!, the value is 8,000,000 e~ cell"! s7!, indicating
a remarkable ability to accommodate a varying current through the respiratory
chain. From a thermodynamic perspective, microbes that respire sulfate are also
capable of respiring on sulfate to about —20 kJ/mol reaction energy and possibly
less in syntrophic conditions [60, 61] (as calculated from concentrations of
SO3~ and the corresponding electron donor).

On a per reaction basis, energies can be estimated using measurements of
intracellular metabolites [54]. Although the electron donor to the Apr and Dsr
steps is not known, it is likely a compound with a potential similar to menaquinol
[62]. With estimated intracellular concentrations and an assumed redox state of
an electron donor, the energies of the three steps of sulfate reduction can be
calculated and are shown in the figure below for one possible state (Figure 5).
It is clear that the Apr step is the single largely exergonic step in these conditions,
and that the Sat and Dsr steps are close to equilibrium, and thus reversible.

The individual enzymes discussed above have been purified, and their kinetic
properties determined. Following from this, a steady state model of sulfate re-
duction was previously constructed [36], which allowed a prediction of the steady
state concentrations of the intermediates of sulfate reduction to be made. With
concentrations calculated, the transformation into Gibbs energy of reaction
could be made. By estimating the kinetic sulfur isotope fractionation expected
at each step (KIE), and with knowledge of the EIE [67], sufficient information
was available to relate microbial respiration rates and extracellular sulfate con-
centrations, to the predicted value of whole cell isotope fractionation. This model
compared well to previous studies where microbes were grown at variable rates
and the sulfur isotopes of sulfate and sulfide determined [25, 27, 68]. Importantly,
multiple parameters affect isotope fractionation, and no single step can be sin-
gled out that controls fractionation across rate, energy, and concentration re-
gimes [36].

Later, in an extension to this modeling work, the free parameter of the model
was altered to investigate the possible potential range of electron donors in the
metabolism [62]. This allowed an inference of which electron donors might actu-
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Figure 5. AG energy values of reactions of microbial sulfate reduction, estimated by
Equilibrator [63-66] from metabolite concentration values estimated from Desulfovibrio
alaskensis [54]. The input concentrations for the calculation were: sulfate: 10 mM, sulfite:
0.005 mM, sulfide: 0.005 mM, ATP: 5 mM, AMP: 0.5 mM, phosphate: 1 mM, APS: 0.05 mM,
menaquinol: 2 mM, menaquinone: 0.1 mM. The first step of sulfate activation was written
to incorporate hydrolysis of the produced pyrophosphate.

ally be responsible for delivering electrons onto Apr and Dsr, since variability
in this is directly related to the reversibility, through the Nernst equation. In this
way, an inference into the fundamental physiological process of the cell could be
made through the analysis of isotopes [62].

6. ECOLOGICAL STABLE ISOTOPE FRACTIONATION:
ECOSYSTEMS ARE NOT ORGANISMS

In the above sections, we have focused on cells, and the components of cells
(enzymes), in discussing the partitioning of sulfur and carbon isotopes without
considering simple facts of reality such as (i) the depletion of a substrate in a
reservoir, (ii) competing reactions which may act on the substrate or product of
individual reactions, or (iii) cycling of substrates and products. In the natural
environment, these processes and others can confound interpretations based on
isotopes.

How open or closed a system of interest is can have a major effect on the
resulting isotope abundances in materials. In a simple case, if a system becomes
closed, it is possible to have quantitative consumption of a substrate to a product,
and such a quantitative conversion takes the isotopes with it. Thus, a system’s
“openness” can result in variation in observed fractionation, and this can be
recorded in environments which have experienced variable sedimentation rates
over time [69, 70].

printed on 2/13/2023 12:53 AMvia . All use subject to https://ww.ebsco.confterns-of -use



76 McGLYNN

7. WAYS FORWARD AND FUTURE ISSUES

Understanding equilibrium and kinetic isotope effects is important for our un-
derstanding of the distributions of biologically fractionated isotopes seen in na-
ture. But these alone are not enough to understand distributions observed in
the environment. Information on the metabolic network of individual cells, the
concentration of the substrate in the environment, the state of these cells (ener-
getically, nutritionally, etc.), and the open-ness or closed-ness of a system can all
modulate isotope ratios. Going further, cells operate within ecosystems, not as
isolated entities, interconverting and exchanging their products, and sometimes
fractionation isotopes in the process. It is the collective challenge of researchers
from multiple disciplines — who study across all of these scales — to elucidate
what a particular isotope ratio may represent.

New observations continue to adjust our understanding of how isotopes are
partitioned both today, and in the past, by biological processes. For example,
recent observations of a sulfide-oxidizing organism revealed a previously un-
known ability of organisms of this type to mediate large fractionations of the
element [71]. As knowledge of enzyme KIE and metabolic pathways (including
their topology, flux rates, and thermodynamic properties) continues to grow, bet-
ter understandings of biological isotope fractionations in relationship to physiol-
ogy will be possible. It may be possible to estimate the physiological state of
contemporary and ancient cells from these isotope measurements. Gaining an
understanding of potential evolutionary variability in enzyme-mediated KIE
might be one way of uniting the molecular record of life with the historical,
geological record.
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ABBREVIATIONS

ADP adenosine 5'-diphosphate
Apr adenylylsulfate reductase
APS adenosine 5'-phosphosulfate
ATP adenosine 5'-triphosphate
Dsr dissimilatory sulfite reductase
EIE equilibrium isotope effect
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AGyn Gibbs energy of reaction

KIE kinetic isotope effect

NADP nicotinamide adenine dinucleotide phosphate
NADPH dihydronicotinamide-adenine dinucleotide phosphate
P; inorganic phosphate, PO3 ~

RuBisCo ribulose-1,5-bisphosphate carboxylase/oxygenase

Sat sulfate adenylyltransferase

VCDT Vienna Canyon Diable Troilite
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Abstract: The in situ detection and visualization of trace metals within the complex environ-
ment of cells and tissues is instrumental for exploring the role of metals in biology. Advances
in microanalytical imaging techniques, notably improved detection sensitivity and spatial reso-
lution, enabled trace metal imaging from the mesoscale down to the nanoscale size regime.
This chapter offers an overview of the most important techniques for quantifying and visualiz-
ing biological trace metals. In addition to direct detection approaches, including synchrotron
X-ray fluorescence microscopy (SXRF), secondary ion mass spectrometry (SIMS), and laser-
ablation inductively coupled mass spectrometry (LA-ICP-MS), indirect imaging methods
based on fluorescence microscopy and magnetic resonance imaging (MRI), both of which rely
on specifically designed probes, are discussed in detail. Each technique is introduced with a
brief review of the underlying physical principles, followed by representative examples from
the literature, and a discussion of the advantages and limitations. Particular emphasis was
given to synchrotron X-ray fluorescence microscopy and microtomography for direct elemen-
tal quantifications, and laser confocal fluorescence microscopy for dynamic imaging of labile
metal pools with fluorescent probes, including recent advances in ratiometric two-photon exci-
tation microscopy.

Keywords: fluorescent probes - laser ablation inductively coupled mass spectrometry - magnetic
resonance imaging - microtomography - secondary ion mass spectrometry - two-photon excita-
tion microscopy - trace metals - X-ray fluorescence microscopy

1. INTRODUCTION

The desire to detect and visualize trace metals within complex biological systems
can be traced back over a hundred years. One of the earliest accounts was pub-
lished in 1867 by the German pathologist Max Perls, who described a histochemi-
cal stain for the detection of non-heme iron [1]. Owing to its simplicity, the
method, commonly known as Perls’ stain, is still widely used for the visualization
of iron overload in tissues [2]. In the protocol, treatment with hydrochloric acid
releases protein-bound Fe(III), which is then reacted with potassium ferrocya-
nide (K4[Fe(CN)¢]) to form the intensely colored Prussian blue pigment. Today,
an arsenal of microanalytical techniques with much-improved sensitivities are
available for the in situ detection of trace metals in cells and tissues [3-5]. A
selection of the most important methods is compiled in Table 1. These approach-
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Table 1. Microanalytical techniques for the in sifu imaging of metals in biological sys-
tems.?

Method Limit Spatial Analytical depth
of detection resolution

Direct Detection Methods

SXRF 0.1-1 ug/g 10-200 nm 100-500 wm
PIXE 1-10 pg/g 0.2-2 um 10-100 pm
EPXMA 0.1-1 mg/g 30 nm 0.1-1 pm
LA-ICP-MS 0.1 pg/g 1-50 um 200 um
SIMS 0.1 png/g 30-50 nm 0.1 um
Indirect Detection Methods®
Bright-field microscopy low uM 0.2-0.5 um 0.01-1 um
Fluorescence microscopy pM to nM 0.2-0.5 um 1-5 mm
MRI high uM 25-100 um no limit

2 Because the limit of detection, resolution, and analytical depth depend on multiple
experimental parameters, the values provided represent only a general range.

® Indirect detection methods employ a molecular probe that interacts with exchangeable
metal ions to produce a detectable response.

es vary not only in terms of their sensitivity but show considerable differences
in the available spatial resolution and analytical depth. Thus, none of the tech-
niques is superior in all aspects; instead, each offers specific advantages but also
has some limitations. For example, synchrotron X-ray fluorescence microscopy
(SXRF) provides excellent spatial resolution and detection sensitivity for subcel-
lular studies; however, slow data acquisition times combined with beam time
constraints render this method less than ideal for analyzing large tissue sections.
Such specimens would be better imaged by laser ablation inductively coupled
mass spectrometry (LA-ICP-MS), which offers much shorter acquisition times
with a spatial resolution down to the low-micrometer range. Likewise, magnetic
resonance imaging (MRI), which was specifically developed for biomedical ap-
plications, represents the method of choice for studying live organisms; how-
ever, the sensitivity and spatial resolution of this technique is not sufficient for
studying trace metals at the single-cell level.

In addition to the differences in performance parameters, trace metal imaging
techniques can be divided into two distinct categories based on whether the
analyte is detected directly or indirectly with the help of a probe (Table 1).
Direct detection techniques such as SXRF, SIMS, or LA-ICP-MS inform on the
total trace metal distribution within a specimen and may yield quantitative data
after calibration with a suitable reference standard. In contrast, indirect methods
such as confocal fluorescence microscopy or MRI rely on a reporter molecule
that selectively interacts with the metal ion of interest and then relays a signal
to a detector. Although some biological metal cations are present as free hydrat-
ed ions, increasing evidence suggests that essential trace metals such as zinc and
copper are buffered at very low concentrations [6-8]. These trace metals are
therefore detected based on a competitive exchange equilibrium between the
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probe and endogenous ligands. Moreover, some metal-binding sites might be
buried within a protein scaffold and thus not accessible for exchange. For this
reason, indirect methods cannot be used to quantify total trace metal levels in a
biological system. Instead, they may serve as a functional assay to gather infor-
mation regarding the exchangeable metal ion availability, which is specific to a
particular probe.

The following sections provide an overview of the most widely used techniques
for imaging trace metal ions in biological systems. For each technique, the physi-
cal principles and underlying concepts are introduced first, followed by repre-
sentative examples from the current literature, including a brief discussion of
challenges and limitations. Particular emphasis was given to recent developments
in X-ray fluorescence microscopy as well as the design and application of syn-
thetic fluorescent probes for dynamic imaging of trace metals in living systems.

2. SYNCHROTRON X-RAY FLUORESCENCE ELEMENTAL
IMAGING

2.1. Physical Principle

Exposure of a biological sample to high-energy X-rays may result in the ioniza-
tion of individual atoms. If the ionization process involves the ejection of a core-
shell electron, it generates a vacancy that is rapidly filled by an electron from an
outer shell (Figure 1A). Most of the time, the transition energy is released in the
form of a photon to produce a fluorescence signal; however, the energy may also
be transferred to another electron, which is then ejected with an energy equal to
the transition energy minus its binding energy. This secondary electron ejection
is called the Auger effect, named after the French physicist Pierre Auger (1899-
1993). The ratio between the two decay modes defines the X-ray fluorescence
yield, which increases with the atomic number Z [9]. As the fluorescence yield
of light elements (Z < 12) is very weak, only elements heavier than silicon are
routinely detected by X-ray fluorescence-based imaging techniques. Most impor-
tantly, the binding energy of the electrons involved in the relaxation process is
proportional to the squared nuclear charge, thus producing an X-ray fluores-
cence spectrum that is characteristic for each element and that can be used as
a unique signature to detect and quantify elements within chemically complex
biological environments [10, 11].

The relaxation of a higher-energy electron follows the same transition dipole
selection rules common to electronic spectroscopy with Al = +1, where / refers
to the angular quantum number. For example, a vacancy in the K-shell upon
excitation of a 1s (I = 0) core-shell electron would result in the relaxation of
2psspp or 2pyy, electrons (I = 1) of the L-shell, thus producing two emission lines
of slightly different energies (Figure 1B). Likewise, fluorescence may also result
from relaxation of 3ps, or 3py, electrons from the M-shell, albeit with lower
intensity. The different emission lines are routinely indicated by the Siegbahn
notation [12], where the symbol of the corresponding element is followed by the
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Figure 1. Principle of X-ray absorption and fluorescence. (A) Atomic orbital energy
diagram illustrating the excitation of a 1s core-shell electron to yield a free photoelectron
(left). The resulting orbital vacancy is populated by relaxation of an electron from a
higher-energy orbital with simultaneous emission of a photon (right). (B) Major X-ray
fluorescence emission lines for first-row transition metals. The arrow thickness indicates
the intensity for each transition. The corresponding transition energies are compiled in
Table 2.

name of the shell in which the initial vacancy occurred and a Greek letter indicat-
ing the relative intensity of the line. Accordingly, relaxation of the 2p electrons
to the vacant K-shell produces the K,,; and K, lines with the strongest intensity,
followed by the weaker Kg; and Kgs lines originating from the relaxation of a
3psp electron. A selection of pertinent X-ray fluorescence transition energies,
including K-shell fluorescence yields, for biologically relevant elements are com-
piled in Table 2.

Figure 2 shows the integrated X-ray fluorescence spectrum of a single 313
fibroblast acquired with a synchrotron X-ray source (see also Section 2.3). With
an excitation energy of 10 keV, the spectrum reveals fluorescence peaks for all
biologically relevant first-row transition metals, including Zn, Cu, and Fe. Be-
cause the energy resolution of the detector is not sufficient to resolve the K
and K, lines, they appear as a single broad emission band. Likewise, the two
K1 and Kg; lines are neither resolved and appear as less intense bands at higher
energy compared to the corresponding K, emissions. In addition to the elemen-
tal fluorescence, the spectrum also shows a strong scattering signal centered
around the incident beam energy of 10 keV. The asymmetric shape of the signal
is due to two overlapping contributions originating from elastic (Raleigh) and
inelastic (Compton) scattering. Because Compton scattering exhibits a broad
asymmetric profile and occurs at lower energy relative to the incident beam, it
may extend into the spectral region of the elemental fluorescence. Nevertheless,
by matching the Gaussian peaks to the characteristic X-ray emission lines of
each element, the raw spectral data can be deconvoluted. To quantify the ele-
mental content of bulk samples, the integrated Gaussian intensities are com-
pared to those of an internal standard, for example, a xenobiotic element such
as Ga(III) added to the sample. For SXRF imaging of individual specimens, the
X-ray emission intensity can be calibrated by comparison with an external thin-
film standard of known elemental content.
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Table 2. X-ray fluorescence transition energies of biologically relevant elements.?

Element Z o K, K, Kgi; Kp L, L, Lg;
Na 11 0.023 1.041 1.041  1.067

Mg 12 0.030 1.253 1.253  1.295

Si 14 0.050 1.740 1.739  1.829

P 15  0.063 2.013 2.012 2.136

S 16 0.078 2307 2306 2.464

Cl 17 0.097 2.622  2.620 2.815

K 18  0.140 3313 3310 3.589

Ca 20  0.163 3.691 3.687 4.012 - 0.341 0.341 0.345
Vv 23 0.243 4.951 4944  5.426 - 0.511 0.511 0.519
Mn 25  0.308 5.898 5.887 6.489 - 0.637 0.637 0.649
Fe 26 0.340 6.403 6.390 7.057 - 0.705 0.705 0.718
Co 27 0373 6.929 6914 7.648 - 0.776 0.776  0.791
Ni 28  0.406 7.477 7.460 8.263 - 0.851 0.851 0.869
Cu 29 0.440 8.046  8.026 8.904 - 0.930 0.930  0.950
Zn 30 0474 8.637 8.614 9.570 9.656 1.012 1.012 1.034
Se 34 0.589 11.220 11.179 12.494¢ 12.650 1.379 1.379 1.419
Br 35  0.618 11.922 11.876 13.289¢ 13.467 1.480 1.480 1.526
Mo 42 0.765 17476 17.371 19.605¢ 19.962 2.293 2.289 2.394
I 53 0.884 28.607 28.312 32.289¢ 33.036 3.937 3.925 4.220
W 74 0.891 59.308 57.972 67.233° 69.089 8.396 8.334  9.671

2 Data adopted from [13]. All energies are listed in units of keV.
b K-shell fluorescence yield reported in [9].
¢ Kg, transition energy.

A 30 B

elastic and inelastic
scattering

204

10 ZnkK,

fluorescence [a.u.]
fluorescence [a.u.]

4 5 é 7 8 9 10 11
energy [keV] energy [keV]

Figure 2. Integrated X-ray fluorescence emission spectrum of a 3T3 mouse fibroblast
grown in copper-supplemented medium. The spectrum was acquired with an energy-dis-
persive detector using an incident beam energy of 10 keV (2-ID-D beam line, Argonne
National Laboratory, Illinois, USA). (A) X-ray emission spectrum at full scale from 4-
11 keV. (B) Spectrum of panel (A) shown at 10x magnification.

2.2. Sample Preparation Methods

The high-energy ionizing photon beam used in SXRF imaging would be destruc-
tive to live cells, and thus samples must be fixed and mounted on an X-ray-
compatible substrate. Early SXRF imaging experiments were performed with
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Formvar films supported on gold grids, a support material commonly employed
in transmission electron microscopy [14, 15]. Produced from polyvinyl alcohol
and formaldehyde, this carbon-based thermoplastic resin offers a low back-
ground absorption; however, due to the limited mechanical stability and softness,
Formvar films may distort upon chemical fixation and break during data collec-
tion. As an alternative substrate, commercially available prolene films have been
employed for elemental mapping of NIH-3T3 cells [16], and polycarbonate films
have been successfully used for elemental imaging of PC12 cells by SXRF and
particle-induced X-ray emission with a focused beam (micro-PIXE) [17]. The
search for a biocompatible and more versatile substrate that also meets the re-
quirements of X-ray fluorescence-based techniques led to silicon nitride (SizNy)
membranes, which have emerged as the preferred choice for cellular imaging.
This non-toxic material offers mechanical stability similar to glass, and adherent
cells can be directly cultured on Si3N, membranes analogous to glass cover slips
used in visible-light microscopy. The windows are optically transparent and can
be used for correlative optical fluorescence microscopy studies. Unlike carbon-
based polymeric materials, inorganic Si;N, membranes can be employed in com-
bination with synchrotron radiation-based Fourier transform infrared (SR-FTIR)
spectroscopy for spatial mapping of proteins, lipids, or nucleic acids [18]. Com-
mercial membranes are available in a broad range of sizes and thicknesses and
typically free of metal contaminants, thus making Si;N, an excellent choice for
SXRF imaging studies.

In addition to choosing a suitable support material, biological samples must
be fixed and dehydrated to preserve the structural integrity during exposure
to the high-intensity photon flux in SXRF imaging. Early investigations of the
elemental composition of rat brain sections revealed significant differences de-
pending on the sample preparation technique. For example, chemical fixation
with 10 % formalin followed by embedding in paraffin [19], a standard procedure
used in preserving tissue for histopathological investigations, showed signifi-
cantly lower levels for most elements, whereas fixation with formalin alone re-
sulted in an unexpected increase of Fe, Cu, and Zn [19, 20]. Cryofixation by
rapid-freeze immersion into liquid isopentane, ethane, or propane is, without a
doubt, the best approach for preserving the native elemental composition of a
biological specimen. After cryoimmobilization on a SizN4 membrane, the frozen
cells can either be lyophilized for imaging under ambient conditions or main-
tained at low temperature for transfer to an imaging beam line that is equipped
with a cryo-stage [21]. While the cryofixation of hydrated cells represents, in
principle, the best method for preserving the elemental composition, it requires
specialized and expensive equipment that is not generally available. Moreover,
this approach is still not devoid of potential artifacts, as cells must be rinsed with
isotonic ammonium acetate or sucrose solution to remove inorganic salts and
blotted to minimize the thickness of the surface film before plunge-freezing.

Several studies have been devoted to exploring whether conventional chemical
fixation methods might preserve or alter the elemental composition of biological
specimens [17, 21, 22]. Compared to cryopreservation, chemical fixation with
3 % paraformaldehyde resulted in a significant loss of diffusible elements such
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as Cl, K, and Ca; however, the total levels of Fe, Cu, and Zn remained within
the margin of cell-to-cell variations. Moreover, a combination of 1.5 % glutaral-
dehyde and 3 % paraformaldehyde yielded better preservation of P, S, Fe, Cu,
and Zn levels than either fixative alone [17]. To remove extracellular contami-
nants, adherent monolayer cells must be washed before fixation. Considering the
rapid kinetics of trace metal uptake and release [23], washing with a buffer solu-
tion might affect the intracellular elemental composition. Nevertheless, a systemat-
ic comparison of various rinse buffers, including isotonic ammonium acetate, Tris-
glucose buffer, and Dulbecco’s phosphate-buffered saline, revealed no statistically
significant differences in total Fe, Cu, and Zn levels. Finally, a comparison of differ-
ent dehydration methods showed that passive in-air drying of chemically fixed
cells yielded better results than graded ethanol. In fact, chemical fixation and
dehydration with ethanol or methanol should be avoided altogether as it leads to
protein denaturation and membrane solubilization, both of which may result in
substantially reduced levels for most elements, including S, Ca, Fe, and Cu [17].

In summary, rapid-freeze immersion offers far superior preservation of bio-
logically relevant elements compared to chemical fixation [17, 21]; however,
chemical fixation followed by in-air drying may still be employed as a convenient
alternative approach, if the study does not require the detection and quantifica-
tion of diffusible elements such as K, Ca, or CI.

2.3. Elemental Imaging with Subcellular Resolution

For the elemental analysis of bulk samples, the photon flux of an X-ray tube is
sufficient to yield an emission spectrum with good signal-to-noise ratio. Thus,
bench top X-ray fluorescence elemental analysis instruments employ conven-
tional vacuum tubes, which generate X-rays by colliding accelerated electrons
from a high-voltage source with a material such as tungsten, molybdenum, or
copper. However, the photon flux generated by this approach is too weak for
the elemental mapping of individual cells with submicron resolution. For this
purpose, the intense, focused beam of a synchrotron X-ray radiation source is
required. In a synchrotron, electrons are accelerated to 99.9999998 % of the
speed of light and then bent by a magnetic field (undulator) to produce X-rays
within a narrow energy range and flux that is over a billion times greater than
that of an X-ray tube. By focusing the X-ray beam to a narrow spot size, full X-
ray emission spectra can be acquired from subcellular locations. Raster scanning
of the specimen through the beam yields a two-dimensional hyperspectral data
set from which the corresponding elemental density maps can be derived.

A schematic diagram of the components of a synchrotron X-ray fluorescence
microscope is shown in Figure 3. Most synchrotron facilities around the globe
offer several imaging beam lines covering a broad range of spatial resolutions
and energy regimes. For example, the instrument at the 2-ID-E beam line of the
Advanced Photon Source (Argonne National Laboratory, USA) is equipped with
a double-monochromator to select photons within a tunable energy range be-
tween 8 and 20 keV and a Fresnel zone plate optics to focus the coherent X-ray
beam to the sample surface. Named in honor of the original work by Augustin-
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Jean Fresnel (1788-1827), a zone plate utilizes an uneven but radially symmetri-
cal pattern of gold rings to generate a constructive interference pattern, which
reduces the beam to a submicron focal spot. To achieve such a narrow focus,
higher-order diffraction peaks are blocked by an aperture, which, however, also
attenuates the overall photon throughput. To minimize scatter signals from air
as well X-ray emission from ambient argon, the specimen is placed inside a
helium-filled chamber. An x-y piezo-encoded stage is used to raster-scan the
specimen through the focused beam with nanometer spatial precision, and a full
X-ray emission spectrum is acquired at each position with an energy-dispersive
multi-element detector positioned at 90 degrees relative to the incident beam.
A beam monitor placed downstream of the microprobe is used to align the zone
plate and sample along the beam trajectory. In place of a Fresnel zone plate,
Kirkpatrick-Baez (KB) mirrors can be employed as focusing optics, which offer
several orders of magnitude improved photon throughput [24]. In this setup, the
X-ray beam is reflected and focused by two precision-engineered elliptical focus-
ing mirrors, which are oriented perpendicular to each other. Because the fabrica-
tion of KB mirrors requires a machining tolerance in the low nanometer regime,
their production remains challenging and costly. Nevertheless, with recent advan-
ces in X-ray optics fabrication, it is possible to manufacture KB mirrors that
rival the beam profiles of zone plates [25, 26].

Elemental mapping of biological specimens with submicron resolution pro-
vides unique opportunities to gain insights into the spatial organization of transi-
tion metal ions at the single-cell level during normal and altered cell physiology.
For example, X-ray fluorescence microscopy was employed to visualize the spa-
tial redistribution of transition metals as cells progress through mitosis [27]. Such
studies were previously limited to analyzing the elemental content of bulk sam-
ples, where cells had to be synchronized with drugs to increase the mitotic yield.
By identifying the mitotic stage of cells based on the morphology of the cell
nucleus, cells can be cultured under normal growth conditions, thus avoiding
synchronization that might alter the overall cellular physiology. As illustrated
with Figure 4 for a metaphase cell, X-ray emission spectra were acquired by
raster-scanning with 0.3 um step-size over an area of 107 X 75 pixels, thus pro-
ducing a total of 7725 individual spectra comprised of 2048 data points with an
energy resolution of approximately 10 eV. The total data acquisition time for
this sample was around 3 hours. To generate individual elemental density maps,
each raw X-ray emission spectrum was processed by Gaussian fitting, and the
peaks were matched to the characteristic elemental X-ray emission lines as
shown in Figure 4B. To derive quantitative elemental densities, the integrated
photon counts were compared to the fluorescence intensity of a thin film stan-
dard. In Figure 4C, the final quantitative elemental maps are reproduced on a
false-color scale with the corresponding density range indicated below each plot.

A comparison of the individual elemental maps provided intriguing insights
into the subcellular elemental topography at the metaphase stage. For example,
the high-density areas in the P map align well with the chromosome distribution.
In contrast, the Zn and Cu maps show a complementary topography in which
the highest-density areas appear in the centrosomal region adjacent to the meta-
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phase plate. Both Zn and Cu parallel the S distribution, whereas the highest
density areas of Fe show no apparent spatial correlation with any of the other
elements. The integrated elemental densities also revealed an almost 3-fold
increase of mitotic Zn levels compared to interphase cells, thus suggesting a
prominent physiological role for Zn during cell division [27].

2.4. Imaging at the Nanoscale

Recent advances in X-ray focusing optics opened the window towards elemental
imaging at the nanoscale. The challenges associated with realizing nanoscale spa-
tial resolution, however, go beyond the development of nanofocusing optics. As
the spot size decreases, fewer atoms are available for producing the X-ray emis-
sion profile. To maintain a satisfactory signal-to-noise ratio, a higher photon flux
and increased detector sensitivity are therefore required. As the higher photon
flux may increase radiation damage, hydrated biological samples should be im-
aged at cryogenic temperatures. Moreover, raster-scanning at the nanoscale also
poses increased demands on the mechanical stability of the imaging stage. The
Bionanoprobe, recently implemented at an undulator beam line of the Advanced
Photon Source (Argonne, USA), successfully addressed these challenges [28].
Equipped with a Fresnel zone plate nanofocusing optics, the instrument offers a
spatial resolution of 30 nm and employs a laser interferometer system to measure
the position of the sample stage relative to the incident beam with an accuracy
of a few nanometers. Full X-ray fluorescence spectra are acquired with a colli-
mated four-element silicon drift detector at 90° relative to the incident beam.
Vitrified biological samples can be loaded onto the cryo-stage through a sample
exchange robot while maintaining the temperature well below the glass transi-

2 um

Figure 5. Nano-scale elemental imaging by synchrotron X-ray fluorescence microscopy.
(A) Elemental distributions of P, S, K, and Ca within a frozen-hydrated Chlamydomonas
reinhardtii cell at ~30 nm spatial resolution. (B) Phase image reconstructed via ptychogra-
phy. (C) Color composite image showing an overlay of the SXR elemental maps and the
ptychographic image. Reproduced with permission from [30]; copyright 2017, Springer
Nature.

printed on 2/13/2023 12:53 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

IMAGING TRACE METALS IN BIOLOGICAL SYSTEMS 93

tion of water (135 K). To illustrate the performance of the instrument, Figure 5
shows nanoscale elemental maps of the unicellular green algae Chlamydomonas
reinhardtii, as well as the corresponding phase image, which was reconstructed
via ptychography [29, 30]. The electron-dense features in the ptychographic im-
age revealed high densities of P and Ca in the fluorescence maps, presumably
originating from polyphosphate bodies in which calcium is coordinated to poly-
phosphate [31].

More recently, a scanning X-ray microscope featuring a multilayer Laue lens
with 15nm X 15 nm spatial resolution was realized at the nanoprobe beamline
of the National Synchrotron Light Source II (Brookhaven National Laboratory,
USA) [32]. Similar to the Bionanoprobe, the instrument offers ptychography,
differential phase contrast, and tomography imaging modalities. New manufac-
turing techniques enabled the fabrication of multilayer Laue lenses with a high
numerical aperture (NA), which further reduced the beam size to a focal spot
below 10 nm [33].

2.5. X-ray Fluorescence Microtomography

While scanning X-ray fluorescence microscopy is well-suited to study the co-
localization of elemental distributions in cells or thin tissue sections, the lack of
depth information may render the assignment of spatial relationships in thicker
specimens ambiguous. Advances in X-ray optics and detector sensitivity signifi-
cantly shortened the data acquisition time, which paved the way towards three-
dimensional tomographic X-ray fluorescence imaging. Instead of relying on a
single X-ray fluorescence scan, tomographic methods use a collection of projec-
tions at many angles to derive three-dimensional elemental distributions. Fig-
ure 6 illustrates the basic principle of X-ray fluorescence tomographic elemental
imaging with a two-dimensional Shepp-Logan phantom as a sample object. As
described above for two-dimensional elemental mapping (Figure 3), an energy-
dispersive X-ray detector is oriented at a 90-degree angle relative to the incident
beam trajectory. Analogous to absorption-based computed tomography (CT),
the sample is mounted on a rotation stage, and parallel projections are acquired
at equally spaced angles over 180 or 360 degrees. Thus, raster-scanning of the
specimen along the x-axis direction yields at each position a full X-ray emission
spectrum that represents the integrated fluorescence of all elements located
along the incident beam path. The intensity projection that would result from a
one-dimensional scan of the Shepp-Logan phantom at 0 degrees relative to the
incident beam (z-axis) is shown in Figure 6 (bottom, left). The intensity projec-
tions for each angular position are then combined in a sinogram based on which
the original 2D image can be reconstructed with a mathematical algorithm. By
acquiring tomographic data sets at each position along the y-axis, individual re-
constructed 2D elemental maps can be joined to generate full three-dimensional
volumetric elemental maps.

The mathematical reconstruction of a two-dimensional image from an ensem-
ble of one-dimensional projections is based on the Fourier slice theorem [34]. In
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Figure 6. Principle of X-ray fluorescence tomography data acquisition and reconstruc-
tion illustrated with a 2D Shepp-Logan phantom image. Individual 1D intensity projec-
tions are recorded at a 90-degree angle relative to the incident beam by rotating the
sample over 180 or 360 degrees. The intensity projections from each angle position are
combined as a sinogram, based on which the original object can be reconstructed through
a mathematical algorithm.

essence, the 1D Fourier transform of a projection is equal to a slice of the 2D
Fourier transform of the object. Thus, with a sufficient number of projections,
the original object can be reconstructed through a 2D inverse Fourier transform.
The most common approach for the reconstruction of absorption CT data em-
ploys a filtered back-projection (FBP), which combines an inverse Radon trans-
form with a ramp-filter to address image blurring introduced by the non-uniform
sampling of the Fourier space [35]. However, this approach is not well-suited for
the reconstruction of XRF tomographic data. Because of the much-weaker signal
intensity, fluorescence data are not only noisier but also require longer acquisi-
tion times, which significantly limits the number of projections that can be ac-
quired. Incomplete sampling of the Fourier space, in turn, introduces reconstruc-
tion artifacts. Additional challenges arise due to self-absorption of both the
incident beam and emitted photons.

To reduce noise levels and minimize reconstruction artifacts, a number of itera-
tive methods have been developed, such as the Algebraic Reconstruction Tech-
nique (ART) [36], the Simultaneous Iterative Reconstruction Technique (SIRT)
[36], or the Maximum Likelihood Expectation Maximization Algorithm
(MLEM) [37]. The MLEM algorithm, which was originally developed for the
reconstruction of positron emission tomography data, assumes the same Poisson
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Figure 7. Reconstruction of XRF projections through an (A) iterative MLEM approach
and (B) filtered back-projection (FBP) using the Radon transform. (C) With increasing
number of iterations (shown for 5, 10, 50, and 100), the accuracy of the reconstruction
improves and gradually converges to the original object. The plots to the right show
intensity trajectories along the dashed red line in panels B and C, respectively.

noise statistics as observed in XRF. Reconstruction by iterative methods begins
with a guessed model of the object, from which a projection (ART) or full sino-
gram (SIRT and MLEM) is mathematically generated (Figure 7A). After com-
paring the simulated data with the experimental projection or sinogram, the
original model is updated by applying a correction function based on the back-
projected changes. This process is repeated until the algorithm converges, at
which point the projection or sinogram of the simulated model closely agrees
with the experimental data set (Figure 7C). Compared to filtered back-projection
(Figure 7B), the noise level of the MLEM-reconstructed model is significantly
lower, as is evident from the corresponding intensity trajectories across the y-
coordinate (Figure 7B/C).

The accuracy of tomographic reconstructions critically depends on the me-
chanical stability of the instrument as well as the sample integrity. To achieve
the maximum resolution in the reconstructed data set, it is of paramount impor-
tance that the morphology of the specimen is retained and does not suffer radia-
tion damage during data acquisition. For this reason, early XRF tomographic
studies have focused on mechanically robust specimens such as seeds or diatoms
[38, 39]. To visualize the 3D elemental distribution in soft tissue, the sample must
be either cryopreserved or embedded in an X-ray-compatible matrix. The latter
has been successfully demonstrated for zebrafish embryos at 24 and 48 hours
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Figure 8. 3D imaging of zinc, iron, and copper in a zebrafish embryo (24 hours post
fertilization) by XRF microtomography. (A) The embryo was cryo-embedded in Lowicryl
(top) and excised from the resin block with a multiphoton laser microtome (bottom).
Scale bar: 500 um. (B) Filtered back-projection versus iterative MLEM reconstruction of
the zinc density of a slice across the yolk region. (C) Full volumetric reconstruction of
the Zn, Fe, and Cu densities illustrated for a sagittal section. Abbreviations: blood vessel
(bv), mesencephalon (mc), myotome (my), rhombencephalon (rc), tail (tl), yolk extension
(ye), yolk (yo), yolk syncytial layer (ysl). Scale bar 200 um. Data adopted with permission
from [40]; copyright 2014, Royal Society of Chemistry.

post-fertilization [40, 41], which were cryo-preserved by the progressive lowering
of temperature (PLT) method, followed by freeze-substitution and polymeriza-
tion in Lowicryl at —20 °C. The specimens were excised from the polymer block
through contact-free sectioning using a multiphoton microtome (Figure 8A).
Even though a total of 100 hours were required to collect a complete tomograph-
ic data set at a raster-scanned resolution of 2 um, the sample integrity was not
compromised. [terative tomographic reconstruction yielded individual volumet-
ric maps for Zn, Cu, and Fe, each of which entailed over 124 million individual
voxels. Compared to simple FBP, the iterative MLEM algorithm resulted in
much lower noise levels, as illustrated for a single slice across the yolk region
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of the embryo (Figure 8B). The volumetric elemental maps provided intriguing
insights into the 3D trace metal distributions with pronounced Zn and Cu densi-
ties at the tip of the tail, strikingly elevated Fe in the myotome and brain region,
and a thin veneer of both Cu and Fe within the yolk syncytial layer (Figure 8C).

3. MASS SPECTROMETRY-BASED IMAGING TECHNIQUES
3.1. Secondary lon Mass Spectrometry

Secondary ion mass spectrometry (SIMS) has been widely employed for analyz-
ing the chemical composition of the surface from solid materials such as poly-
mers [42], biomaterials [43], or thin films [44, 45]. By bombarding the specimen
with an energetic ion beam, a process also referred to as sputtering, ions pene-
trate the surface layer and trigger the emission of a range of different particles
(Figure 9A). While most of the sputtered material remains charge-neutral, a
small fraction is ionized to yield either positively or negatively charged secondary
ions. These ions are then guided to a mass spectrometer for analysis to provide
detailed information about the elemental, isotopic, or molecular composition
of the material. Unlike XRF-based chemical imaging, SIMS not only includes
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Figure 9. Principle of secondary ion mass spectrometry (SIMS) imaging. (A) A primary
beam of focused Cs* ions triggers the ejection of fragments from the surface layer.
Charged secondary ions are collected with an extractor and guided to a mass spectrometer
for analysis. Raster-scanning of the sample with an x-y stage yields spatially resolved
images of the surface composition. (B) In nano SIMS, the primary ion beam is oriented

orthogonal to the surface to yield a narrower focus for much-increased spatial resolution
below 50 nm.

sample surface
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information about elemental concentrations but may also inform on the molecu-
lar structure of the surface material. However, the high energy of the primary
ion beam yields only small molecular fragments, thus limiting biological applica-
tions of SIMS to the analysis and identification of low-molecular-weight species.
Analogous to XRF-based elemental imaging, the sample is raster-scanned on an
x-y stage to produce images of the surface composition with a routine lateral
resolution in the low micrometer range [46, 47].

Commercial SIMS instruments can be divided into three major classes: static
SIMS, dynamic SIMS, and nano SIMS devices. Static SIMS or TOF-SIMS instru-
ments employ a relatively low-count pulsed primary-ion beam such that each
primary ion impacts only within a previously undisturbed area. The ensuing sec-
ondary ions are separated and analyzed based on their mass-to-charge ratio using
a time-of-flight (TOF) or quadrupole-TOF (QTOF) mass spectrometer. Static
SIMS instruments can achieve a high spatial resolution and may provide struc-
tural information for molecules with mass-to-charge ratios (m/z) of up to 1500.
In contrast, dynamic SIMS employs a continuous primary-ion beam for sputter-
ing, which inundates the uppermost surface with primary ions for sampling. The
secondary ions are collected and sent to a magnetic sector or a quadrupole mass
spectrometer for analysis. The dynamic range of dynamic SIMS is extensive and
allows for the sensitive detection of fragments from the ppm to ppb concentra-
tion range. Finally, nano SIMS represents the highest resolution methodology
and has evolved into a powerful tool for chemical imaging in the biological field.
Nano SIMS instruments feature an improved ion optics to achieve a sub-50 nm
lateral resolution, offer enhanced detection sensitivity, and allow for the simulta-
neous detection of up to seven mass signals [48]. With the development of the
micro-cesium ion source, which has been commercialized by CAMECA, the inci-
dent angle of the primary ion beam was changed from 40 to 90 degrees relative
to the sample surface while simultaneously extracting the secondary ions in a
coaxial geometry (Figure 9B). As the orthogonal incident beam produces a circu-
lar rather than elliptical spot shape, the ion beam can be focused to a smaller
size, which in turn results in a greatly enhanced lateral resolution. There are two
different types of primary ion sources used in nano SIMS instruments: Cs™ is
the preferred choice for generating negatively charged secondary ions, and 6O~
is employed for positively charged secondary ion analysis. The Cs* primary ion
source also generates secondary electrons during the sputtering process. These
secondary electrons can then be extracted and sent to a photomultiplier for
simultaneous secondary-electron imaging. Nano SIMS also allows for quantita-
tive imaging and depth profiling.

While the spatial resolution of conventional static SIMS represents the pre-
ferred choice for the analysis of tissue or multicellular colonies, nano SIMS en-
ables imaging at the single-cell level to visualize subcellular details. For example,
Ghosal et al. used nano SIMS to perform a 3D depth profile analysis of individu-
al micrometer-sized bacterial spores [49]. The elemental maps revealed that
phosphorous was localized in the center of the spores, whereas chlorine was
found mostly in the outercoat. Similar to XRF elemental mapping with a syn-
chrotron microprobe, nano SIMS can be used to derive spatial maps of biomet-
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Figure 10. Subcellular nano SIMS imaging of copper-accumulating compartments in
Chlamydomonas reinhardtii. Density maps for “°Ca* and %*Cu™ (normalized to '>C™)
revealed that the two elements colocalize in zinc-limited cells. The areas of colocalization
also coincide with electron-dense structures revealed by STEM in panel (B). Scale bars:
1 um. Reproduced with permission from [50]; copyright 2014, Springer Nature.

als. For example, nano SIMS studies of the unicellular algae Chlamydomonas
reinhardtii revealed copper accumulation and colocalization with calcium in lyso-
some-related organelles when cells were grown under zinc limiting conditions
(Figure 10A). Sites with elevated copper levels also coincided with electron-
dense structures visualized by scanning transition electron microscopy (STEM)
(Figure 10B). The researchers inferred that the sequestration of copper into in-
tracellular compartments might be a cellular response for preventing protein
mis-metalation during zinc deficiency [50].

Although SIMS represents, without doubt, a very powerful tool for elemental
and molecular imaging, there are several limitations to this technology. The ultra-
high vacuum required for scanning restricts the type of specimens that can be
analyzed, and the tightly focused ion beam significantly limits the total imaging
area, typically just to a few mm?. As the high-energy beam yields primarily small
fragments, only limited molecular information can be derived. Finally, continu-
ous bombardment with the primary ion beam destroys the sample surface, and
it is therefore not possible to reproduce a scan of the same area for statistical
evaluation.

3.2. Laser Ablation Inductively Coupled Plasma Mass
Spectrometry

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) rep-
resents another powerful imaging modality for analyzing the spatial distribution
of trace metals in cells and tissues [51]. As implied by the name, the technique
employs inductively coupled plasma mass spectrometry to quantify elemental
concentrations. While this technique has been originally developed for the analy-
sis of bulk samples, the development of new ionization techniques, improved
separation systems, and more sensitive detectors made the in situ analysis of soft
tissue possible. Since its introduction in 1985 [52], LA-ICP-MS has evolved into
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Figure 11. High-resolution LA-ICP-MS imaging of the copper distribution in a brain
section of a mouse model of Wilson’s disease (Atp7b™", bottom row) and the correspond-
ing wild-type (top row). The carbon map to the left served as internal standard for quanti-
fying the copper levels. Color scale range from 0 to 20 ug/g Cu. Reproduced with permis-
sion from [61]; copyright 2014, Springer Nature.

a widely used analytical tool for multi-elemental analysis and offers a wide dy-
namic range combined with minimum sample preparation requirements [53].
Contrary to SIMS, tissues can be analyzed under ambient pressure without the
need for a sophisticated vacuum system. Instead of using a high-energy ion
beam, the material is excited with a pulsed laser, which causes rapid heating of
the surface area and ablation of small particles [54]. The laser beam, typically a
Nd:YAG laser with deep-UV output (A4 = 266 nm), irradiates the sample with
high positional precision to ablate material only within the small focal area.
Depending on the laser wavelength and fluence, particles with sizes ranging from
0.02 to 5 um are produced [55]. The vaporized particles are then introduced into
a plasma composed of ionized argon gas, which decomposes the particles into
individual atomic ions [56]. The ions are subsequently analyzed in a mass spec-
trometer equipped with a quadrupole or double-focusing sector field mass analy-
zer. Similar to SXRF microscopy, the specimen is raster-scanned to produce ele-
mental maps with lateral resolutions of around 1 um [57] suitable for subcellular
imaging [58]. As the amount of ablated material depends on several experimen-
tal parameters, such as the laser spot size, pulse rate, and scan speed, elemental
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quantification is only possible through calibration with suitable reference stan-
dards [59].

Given the high sensitivity combined with a spatial resolution in the low mi-
crometer range, LA-ICP-MS is especially well suited for analyzing large tissue
sections that do not require subcellular detail as provided by SXRF microscopy.
For example, LA-ICP-MS was employed to create an elemental atlas depicting
quantitative maps of iron, copper, and zinc in a serially sectioned mouse brain
[60]. To illustrate the application of LA-ICP-MS for the analysis of trace el-
ements within complex biological tissues, Figure 11 shows high-resolution maps
of the copper distribution within brain tissue sections of a Wilson’s disease model
mouse compared to wild-type [61]. The study revealed significant accumulation
of copper in brain parenchyma but reduced levels in the periventricular region
of the disease model. These data underscore the utility of LA-ICP-MS to visual-
ize trace metal distributions in large tissue sections.

4. FLUORESCENCE IMAGING WITH METAL-ION
SELECTIVE PROBES

4.1. Probing Cellular Metals with Synthetic Fluorescent Probes

Fluorescent probes are small organic molecules that reversibly bind to metal
ions and respond with a change in their photophysical properties. They rank
among the most widely used tools for detecting metal ions within a biological
environment [62, 63]. Unlike all other techniques discussed in this chapter, fluo-
rescent probes do not require specialized and expensive equipment; instead, they
rely on conventional fluorescence microscopes for visualizing dynamic changes
in metal ion concentrations. Because of their lipophilicity and low molecular
weight, synthetic probes can enter cells through passive diffusion. This non-inva-
sive imaging approach renders them the preferred tool for visualizing metal ions
in live cells, tissues, and even whole organisms.

As illustrated in Figure 12, the molecular architecture of a fluorescent probe
is composed of a binding site, which is tethered to a fluorophore reporter with
a suitable spacer. Selective interaction of the metal ion with the binding site
elicits either an intensity change or spectral shift, which can be monitored with
a fluorescence microscope. Because analytes must bind to the probe to trigger a
fluorescence change, non-labile metal ions such as those buried within proteins
scaffolds cannot be detected by this method. In this regard, fluorescent probes
should not be considered a cost-effective alternative to quantitative microanalyt-
ical techniques such as SXREF, SIMS, or LA-ICP MS imaging, but rather a com-
plementary tool for exploring dynamic changes of labile metal ion pools.

As fluorescent probes respond to labile metal ions, an in-depth understanding
of the underlying metal exchange equilibria is of fundamental importance [64].
Although the speciation of the exchangeable metal ion pool remains elusive, the
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Figure 12. Schematic illustrating the design principle of a fluorescent probe. The probe
senses a metal ion M™* by engaging in a reversible binding equilibrium. Binding to the
receptor site is communicated through a suitable transducing mechanism to a reporter
fluorophore, which responds either with a change in fluorescence intensity or a spectral
shift.

cellular concentration of free metal ions appears to be low, especially in the
case of transition metal ions [7, 65]. Analogous to a pH buffer, an ensemble
of polydisperse ligands is responsible for keeping the effective free metal ion
concentration at a level that is much lower than the nominal concentration of
the total exchangeable metal ion pool. Moreover, the buffered concentration
depends on the nature of the metal ion and may also vary between cell types
and organisms. For example, increasing evidence suggests that the exchangeable
Zn(II) pool in mammalian cells is buffered at low nano- to high picomolar con-
centrations [8, 66], and recent imaging studies indicate low attomolar buffered
concentrations for Cu(I), the predominant oxidation state of labile copper within
the reducing cellular environment [6].

At a fundamental level, the magnitude of the fluorescence change upon metal
binding is related to the change in fractional saturation, which refers to the ratio
of metal-bound versus total probe concentration. As the probe engages in a
competitive metal exchange equilibrium with endogenous ligands, the observed
fluorescence response depends on its binding affinity relative to the buffered
metal ion concentration. Figure 13 illustrates this dependence with a set of three
simulated binding isotherms for probes with different dissociation constants, as-
suming a buffered metal ion concentration increase from 0.1 to 10 nM. A probe
with a stability constant of log K = 9 (K4 = 1 nM), for example, would respond
to such a concentration swing with an approximately 9-fold increase of the frac-
tional saturation from ~10 to 90 % with a mid-point at 1 nM. In contrast, a
higher-affinity probe with log K = 11 (K4 = 10 pM) would already attain near
90 % fractional saturation at the lowest metal ion concentration, and a lower-
affinity probe with log K = 7 (K4 = 100 nM) would remain >90 % free, even at
the highest metal ion concentration. Thus, the fluorescence response of the two
probes with poorly matched affinities would be significantly smaller for the same
change in buffered metal ion concentration. To ensure that the probe operates
within the optimal dynamic range, it is therefore critical to evaluate its fractional
saturation within the biological context. This can be accomplished by establishing
the maximum and minimum probe response with suitable ionophores and mem-
brane-permeant chelators.
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Figure 13. Simulated binding isotherms for three fluorescent probes with different metal
dissociation constants (K4) of 100 nM, 1 nM, and 10 pM. If the buffered metal ion concen-
tration increases 100-fold from 100 pM to 10 nM, only the probe with a matched K, of
1 nM responds with a large change in fractional saturation from 10 to 90 %. In contrast,
the high-affinity probe is already saturated to 90 % at the lowest metal concentration,
whereas the lower affinity probe does not bind beyond 10 % fractional saturation at the
highest concentration.

4.2. Single-Wavelength Intensity-Based Probes
4.2.1. Fluorescence Switching Based on Photoinduced Electron Transfer

Fluorescent probes that respond with an increase in fluorescence intensity upon
metal binding constitute presumably the most extensive class among currently
available metal ion-responsive probes. As even small increases in the fluores-
cence intensity can be readily discerned by a photomultiplier detector, their dy-
namic range is typically wider compared to dual-wavelength probes that respond
with a spectral shift (Section 4.3). While a broad range of design approaches
have been developed to translate the metal-binding event into a measurable
fluorescence increase, photoinduced electron transfer (PET) based fluorescence
switching ranks among the most widely employed mechanisms. In this design
approach, the metal ion chelator is attached to a fluorophore through a sigma-
bond spacer that electronically decouples the two units from each other. In the
absence of the metal ion, the chelator moiety acts as an electron donor (D) to
promote an intramolecular electron transfer reaction to the excited fluorophore
(A*) serving as the electron acceptor (Figure 14). The radical ion pair formed in
the process subsequently undergoes charge recombination back to the ground
state GS. Because charge recombination typically occurs without the emission of
a photon, the fluorescence is effectively quenched. If a metal ion is coordinated
to the chelator, the driving force for PET is reduced, and the fluorescence emis-
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Figure 14. Simplified Jablonski diagram showing the mechanism of analyte-dependent
photoinduced electron transfer (PET) fluorescence switching. (A) In the free probe, the
electron rich donor (D) quenches the fluorescence of the excited fluorophore acting as an
electron acceptor (A). Because the rate for electron transfer (k) is faster than radiative
deactivation (k,), the fluorescence is quenched through non-radiative charge-recombination
(ker). (B) In the analyte-bound probe, PET is rendered unfavorable due to the increased
potential of the donor (D) and the fluorescence is switched on (k, > k). Abbreviations:
Lowest-energy excited singlet state (S;), ground state (GS), electron transfer state (ET).

sion from the excited fluorophore is restored. From the simplified energy dia-
gram depicted in Figure 14, it becomes apparent that PET-induced fluorescence
quenching only occurs if the rate for the excited-state electron transfer reaction
(key) is faster than the rate for radiative deactivation (k;). Conversely, in the
metal-bound form, the fluorescence emission is only restored if k., is sufficiently
reduced over k.. Moreover, because the metal ion is not in immediate contact
with the fluorophore m-system, PET-based probes respond only with an increase
in fluorescence without spectral shift.

4.2.2. Fluorescence Contrast Optimization

When employing fluorescent probes in cells and tissues, a large fluorescence
contrast ratio between the free and metal-bound probe is advantageous. The
inhomogeneous environment of biological samples inevitably affects the probe
distribution and may produce artifacts, e.g., through sequestration into cellular
compartments such as lipid droplets or acidic vesicles [67, 68]. With a small
contrast ratio, it is very well possible that the emission intensity of the free but
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sequestered probe might exceed that of the saturated probe. In addition to the
fluorescence contrast, the molar brightness of the probe, defined by the product
of the molar extinction coefficient at the excitation wavelength and the quantum
yield of the metal-bound probe, is critical to avoid interference from cellular
autofluorescence (see also Section 4.4.1). As evident from the Jablonski diagram
in Figure 14, the fluorescence intensity of the probe is governed by the relative
rates of the electron transfer quenching (k) and the rate of radiative decay (k;)
of the excited fluorophore. To achieve a large contrast ratio, metal coordination
should therefore induce a significant reduction of k., relative to k,. According
to Marcus theory, the kinetics for PET quenching is determined by its thermody-
namic driving force [69]. The larger the energy gap between the emissive singlet
state (S;) and the charge-separated electron transfer state (ET), the more effec-
tive the fluorescence is quenched. Thus, the fluorescence contrast ratio increases
with increasing change of the ET state energy relative to S; upon metal coordina-
tion. Ideally, the ET state should reside below S; to elicit fluorescence quenching
of the free probe, but ascend above S; upon metal binding to restore maximum
fluorescence [70, 71]. To design a probe with large fluorescence contrast, it is
therefore critical to adjust the ET driving force such that an optimal balance of
the relative state energies is achieved.

The driving force for PET quenching can be estimated based on the Rehm-
Weller Equation (1), in which the energy of the ET state is approximated by the
experimental ground-state donor and acceptor potentials £(D*/D) and E(A/A7),
respectively and a work term, w,,, which captures the Coulomb stabilization energy
of the formed radical ion pair within the respective solvent [72]. In polar solvents,
this term is usually small due to dielectric screening. Because vibrational cooling
usually occurs at a faster timescale than the ET process, the excited state energy
S, can be approximated by E, the zero-zero transition energy between the vibra-
tionally relaxed ground and excited states.

AGET = E(D+/D) - E(A/A_) - EUO + Wp (1)

In general, the donor potential E(D*/D) is defined by the type of metal chelator
used for achieving the desired affinity and selectivity. Thus, the remaining para-
meters E(A/A™) and Ey, can be used to tune the PET driving force for optimiz-
ing the contrast ratio. However, both parameters depend on the nature of the
fluorophore, and in most cases, structural changes that alter the reduction poten-
tial E(A/A") also affect the excited state energy Eqy and vice versa. Nevertheless,
some fluorophore platforms exhibit an electronic structure in which the HOMO
and LUMO densities are sufficiently separated to allow for mostly independent
tuning of these two parameters [73-75]. For example, in 1,3,5-triarylpyrazoline-
based fluorophores, the HOMO densities are predominantly localized on the
aryl ring attached in the 1-position of the pyrazoline ring system, whereas the
LUMO densities are associated with the ring in the 3-position (Figure 15) [71]. As
a consequence, the attachment of electron-withdrawing or donating substituents
to the 1-aryl ring has a large effect on the excited state energy but only a small
influence on the fluorophore reduction potential [75]. Despite the significant
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PET

Figure 15. Structure (A) and molecular orbital densities (B) of the 1,3,5-triaryl-pyrazo-
line fluorophore platform. The aryl ring in the S-position is electronically decoupled and
can serve as a donor for PET-mediated fluorescence switching. The HOMO and LUMO
densities were calculated based on density functional theory (B3LYP/6-31G(d)//B3LYP/
6-311+(2d,2p)). The density plots were generated with VMD [82] based on computation-
al data from [71].

spatial separation of the HOMO and LUMO densities, pyrazolines still offer a
significant molar extinction coefficient between 20,000-30,000 M~! cm™' [76].
Also, the 5-position of the pyrazoline ring-system can serve as an attachment
point to introduce an electronically decoupled chelating unit (R3) for designing
PET-based metal-responsive probe (Figure 15A) [68, 76-81].

To illustrate the tunability of the pyrazoline fluorophore platform, the follow-
ing section outlines the design and contrast optimization of a Cu(I)-responsive
fluorescent probe [79]. Compared to non-redox active divalent transition metal
ions, the selective detection of Cu(I) poses significant challenges due to potential
interference from metal-mediated quenching pathways. Furthermore, coordina-
tion of the mono-cationic Cu(I) is expected to yield a significantly smaller differ-
ential increase of the donor potential £(D*/D) compared to divalent cations
such as Zn(II) or Mg(II). Therefore, fine-tuning of the PET driving force is
critical to achieve a large fluorescence contrast. Following the design concept
outlined above, the pyrazoline fluorophore was functionalized in the 5-position
with a Cu(I)-chelator composed of a mixed aza-thioether NS; coordination envi-
ronment (Figure 16A). To maximize the increase in donor potential upon Cu(I)-
binding, the aniline nitrogen was substituted only with a single thioether arm.
With this ligand architecture, the aniline nitrogen can adopt a trigonal planar
geometry for efficient resonance stabilization of the transient radical cation
formed upon PET. In the Cu(I)-bound form, the aniline nitrogen is engaged in
metal coordination and assumes a tetrahedral geometry, which no longer sup-
ports resonance stabilization. Thus, the conformational and electronic changes
upon metal coordination work in concert to maximize suppression of PET
quenching in favor of a large fluorescence contrast. To match the donor potential
of the metal chelating unit with an appropriate acceptor, the 3-aryl ring of the
pyrazoline fluorophore was functionalized with an electron-withdrawing cyano
group. This modification lowers the acceptor potential by approximately 0.5V
compared to the corresponding unsubstituted derivative [71]. Finally, the excited
state energy was adjusted step-wise by modifying the 1-aryl ring with fluoro
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Figure 16. Design and contrast optimization of a Cu(I)-responsive probe based on elec-
tronic tuning of 1,3,5-triaryl pyrazolines [79]. (A) Molecular structure of the probe family
la-e featuring a thiaza-ligand as Cu(I) recognition site. (B) With increasing number of
fluoro substituents R, the excited state energy S, increases in a step-wise fashion. Deriva-
tive 1c offers the strongest PET driving force while still keeping the ET energy above S,
upon Cu(I) coordination, thus producing a maximum 210-fold fluorescence enhancement.
All pertinent photophysical data for probes la—e are compiled in Table 3. (C) Fluores-
cence titration of 1¢ (5 uM) with [Cu(I)(CH3CN),]PF4 in methanol (excitation at 362 nm).
The arrow indicates the change upon Cu(I) addition.

substituents. As evident from the data compiled in Table 3, both the absorption
and emission maxima moved towards shorter wavelength with increasing num-
ber of fluoro substituents; however, the acceptor potential remained centered
at -2.19 4+ 0.03 V. Concomitant with the increase of the excited state energy Eq,
the PET driving force increased by 0.37 eV from AG, = 0.18 eV to 0.55eV
(Figure 16B). With an intermediate driving force of 0.36 eV, derivative 1c¢ offers
the optimal balance between the relative energies of excited state Sy and the ET
state. In the absence of Cu(I), the ET state resides significantly below S; to
effectively quench the fluorescence emission but rises above S; upon Cu(I) bind-
ing, thus yielding a 210-fold fluorescence enhancement (Figure 16C). Time-re-
solved fluorescence studies revealed that radiative deactivation from S; is ap-
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Table 3. Photophysical Data of Cu(I)-responsive pyrazoline probes 1la—e in methanol at
298 K.®

Rn abs ;"max em )"max Eoo b E(A/A_) ¢ AGet d q)f € Ef f
[nm] [nm] [eV] [V] [eV]

la 3-F 391 486 2.86 221 -0.18 0.57 34

1b 25F, 380 479 2.93 -2.18 -0.27 0.54 74

1c 235F, 371 463 3.01 -2.15 -0.36 0.49 210

1d 2356-F, 354 441 3.16 221 -0.46 0.24 160

le 2345,6-Fs 346 432 3.23 -2.18 -0.55 0.21 n.d.

2 Data adopted from [79].

b Zero-zero transition energy of the emissive state (Egg = (Eaps(max) + FEp(max))/2).

¢ Half-wave acceptor potential versus Fc ™ in acetonitrile (0.1 M Bu,NPFg, 298 K).

4 PET driving force calculated based on the Rehm-Weller Equation (1) with w,, = —-0.045 eV.

¢ Fluorescence quantum yield of the Cu(I)-saturated probe.

f Fluorescence enhancement factor (contrast ratio) between the free and Cu(I)-bound
probe.

proximately 3-times faster than the rate of electron transfer quenching [79]. In
contrast, the excited state energy of derivatives 1d and le reside both above
the energy of the ET state in the Cu(I)-bound form, and for this reason, the
fluorescence quantum yield does not fully recover, thus compromising the fluo-
rescence contrast. Although Cu(I) would be expected to act as an efficient
electron donor to promote formation of the charge-separated radical ion pair
[Cu?t-D-A*"] (Figure 16B), the kinetics for this pathway is too slow to compete
with radiative deactivation, likely due to the large reorganization energy in-
volved with the oxidation of Cu(I) to Cu(II).

Because probes la—e are too lipophilic to dissolve in water without colloidal
aggregation [68], the fluorescence properties were optimized in methanol, which
is significantly different from an aqueous biological environment. Nevertheless,
the same photophysical tuning concept was successfully applied towards optimiz-
ing the fluorescence contrast of water-soluble pyrazoline derivatives. Functional-
ized with hydroxymethyl and sulfonic acid functional groups, the Cu(I)-responsive
fluorescent probe CTAP-3 offers, for example, a 180-fold fluorescence contrast
with a quantum yield of 41 % and a limit of detection in the sub-part-per-trillion
concentration range [83].

4.3. Dual-Wavelength Ratiometric Probes
4.3.1. Ratiometric Fluorescence Imaging

Fluorescent probes that respond with a significant chromatic shift in the excita-
tion or emission spectra upon metal binding can be utilized for dual-wavelength
ratiometric imaging. Instead of acquiring mere intensity changes at a single
wavelength, ratiometric imaging relies on analyzing the ratio of fluorescence
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intensities at two distinct excitation or emission wavelengths. By evaluating the
ratio rather than absolute signal intensities, differences due to uneven cellular
loading or photobleaching are canceled out. For this reason, ratiometric micros-
copy is less prone to artifacts than intensity-based imaging with single-wave-
length probes. Moreover, the actual buffered metal ion concentration [M] can
be directly estimated from the intensity ratio according to Equation (2),

R - Rmin Sf
[M] = Kd <Rmax_R> <Sb> (2)

where K, refers to the dissociation constant of the probe-metal complex, R,
and R, correspond to the minimum and maximum fluorescence intensity ratios
of the free and metal-saturated probe, respectively, and S; and S, are instrument-
dependent calibration constants [84]. If one of the acquisition wavelengths is
assigned to the crossover point of the calibration spectra, the instrument-depend-
ent term assumes unity and becomes obsolete. In this case, the fractional satura-
tion f of the probe can be directly derived from the limiting ratios R,,;, and R .
according to Equation (3),

R - Rmin
(e ) )

where fis defined as the ratio of the metal-bound and total probe concentrations.
Because it is easier to detect a fluorescence increase than a spectral shift, the
dynamic range of ratiometric probes is inherently smaller compared to single-
wavelength probes. It should also be noted that Equations (2) and (3) only apply
to probes that reversibly coordinate the metal ion with a robust 1:1 binding
stoichiometry.

While numerous single-wavelength probes have been developed for biologi-
cally relevant metal cations, the literature on ratiometric probes is comparative-
ly sparse, even though ratiometric imaging microscopy was conceived more
than 30 years ago [84]. Nevertheless, it is difficult to overstate the impact of
the first ratiometric probes, in particular, fura-2 [84], on advancing our under-
standing of the role of Ca(Il) in the central nervous system. As shown in
Figure 17A, fura-2 is derived from the Ca(II)-selective chelator BAPTA (1,2-
bis(o-aminophenoxy)ethane-N, N, N’,N'-tetraacetic acid), which is fused with an
electron-deficient heterocyclic system to create a dipolar push-pull fluorophore
architecture. The free probe features an excitation maximum of 362 nm, which
shifts to 335 nm upon saturation with Ca(II). To maximize the ratio swing be-
tween the free and saturated probe, the fluorescence intensity ratio is routinely
acquired with excitation at 340 and 380 nm (Figure 17B, red bars). Most recently,
an LED-based illuminator that closely matches these excitation peaks was devel-
oped and successfully employed for visualizing spontaneous Ca(II)-transients in
hippocampal neurons [85]. With a K4 of 135 nM (100 mM KCl, 20°C, pH 7.1-
7.2), fura-2 is well suited to capture dynamic Ca(II) fluxes in live cells. However,
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Figure 17. Ratiometric fluorescence imaging of Ca(1I) ions. (A) Molecular structure of
the Ca(IT)-selective fluorescent probe fura-2. (B) Excitation spectra of fura-2 acquired at
510 nm as a function of the fractional saturation f = [Ca(II)-fura-2]/[fura-2],oy. (C) Dynam-
ic imaging of a Ca(II)-wave in embryonic cardiomyocytes using fura-2 AM ester. DIC =
differential interference contrast. The false-color intensity ratio micrographs illustrate the
time-dependent progression of the Ca(II) wave. Adopted with permission from [87]; copy-
right 2007, Rockefeller University Press.

the charged carboxylic acid groups of fura-2 render the probe membrane imper-
meant, thus preventing its direct use for intracellular imaging. To enable cellular
uptake through passive diffusion across the plasma membrane, the carboxylic
acid groups can be masked as charge-neutral esters [86]. Upon cellular uptake,
the masking groups are cleaved by non-specific esterases to yield the charged
carboxylate anions, thus trapping the probe within cells and increasing the over-
all cellular retention. Due to their rapid hydrolysis kinetics, acetoxymethyl (AM)
esters have been widely adopted as masking groups. Without a doubt, the ability
to load a fluorescent probe into the cytosol of live cells represents a key develop-
ment that revolutionized cell biology research [86]. As an example, Figure 17C
shows the time-dependent progression of a Ca(Il) wave in embryonic cardio-
myocytes loaded with fura-2-AM [87]. The study revealed that periodic Ca(II)
oscillations were local events, which generated action potentials responsible for
the synchronization of electrical and mechanical signals.
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4.3.2.  Design of Ratiometric Fluorescent Probes

Compared to single-wavelength intensity-based probes, the body of literature on
ratiometric fluorescent probes is modest, and only a few probes are commercially
available. Several design principles have been described for inducing a chromatic
shift of the fluorescence upon metal ion binding [88]. The original approach intro-
duced by Tsien and coworkers with the Ca(II)-selective fluorescent probe fura-2
shown in Figure 17 employs a donor-acceptor substituted fluorophore architecture
to produce a polarized intramolecular charge transfer (ICT) state upon photoexci-
tation [84]. In a polar solvent such as water, the polarized ICT state is stabilized
through solvent-solute interactions, which are responsible for an unstructured
emission band with a large Stokes shift. By employing the Lewis base heteroatom
of a chelator both as metal-binding site and donor moiety of the fluorophore
m-system, interaction of the metal ion decreases the degree of charge transfer,
which in turn yields a higher-energy ICT state and a blue-shifted absorption and
emission. As apparent from the molecular structure of fura-2 (Figure 17A), the
aniline nitrogen of the BAPTA chelator serves as the electron donor that is
responsible for modulating the energy of the ICT state upon Ca(II) binding.

As explained in detail in Section 4.4.3, the push-pull fluorophore architecture
of fura-2 yields only a small chromatic shift in the emission response. Compared
to excitation ratiometric microscopy, which requires rapid switching between two
different excitation light sources, the instrumentation for emission-ratiometric
sensing is less involved and thus the preferred imaging mode. Here, the fluores-
cence intensity of two emission channels can be measured without time delay by
guiding the emitted photons through two band-pass filters with a beam splitter.
To create fluorescent probes for emission-ratiometric sensing, several design con-
cepts have been explored. For example, some fluorophores containing an intra-
molecular hydrogen bond undergo an excited-state intramolecular proton trans-
fer (ESIPT) reaction to generate a tautomeric species with a strongly red-shifted
emission [89]. If metal-coordination disrupts the intramolecular hydrogen bond,
the ESIPT process is no longer operative, and the fluorophore emits with a
strong blue-shift relative to the free probe [90, 91]. Another common approach
for the design of emission-ratiometric probes utilizes a pair of fluorophores that
interact through a Forster resonance energy transfer (FRET) mechanism in a
metal-dependent fashion [88]. One of the fluorophores serves as a donor, which
upon excitation emits at a wavelength that overlaps with the absorption spectrum
of the second fluorophore acting as a FRET acceptor. Thus, excitation of the
donor fluorophore produces a dual emission signal originating from both the
donor and acceptor fluorophores. Several strategies have been realized to couple
metal-binding to FRET efficiency, which depends on the donor-acceptor distance
as well as the spectral overlap. This approach has been extensively utilized for
the design of genetically encoded metal-responsive probes using fluorescent pro-
teins as FRET pairs [92, 93].
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4.4. Two-Photon Excitation Microscopy
4.4.1. Physical Principle

In two-photon excitation microscopy (TPEM), the fluorophore is excited by the
simultaneous absorption of two photons in a single quantized event [94]. Analo-
gous to one-photon excitation, fluorescence is emitted when the fluorophore
returns to the ground state (Figure 18). As the energy of a photon is inversely
proportional to its wavelength, fluorophores commonly employed in convention-
al fluorescence microscopy can be excited in the near-infrared region between
700 and 1000 nm [95]. The lower excitation energy reduces not only phototoxici-
ty and photobleaching but also improves tissue penetration due to reduced Ray-
leigh scattering [96]. These properties are particularly advantageous for long-
term imaging of live cells, tissues, or even whole organisms [97].

The theory of two-photon absorption was first developed by Maria Goppert-
Mayer in 1931 [98], but only with the advent of lasers thirty years later, the
phenomenon was experimentally demonstrated in a CaF,: Eu?>™ crystal [99]. Be-
cause the probability for the simultaneous absorption of two photons is very low,
two-photon excitation requires a very high photon flux that is only present within
the small focal volume (Figure 18B) [100]. To achieve the photon density neces-
sary for two-photon absorption while minimizing the average power exposure, a
mode-locked femtosecond-pulsed Ti:sapphire laser is employed as the excitation
source. As two-photon absorption is a non-linear process, the emitted fluores-
cence scales with the square of the excitation intensity and drops with the 4%
power as the distance z increases from the focal plane (I « z™*). Thus, fluoro-
phores located outside the focal plane are not excited, and TPEM, therefore,
offers intrinsic optical sectioning capabilities for acquiring three-dimensional im-
age stacks. By focusing the incident photons with a high numerical aperture
(NA) objective, excitation volumes as small as 100 attoliters (0.1 um?®) can be
achieved [101]. While conventional confocal microscopy also allows for optical
sectioning by rejecting fluorescence from out-of-focus emitters with a pin-hole
[102], the excitation beam still passes through the entire specimen and drops only
with the squared distance from the focal plane (Figure 18A). As a consequence,
fluorophores located outside the focal plane are still excited and are subjected
to photobleaching or may promote phototoxicity. Moreover, many biomolecules
absorb visible light [103], thus attenuating the excitation beam before it can
reach the focal plane [102]. As the excited biomolecules may also fluoresce, the
background fluorescence increases and reduces the overall imaging contrast.

While it might appear that TPEM differs from conventional fluorescence mi-
croscopy only in terms of the excitation mode, the fluorescence brightness of a
fluorophore can vary significantly due to the different selection rules that apply
for one- versus two-photon absorption. In general, the molecular brightness of
a fluorophore is proportional to its quantum yield and absorption cross-section
at the wavelength of excitation. Fluorophores with a large brightness enable
imaging at lower concentrations, which minimizes photodamage to the sample
at the laser power commonly used in TPEM (~5mW at the objective lens)
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Figure 18. Principle of one-photon vs. two-photon excited fluorescence microscopy. (A)
Left: Absorption of a single photon with energy Av,p promotes electronic excitation of a
fluorophore from the ground state (Sy) to the first excited state (S;). After vibrational
cooling, the fluorophore emits a photon with slightly lower energy (Av.n, < hvp). Right:
Although the incident photon intensity decreases with the squared distance from the focal
plane, out-of-focus emitters are still excited and contribute to background fluorescence,
photobleaching, and phototoxicity. (B) Left: Simultaneous absorption of two photons
yields the same excited state S; but with half of the photon energy. Right: Two-photon
excited fluorescence (green) occurs only within the small focal volume where the photon
density is sufficiently high.

[104]. While the quantum yield is mainly independent of the excitation mode,
the absorption cross-section may vary significantly.

As illustrated with the data compiled in Table 4 for three common fluorophores
employed in conventional fluorescence microscopy, their molecular brightness crit-
ically depends on the excitation mode. For ease of comparison, the relative bright-
ness of each fluorophore has been normalized to the value of fluorescein. As is
customary, the two-photon absorption cross-sections are listed in units of Goppert-
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Table 4. One- and two-photon absorption properties of fluorophores commonly used in
linear microscopy.

one-photon abs two-photon abs rel. brightness®

Mnax € Mnax O o 1P 2P Ref.

[nm] [10*M'em™] [mm] [GM]?
Fluorescein 490 7.6 790 47 093 1.00 1.00 [105]
Rhodamine 6G 530 11.6 700 120 095 1.56 2.61 [106]
BODIPY 492 500 7.9 920 15 095 1.06 0.31 [107]

2 Brightness for one- (1P) and two-photon (2P) excited fluorescence emission relative to
fluorescein (calculated as the product of absorption cross-section and quantum yield).
® Two-photon absorption cross-section at the wavelength indicated in column to the left.

1 GM = 10° cm* s photon™ molecule.
¢ Fluorescence quantum yield.

Mayer (GM) where 1 GM corresponds to 107°° cm* s photon™ molecule™. In one-
photon excitation mode (1P), rhodamine 6G offers superior brightness with a
value that is approximately 50 % higher compared to fluorescein or BODIPY 492.
In two-photon excitation mode (2P), BODIPY is more than 3-times dimmer com-
pared to fluorescein due to its lower absorption cross-section of 15 GM. In con-
trast, the favorable cross-section of rhodamine 6G of 120 GM renders its bright-
ness more than 8-times higher compared to BODIPY and over 2-fold higher than
fluorescein. This comparison underscores the importance of employing fluorescent
probes and labels with a high two-photon absorption cross-section. Because the
two-photon excited brightness of most biomolecule is low, TPEM yields a lower
autofluorescence background and significantly improved imaging contrast over
conventional linear fluorescence microscopy.

4.4.2. Design of Fluorescent Probes for Two-Photon Excitation
Microscopy

As outlined in the previous section, fluorescent probes should offer a large 2PA
cross-section to provide sufficient brightness for TPEM imaging applications. In
general, the 2PA cross-section of a fluorophore increases with increasing charge
transfer upon transitioning from the ground to the excited state [108, 109]. In
the simplest case, a large excited-state charge polarization can be realized by
substituting a conjugated s-system with electron-donating (D) and accepting (A)
substituents to yield a dipolar fluorophore architecture. For example, when naph-
thalene is modified with an acetyl and dimethylamino group in the 2- and 6-
positions, respectively, the 2PA cross-section increases by more than two orders
of magnitude from 2.5 GM [110] to 302 GM for acedan I [111] (Figure 19A).
Based on a simple two-state model that considers only the ground state S, and
lowest-energy excited state S, the maximum absorption cross-section ., at
the two-photon resonance energy (E; = 2 hv) is proportional to the square of
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Figure 19. Molecular design principles for optimizing the two-photon absorption cross-
section based on various arrangements of donor (D, blue) and acceptor (A, red) moieties
tethered together through conjugated m-bridges (grey). (A) dipolar, (B) quadrupolar, and
(C) octupolar fluorophore architectures, including representative structures and corre-
sponding experimental 2PA cross-sections.

the transition dipole moment M, and the change of the permanent dipole Ay =
uy — 4o moment between the ground and excited states as expressed by Equation

4)

2n42
o < L "

where I' corresponds to a damping factor describing the bandwidth of the Sy —
S, transition.

From Equation (4) it becomes apparent that, in principle, the 2PA cross-sec-
tion could be further increased by increasing the donor and acceptor strength of
the terminal substituents or by extending the conjugation length of the push-pull
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ni-system as illustrated with the alkyne-bridged fluorophore II [112]. However,
in polar solvents such as water, an increased excited state polarization also en-
hances solute-solvent interactions, which in turn may lower the 2PA cross-section
and quantum yield, thus attenuating the overall brightness [113]. While the per-
formance of dipolar fluorophores is often compromised in aqueous solutions, the
2PA cross-section and quantum yield of lipophilic probes might increase in cells
by partitioning within lipid bilayers.

By tethering together multiple donor and acceptor moieties, push-pull archi-
tectures with further increased complexity can be created, including quadrupolar
and octupolar geometries (Figure 19B and C). Fluorophores with a centrosym-
metric arrangement of donor and acceptor groups exhibit an unusually large
2PA cross-section. Due to the dipole selection rules, excitation from the ground
state Sy to the lowest-energy excited state S; is symmetry forbidden. As a conse-
quence, the lowest-energy excitation occurs only to the next higher-lying singlet
state S,, which is reached through a nonstationary “virtual state”. Employing a
three-state model encompassing Sy, S, and S,, the 2PA cross-section 0, at the
2PA resonance energy (E, = 2 hv) is proportional to the squared transition di-
pole moments My, and M, as described by Equation (5)

2 2
Mg M1,

&)
(E, — ho)r

6max

The bandwidth of the Sy — S, transition is again captured by the damping term
I', which is approximately ~0.1 eV for many quadrupolar organic fluorophores.
Because the centrosymmetric charge distribution results in a net-zero dipole mo-
ment in the ground and excited states, the permanent dipole term of Equation (4)
is not present in Equation (5). Analogous to dipolar fluorophores, substitution
with electron-donating and withdrawing groups dramatically increases the 2PA
cross-section, as illustrated for the centrosymmetric fluorophores III and IV (Fig-
ure 19B). Despite the additional branch, the octupolar architecture V does not
further boost the 2PA cross-section (Figure 19C); however, it still offers an approx-
imately 2-fold improvement over the simple dipolar arrangement of II.
Although quadrupolar and octupolar fluorophores display much higher 2PA
cross-sections than dipolar structures, the design of metal ion-responsive probes
based on these architectures poses significant challenges. First, the linear geom-
etry of the extended m-system promotes intermolecular interactions, which not
only reduce the solubility in polar solvents but also promote self-aggregation.
Second, a centrosymmetric architecture would require the incorporation of two
analyte binding sites, either acting as donor or acceptor moieties. However, bind-
ing of a single analyte equivalent would compromise the symmetry, thus reducing
the 2PA cross-section and complicating the quantitative evaluation of the emis-
sion response. Finally, to achieve a balanced 2PA cross-section and fluorescence
brightness upon analyte binding, the magnitude of the transition dipole moments
should be retained at a similar level. As illustrated with the aza-crown ether
substituted distyrylbenzenes CR1 and CR2 (Figure 20), coordination of Mg(II)
has a profound impact on the 2PA cross-section and brightness of these struc-
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Figure 20. Two-photon excited fluorescence detection of metal ions with probes featur-
ing conjugated push-pull m-systems. (A) Replacing the dibutylamino donor moieties of
the parent fluorophore CN-DSB with one or two azacrown chelators yielded the Mg(II)-
responsive probes CR1 and CR2. (B) The 2PA cross-section of CR2 dramatically de-
creased upon saturation with Mg(IT) due to a reduction of the transition dipole moments.
Data adopted with permission from [114]; copyright 2004, American Chemical Society.

tures [114]. While modification of the symmetric parent structure CN-DSB with
a single crown ether binding site in CR1 reduced the 2PA cross-section only
moderately from 2500 GM to 1800 GM, saturation with Mg(II) resulted in a
6-fold decrease to 300 GM (810 nm) and an over 30-fold reduction in overall
brightness (Figure 20B). Moreover, the centrosymmetric probe CR2 exhibits a
very large 2PA cross-section of 2150 GM (810 nm); however, saturation of both
binding sites with Mg(II) diminished the 2PA cross-section to 45 GM resulting
in an almost 50-fold reduction in brightness. In both compounds, coordination
of Mg(II) reduced the donor strength of the crown ether moiety, which affected
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Figure 21. Fluorescent probes for two-photon microscopy employing the dipolar acedan
fluorophore. Due to the modular probe architecture, the chelator moiety can readily be
modified to create a range of probes with distinct metal ion selectivity, e.g., towards Zn(II)
(AZn2), Hg(IT) (AHgl), or Ni(II) (ANil).

the 2PA cross-section due to the reduced transition dipole moment according to
Equation (5).

Given the challenges associated with centrosymmetric architectures, simple di-
polar fluorophores have emerged as the preferred choice for designing fluores-
cent probes, despite their lower 2PA cross-sections [115]. For example, the di-
polar acedan fluorophore with its favorable 2PA cross-section has been
extensively used for the design of fluorescent probes [116]. Based on a modular
approach, a diverse array of metal ion selectivities was achieved simply by choos-
ing the appropriate chelating moiety. As illustrated with Figure 21, the N,N-di(2-
picolyl)ethylenediamine (DPEN) moiety of AZn2 acts as a Zn(II)-selective re-
ceptor site with an apparent dissociation constant of 1.1 nM (pH 7.2, 0.1 MKCl)
[117]. In the absence of Zn(II), the methoxy-substituted aryl ring serves as an
electron-rich donor that effectively quenches the acedan fluorescence through a
PET mechanism as described in Section 4.2. Upon saturation with Zn(II), the
two-photon excited fluorescence increases 50-fold with a maximum intensity at
499 nm. With a 2PA cross-section of 140 GM at 780 nm and a quantum yield of
0.49, the Zn(II)-saturated form of AZn2 is more than 2-fold brighter than fluo-
rescein (Table 4). Applied in acute hippocampal slices, the probe revealed elevat-
ed labile Zn(II) pools in the stratum lucidum of the CA3 region and the hilus
of the dentate gyrus. Combination with an electron-rich thiazacrown ether yield-
ed AHgl, a Hg(II)-selective probe, which showed a 6-fold emission enhancement
upon saturation with Hg(II) [118]. The probe was successfully used in TPEM to
detect enhanced Hg(II) levels in live cells as well as organs isolated from fish
(Oryzias latipes) that were exposed to 2 ppb of HgCl,. Likewise, attachment of
N,N-bis[2-(carboxymethyl)thioethyl]amine (CTEA) yielded a Ni(II)-responsive
probe ANil [119].
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4.4.3.  Ratiometric Two-Photon Excitation Microscopy

As outlined in Section 4.3, ratiometric imaging allows for visualizing dynamic
changes of buffered metal ion concentrations in a semi-quantitative fashion, thus
offering a distinct advantage over simple intensity-based fluorescence detection.
However, only fluorescent probes that undergo a significant shift in the emission
maximum are suitable for TPEM imaging. Although the Ti:sapphire femtosec-
ond-pulsed lasers of commercial two-photon microscopes can be tuned to a spe-
cific wavelength, it is not possible to alternate rapidly between two different
wavelengths. Therefore, fluorescent probes that respond only with a shift in the
excitation but not emission wavelength cannot be used for two-photon excited
ratiometric imaging. Despite large chromatic excitation shifts, the majority of
metal-responsive ratiometric fluorescent probes used in conventional fluores-
cence microscopy, however, do not undergo a significant change of the peak
emission wavelength upon metal binding. This is a direct consequence of the
underlying fluorophore design, which relies on an intramolecular charge transfer
state to produce the excitation ratiometric response upon metal binding (Fig-
ure 22A). By integrating the electron-rich Lewis base of a chelator into a push-
pull fluorophore architecture, the energy of the charge transfer state becomes
sensitive towards metal binding. Although the donor strength decreases upon
metal binding in the ground state, a partial buildup of positive charge on the
donor moiety in the excited state weakens the interaction with the metal ion
through Coulomb repulsion. This, in turn, yields an excited-state polarization
that is not much different compared to the metal-free probe. As a consequence,
only the excitation but not the emission energy changes upon metal ion coordi-
nation to the donor. Consistent with this analysis, the absorption maximum of
fura-2 (Figure 22B) undergoes a strong blue-shift from 362 nm to 335 nm, but a
comparatively weak emission shift from 512 to 505 nm upon saturation with
Ca(II) [84]. Moreover, the 2PA cross-section decreases from 12 GM to 1 GM
(750 nm) upon saturation with Ca(II) [120], analogous to the attenuation ob-
served for the centrosymmetric probes discussed above.

To design a probe that responds with an emission shift, it is necessary to cir-
cumvent the repulsive interaction between the fluorophore and the metal ion
upon formation of the charge transfer state. A push-pull fluorophore architec-
ture in which the acceptor rather than donor strength is modulated by metal
binding offers a simple solution to this problem (Figure 22A) [121]. Contrary to
the previous design, the partial buildup of negative charge on the acceptor site
strengthens the fluorophore-metal ion interaction in the excited state, which
should produce a significantly red-shifted emission spectrum. Although binding
of a cation to an electron-deficient site might appear counterintuitive, some Le-
wis bases can serve both as metal donors and electron-deficient acceptors. For
example, the Zn(II)-responsive ratiometric probe chromis-1 features a push-pull
fluorophore architecture in which the pyridine ring acts as an electron-rich
o-donor for Zn(II)-coordination but also as a strong m-acceptor to produce a
charge-transfer state upon photoexcitation (Figure 22B) [122]. Designed explicit-
ly for ratiometric two-photon microscopy, chromis-1 undergoes a substantial shift
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Figure 22. Design principles of ratiometric probes based on dipolar push-pull fluorophore
architectures. (A) Metal (M"") coordination to the donor moiety decreases the dipole
moment in the ground state compared to the unbound probe. In the excited state, Coulomb
repulsion weakens the coordinative interaction to produce a similar polarization compared
to the free probe and thus a small chromatic emission shift. In contrast, coordination to the
acceptor increases the polarization of both, the ground and excited states, thus yielding red-
shifted absorption and emission maxima. (B) Examples of ratiometric probes where the
metal ion binds either to the donor (fura-2) or acceptor (chromis-1) sites. Only chromis-1
[122] produces a strong emission shift suitable for ratiometric TPEM.

of the emission maximum from 483 to 520 nm and retains a balanced 2PA cross-
section around 20 GM upon saturation with Zn(II) (Figure 23A and B). The
ethyl ester derivative of chromis-1 can readily cross lipid bilayers and has been
successfully used for imaging changes of buffered Zn(II) levels in live 3T3 mouse
fibroblasts by TPEM. As illustrated with Figure 23C, exposure of cells to the
thiol-selective oxidant 2,2'-dithiodipyridine (DTDP) induced release of Zn(II)
from endogenous pools as evident by the ratio change from 0.5 to about 1.3.
Interestingly, the cytoplasmic buffered Zn(II) levels equilibrated back to the
initial ratio within about 1 hour. Moreover, the probe revealed a pronounced
reduction of cellular zinc availability as oligodendrocytes mature and differenti-
ate to mature cells [121].
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Figure 23. Ratiometric two-photon imaging of labile Zn(II) with chromis-1. (A) Two-
photon absorption cross-section of the free (blue) and Zn(II)-bound form (red) of chro-
mis-1 (pH 7.0, 0.1 MKCI, 25°C). (B) Fluorescence emission response upon saturation
with Zn(II) (excitation at 358 nm). (C) Emission-ratiometric two-photon imaging (excita-
tion at 720 nm) of dynamic changes of labile Zn(II) in live 3T3 mouse fibroblasts before
(left) and after (right) addition of 100 uM 2,2-DTDP. The emission ratio (BP2/BP1) was
calculated based on the integrated fluorescence intensities from 425 to 462 nm (BP1) and
478-540 nm (BP2). Right: Time course of the average ratio change within the ROI indicat-
ed with a white circle. Scale bar: 40 um. Adopted with permission from [122]; copyright
2018, American Chemical Society.

5. MAGNETIC RESONANCE IMAGING
5.1.  Physical Principle

Magnetic resonance imaging (MRI) ranks among the most widely used clinical
imaging modalities and produces three-dimensional images with rich anatomical
detail. Compared to positron emission tomography (PET) and X-ray absorption-
based computed tomography (CT), MRI offers superior contrast and does not
rely on ionizing radiation. The technique takes advantage of nuclear magnetic
properties, typically the hydrogen nuclei of water. When exposed to a static
magnetic field, the positively charged nuclei, composed of a single proton with
spin I = 1/2, align their magnetic moment either parallel or anti-parallel to the
field axis and produce two populations of slightly different energy. As shown in
Figure 24A, the energy difference, commonly referred to as Zeeman splitting,
increases with increasing field strength (Bj). At room temperature, the Boltz-
mann distribution (Ng/N4) between the two populations approaches almost uni-
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Figure 24. Principle of proton-based magnetic resonance imaging. (A) The hydrogen
nuclei (protons) of water molecules align either parallel or anti-parallel to the axis of a
static magnetic field (By). This yields two populations N and N of precessing nuclei with
slightly different energies and thus a net bulk magnetization M. (B) Upon application of
a short RF pulse, the net magnetization along the field axis (M,) decreases but relaxes
back to M, over time with time constant T;, the longitudinal relaxation time. (C) The
transverse component (M,,) perpendicular to the field axis starts to de-phase with time
constant T,, the transverse relaxation time, as the precessing magnetic moment returns
to the original orientation.

ty. Because only the excess number of spins in the lower-energy level can be
excited, the probability of observing a transition through absorption of energy
is quite small. For this reason, the sensitivity of nuclear magnetic resonance is
much lower compared to fluorescence spectroscopy.

Nevertheless, the small but unequal occupancy of the two energy levels results
in a bulk nuclear magnetization or magnetic moment, which is a collective prop-
erty of the entire nuclear spin system of the sample. Upon application of a low-
energy radio frequency (RF) pulse, this magnetic moment is brought out of align-
ment relative to the field axis and set into a precessional motion, which causes
the emission of an RF signal. Its frequency is identical to the precessional fre-
quency, also termed Larmor frequency, and is unique for each type of nucleus.
After the bulk magnetic moment is brought out of alignment, the precessional
motion gradually relaxes and reorients along the field axis, a process referred to
as spin-lattice relaxation (Figure 24B). The rate at which the bulk magnetization
(M) decays follows a first-order kinetics as described by Equation (6)

M, = My(1 — e V') (6)

where T is the spin-lattice or longitudinal relaxation time, and M, refers to the
original magnetization along the field axis. Because the relaxation rate depends
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on the local environment, the detected MRI signal intensities vary between dif-
ferent types of tissues. Thus, a significant difference in the relaxation rate of
neighboring tissue increases the contrast in the resulting image. In biological
environments, T ranges from a few tenths of a second to several seconds.

Besides the longitudinal relaxation of the magnetic moment, the transverse
component (Myy), which is oriented along the plane perpendicular to the field
axis, starts to de-phase as the precessing magnetic moment returns to the original
orientation (Figure 24C). Analogous to Equation (6), this process also follows a
first-order kinetics as expressed by Equation (7)

Mxy = Moe_t/Tz (7)

where T, refers to the spin-spin or transverse relaxation time, and M, is again
the original value of the bulk magnetization. As each relaxation mode is caused
by a different mechanism, variations in the structure and composition of the
environment produce different changes in the relaxation rates T; and T,. Thus,
by weighing the contributions of T; and T,, a tissue-specific contrast can be
achieved, which is of particular value for clinical imaging.

The relaxation rate of the magnetic moment can be enhanced by contrast
agents, which are usually composed of a paramagnetic metal ion such as Mn(II),
Fe(III), or GA(III). After applying the RF pulse, the large fluctuating local mag-
netic field near the paramagnetic metal center increases the relaxation rate, thus
resulting in an improved imaging contrast. The observed longitudinal and trans-
verse relaxation rates both increase linearly with the concentration of the con-
trast agent [M] according to Equation (8)

(;)b - <T1>d +raM]  withn=12 (8)

where (1/T,)q refers to the diamagnetic solvent relaxation rate in the absence of
the paramagnetic contrast agent. The slope r, is termed the relaxivity of the
paramagnetic contrast agent and is usually expressed in units of mM™' s~!. The
majority of contrast agents are based on kinetically inert Gd(III) complexes of
multidentate ligands such as DOTA (see Figure 25A in Section 5.2) [123, 124].
With 7 unpaired electrons (S = 7/2), Gd(I1T)-based contrast agents are very effec-
tive at increasing both the longitudinal and transverse relaxation of water pro-
tons; however, because the dynamic range of 1/T; in tissue is much larger com-
pared to 1/T,, Tj-weighted MRI is the most common clinical imaging modality.
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5.2. Design Principles of Metal lon-Selective Magnetic
Resonance Imaging Probes

Analogous to fluorescent probes, where analyte binding triggers an increase in
fluorescence (Section 4.2), MRI probes respond with a change in relaxivity to
generate an analyte-dependent imaging contrast [125]. Instead of using a fluoro-
phore as a signal reporter (Figure 12), MRI probes employ a contrast agent
whose relaxivity is modulated by interaction with the analyte [123, 126]. Like-
wise, MRI probes can only detect labile or exchangeable metal ions and are
not suitable for quantitative measurements of total metal ion concentrations. A
significant advantage of MRI over fluorescence-based imaging is the much in-
creased analytical depth; however, the sensitivity of nuclear magnetic resonance
is orders of magnitude lower. For common Gd(III)-based contrast agents, the
limit of detection is around 30 uM [127]. To achieve a suitable MRI contrast,
probes must therefore be employed at concentrations that are 10 to 100-times
higher compared to fluorescence-based detection. Because the buffer depth or
total concentration of the analyte should be higher than the probe concentration,
the application of MRI is limited to visualizing only highly abundant metal ions.

To achieve a useful dynamic range, metal binding to the probe should trigger
a significant change in relaxivity. The Gd(III)-promoted enhancement of the
longitudinal relaxation rate 1/T; can be attributed to direct inner-sphere interac-
tions and outer-sphere contributions. As expressed by Equation (9), the inner-
sphere longitudinal relaxation rate depends on several factors, including the
number of coordinated water molecules (g) and their residence lifetime (t,,)
[128]. The parameters Py, refer to the mole fraction of coordinated water mole-
cules, and Ty, corresponds to their longitudinal relaxation time.

Ly dPm C)
T, Tim + T

Based on Equation (9), it becomes apparent that for very fast water exchange
rates (1, << Ty,), the observed relaxation rate is proportional to the number
of coordinated water molecules (g) and their relaxation rate 1/T,,. This relation-
ship provided the underlying rationale for the design of the first metal-ion re-
sponsive MRI probe DOPTA-Gd (Figure 25B) [129]. Similar to the ratiometric
fluorescent probe fura-2 (Figure 17), DOPTA-Gd employs a functionalized
BAPTA chelator to achieve a Ca(II)-selective MRI response through two at-
tached Gd(III) reporters. Upon binding of Ca(II), the probe undergoes a coordi-
native rearrangement of the pendant iminoacetate arms, thus allowing water to
bind directly to the Gd(III) center. As a consequence, the observed relaxivity
increases over 80 % from 3.3 mM™ s to 5.8 mM~'s7!. Inspired by this design
principle, numerous MRI probes have been created to detect other biologically
relevant metal ions [123, 126, 130].

As an alternative approach, several Gd(III)-based MRI probes have been devel-
oped based on modulating the rotational correlation time T, (Figure 25A). This

printed on 2/13/2023 12:53 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

IMAGING TRACE METALS IN BIOLOGICAL SYSTEMS 125

A @ inner-sphere

i ° bulk -, exchange
| u

-0 water J'd (‘tm

AN~ '

DOPTA-Gd

0 H0 N 0

Figure 25. Design principle for metal-responsive MRI-probes. (A) The enhancement of
the longitudinal relaxation (T1) of water protons by Gd(IIT) complexes depends on the
number of coordinated water molecules (q), the rotational correlation time T, and the
lifetime of 1, of Gd(IIT)-bound water. (B) The MRI probe DOPTA-Gd responses with
an 80 % relaxivity enhancement upon saturation with Ca(II), achieved through a coordi-
native rearrangement of the iminodiacetic acid groups to allow water molecules (red)
coordinate to the Gd(III) center.

can be achieved, for example, by metal ion-mediated ternary complex formation
with a large protein whose rotational motion is inherently much slower. Based on
this approach, the Gd(III) complex GD-CP207 was designed to interact with hu-
man serum albumin (HSA) in a Zn(II)-dependent fashion (Figure 26A). While the
free probe does not bind significantly to HSA, it forms a robust ternary complex
in the presence of Zn(II) to yield a nearly 2-fold increase in relaxivity [131]. This
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Figure 26. Design of a Zn(II)-responsive contrast agent based on modulation of the
rotational correlation time t,. (A) In the presence of Zn(II), the MRI probe Gd-CP207
forms a ternary complex with human serum albumin, thus increasing the relaxivity by
slowing down rotational tumbling. (B) Magnetic resonance imaging of glucose-stimulated
Zn(IT)-release in the mouse prostate. Left: In the absence of glucose, no contrast enhance-
ment was observed upon injection of Gd-CP207. Right: After glucose stimulation, a dra-
matic contrast enhancement was observed in the dorsolateral prostate and the urethra
(zoomed image). Data adopted with permission from [131]; copyright 2016, National
Academy of Science.

contrast enhancement was successfully employed for visualizing differences in the
glucose-stimulated Zn(II)-release from secretory prostate cells in a healthy and
malignant mouse model [131] (Figure 26B). Recent correlative SXRF imaging
studies provided detailed insights into the mechanism of the glucose-promoted
zinc release [132]. A drawback of probes that modulate the MRI contrast based
on changes in the rotational correlation time is their strong dependence on the
magnetic field strength. While the image resolution increases at higher field
strength, the effect of changing T, on the proton relaxation is substantially dimin-
ished. This challenge has been recently addressed with the development of a fast-
field cycling MRI approach [133]. Instead of measuring the absolute difference of
the proton relaxation rate within a static magnetic field, the method exploits the
change of the longitudinal relaxation rate as the field strength is altered during
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image acquisition. Based on this approach, an over 1.6-fold contrast enhancement
was achieved for a Zn(II)-responsive MRI probe at a field strength of 3T, whereas
conventional static MRI yielded no detectable contrast change [133].

6. CONCLUSIONS

Modern microanalytical techniques have become an indispensable tool for ex-
ploring trace metals in biological systems. While traditional methods for trace
element quantifications were limited to the analysis of bulk samples, rapid tech-
nological advances led to significant improvements in detection limits and paved
the way towards mapping spatial distributions of trace elements down to the
nanoscale regime. With the ability to analyze frozen, hydrated samples, SXRF
microscopy ranks among the most powerful techniques to visualize and quantify
elemental distributions in biological samples across vast length scales from milli-
meter to submicron dimensions. Advances in X-ray optics and detector technolo-
gies significantly reduced data acquisition times and enabled high-resolution mi-
crotomography of specimens as large as zebrafish embryos [40]. However, SXRF
imaging relies on sophisticated instrumentation that is only available at synchro-
tron beamlines, thus significantly limiting the number and size of samples that
can be analyzed. For trace elemental mapping at the mesoscale, commercially
available LA-ICP-MS instruments represent a formidable alternative to SXRF
microscopy [134]. By imaging the trace metal distribution in serial sections, it is
possible to reconstruct three-dimensional volumes [135], thus opening up the
exciting prospect of creating metallomic atlases of entire organs. For subcellular
imaging, the sensitivity of nano SIMS is comparable to routine SXRF microsco-
py; however, the narrow analytical depth requires sectioning of the specimen
similar to electron microscopy. Because all of these techniques are limited to the
analysis of fixed samples, the development of suitable preparation methods plays
a central role in ensuring that the trace metal content and distribution are pre-
served as close as possible to the native state.

Among the techniques discussed in this chapter, only MRI and visible-light
fluorescence microscopy are suitable to study the dynamics of endogenous trace
metals in living organisms; however, both methods rely on chemical probes to
detect the analyte and thus capture only the exchangeable metal ion pool that
can interact with the probe. Although direct detection of Mn and Fe is feasible
by quantitative MRI [136], it is best used in cases where only one of the paramag-
netic metals undergoes a concentration change, and no other tissue features con-
tribute to the MRI signal [137]. The unlimited analytical depth offered by MRI
complements a major limitation of fluorescence microscopy when studying
whole organisms, albeit at the expense of lower resolution and sensitivity. To
address the sensitivity challenge of MRI, hyperpolarization of 13C, N, or 12°Xe
nuclei ranks among the most promising approaches. In this technique, the net
spin polarization is transiently enhanced above thermal equilibrium levels to
achieve 4-5 orders of magnitude gains in detection sensitivity [138]. By labeling
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chelators with '2°Xe, 13C, or N nuclei, various metal ion-responsive probes have
been described [139-142]. As an alternative approach to MRI, photoacoustic
molecular imaging (PAI) is emerging as a powerful biomedical imaging modality
[143]. Based on the photoacoustic effect [144], this technique employs a pulsed
near-infrared (NIR) light source to excite chromophores with large molar extinc-
tion coefficients. Thermal relaxation generates ultrasonic waves, which can be
detected by ultrasound transducers to create a three-dimensional image. Com-
pared to traditional NIR imaging, PAI benefits from the much weaker scattering
of acoustic waves compared to light to produce a superior imaging contrast,
although with a lower spatial resolution. Analogous to fluorescence imaging, the
technique relies on specifically designed probes to detect an analyte of interest
[145]. For example, if analyte-binding induces a large chromatic shift in molar
absorptivity, the fractional saturation of the probe can be evaluated analogous
to fluorescence-based ratiometric imaging (Section 4.3).

While indirect detection methods lack the ability to quantify total metal levels,
they offer unique opportunities to tailor probe molecules towards specific appli-
cations. For example, the photophysical characteristics of an optical probe can
be tuned for TPEM by enhancing the 2PA cross-section, or it may be optimized
for alternative detection schemes, such as synchronously amplified fluorescence
image recovery (SAFIRe) to suppress fluorescence background [146-148]. More-
over, target-specific tagging methods such as the SNAP-tag [149] or HaloTAG
[150] provide opportunities to direct synthetic probes to specific locations within
cells or even whole organisms [151, 152].

As each detection method offers distinct strengths (Table 1), the combination
of multiple imaging modalities represents a particularly powerful approach to
explore trace metal distributions across different length scales [153] and to cross-
validate data acquired by different techniques [15, 132, 136]. To this end, the
development of multimodal probes that can be visualized by several imaging
techniques is especially valuable for bridging the limitations and harnessing the
benefits of both direct and indirect detection methods. A cross-disciplinary ap-
proach involving the combination of different imaging techniques and bioanalyti-
cal methods holds also great promise to tackle another significant, yet mostly
unsolved challenge, the in situ elucidation of the trace metal speciation. The
integration of trace metal analysis by ICP-MS with mass spectrometry-based
proteomics analyzes represents, for example, a particularly promising approach
to tackle this complex problem [154]. Without a doubt, trace metal imaging tech-
niques have matured into a vibrant research area and represent an indispensable
tool for deciphering the complex role of metals within biological systems.
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ABBREVIATIONS AND DEFINITIONS

2PA
AM
ART
BAPTA
CT
CTEA
DOTA
DPEN
DTDP
EPXMA
ESIPT
ET
FRET
GM
HOMO
HSA

IC
ICP-MS
ICT

KB
LA-ICP-MS
LUMO
MLEM
MRI
NA
NIR
PAI
PET
PIXE
PLT
QTOF
RF
SIMS
SIRT
SR-FTIR
STEM
SXRF
TOF-MS
TPEM
XAS
XRF

two-photon absorption

acetoxymethyl

algebraic reconstruction technique
1,2-bis(o-aminophenoxy)ethane-N, N,N',N'-tetraacetic acid
computed tomography
N,N-bis[2-(carboxymethyl )thioethyl]amine
tetraazacyclododecane-1,4,7,10-tetraacetic acid
N,N-di(2-picolyl)ethylenediamine
2,2'-dithiodipyridine

electron-probe X-ray microanalysis
excited-state intramolecular proton transfer
electron transfer state

Forster resonance energy transfer
Goppert-Mayer (unit)

highest-energy occupied molecular orbital
human serum albumin

internal conversion

inductively-coupled plasma mass spectrometry
intramolecular charge transfer
Kirkpatrick-Baez (mirror)

laser ablation-inductively coupled plasma mass spectrometry
lowest-energy unoccupied molecular orbital
maximum likelihood expectation maximization
magnetic resonance imaging

numerical aperture

near-infrared

photoacoustic imaging

photoinduced electron transfer

particle induced X-ray emission

progressive lowering of temperature
quadrupole time-of-flight

radio frequency

secondary ionization mass spectrometry
simultaneous iterative reconstruction technique
synchrotron radiation-based Fourier transform infrared
scanning transition electron microscopy
synchrotron-based X-ray fluorescence
time-of-flight mass spectrometry

two-photon excitation microscopy

X-ray absorption spectroscopy

X-ray fluorescence
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Abstract: Metal-bearing minerals are an integral part of almost all “metabolism-first”-type
scenarios for the emergence of life which consider that life is better defined by what it does
than what it is made from. Since metals are formidable catalysts, these scenarios stipulate
that early metabolic reactions (and prominently the reduction of CO, to yield biomass)
were performed by (mainly transition) metals contained in certain minerals. Metabolism-
first scenarios stand in opposition to primordial soup hypotheses which envisage prebiotic
synthesis of organic molecules as building blocks for life to be the salient feature enabling
life to come into being. A critical analysis of the historical roots of these emergence of life
hypotheses highlights fundamental inconsistencies prompting us to appeal to basic thermo-
dynamic principles to provide rigorous guidelines for developing contradiction-free models.
Combining these guidelines with our present-day understanding of biological energy conver-
sion, arguably the process most fundamental to all life, strongly suggests an expansion of
previous mineral-based scenarios to include processes converting environmental redox ten-
sions into phosphate-group-transfer disequilibria, i.e., the quintessential free energy converting
mechanism of extant life. Based on their reported physicochemical and electrochemical
properties, iron- (together with other transition metal-) based layered double oxyhydroxide
(Fe-LDH) minerals such as fougerite are promising candidates to afford the required capaci-
ties and therefore may render previous mineral-based scenarios compliant with thermody-
namic strictures.

Keywords: abiogenesis - alkaline hydrothermal vent - bioenergetics - disequilibrium converters -
emergence of life - fougerite - green rust - greigite - mackinawite - transition metal clusters

1. BACK TO THE (THERMODYNAMIC) ROOTS OF LIFE

A contribution discussing a link between minerals and the emergence of life is,
in the context of the prevalent scientific mindset, necessarily bound to raise
eyebrows. Can there be anything more antithetical than organisms and rocks?
And aren’t organisms evidently, as already in their name, made up from organic
matter, that is, hydrocarbons? Does that not imply that the reasons for why there
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is life must be within the realm of organic chemistry while of course minerals
are the epitomes of inorganic chemistry? The combination of bottom-up consid-
erations (that is, thermodynamic requirements) and of top-down evidences (i.e.,
fundamental characteristics of biological energy conversion, also known as bio-
energetics) has convinced us of the necessity to question the very foundations
of an origin of life contingent on organic molecules and to rather adhere to the
thermodynamic view. In this view, life emerged from environmental disequilibria
in the form of processes carried out by transition metal-containing minerals,
driven by the tendency to efficiently dissipate these disequilibria. In the follow-
ing we will elaborate on our reasons to adopt this stance.

1.1. The Textbook Narrative: Life from Organic Molecules

The notion that life originated from a “primordial soup” of organic molecules is
presently almost unconditionally embraced, from popular culture to the dedicat-
ed research communities. Space exploration outreach, for example, strongly capi-
talizes on the promise of finding the “organic building blocks” in extraterrestrial
environments. These building blocks are considered to eventually have found
their way to planet Earth where they engendered life. It all seems to make
sense — but does it really or have we just grown accustomed to a narrative which
in fact, as we will argue, from a thermodynamic perspective doesn’t make sense?
To understand the philosophical roots of the organic soup hypothesis, we need
to go back 200 years to when Western thinking went through a conceptual up-
heaval with respect to its vision of life and non-life and to what distinguishes
one from the other. Prior to Pasteur, abiogenesis and spontaneous generation,
that is, the emergence of living things from abiotic matter, was nothing outra-
geous and taken to explain a plethora of empirical observations such as for
example the emergence of fleas from dust [1]. In 1859 Pasteur did away with the
concept of spontaneous generation [2] but thereby spontaneously generated a
disturbing conundrum: what then is it that fundamentally distinguishes life from
non-life? A plausible answer to this question was eventually afforded by the
chemists who found that living organisms were mainly made up from hydrocar-
bons (proteins, lipids, sugars, etc.) which they accordingly called organic molecu-
les yielding the nascence of the field of organic chemistry. It then was sensible
and straightforward to posit that these organic molecules must somehow possess
the ability to bring forward life, i.e., a “vital force”. Vitalism was born and the
majority of chemists and biologists, among them Louis Pasteur himself, adhered
to this hypothesis as the most satisfactory way to make sense of all empirical
evidences.

The advent of an atomistic understanding of chemistry at the beginning of the
20th century, however, dealt the death-blow to vitalism since there was nothing
special to organic molecules as compared to their inorganic counterparts, apart
from their higher structural complexity (a disputable claim in the light of some
minerals we will discuss below) and no natural border between inorganic and
organic chemistry could be defined. It is ironic that the detection of organic
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molecules in numerous extraterrestrial settings from the surface of Titan [3]
through comet atmospheres [4] to interstellar space [5] is still systematically in-
terpreted as evidence that the seed for life on Earth may have come from outer
space rather than as showing that there is nothing special to complex hydrocar-
bons and that their synthesis is just chemistry.

The notion that organic molecules are the defining characteristics of life and
hence its prerequisites thus has somehow survived the demise of vitalism and it
is this failure to acknowledge that there is nothing “life-specific” to hydrocarbons
which rendered the persistence of organic soup scenarios to the present day
possible. Such scenarios, however, face extraordinary hurdles when assessed
within the framework of the physical sciences.

1.2. The Organic Soup’s Primordial Problem with
Thermodynamics

As pointed out by Erwin Schrodinger [6] already in 1944, and even earlier by
Ludwig Boltzmann as well as numerous further physicists and physical chemists
ever since [7-11], all living entities share the same characteristics. They generate
order, that is, highly structured and regulated networks of processes, from disor-
der, i.e., relatively randomly distributed chemical elements (Figure 1). Therefore,
they are entropy-decreasing phenomena. The second law of thermodynamics of
course tells us that spontaneous lowering of entropy in closed (that is, fully isolat-
ed from their environment) systems is unlikely and that this unlikelihood steeply
increases with the number of elements making up the system. This means that
the probability of generating even extremely rudimentary cellular entities from
organic soup settings is virtually zero (Figure 1) and this probability further de-
creases with each and every complexification of such rudimentary cells. Since we
definitively know that there is life on our planet, its origin was, in the framework
of organic soup hypotheses, infinitely unlikely but obviously still has happened.
This would imply that the origin of life on Earth was a one-off event and there
basically would be no chance to find life elsewhere in the universe.

Fortunately, we don’t have to worry about all this since life is everything but
a closed system! All living organisms depend on a continuous flux of free energy
from their environment and therefore fully obey the requirements of the second
law of thermodynamics. As already pointed out by Schrodinger, life must be
a subsystem of a larger one which itself needs to be far from thermodynamic
equilibrium. Life can exist because it accelerates the increase in entropy of the
larger system, that is, takes it faster to its equilibrium state. The second law
permits life to lower its own entropy (or, in other words, to generate order) if
the increase of entropy of the larger system surpasses the entropy decrease with-
in the subsystem Life.
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1.3. Life Serves to Dissipate Environmental Disequilibria

Not only does the free energy flux from the environment into cellular organisms
render life compatible with the second law of thermodynamics, it even provides
a rationale why life did emerge in the first place. Science has recognized and
characterized a plethora of phenomena which basically do what life does, i.e.,
generate transient low entropy entities which serve to increase the entropy of a
larger system they are part of. Frequently cited examples are atmospheric phe-
nomena such as tornados, convective structures (“Benard cells”) or spatial and
temporal structure formation in chemical reactions (such as the iconic Belousov-
Zhapotinsky reaction). These entities are called dissipative structures [7] and are
shown by far-from-equilibrium thermodynamics to spontaneously and necessari-
ly emerge under appropriate conditions (for more details see [8]). From the
thermodynamic point of view, life must be such a dissipative structure or it sim-
ply could not be. The true requirement permitting, but also driving, life to
emerge therefore lies in the existence of environmental disequilibria and of the
mechanisms converting these disequilibria into the ordered metabolism of cellu-
lar entities rather than the mere presence of organic molecules in a primordial
soup.

However, would it not be possible to reconcile thermodynamics and primordial
soup hypotheses by assuming that both, environmental disequilibria and organic
molecules, were indispensable ingredients to life’s emergence and that life
wouldn’t have appeared unless both were present at the same time?

The fact that life overwhelmingly consists of organic molecules at first glance
seems to bolster this view. However, the detailed ways of functioning in biologi-
cal energy conversion unraveled over the last few decades attribute the role of
essential agents to low-abundancy entities, that is, metals (mainly transition met-
als) and clusters thereof, rather than to the bulk organic substance of cellular
life. In doing so, they provide a rationale for the empirical observation microbiol-
ogists had made very early on: no “trace-elements”, no growth! In the following
we will have a closer look at what bioenergetics in extant life actually is about
and how it works.

2. THE TOP-DOWN APPROACH: WHAT CAN WE LEARN
FROM EXTANT LIFE?

2.1. Life Is Fueled by Electrochemical Disequilibria

The first major lesson to be gleaned from the diversity, but even more so from
the underlying unicity of life’s bioenergetic processes is that their free energy
converting mechanisms universally exploit electrical tensions. While prokaryotes
can indeed make a living from a bewildering variety of environmental sources of
free energy, the molecular mechanisms they employ to this end are astonishingly
homogeneous and the unifying aspect of all these free energy sources is that
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they ultimately are electrochemical [12]. Such environmental (or, for the case
of photosynthesis, light-induced) electrochemical disequilibria are alleviated via
electron transfers from reducing towards oxidizing redox substrates (Figure 1).
These electron transfer events are mediated by bioenergetic chains which serve
as converters of redox free energy into extremely out-of-equilibrium ATP/ADP
ratios driving the ensemble of endergonic chemical reactions which characterize
life by their inherent decrease in entropy. The coupling between collapsing redox
tensions and build-up of ATP/ADP disequilibria is generally mediated by a
transmembrane proton (and occasionally sodium) gradient (Figure 1) which is
generated by the electron transfer chains and which drives in return the phos-
phorylating systems, in most cases ATP synthases or H*-translocating pyrophos-
phatases. High pyrophosphate (PP;) to orthophosphate (P;) levels can indeed
play similar roles in certain prokaryotes as high ATP/ADP ratios do. All this can
thus be likened to life being driven by an environmental battery [12] as depicted
in Figure 1.

Biological energy conversion being fundamentally based on redox tensions
raises the question of what is so special about electrochemical disequilibria. Part
of the answer to this question may come down to the metastability of redox
disequilibria were one-electron compounds need to react with strongly coopera-
tive two-electron ones. A significant portion of environmental redox substrates
in fact show strong redox cooperativity, such as the H,/H™*, CO,/formate, NO3/
NOg3, arsenate/arsenite couples, to name only the most common ones.

Such two-electron compounds react only extremely slowly with one-electron
redox centers as a result of their highly destabilized semi-reduced form (for a
discussion of this phenomenon see [13]). Extant life by the way heavily relies on
this electrochemical principle which allows the extremely cooperative two-elec-
tron compound NAD(P)H (with a stability constant for the half-reduced form
of Kg = 1072Y [14]) to float freely in the cytoplasm without becoming unproduc-
tively, chaotically and rapidly oxidized by the plethora of one-electron centers
(mostly iron sulfur centers) present within cytoplasmic enzymes. The very long
persistence compared to biological timescales, of the above mentioned environ-
mental electrochemical disequilibria leaves sufficient leeway for the enzymes
constituting bioenergetic chains (and others) to mediate reactions between two-
and one-electron compounds and to couple these reaction schemes to the gener-
ation of ion-motive membrane potentials. Of course, fully-fledged bioenergetic
enzymes certainly were not available at the time of life’s emergence. However,
their redox active cores were! As we will argue in the following section, these
active centers are mainly made up from metals.

2.2. Bioenergetic Enzymes: A Functional Inorganic Heart
Cladded in an Organic Shell

The very first 3D structures of a few bioenergetic enzymes were resolved about
30 years ago but it took about 20 more years until eventually all key enzymes of
eukaryotic, that is, mitochondrial and plastidic bioenergetic chains were known
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to atomic resolution. In the realm of the much more diverse bioenergetics of
prokaryotes, only a fraction of all known bioenergetic enzymes have their 3D
structures resolved so far. However, we had quite detailed pictures of the struc-
tural make-up of the catalytic centers in these bioenergetic complexes well be-
fore their atomic coordinates were determined by X-ray diffraction and cryo-
electron-microscopy. These pictures were afforded by spectroscopic methods
such as EPR, EXAFS, XANES, Mossbauer, and the likes, many of which specifi-
cally detect metals and metal ions. Quite detailed geometries of the catalytically
active metal centers and clusters thereof (mostly composed of particularly redox-
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Figure 2. The overwhelming majority of catalytic reactions involved in bioenergetic
mechanisms of extant life is carried out by metal clusters in metalloenzymes. The figure
intends to illustrate the diversity of involved metals and of the structural assembly of
mixed-metal clusters present in metalloproteins (in a non-exhaustive way) and to empha-
size that it is the metal part of metalloproteins that plays the crucial catalytic role rather
than the protein part. Depicted centers are from the following 3D-structures (A-D: tetra-
pyrrol-ligated, E-F: pterin-ligated, G-O: ligated by specific amino acids) (A) Chlorophyll
from PS I of Pisum sativum with Mg central ion (4Y28); (B) Heme from fumarate reduc-
tase of Wolinella succinogenes (2BS2); (C) Cobalamin (Vit. Bj,) from the enzyme OxsB
of Bacillus megaterium with cobalt in the active site (SUL3); (D) Factor F430 from methyl-
CoM reductase of Methanothermobacter marburgensis containing nickel (3POT); (E) Mo-
lybdopterin cofactor of arsenite oxidase from Alcaligenes faecalis (1G8J); (F) Tungstopterin
in formylmethanofuran dehydrogenase of Methanothermobacter wolfeii (5T51); (G) Non-
cubane [4Fe-4S] cluster of heterodisulfide reductase/[Ni-Fe]-hydrogenase complex from
Methanothermococcus thermolithotrophicus (SODC); (H) Cubane [4Fe-4S] cluster from
fumarate reductase of Wolinella succinogenes (2BS2); (I) [3Fe-4S] cluster from fumarate
reductase of Wolinella succinogenes (2BS2); (J) Rieske [2Fe-2S] cluster in the Rieske/cytbh
complex of Rhodobacter sphaeroides 2NUK); (K) [Ni-Fe-S] cluster from anaerobic CODH
of Carboxydothermus hydrogenoformans (3B51); (L) [Ni-Fe] cluster in the hydrogenase
of Hydrogenophilus thermoluteolus (5XFA); (M) [Fe-Fe] cluster in the hydrogenase of
Clostridium pasteurianum (3C8Y); (N) Copper cluster of nitrous oxide reductase from
Pseudomonas stutzeri (60RKZ); (O) Manganese cluster in PS II from Thermosynechococcus
vulcanus (3WU2). The coordinating atoms are drawn proportionally smaller and trans-
parent.

versatile transition metals) had thus been deduced long before the molecular
architectures of the protein scaffolds holding these active centers became re-
solved. The emerging picture is that of inorganic metal centers performing the
energy-converting processes and redox reactions with their protein environments
mainly adjusting and optimizing the metal clusters’ properties. Without pretend-
ing to be exhaustive, we have presented several of the metal centers playing
essential roles in bioenergetic processes in Figure 2. While in many biochemistry
textbooks enzymes are considered to be polypeptide chains which occasionally
may recruit metals to improve catalysis, to the spectroscopists studying bioener-
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getic enzymes it was always clear that the crucial action happened on the metal
clusters and not on the polypeptide (with admittedly a few amino acids assisting
metal-catalyzed redox processes such as, for example, in cytochrome oxidase and
photosystem II).

Biological energy conversion, by thermodynamic standards the most funda-
mental process of life, in extant life employs also a few organic molecules such
as quinones, flavins, and nicotinamides but remains first and foremost the busi-
ness of a plethora of specialized inorganic entities, the diverse metal clusters. All
this suggests that absolute abundance likely is a misleading criterion when look-
ing for what is essential to life. As a provocative analogy, the high abundance of
plastics in a computer should obviously not be taken as proof that it is these
polymers rather than the semiconducting material which performs logical opera-
tions on binary states, i.e., the processes defining the apparatus.

3. STRUCTURAL AFFINITIES BETWEEN CATALYTIC
CENTERS IN METALLOENZYMES AND SPECIFIC
MINERALS

Despite all this, dedicated advocates of organic soup scenarios might well admit
that the relevant processes are carried out by metal clusters but argue that it is
the polypeptide chain that imposes their specific structural layout. This does not
seem to be the case for the majority of studied metal clusters in metalloenzymes.
As pointed out for example by Helmut Beinert [15, 16], many iron-sulfur clusters
observed in enzymes also exist as inorganic entities in appropriate solvents. Inor-
ganic models mimicking the geometries (and properties) of metal centers, metal
clusters, and mixed-metal clusters in many metalloproteins have been synthe-
sized and characterized. Even more tellingly from an evolutionary point of view,
several biological clusters involved in pivotal types of free energy conversion
have been observed to structurally resemble units making up the crystal lattices
of certain minerals [17-21]. For these cases, life appears to merely have extracted
these units from the bulk mineral by wrapping them in polypeptide chains [22,
23]. The most iconic mineral: biocluster similarities (see Figure 3) have been re-
viewed in the past, and we refer the reader to the relevant literature [19, 21].
The main minerals suggested to be parent to intriguing metal clusters in biology
are greigite, mackinawite, and fougerite, all of which are extremely likely or
certain to have been present in specific locations on the Hadean and early Ar-
chaean planet Earth, that is, when life is supposed to have emerged. In particular,
these minerals were probably constituents of the chimneys formed at submarine
alkaline hydrothermal vents, which in addition also feature electrochemical and
pH gradients providing the sine-qua-non thermodynamic sources of free energy
to drive life into being (cf. Section 1) and which have therefore been put forward
as potential hatcheries of life [24-26]. The first mineral to be put forward as
instrumental in an inorganic, metabolism-based emergence of life certainly was
pyrite [27]. Pyrite has indeed been shown to perform a range of catalytic reac-
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Figure 3. Structural resemblance between the catalytic metal clusters present in three key
enzymes (bottom row) involved in substrate conversions with strong relevance to emer-
gence of life scenarios and the minerals mackinawite, greigite, and fougerite (top row).

tions potentially pertinent to emergence of life scenarios. However, a close in-
spection of pyrite’s crystal lattice does not immediately suggest structural similar-
ities to metal centers in biological systems.

4. MINERAL-CATALYZED REACTIONS PERTINENT TO
EMERGENCE OF LIFE SCENARIOS

Minerals, and in particular transition metal-containing ones, are renowned for
their extraordinarily versatile catalytic abilities. However, only part of the mani-
fold chemical reactions mediated by minerals is of obvious relevance to the prob-
lem of life’s emergence. We have collected a subset of reactions which appear

most noteworthy to us in the context of the emergence of life scenarios dealt
with in this contribution (Table 1).
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5. CATALYSIS AND DISEQUILIBRIUM CONVERTERS,
METALS, AND QUINONES/FLAVINS: AN ATTEMPT AT
DISENTANGLING THE KNOT

It appears important to us to emphasize the fundamental difference between
catalysis and disequilibrium conversion. The very definition of catalysis implies
that the catalyzed reaction is exergonic and thus would proceed even in the
absence of the catalysts, only much more slowly. For example, the oxidation of
molecular hydrogen by the nickel-iron ([NiFe]) cluster of certain hydrogenases
in the presence of sufficiently oxidizing electron acceptors therefore represents
straightforward catalysis. Members of so-called Group 4 [NiFe]-hydrogenases, by
contrast, couple the redox interconversion of H,/2H™ to translocation of a cation
over the cytoplasmic membrane [41] and therefore perform genuine disequilib-
rium conversion. Several key disequilibrium conversions in bioenergetics, how-
ever, require the crucial participation of aromatic organic molecules, quinones,
and flavins. Both these aromats play crucial roles in the generation of out-of-
equilibrium reductants via the process of electron bifurcation, the quinones
mainly within the membrane-integral Rieske/cytb complexes and flavins in a
wide variety of soluble bioenergetic enzymes [13, 42-45]. Do these implications
of quinones and flavins in disequilibrium-converting processes contradict the
notion of primeval roles of metals in the emergence of life and instead bring
the organics back to the forefront? Maybe but not necessarily. It has in fact been
shown that molybdenum-based centers can in principle perform the cooperative
two-electron reactions which are crucial to the mentioned roles played by qui-
nones and flavins [46] and it has been argued that molybdenum (and/or tungsten)
may have performed these reactions in nascent life [13, 44]. The environmental
scarcity of Mo and W may then early on have forced life to devise (organic)
alternatives to these metals resulting in quinones and flavins taking over the
respective tasks.

Alternatively, these aromats may have been produced as side products in dis-
equilibrium-converting processes performed by a specific mineral (see [47, 48]
and Section 6) and thus may have been woven into the fabric of early metabolic
reactions almost from the beginning. In any case, we would like to emphasize
that, if quinones and flavins did indeed play pivotal roles already at life’s onset,
these roles would be dramatically different from those of organic building blocks
envisaged by primordial soup scenarios. They rather would be dynamic actors in
the prime processes of life’s emergence: the conversion of electrochemical ten-
sions into membrane potentials and onwards into high ATP/ADP ratios and the
provision of out-of-equilibrium reductants (required for example for efficient
CO, reduction).
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6. ADDITIONAL LEVELS OF COMPLEXITY: LAYERED
(CLAY-LIKE) MINERALS

In Figure 3 and Section 4 we have discussed a few examples of minerals structur-
ally resembling specific active clusters in metalloproteins as well as bio-relevant
processes they have been shown to carry out. The cases of greigite, mackinawite,
and also pyrite have been discussed in the framework of metabolism-first scenar-
ios for life’s emergence since several decades [25, 49]. Relevant reactions in these
minerals are basically surface chemistry since greigite, mackinawite, and pyrite
are solids. The mineral fougerite, however, belongs to an entirely different struc-
tural class. These are the layered anionic clays with solvent-accessible interstitial
galleries [47, 48, 50-54] (Figure 4). They distinguish themselves from solids such
as greigite by several properties particularly pertinent to emergence-of-life sce-
narios:

— The surface area available for catalytic processes exceeds that of a solid
crystal by orders of magnitude.

—  Water activity within the interstitial spaces is substantially decreased with
respect to bulk water [26] entailing displaced equilibria for chemical trans-
formations [39] which involve uptake or release of water molecules.

Figure 4. Overview of basic structural features of Green Rusts. The shape and typical
dimensions of the hexagonal nanocrystals of GR are depicted in (a). (b) and (¢) show top
and sideviews, respectively, of the layered structure arising from an alternating series of
Fe-oxyhydroxide strata and charge-compensating, anion-containing interstitial galleries.
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— Local dielectric constants in the interlayer spaces differ strongly from that
of bulk water due to the lowered water activity and restricted mobility of
individual water molecules [55].

— Interstitial spaces can accommodate a variety of counterions with a wide
range of bulkiness. Layered minerals therefore can swell and shrink to
extraordinary extents in response to the chemical composition of their sur-
rounding solvent.

Well aware of these enticing properties, the clay community has advocated a
pivotal role of clays in life’s emergence already since quite some time [56-60].
However, the considered minerals were mainly clays devoid of transition metals
and hence redox-inactive and the relevant catalytic reactions therefore mostly
revolved around surface-facilitated condensation reactions [60-62]. The mineral
we single out here, i.e., fougerite, by contrast, uniquely combines the fascinating
redox abilities of transition metal bearing solids such as greigite or mackinawite
and the above-mentioned particularities of clay-like layered structures. Most in-
triguingly, fougerite couples redox and structural features in ways eerily reminis-
cent of bioenergetic systems as we shall detail below.

6.1. Fougerite and Green Rusts

Fougerite is the naturally occurring form of the synthetic mineral Green Rust
(GR), known to the mineralogists since almost 100 years [56, 57]. GRs are layer-
ed double-hydroxide (LDH) minerals (sometimes also called double layered
oxyhydroxides, to emphasize the coexistence of two distinct layers). In GR, the
metals within the oxyhydroxide layers are Fe?* and Fe3* (with variable stoichi-
ometry, see below) and the interstitial galleries contain ordered water molecules
and small anions (Figure 4). We have described bio-relevant properties of GR
in more detail recently [47] and will in the following focus on a few key features.
Fougerite as a natural form of GRs is obviously less well-behaved than its syn-
thetic counterparts with occasional Fe-sites being replaced by other divalent met-
al cations such as Ni, Mg, Al, and Zn [54]. While the mineralogists’ GR samples
are usually prepared with a single type of interstitial anion (such as chloride,
carbonate, sulfate, etc.), fougerite certainly contains a mixture of all kinds of
anions present in the respective environments. So far, in-depth characterizations
of properties and reactivities have only been obtained for the synthetic GRs. It
is safe to expect that the reactional versatility of fougerite surpasses that of
GRs by a wide margin due to the pronounced variability of metal ions in the
oxyhydroxide layers and of counterions in the interstitial spaces.

In contrast to solid minerals which tend to grow to truly macroscopic sizes,
GR only forms nanocrystals with hexagonal crystal symmetry and typical dimen-
sions in the range of several nanometers to 2,000 nanometers (Figure 4a). An
average nanocrystal contains a few tens of Fe-oxyhydroxide layers. We empha-
size that the smallest types of GR nanocrystals thus feature sizes comparable
to those of typical bioenergetic enzymes. GRs’ extraordinary physicochemical
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peculiarities detailed below further narrow the gap between these inorganic
structures and life.

6.1.1. Softness of Internal Structure

While crystals are commonly associated with rigidity, this picture is strongly inap-
propriate when dealing with GR (or clay-like minerals in general). Clay-like as-
semblages substantially morph in response to the chemical composition of their
solvent environment. This is due to their interstitial spaces being contiguous with
the outside bulk solvent and the resulting possibility of counterions with strongly
differing bulkiness to diffuse into these galleries [54]. In GR, the best-studied
examples are those of the so-called GR1 and GR2-variants containing chloride
and sulfate counterions, respectively. The height of the interlayer space of GR1 is
about 8 A which swells to 12 A during the sulfate-induced transition to GR2 while
long-chain carbohydrate chains have been observed to push interlayer heights up
to 40 A and above [63]. The arrangement of counterions in the interlayer space
also varies considerably. Spherical or “flat” anions (e.g., chloride, carbonate, hy-
droxide) tend to form a single interlayer in the middle of the interstitial galleries
[64]. Tetragonal anions such as sulfate (and possibly phosphate), by contrast, ar-
range themselves into two superimposed interlayers [65]. Individual nanocrystals
can harbor mixed populations of flat and tetragonal anions resulting in undulated
geometries of layer/interlayer stacks (Figure 5 [54, 66]).

Figure 5. Schematic representation of two individual oxyhydroxide layers and their in-
terstitial space of a Green Rust nanocrystal harboring mixed-type interstitial anions (that
is, spherical ones resulting in GR1 with an interstitial height of about 8 A and tetragonal
ones yielding GR2 with heights of about 12 A). Movement of charge in the Fe-oxyhydrox-
ide layer will be accompanied by modifications in the pK values of the u-bridging OH
groups in the way that more oxidized (Fe3™) sites are likely to induce deprotonation of
their surrounding hydroxy groups and release of H™ into the interstitial spaces. Move-
ments of Fe>* sites (corresponding to electron transfer in the opposite direction) within
the layers are also expected to drag charge-compensating ions with them resulting in
correlated movements of the interstitial anions.
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6.1.2. Redox Softness, Electron Transfer, and Proton-Coupled Redox
Transitions

As mentioned, iron-oxyhydroxide layers of GR are characterized by the coexist-
ence of ferric and ferrous iron sites in the lattice. In the presence of oxygen, all
iron sites are gradually converted to the ferric state resulting in the transforma-
tion of the typical GR layering into the true solids magnetite and goethite via
lepidocrocite (still a layered mineral but devoid of anion interlayers). GRs thus
are a metastable manifestation of iron oxides carving out a niche of existence in
between the soluble Fe?* oxides and the mentioned fully oxidized forms. In the
absence of oxygen (or other oxidizing agents), GRs are long-term stable (that is,
for months and years) in the range of Fe®*/Fe'°! ratios ranging from 1/3 to 2/3
(see Figure 4b) [67]. However, GR samples can be taken to the fully oxidized
(all Fe3™) and fully reduced (all Fe?™) states for minutes to hours without losing
the GR-typical layering [68]. These shifts in reduction state correspond to effec-
tive electron transfer within the plane of the Fe-oxyhydroxide layer.

Altering the Fe3*/Fe'°! ratio amounts to changing the net charge of the oxy-
hydroxide layers. To maintain their structural integrity in the face of growing
charge imbalance, the GR nanocrystals can adjust the amount of compensating
countercharges in the interlayer or, for the case of very high Fe®*/Fe®! values,
deprotonate the u-hydroxo bridges to result in p-oxo-bridged structures (Fig-
ure 5). Oxidation of the layers is therefore accompanied by release of protons
into the interlayer space (which certainly sounds familiar to the bioenergeticist).
For the case of in-plane vectorial migration of Fe ™ sites, it is tempting to assume
that the compensating counter-anions in the interlayer space will tend to be
dragged along and thus move in the inverse direction of effective electron flow
(Figure 5). Again, the analogies to phenomena in bioenergetic transmembrane
transport are intriguing.

6.1.3. Multi-Electron Redox Catalysis

The catalytic versatility of GR is showcased in several dedicated review articles
from the mineralogical community [64]. GR’s abilities to mediate challenging
multi-electron redox transformations appear of particular interest to emergence
of life scenarios which try to obey the thermodynamic and bioenergetic strictures
laid out in Sections 1 and 2. For example, GR has been shown to catalyze the
8-electron reduction of nitrate to ammonia [37] as well as several intermediate
steps thereof [66]. These reactions are intriguing since, apart from producing
strongly reduced nitrogen compounds required for instance in the synthesis of
amino acids, they can produce highly reactive intermediates such as nitrogen
oxide [66] or potentially hydrazine [47].

Although a plethora of GR-assisted redox transformations have been reported
by the mineralogists, the list is almost certainly far from complete and GRs are
likely to feature further intriguing reaction pathways. Naturally occurring fouger-
ite can safely be expected to show even broader reactive abilities due to the
presence of transition metals other than only iron. As indicated in Section 2
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and Figure 3, the top-down lead from biology to GR arises from the structural
resemblance between the catalytic center of members of the diiron hydroxylase
superfamily and in particular of the enzyme “soluble methane monooxygenase”
and the arrangement of the Fe-oxyhydroxide layers. The diversity of diiron hy-
droxylases may suggest further reaction schemes to be assayed in GR samples.

6.2. A Potential Bridge from the Inorganic World to Biology

The above listed properties of GRs are certainly fascinating and potentially im-
portant for emergence of life scenarios. However, as we have tried to convey in
Sections 1 and 6 as well as in a recent article [48], none of these properties by
themselves can rationalize an emergence of life which would be in line with the
274 law of thermodynamics. Even the most intricate types of redox catalyses
remain “catalyses”, that is, they facilitate exergonic reactions rather than driving
endergonic ones. What is required for credible emergence of life scenarios is the
availability of disequilibria-converting processes, ideally somehow resembling
the conversion of environmental redox tensions into phosphate group transfer
disequilibria such as high ATP/ADP or PP;/P; ratios, as observed in real life [47].
We imagine that the synergy of GR’s properties listed in Sections 6.1.1 to 6.1.3
may be able to bring forth such disequilibria-converting processes [39] and we
have proposed tentative models in recent articles [47, 48].

However, we also consider that these scenarios are too speculative to be de-
tailed in this contribution which we would like to keep as close as possible to
empirical data, basic thermodynamic considerations, and undeniable structural
analogies. The model we have proposed nevertheless serves as proof of principle
that disequilibria-converting systems based on the synergy of fougerite, macki-
nawite and greigite and resembling actual biology can be conceived of. Our specif-
ic model may become falsified in the future via experimental results and replaced
by other scenarios, but we strongly suspect that the discussed properties of the
layered Fe-oxyhydroxide minerals will play pivotal roles also in these future
scenarios.

7. CONCLUSION

Whether it was the presence of organic building blocks or the emergence of an
ancestral metabolism based on mineral-borne inorganic metal clusters [17, 25,
27, 33, 38, 69] appears to be presently the main controversy animating the field
of emergence of life research. While organic soup hypotheses have dominated
the field since almost a century [70-72], the alternative current of thought is with
us since quite some time, too [24] and many inorganic chemists shared David
Garner’s view that “It is the inorganic elements that bring organic chemistry to
life” already several decades ago. Earlier emergence of life scenarios building
on alkaline vent settings strongly relied on the inorganic nature of both the
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redox substrates and the metal catalysts of certain types of prokaryotic energy
metabolism to infer a close resemblance between these metabolisms and abiotic
chemical reactions occurring in the vents [17, 73, 74].

In the past, more than half of the authors of the present contribution champi-
oned the alkaline hydrothermal vent scenario precisely because of the perceived
similarity of catalytic reaction steps in the vent and in biological methano- and
acetogenesis. We have since became convinced by the incontrovertible argu-
ments from thermodynamics that abiogenesis cannot simply correspond to a
speeding up of abiotic chemical reactions. Life’s most fundamental nature as
an entropy-lowering process requires the existence of conversion mechanisms
transducing environmental disequilibria into the highly ordered factories of liv-
ing cells. As we have tried to argue in this contribution, this stricture further
strengthens the lead towards metal-containing minerals as midwives for nascent
life but requires the inclusion of minerals which are able to couple redox reac-
tions and mass transfer as well as to perform proton-coupled electron transfer.
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ABBREVIATIONS AND DEFINITIONS

ADP adenosine 5'-diphosphate

ATP adenosine 5'-triphosphate

CO, carbon dioxide

EPR electron paramagnetic resonance

EXAFS extended X-ray absorption fine structure

GR Green Rust

Ks stability constant of semireduced form of 2-electron compounds
LDH layered double-hydroxide

Mo molybdenum

NAD(P)H nicotinamide adenine dinucleotide(phosphate), reduced
[NiFe] nickel-iron

P; orthophosphate; inorganic phosphate; PO3; ~

PP, pyrophosphate

W tungsten

XANES X-ray absorption near-edge spectroscopy
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Abstract: Magnetotactic bacteria (MTB) form magnetosomes, which are intracellular organ-
elles that consist of ferrimagnetic crystals of a magnetic mineral. To build these organelles,
large amounts of iron are sequestered and biomineralized in specific membrane-enclosed in-
tracellular compartments. Magnetosome biosynthesis is under spatio-temporal control by a
number of specific factors and functions. The resulting cellular dipole moment acts like a
compass needle which aligns the cell in the geomagnetic field. This magnetotaxis is assumed
to facilitate the navigation of the actively swimming bacterial cells along vertical redox gradi-
ents within stratified sediments of natural waters, where MTB are highly abundant. In this
contribution, we present some recent knowledge on the diversity and ecology of MTB and the
process of magnetosome biomineralization, as well as some geochemical and palacomagnetic
implications of magnetosome formation.

Keywords: biomineralization - greigite - magnetite - magnetofossils - magnetosome - magneto-
taxis

1. INTRODUCTION

A particularly remarkable example for the accumulation and biomineralization
of metals is represented by the magnetosomes of magnetotactic bacteria (MTB).
Magnetosomes are intracellular organelles which consist of ferrimagnetic mem-
brane-enveloped crystals of a magnetic mineral, either magnetite or greigite, that
are aligned in one or several linear chains (Figure 1) [1, 2]. To build these organ-
elles, large amounts of iron are sequestered in specific membrane-enclosed intra-

Figure 1. Electron micrograph of an uncultured magnetic vibrio collected from Lake
Chiemsee (Germany). The arrow indicates the chain of magnetosomes, which confers a
magnetic dipole moment (drawn in blue) to the cell.
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cellular compartments. The resulting magnetic dipole moment acts like a com-
pass needle which aligns the cell in the geomagnetic field while it actively swims.
This “magnetotaxis” is assumed to facilitate the navigation of cells along vertical
redox gradients within stratified sediments of natural waters, where MTB are
highly abundant [3-5].

2. PHYLOGENETIC AND MORPHOLOGICAL DIVERSITY
OF MAGNETOTACTIC BACTERIA

MTB display a huge diversity of cell morphologies, including rods, vibrios, spiril-
la, cocci, and even multicellular magnetic consortia (Figure 2) [6-9]. In addition
to the presence of magnetosomes and despite of their phylogenetic, metabolic
and morphological diversity, all known MTB have a Gram-negative type of cell
wall, are motile by flagella, and have a microaerophilic or anaerobic lifestyle.
While the majority of environmental MTB still cannot be cultured in the lab,
they can be easily detected and collected from environmental samples by taking
advantage of their conspicuous magnetically directed motility. This has facilitated
numerous targeted metagenomic and single-cell genomic studies, which revealed
a tremendous phylogenetic diversity. MTB do not represent a homogenous tax-
onomic group, but instead are distributed over several eubacterial taxa which
contain non-magnetotactic species as well. The majority of MTB described so

Figure 2. (A-C) Electron micrographs of different morphotypes of MTB collected from
freshwater sediment samples, showing different magnetotactic cocci (A, C) and a large
rod (B) (bars represent 1 um). (D-G) Micrographs of magnetosome crystals from various
magnetotactic bacteria, showing bullet-shaped (D), cubo-octahedral (E), and elongated
prismatic morphologies (F, G) (bars represent 100 nm).
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far belong to six subdivisions of Proteobacteria (a, v, 8, T, 1, and 1), some are
affiliated with the Nitrospirae and Omnitrophica phyla [10-19], and even with
some lineages within the deep-branching Latescibacteria and Planctomycetes
[18]. Magnetosome biogenesis is thus a polyphyletic and possibly ancient trait
[2, 9, 20].

3. STRUCTURE AND BIOMINERALIZATION
OF MAGNETOSOMES

3.1. Magnetosome Structure

Magnetosome crystals vary widely with respect to their shape, size, number, and
arrangement (Figure 2). MTB belonging to the o-, -, - and y-Proteobacteria
biomineralize highly regular crystals of magnetite (Fe;O,) with cubooctahedral or
elongated prismatic morphologies. In contrast, MTB belonging to the 8-Proteo-
bacteria biomineralize crystals of magnetite, greigite (FesS,), or both types of
minerals [7, 8, 10, 21, 22]. Their magnetite crystals are bullet-shaped, and are
structurally less perfect compared to the magnetite crystals produced by other
Proteobacteria. Greigite crystals of the 8-Proteo-MTB are often equidimensional,
with irregularly-shaped surfaces [23], and lack the morphological perfection of
magnetite magnetosomes produced by other MTB. Nitrospirae and Omnitrophica
MTB also biomineralize bullet-shaped magnetite crystals akin to those of the &-
Proteo-MTB, but are unable to form greigite crystals [12, 22, 24] (Figure 3).

Figure 3. (A) Scanning electron micrograph of two cells of the uncultured ‘Candidatus
M. bavaricum’ from the Nitrospirae phylum. Magnetosome crystals consisting of magne-
tite are visualized by backscattered electrons (blue). The large rod-shaped cells contain
several hundreds of magetosomes aligned in several bundles of chains. (B) Higher magnif-
ication scanning and (C) transmission electron micrographs of magnetosome chains of
‘Ca. M. bavaricum’, revealing the bullet-shaped, slightly kinked morphology of the crys-
tals. Micrographs by Gerhard Wanner, LMU Miinchen, modified after [24] and [25].
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Figure 4. (A) Electron micrograph of a cell of the Alphaproteobacterium Magnetospiril-
lum gryphiswaldense. (B) Electron micrograph of solated magnetosomes of M. gryphis-
waldense showing the magnetosome membrane (MM) enveloping each magnetite crystal.
(C) Segmented cryo-electron tomogram of a M. gryphiswaldense cell. The outer and cyto-
plasmic membranes are depicted in blue, magnetosome membranes in yellow, magnetite
crystals in red and the cytoskeletal magnetosome filament in green. Tomogram by Oliver
Raschdorf, LMU Miinchen/MPI Martinsried, modified after [62].

Most of the knowledge on the biomineralization of magnetosomes and its mo-
lecular control relies on studies of several species belonging to the a-proteobac-
terial genus Magnetospirillum (Figure 4A). In contrast to most other MTB, mag-
netospirilla can be reasonably well cultured in the lab in pure culture because
of their versatile facultative anaerobic, chemo-organoheterotrophic lifestyle and
moderate robustness against higher oxygen concentrations. Importantly, two spe-
cies — M. magneticum, and M. gryphiswaldense — can be genetically manipulated
and therefore served as models in many studies [26-31]. In both species, the
magnetite crystals have a cubo-octahedral morphology with sizes of ~35-50 nm
(Figure 4B) [32, 33]. Magnetite grains within this size range are in the stable
single magnetic-domain state in which all elementary magnetic dipoles of the
crystals are permanently aligned parallel to each other [34, 35]. Since magnetite
crystals of magnetospirilla are also characterized by a highly controlled crystallo-
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graphic structure and narrow size distribution, they exhibit exceptionally strong
magnetic properties [36]. The possibility to display additional functional moieties
on their surface by chemical or genetic coupling makes them also attractive as
biogenic magnetic particles in a number of biomedical and biotechnical applica-
tions such as magnetic hyperthermia, as contrast agents in magnetic imaging
techniques such as magnetic particle imaging and magnetic resonance imaging
[37-41] and for magnetic drug targeting [42, 43].

A prerequisite for high quality magnetite particles is the precise control over
the iron concentration as well as the redox and pH conditions during biomineral-
ization. In magnetospirilla and probably all other MTB, this is achieved by com-
partmentalization of the biomineralization reaction within 10-70 nm large mag-
netosome vesicles that are formed by a 5-6 nm thick proteinaceous phospholipid
bilayer, the magnetosome membrane (MM). Cryo-electron tomography revealed
that at least some MMs are contiguous with the cytoplasmic membrane suggest-
ing that vesicles are formed by invagination from the cytoplasmic membrane
[26]. Consistent with this idea, the MM was found to have a lipid composition
similar to the cytoplasmic membrane [44, 45], but contains a set of at least 30 spe-
cific proteins [44-48]. Recent genetic analyses confirmed that these proteins reg-
ulate magnetosome biogenesis which could be dissected into four separate steps:
(i) Magnetosome membrane invagination and protein targeting, (ii) iron import
into the vesicles, (iii) magnetite crystallization and crystal growth, and (iv) mag-
netosome chain formation.

These proteins are encoded by so-called mam (magnetosome membrane) and
mms (magnetosome membrane-specific) gene clusters within a genomic island-
like region (magnetosome island (MAI)), which was first discovered in M. gry-
phiswaldense [31, 49], but later found in all MTB studied so far. The MAI is
highly variable between different species, but shares a universal set of core genes.
Nine of these genes (mamABEIKMOPQ) are conserved in all MTB (including
greigite producers), while a further gene, mamL, is also conserved in all magne-
tite producers [10]. This suggests that this minimal gene set encodes the universal
core functions of magnetosome biosynthesis: The invagination of empty magne-
tosome membrane vesicles is controlled primarily by the cation diffusion facilita-
tor MamBM heterodimer [50]. This generates a nano-reactor in which physico-
chemical conditions for biomineralization are tightly controlled. Next, iron is
transported into the magnetosome vesicles by MamBM and others [50, 51]. Iron
is then partially oxidized by the ferro-oxidase activity of MamE and MamP,
which contain the c-type cytochrome “magnetochrome” domain unique to MTB
[52-55]. This step is followed by mineral nucleation putatively regulated by
MamO and Maml. MamQ and MamL are assumed to have as-yet uncharacter-
ized functions in the control of crystal growth [56]. The highly conserved core
protein MamA is not essential for biomineralization, but involved in formation
of a “magnetosomal matrix” priming magnetosome biosynthesis [27, 57, 58].
Nascent particles are then concatenated into linear chains along a dynamic fila-
mentous cytoskeletal network established by the actin-like MamK protein [26,
44, 59, 60], which in some MTB forms a more complex “Magnetoskeleton” to-
gether with other cytoskeletal constituents (Figure 4C) [61]. In addition to these
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core proteins, further group-specific proteins are also encoded within the MAI
clusters. These variable set of genes are speculated to account for the stunning
diversity of magnetosome biomineralization observed in many environmental,
mostly uncultured MTB, in a manner which so far is poorly understood.

3.2. Uptake and Intracellular Sequestration of Iron

Magnetotactic bacteria are able to accumulate large amounts of extracellular
iron for the synthesis of intracellular magnetite or greigite crystals. The intracel-
lular iron content of M. gryphiswaldense, for example, has been shown to account
for up to 4 % of the cell dry weight [63]. ‘Candidatus Magnetobacterium bavari-
cum’ an uncultured MTB which produces more than 1000 magnetosomes per
cell (Figure 3), may even incorporate up to 10 % iron [64]. Thus, the cellular iron
content of magnetosome-forming MTB is at least 100-times higher than that of
non-magnetic bacteria such as Escherichia coli (0.027 % iron per dry weight,
[65]). By contrast, the intracellular iron content of aerobically grown non-mag-
netic cells of M. gryphiswaldense was found to be similar to that of E. coli (0.02
to 0.06 % of dry weight) suggesting that magnetosomes contain up to 99 % of the
cell-bound iron [44, 66]. In contrast, single-cell iron content and iron isotopic stud-
ies with M. magneticum revealed that magnetite accounts for only 50-80 % of the
cellular iron [67-69]. Nevertheless, in both species huge increases of the intracellu-
lar iron content could be observed upon induction of magnetite biomineralization
by oxygen depletion or addition of high iron concentrations which indicates that
iron uptake is tightly coupled to magnetite biomineralization [66, 69].

For magnetite biosynthesis, extracellular iron can be taken up as Fe(III) or
Fe(II) ions. Fe(III) iron ions, however, seem to be preferred as Fe(IIl) iron
uptake proceeds at about 7-fold higher rates than Fe(Il) iron uptake (0.43
versus 0.06 nmol min~! mg cell dry weight™, respectively) [70, 71]. Under opti-
mal conditions, i.e., magnetite biomineralization inducing low oxygen and high
extracellular iron concentrations, iron uptake rates increase to about 0.8 to
1 nmol min~! mg cell dry weight ™! [71-73] which is one of the highest Fe uptakes
rates in bacteria reported so far. It was thus speculated that complex cytoplasmic
membrane iron uptake systems, different from known transport mechanisms in
other microorganisms, are active in magnetospirilla and other MTBs [74]. How-
ever, no unique transporters that would be specific for MTB could be identified
so far. Instead, several generic iron uptake systems commonly found in other
Gram-negative bacteria were reported [75-79]. In addition, many of these identi-
fied iron uptake systems are only poorly conserved between different Magneto-
spirillum species. M. magneticum, for example, was reported to produce hydrox-
amate- and catechol-type siderophores whereas M. magnetotacticum forms only
hydroxamate siderophores and M. gryphiswaldense seems to be unable to form
siderophores at all [71, 77-80]. Furthermore, ferrous iron transporters of the
FTR1 family are encoded in the genomes of M. magneticum and M. magnetotac-
ticum but not in M. gryphiswaldense, which, on the other hand, harbors a Fe(I1I)

printed on 2/13/2023 12:53 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

166 UEBE and SCHULER

Fe2t Fe3+

biochemical
Fe**-metabolism

biochemical
Fe*-metabolism

FeOx FeR

Figure 5. Model of iron uptake in magnetospirilla. Extracellular iron is imported into
the cytoplasm by cytoplasmic membrane transporters. Subsequently, iron is transported
into MM vesicles by magnetosome-specific transporters (Fe?* is probably transported by
MamB and MamM, and Fe*™ by MamH and MamZ; single letters denote respective
Mam proteins). An alternative route might proceed directly from the periplasm (pp). Iron
oxidases (FeOx) and reductases (FeR) regulate the intracellular Fe?*/Fe3 " ratio. Fe?™
acts as a co-repressor of the ferric uptake regulator (Fur), which is a transcriptional regu-
lator of iron import genes but not magnetosome genes.

iron-specific ABC transport system that is absent from M. magneticum and
M. magnetotacticum [74, 80].

The only iron uptake system that appears to be universal among MTB is the
Fe(II) iron transporter FeoB of which one copy is even encoded within the MAI
[10], while another copy is usually encoded elsewhere in the genome. Notably,
transcription of feoB and other Fe(II) iron transport systems are upregulated
under microxic and high Fe(Ill) iron conditions in M. magneticum [74]. Thus,
although magnetospirilla show only low Fe(II) iron uptake rates, Fe(II) iron
uptake systems seem to be more abundant and important under magnetite-
inducing conditions than Fe(III) iron uptake systems. In agreement with these
findings, deletion of two different feoB genes in M. gryphiswaldense resulted in
significantly decreased magnetite biomineralization [75, 76]. These results, fur-
thermore, indicate that iron is first transported through the outer and inner
membranes into the cell before it is imported into magnetosomes (Figure 5A).
This MM-directed iron transport is likely catalyzed by two distinct import ma-
chineries. The first system is composed of MamB and MamM which are members
of the ubiquitous cation diffusion facilitator family [S0]. Members of this family
are well known to transport divalent metal cations from the cytosol into organ-
elles or out of the cell using electrochemical gradients (H™ or K*) as energy
source [81]. In the case of MamB and MamM, the energy for Fe(II) iron trans-
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port might be derived partly from protons which are generated within magneto-
somes during magnetite biomineralization [63]. The second putative magneto-
some-directed iron import system is composed of the major facilitator (MFS)
superfamily proteins MamH and MamZ [51]. MFS transporters also use electro-
chemical gradients to energize transport of a single solute (uniport) or couple
the movement of a substrate with a second substrate (antiport or symport) [82].
Since the iron-transporting role for MamH and MamZ is only based on indirect
evidence [51], it is currently not known which species of iron is transported.

In agreement with an intracellular iron transport route, Mossbauer spectrosco-
py studies with M. magnetotacticum and M. gryphiswaldense, respectively, identi-
fied intracellular Fe(II) and Fe(IlI) iron species as putative intermediates of the
iron biomineralization pathway [70, 83]. But although both studies identified
similar iron metabolites, they proposed different iron biomineralization path-
ways. The M. gryphiswaldense study, for example, proposed that the intracellular
Fe(III) iron species are membrane-bound ferrihydrite-containing ferritins which,
together with a membrane-bound Fe(II) iron species, release iron at the MM to
enable magnetite crystallization by fast coprecipitation of Fe?* and Fe3* [70]. It
was furthermore suggested that iron is processed to the MM directly from the
cell membranes without iron transport through the cytoplasm which implies that
pathways for magnetite formation and biochemical iron uptake are distinct [70].
In contrast, data from M. magnetotacticum indicated that, after cellular import,
Fe(II) iron is oxidized to a low-density hydrous Fe(I1I) oxide which is dehydrated
to the precursor mineral ferrihydrite that is finally partially reduced to magnetite
[83]. Interestingly, later X-ray absorption near edge structure and high-resolution
transmission electron microscopy studies on magnetite biomineralization in
M. gryphiswaldense and M. magneticum also revealed a ferritin-like ferrihydrite
phase as a magnetite intermediate [84, 85] while mutational analysis or X-ray
magnetic circular dichroism studies with M. gryphiswaldense proposed that mag-
netite forms by phase transition from other precursor minerals like the metastable
e-Fe,0O5 and/or the thermodynamically stable a-Fe,O3 (hematite) phases [86, 87].

Thus, although many studies using different techniques tried to elucidate how
MTB biomineralize magnetite, the exact pathway of iron uptake and magnetite
biomineralization in MTB is still poorly understood. However, at least some
clarification was recently achieved by a combination of Mossbauer spectroscopy
and deletion mutagenesis in M. gryphiswaldense. It could be shown that the
heterooligomeric iron storage protein bacterioferritin is identical with the puta-
tive ferritin-like ferrihydrite magnetite precursor, but dispensable for magnetite
biomineralization and thus is not involved in the biomineralization pathway [88].

3.3. Redox Control and Magnetite Crystallization

Magnetite is a mixed-valence iron oxide (Fe?*Fe3+ O,4) with a ratio of 1:2 be-
tween Fe(II) and Fe(III) iron. Since Fe(II) iron is rapidly oxidized by dioxygen,
magnetite formation typically requires slightly negative redox potentials (i.e.,
-0.2 to 0.4 V) under neutral or basic pH conditions [63]. These low redox poten-
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tials and pH conditions probably cannot be maintained under high O, concentra-
tions or low external pH, respectively. Thus, M. gryphiswaldense fails to form
magnetite under low pH or O, concentrations of more than 24 uM [73, 89].

The observation that under suboxic conditions magnetite biomineralization
can be induced by uptake of either Fe(I) or Fe(IIl) iron indicates that cells
possess mechanisms to adjust the correct Fe(Il) to Fe(Ill) iron ratio. Indeed,
several soluble ferrireductases that loosely associate with the cellular membrane
were discovered in M. gryphiswaldense and M. magnetotacticum, suggesting that
iron can be reduced before or after transport through the cytoplasmic membrane
[90, 91]. Consistent with this idea, a membrane-bound pool of Fe(II) iron was
identified by MoBbauer spectroscopic analyses [70]. Furthermore, the impor-
tance of iron reduction was shown by the inability of a ferrireductase double
deletion mutant to biomineralize magnetite [92].

In addition to these iron-specific redox-active enzymes, magnetite biominerali-
zation in M. gryphiswaldense is also affected by the overall redox status of the
cell. For example, growth on carbon sources which are slightly more reduced
than the average cell biomass (e.g., acetate) impaired magnetite biomineraliza-
tion in M. gryphiswaldense [93]. Similarly, magnetite biomineralization was se-
verely affected by deletion of respiratory chain constituents (nap, nirsS, cbbs] or
the O,-responsive transcriptional regulator gene fnr [93-96]. It has therefore
been suggested that the periplasmic nitrate (NOj3') reductase Nap transfers elec-
trons from the quinone pool to the magnetosomes via its CymA-like multiheme
cytochrome subunit NapC [52]. In contrast, the subsequent enzyme of the deni-
trification pathway, the periplasmic nitrite (NO53 ) reductase NirS, was found to
use NO3 as an electron acceptor for the oxidation of Fe(II) iron in vitro and
thus might serve as an iron oxidase in vivo [97]. More recent work on mixotroph-
ic NOj3 -reducing Fe(II)-oxidizing bacteria, however, suggested that NO; itself
may abiotically oxidize Fe(II) during heterotrophic denitrification [98].

Besides these putative cellular iron oxidases and reductases, several proteins
of the magnetosome membrane might also possess such activities. The major
facilitator superfamily protein MamZ, for example, contains a heme b-binding
YedZ-like domain with putative ferric reductase activity [51]. MamE, MamP,
MamT, and MamX also contain redox-active c-type cytochrome-like domains,
so-called magnetochrome domains [52]. Since purified MamP of M. magneticum
was shown to contribute to the formation of Fe(III) ferrihydrite or mixed-va-
lence iron oxides from Fe(II) iron in vitro this protein is suggested to act as an
iron oxidase in vivo [53, 54]. Whether magnetochrome domains generally act as
iron oxidases is currently not clear, since the magnetochrome deletion pheno-
types differ significantly. Deletion mutants of MamT in M. magneticum and M.
gryphiswaldense, for example, produce magnetite particles that are significantly
smaller than those of the wild-type. In contrast, deletion of MamP in M. magneti-
cum and M. gryphiswaldense caused the formation of very few magnetite parti-
cles with relatively large diameters which are flanked by small, irregular-shaped
poorly crystalline particles [54, 56, 99]. Thus, further studies are required to clari-
fy the individual role of the magnetochrome-containing proteins.
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4. ENVIRONMENTAL AND BIOGEOCHEMICAL
IMPLICATIONS OF MAGNETOSOME
BIOMINERALIZATION

4.1. Ecology, Occurrence, and Distribution of Magnetotactic
Bacteria

Numerous studies have documented the ubiquitous occurrence of MTB in many
aquatic environments including lakes, rivers, creeks, ponds, estuaries, lagoons,
swamps, wet soils, and intertidal zones. Because of their global distribution and
magnetotactic behavior that enables their selective identification, collection and
analysis directly from environmental sources and independent of cultivation,
MTB were suggested as a useful model for addressing questions in microbial
ecology and biogeography [17, 20]. Despite of the diversity of habitats, the gener-
al characteristics of environments where MTB are found in the highest numbers
include a neutral to slightly alkaline pH, suboxic to anoxic conditions, the pres-
ence of dissolved iron, and the presence of sulfide (S*) for greigite-producing
MTB [9, 13, 14, 21, 100-106]. More recent findings show that some MTB occupy
extreme environments [107] including hot springs [108], or saline-alkaline lakes
[103, 109]. In addition, MTB were detected in deep-sea environments [110, 111].

Contrary to what one might expect, the occurrence of MTB appears not to
depend on particularly high concentrations of iron in the environment, and on
the opposite, MTB are absent from environments with exceptionally high con-
centrations of iron such as iron-rich seeps and ditches as well as acid mine drain-
ages [9, 13, 112]. In depth profiles of freshwater microcosm sediments, for exam-
ple, the occurrence of MTB coincided with the availability of significant amounts
(ca. 5-60 uM) of soluble Fe(II) [13]. Notably, this is roughly equivalent to the
moderate micromolar iron concentrations (10-100 uM) which were found to sat-
urate iron uptake and magnetite biomineralization in pure cultures of M. gry-
phiswaldense [66, 71].

The largest numbers of MTB are typically found at or slightly below the oxic-
anoxic transition zone (OATZ) of sediments or chemically stratified water col-
umns. Moreover, within the OATZ itself, different species of MTB occupy differ-
ent positions that represent different specific chemical conditions at that depth.
For example, MTB in microcosms with sediment samples from several ponds
and lakes were found to occur in narrow, but very dense layers close to the
OATZ and have been estimated to be among the locally most abundant microor-
ganisms, occurring in numbers of up to 1.5 X 107 cells/cm?, which corresponded
to about 1% of the total bacterial cell number in the upper sediment layer [13].
In this study, the occurrence and abundance of diverse MTB was correlated to
several geochemical parameters. For example, the occurrence of MTB was re-
stricted to a narrow layer 5-15 mm below the sediment surface, which was over-
lapping or closely below the maximum oxygen and nitrate penetration depth.
While different species showed different preferences within vertical gradients,
the largest proportion of MTB was detected within the suboxic zone, and oxygen
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was the main geochemical determinant for the vertical distribution of MTB [13].
Another study by He et al. [113] also suggested that different freshwater MTB
species occupy distinctly different niches in sediment microcosms, and their hori-
zontal positioning is heterogeneous and under constant flux.

A detailed profile analysis of the giant rod ‘Ca. M. bavaricum’ (Figure 3) in
sediments from a freshwater lake (Lake Chiemsee, Germany) revealed that the
cells were located at one or two peaks of up to about 5 X 10° cells/mL within a
rather narrow layer located 5-10 mm below the sediment surface, which again
was correlated with low oxygen concentrations of about 5-30 uM O, [25]. Again,
no clear correlation with other geochemical parameters was observed. In a previ-
ous study, this organism constituted approximately 30 % of the microbial biovo-
lume in that layer in sediments from the same site [114].

In marine environments, MTB were reported to reach population densities of
103-10° cells mL! [115, 116]. Magnetite-producing MTB were most abundant at
the top of the chemocline of the chemically stratified water column of a brackish
pond (Salt pond, Massachusetts, USA). They peaked directly above a zone with
maximal Fe(II) iron concentration, a distributional pattern typical for sulfide
oxidizers. In contrast, greigite-producing MTB were predominantly found at low-
er depths at the base of the chemocline where sulfide became detectable [115,
117, 118]. Consistent with the prevalence of environmental MTB populations in
narrow suboxic layers, cultures of magnetospirilla show a strong micro-aerotactic
preference for low O, concentrations, and the formation of very sharp aerotactic
bands is a common characteristic of several MTB when cultivated in O,-gradi-
ents in semisolid agar media or observed in microcapillaries in laboratory condi-
tions [5, 119-121].

In conclusion, the distribution of natural MTB populations in sediments, as well
as the results from laboratory studies of cultured species suggest that MTB are
typical gradient organisms, which derive energy for growth from the proximity of
reductants (such as organic acids or reduced sulfur compounds) and oxidants (such
as O,, NO3, or SO ) at a chemical interface, and occur in very narrow layers at
particular locations relative to this interface [13, 14, 115]. From studies of the
available laboratory cultures and metabolic predictions based on genomic analysis
of uncultured MTB, it seems that all known MTB perform a respiratory type of
metabolism. Depending on the particular species and environmental condition,
they can oxidize simple organic compounds or reduced sulfur compounds in the
presence of low concentrations of O, [122-124], or anaerobically with NO3 or
SO3~, and many MTB are capable of a chemolithoautotrophic lifestyle [12, 93,
125] and can fix molecular nitrogen (N,) [12, 17, 126].

4.1.1. Association and Symbiosis of Magnetotactic Bacteria with Eukaryotes

Magnetosome-producing bacteria have been detected in marine bivalves and in-
terpreted as symbionts that were incorporated by the host, and eventually lost the
ability to swim and to build regular magnetosome chains [127]. Interestingly, this
observation was interpreted as support for the hypothesis that the utilization of

printed on 2/13/2023 12:53 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

IRON BIOMINERALS IN MAGNETOTACTIC BACTERIA 171

symbiotic MTB may even underlie the magnetic sensing capability of higher ani-
mals, thus providing a possible explanation for the still-elusive magnetic sensor in
metazoa [128]. However, the presence of magnetosomes (or their remnants) with-
in bivalves was recently speculated to be likely more related to predation, rather
than to symbiosis [129].

Diverse free-living protists, which exhibited a magnetotactic swimming be-
havior have been repeatedly observed to be present in the same microhabitats
as MTB [115, 130-132]. Much like MTB, they migrated and accumulated at the
edge of a hanging water drop in a magnetic field and contained magnetite
particles with morphologies and dimensions similar to bacterial magnetosomes.
However, for most of these observations it was suggested that the unusual
magnetic response was most likely caused by the ingestion of MTB by grazing,
rather than endogenous biomineralization of the protist itself. In fact, feeding
predatory ciliates with magnetically purified multicellular MTB (‘Ca. Magneto-
globus multicellularis’) resulted in the accumulation and subsequent dissolu-
tion of the greigite magnetosomes within the acidic vacuoles of the ciliate [133].
Likewise, ciliates affiliated with the genus Uronema were able to ingest hun-
dreds of MTB into acidic vacuoles and progressively became sensitive to mag-
netic fields in the same way as MTB. Thus, MTB grazing could be involved in
recycling particulate iron back to a bioavailable form in the environment
through dissolution [134].

In a more recent study [135], uncultured single-celled eukaryotic flagellates
from two different Brazilian freshwater sites were observed harboring aniso-
tropic bullet-shaped magnetite magnetosomes aligned in complex aggregations
of multiple chains within the cell. Because of the unusually large size of the
magnetosomes (twice as large as typical bacterial magnetosomes) and the ab-
sence of specific microcompartments typical of a bacterial cell, or digestive
vacuoles, the observations rather supported the notion that magnetosomes in-
deed might originate from biomineralization by the eukaryote itself rather than
ingested MTB, which however will require further verification by molecular
methods [135].

Most recently, a genuinely symbiotic and magnetotactic protist belonging to
the Euglenozoa was discovered in marine sediments [130]. In contrast to
grazing magnetic protists, its magnetoreception was shown to be due to the
presence of hundreds of ectosymbiotic Deltaproteobacteria biomineralizing
magnetite magnetosomes aligned in regular chains. Unlike MTB grazers, the
sensing and geolocalization in this biological system benefits both organisms
thanks to the long-term cooperation established with the host, thereby forming
a microbial magnetic holobiont. The partners’ interdependency likely relies
also on syntrophy based on the molecular H, provided by the protist that is
being used by the bacteria to reduce sulfate in order to gain energy. Clearly,
this spectacular discovery of magnetosome-producing holobionts has changed
much of our vision of magnetoreception in unicellular eukaryotes as well as
ecological niches of MTB [130].
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4.2. Functions of Magnetosome Biomineralization
4.2.1. Magnetotaxis

The chain-like arrangement of magnetosome particles generates a magnetic di-
pole that passively rotates the bacterium into alignment with the Earth magnetic
field as it swims actively by means of flagella. The most widely assumed function
of this magnetotaxis is that navigating along the geomagnetic field allows MTB to
more efficiently locate and maintain an optimal position within vertical chemical
and redox gradients in water columns and sediments for survival and growth [9].
The overall direction of the Earth’s field lines at any given location is the vectorial
sum of the horizontal and vertical components of the geomagnetic field. At the
equator, there is no vertical component, and the geomagnetic field lines are flat
due to only the horizontal component. As one moves from the equator, toward
either pole, the geomagnetic field lines deviate from the horizontal at an angle
that increases to 90° at the poles where the horizontal component is absent [9].
Thus, geomagnetic field lines on most of Earth are inclined and provide a reliable
path through vertically stratified redox gradients.

e
N \ \ geomagnetic
\ \ \ field line

\

water column

sediment
JIX0
-0ioiw

Jxoue

Figure 6. Model of magnetotaxis. The magnetic dipole moment caused by the magneto-
some chain orients the cell parallel to the inclined geomagnetic field lines, much like a
compass needle. This facilitates the search and positioning of the cell within vertical redox
(e.g., O,) gradients of aquatic sediments by active aerotactic swimming motility.
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Most studies so far suggested that a low (micromolar) O, concentration is the
most important factor determining vertical distribution of MTB within their na-
tive sediments and stratified water columns (Figure 6). To navigate efficiently
within these gradients, MTB are thought to combine alignment with the geomag-
netic field with aerotaxis to find zones with favorable O, and redox concentra-
tions. The main benefit of this magneto-aerotaxis is that alignment to geomag-
netic fields reduces random three-dimensional swimming walk to a linear
movement along more or less vertical field lines. This likely represents a selective
advantage in their natural habitat [2]. Under oxic conditions, that is, for example,
when observed in the classical hanging drop, most MTB sampled from environ-
mental sites generally display a preferred swimming polarity, which is mostly
North-seeking on the Northern Hemisphere and South-seeking in the Southern
Hemisphere. In the a-Proteo-MTB M. gryphiswaldense it was shown that swim-
ming polarity can be reversed by sudden shifts from oxic to anoxic conditions
and vice versa [5]. Thus, the inherited magnetic polarity bias in swimming facili-
tates an aerophobic reaction which upon exposure to harmful high O, concentra-
tions in surface waters directs MTB efficiently downward along the inclined geo-
magnetic field lines toward micro- or anaerobic sediments. In M. gryphiswaldense
(and probably other MTB) magneto-(micro)aerotaxis there is a direct molecular
link between aerotactic sensing and the determination of magnetotactic polarity,
through an unusually complex chemotactic sensory pathway. The function of
magnetotaxis as a navigational mechanism is also strongly supported by the strict
evolutionary optimization of magnetosomes as magnetic sensors: The magneto-
some crystal size generally lies within the single magnetic-domain size range (35
to 120 nm) with the highest possible magnetic moment [63]. In addition, in most
MTB, the magnetosomes are organized by a surprisingly complex cytoskeleton in
one or several straight chains that add up their magnetic moments and are precise-
ly positioned within the cell for most efficient magnetic navigation [5, 59, 61].

4.2.2.  Other Putative Functions of Magnetosome Biomineralization

The theory of magnetotaxis as a navigational mechanism within the vertically
inclined geomagnetic field is also supported by the predominant occurrence of
North-seeking bacteria in the Northern Hemisphere, and South-seeking MTB in
the Southern Hemisphere, which is consistent with the opposite directions of
inclined field lines in the two hemispheres. Notwithstanding, MTB were also
found to be abundant at the equator where South-seeking and North-seeking
MTB appeared to be present in about equal concentrations [136]. However,
because of the absence of any vertical inclination at the equator, the selective
fitness advantage for magnetotaxis at this location is not obvious. In addition,
several MTB, such as the large rod ‘Ca. M. bavaricum’ biomineralize much more
magnetosome particles as would be required for magnetotaxis (Figure 3) [24].
Therefore, besides magnetotaxis, other or additional potential advantages of pro-
ducing magnetosomes have been suggested, which for instance include the de-
toxification of metal ions or reactive oxygen species which can form during oxy-
gen respiration. During evolution, ancestral magnetosomes have been proposed
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to play a primary role in scavenging reactive oxygen species which could react
with magnetite, and synthesis of magnetosomes could potentially represent the
first strategy developed by living organisms to scavenge the toxic effects of oxygen
[137]. In fact, it was shown that magnetosomes of magnetospirilla may eliminate
intracellular reactive oxygen species and exhibit peroxidase activity [138, 139].

A related role of magnetosomes that was proposed is the sequestration of toxic
intracellular iron in a compact, non-hydrated, inert, and nontoxic form inside a
vesicle [63]. It was also discussed whether iron biomineralized as magnetite or
greigite could be resolubilized and used for metabolic requirements in iron
starved cells [9]. However, experimental evidence supporting these hypotheses
is still lacking.

4.2.3. The Magnetite Electrochemical Battery Hypothesis

It has also been speculated that MTB can use intracellular magnetite not only
for orientation, but also for electron storage or as electron source to serve as an
internal electrochemical battery to generate energy [140, 141]. Depending upon
the geochemical conditions, mixed-valent Fe minerals, e.g., magnetite, contain
varying amounts of Fe(II) and Fe(III) and therefore have the potential to func-
tion both as abiotic reductants and oxidants as well as electron donors or accep-
tors for Fe(Il)-oxidizing and Fe(IIl)-reducing bacteria, respectively. Vertically
aligned magnetic bacteria might actively cycle back and forth across redox gradi-
ents in their native sediments. In anoxic layers, the mineral core of magneto-
somes could be reduced to magnetite, thereby “charging” the internal battery
(by organic compounds, H,, or HS™ as electron donors). While the bacterium is
moving upward towards more oxic conditions, magnetite (Fe?™Fe3 + O,4) will be
become gradually oxidized and “discharged” to the ferrimagnetic spinel mag-
hemite (Fe3 * O3). The bacterium could then exploit the change in the redox
state of the mineral to generate additional energy. Although this has been dis-
cussed with some controversy because of the relatively low energy yield in bacte-
ria with only few magnetosome particles per cell [118], several preliminary obser-
vations seemed to be in line with this hypothesis. For instance, in lab cultures of
M. magneticum grown in redox gradients magnetosomes from high O, conditions
were more oxidized than those from low O, conditions, as the magnetosome
battery hypothesis would predict [141], and some MTB with very high numbers
of magnetosomes (up to 1000 per cell) such as ‘Ca.M. bavaricum’ (Figure 3) in
fact seem to fluctuate between oxidized and reduced sediment layers, resulting
in a bimodal distribution [25]. Recent evidence has shown that Fe(III)-reducing
and Fe(II)-oxidizing bacteria can use magnetite in such a capacity termed bio-
geobattery [142]. However, unambiguous experimental evidence for the magne-
tosome battery hypothesis is so far not available.

printed on 2/13/2023 12:53 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

IRON BIOMINERALS IN MAGNETOTACTIC BACTERIA 175

4.3. Magnetotactic Bacteria in Biogeochemical Cycling of Iron
and Other Elements

Given their high abundance and ubiquitous occurrence, MTB are likely to play
important roles in the geochemical cycling of iron, sulfur, nitrogen and carbon.
As mentioned above, MTB are able to accumulate high amounts of iron from
rather low ambient concentrations.

Due to the presence of magnetosomes, the intracellular iron content of MTB
is about 100- to 1,000-fold higher than that in other microorganisms. The large
amounts of Fe concentrated by MTB in intracellular magnetosomes (depending
on the external iron concentration a maximum value of ~10~%ng of iron per
cell) [69] indicate that nanomolar concentrations of Fe may be sequestered in
biomass, considering their estimated population densities [115, 143]. It was esti-
mated that globally MTB could generate >108 kg of magnetite per year [109,
144]. The stability of iron within magnetosomes, whether within cells or released
from lysed cells in the environment, is also important to consider, as magnetite
and greigite might represent either sources of bioavailable or unavailable seques-
tered iron, depending on whether these minerals are stable or dissolve under
environmental conditions where they were deposited [145]. After cell death,
magnetosome crystals are trapped into sediments that remove iron from the
soluble pool. MTB may incorporate a significant fraction of the mass of dissolved
iron transported to the ocean where dissolved iron limits nitrogen fixation and
primary productivity [69]. In estuarine environments, MTB could act as a sink
of iron and prevent accumulation of riverine dissolved iron in the ocean [146].

Besides iron, many MTB also are capable of intracellular accumulation of large
amounts of other elements such as sulfur (S) and phosphorus (P) [109]. For
example, in a recent study, Rivas-Lamelo et al. [147] showed that MTB of the
Magnetococcaceae family accumulate large amounts of polyphosphates and ap-
pear as P hotspots in the particulate fraction at the oxic-anoxic interface in the
water column of the meromictic ferruginous Lake Pavin, France. This high accu-
mulation may also relate to the chemical conditions prevailing in the lake, and
these magnetotactic cocci were suggested as new models playing a potentially
important role in the phosphorus geochemical cycle. In another study, it was
shown recently that bacterial polyphosphate inclusions within large MTB related
to the genus Magnetococcus contribute substantially to the characteristic phos-
phorus peak observed within the suboxic zone of the Black Sea [148]. The bacte-
ria contained about 25-35 % P, and it was proposed these large MTB shuttle up
and down within the suboxic zone, scavenging phosphate (PO3 ) at the upper
and releasing it at the lower boundary. In contrast to passive transport via metal
oxides, this bacterial transport now provides a plausible explanation for the con-
spicuous phosphate profiles that had remained enigmatic until this study.
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4.4. Bacterial Magnetosomes in the Geological Record:
Crystallographic, Compositional, and Isotopic Signatures
of “Magnetofossils”

After MTB bacteria die and become lysed (e.g., by bacteriophages or grazing
predators), it is assumed that magnetosomes can be released as more or less
intact magnetite crystals (Figure 7) [149-153]. Fossil magnetite from MTB was
found to be well-preserved in suboxic freshwater sedimentary environments
[154]. For comparison, magnetite dissolves easily in highly sulfidic environments,
but a fraction can be preserved by formation of a pyrite coating [155]. In condi-

Figure 7. TEM micrographs of magnetosome crystals isolated from a lab culture of M.
gryphiswaldense (A), and of magnetofossils (B) in a magnetic extract from Culver CIliff
chalk. Magnetofossils have prismatic and irregular elongate magnetosome morphologies
with some intact chains of prismatic crystals (scale bars = 100 nm). Figure 7B reproduced
with permission from [157]; copyright 2008, Elsevier.
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tions where magnetosome magnetite is assumed to be stable, the crystals have
been used as a paleoenvironmental biomarker referred to as “magnetofossils”,
and considered as evidence for the previous presence of MTB in rocks as old as
700 million years [156] and even in ancient sediments of 2 billion years [145,
157]. These findings also suggest a significant role for MTB not only in present-
day global iron cycling, but likely in the deposition of iron in sediments across
geological history.

Magnetofossils can be identified by their characteristic morphologies, crystalli-
nity, and sizes that are distinct from abiogenic magnetite, but resembling magne-
tosome particles isolated from lab cultures of extant MTB (Figure 7) [151, 158].
Greigite is also abundant and well-preserved in the rock record [159-161]. How-
ever, the distinctive morphology of magnetofossil greigite has not yet been used
to distinguish it from inorganic greigite, although biogenic greigite crystals have
been shown to display different size distributions than inorganic greigite [160].
Magnetofossils are important carriers of remnant magnetism both in the sedi-
mentary and rock records [157, 162]. For example, it was estimated that about
10 % of the total magnetization in the uppermost sediment layer in Lake Chiem-
see (Germany) is carried by bacterial magnetite [150]. MTB have even been
suggested to be the source of magnetite chains found within the Martian meteor-
ite ALHS84001 [163], although this study was heavily debated and faced by grow-
ing skepticism [164].

Potential problems for using magnetosomes as biosignatures are due to the
fact that diagenetic or metamorphic processes might result in changes to the
magnetic properties of the mineral inclusions [165]. A combination of physical,
mineralogical, and chemical characterization could be used to identify magnetite
with trace element incorporations. In a recent study [166] the incorporation of
34 trace elements into magnetosomes formed by Magnetospirillum magneticum
was analyzed, and it was found that biogenic magnetite is chemically very pure
and incorporates 100 times less trace elements than synthetic magnetite. Alterna-
tively, mass-dependent and -independent fractionation of Fe isotopes within
magnetosomes might also be used as a potential proxy to investigate their ability
to serve as biomarkers [67].
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MAI magnetosome island
MEFS major facilitator superfamily
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MM magnetosome membrane
MTB magnetotactic bacteria
OATZ oxic-anoxic transition zome
TEM transmission electron microscopy
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Abstract: Reduced and oxidized iron is present in virtually all of Earth’s environments. Iron
is essential to all living organisms because it is a critical component of many biomolecules. It
can also be used as an electron donor or terminal electron acceptor by microorganisms for
metabolic redox reactions which generate energy and drive growth. In this chapter we intro-
duce the environmental distribution and redox activity of iron and discuss how different types
of Fe(II)-oxidizing (aerobic, microaerophilic, anoxygenic phototrophic, and anaerobic nitrate-
reducing) and Fe(IIl)-reducing (ammonium-oxidizing, organic matter-oxidizing, methano-
trophic, sulfur-oxidizing) microorganisms use the oxidation and reduction of Fe(II) and
Fe(III), respectively, to generate energy and to produce biomass. In addition, we present some
of the many biotechnological and environmental applications of iron-cycling microorganisms.

Keywords: biogeochemical iron cycling - geomicrobiology - heavy metal sequestration - micro-
bial Fe(II) oxidation - microbial Fe(III) reduction

1. INTRODUCTION
1.1. Iron Speciation

Iron is present in the environment in the form of poorly crystalline and crystal-
line iron minerals, dissolved iron-organic-matter complexes, colloids, as well as
dissolved ions [1]. The two main redox species relevant for environmental pro-
cesses and biogeochemical iron cycling are Fe(I1I) and Fe(II) species. At pH 5.0-
8.0 (circumneutral pH), Fe(III) is poorly soluble, with solubility products for
Fe(III) minerals in the range of 1073810742, Because of this, in the absence of
Fe(IIT)-complexing ligands, concentrations of dissolved Fe®>* at circumneutral
pH are in the low nM range. In contrast, at circumneutral pH, Fe(II) is relatively
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soluble. Environmental concentrations of dissolved Fe?* can be on the order of
high uM or even low mM. This solubility is impacted by the rapid abiotic oxida-
tion of Fe(II) in the presence of O,; in fully aerated water, the half-life of Fe(II)
is ~15 minutes [2]. By contrast, at pH < 4.0, both Fe** and Fe?* are soluble,
which makes iron redox transformations even more energetically favorable in
low pH environments.

1.2. lron Mineralogy

Fe(II) and Fe(III) mineral species are important to environmental microbiology,
because of their global ubiquity, redox-activity, and their impact on biogeochem-
istry. Iron-bearing minerals present in soils and sediments include Fe(III) (oxy-
hydr)oxides, such as ferrihydrite (Fe;qO4(OH),) [3], goethite (a-FeOOH),
Fe(I1T) oxides (e.g., hematite, a-Fe,03), and mixed-valent Fe(II)-Fe(I1I) oxides
including magnetite (Fe;O,4) and various green-rusts [4]. Common non-oxide
Fe(II) minerals include siderite (FeCO3), vivianite (Fe3(PO,),), pyrite (FeS,),
and mackinawite (FeS), as well as detrital minerals such as biotite, hornblende,
and iron-containing clay minerals (e.g., illite, smectite, chlorite) [5]. Many iron-
bearing minerals form as secondary phases during rock weathering, i.e., by a
combination of physical, chemical, and biological processes.

The crystallinity and oxidation state of these minerals also have a dramatic
impact on the bioavailability, especially in the case of Fe(III) [6], where being
limited to solid-state electron acceptors means that the electron transfer pro-
cesses must take place outside the cell, as the solid substrate cannot be assimilat-
ed into cells [6, 7]. Semi-conductive minerals, such as hematite and magnetite,
can function as conductors to transfer electrons between different microbial spe-
cies [7, 8].

1.3. The Effect of Iron Redox Potentials on Energy-Yielding
Processes

Fe(II) can be oxidized to provide an electron for either: (i) chemolithotrophic
microbial processes coupled to the reduction of O, or NOj3, and CO, fixation;
or, (ii) photosynthesis and CO, fixation. By contrast, Fe(III) can act as a terminal
electron acceptor for anaerobic respiration coupled to oxidation of organic and
inorganic compounds (e.g., H,, OM, NH;", CH,).

The potential of the Fe(Il)/Fe(IlI) redox couple, and therefore the energy
available for microbial processes, depends on the iron speciation and pH. It
ranges from less than —400 mV (strongly reducing) to more than +700 mV
(strongly oxidizing). This means that the iron species of both the oxidant and
reductant effect the energetics of their corresponding chemotrophic process.

In the case of Fe(Il) oxidation, the energy released is determined in part by
whether the reductant is dissolved Fe?*, a Fe(II)-organic matter (OM) complex,
or a Fe(II)-containing mineral. Similarly, in case of Fe(III)-reduction, where
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Fe(I1I) acts as the terminal electron acceptor, the energy released is determined
in part by whether Fe3* is dissolved (i.e., pH < 4.0), or present in either poorly crys-
talline or crystalline Fe(III) minerals (i.e., ferrihydrite or goethite; pH > 4.0).

Generally, more crystalline minerals such as hematite or goethite have lower
(less positive/more negative) redox potentials and thus provide less energy than
less crystalline minerals such as ferrihydrite or even dissolved Fe(I11)-OM com-
plexes.

In the case of photoautotrophic Fe(II)-oxidizing processes, the energy driving
the redox processes is derived from light. As such, this process is not thermody-
namically dependent on the oxidation of Fe(II). Instead, the amount of CO,
fixed (and biomass produced) is stoichiometrically linked to the amount of the
electron donor oxidized (see Section 2.2.1; Equation 6).

1.4. Significance of Iron to Global-Scale Biogeochemical
Processes

Until the oxidation of Earth’s oceans ca. 2.4 Ga, dissolved Fe(II) was highly
concentrated in the oceans. This early abundance is thought to make Fe(II) oxi-
dation one of the most ancient metabolic pathways exploited by microbes. This
longevity, as well as the perpetual abundance of iron in modern terrestrial envi-
ronments, has the consequence of linking the microbial iron cycle to global bio-
geochemical cycling of nitrogen, carbon, phosphate, oxygen, and sulfur [9-11].
The relatively large amount of energy available in the iron redox state transfor-
mations is likely the reason that microbes adopted Fe(II) as electron donor in
phototrophic or chemosynthetic processes or Fe(III) as electron acceptor in an-
aerobic respiration [11]. It is important to note that high concentrations of iron
are not always necessary to indicate the importance of biogeochemical iron cy-
cling in a certain habitat. It has been shown that iron, and in particular, Fe-OM
complexes, can be efficiently cycled by microbial and abiotic Fe(II)-oxidizing
and Fe(III)-reducing processes [12-14]. An illustration of several mechanisms of
microbial iron cycling is presented in Figure 1.

2. MICROBIAL GROWTH BY OXIDIZING IRON(II)

2.1. Chemolithotrophic Iron(ll) Oxidation

Chemolithotrophic Fe(II)-oxidizing microorganisms gain energy from a redox
reaction where Fe(II) is oxidized to Fe(IlI) and donates electrons to an oxidant
with a more positive redox potential. The two-half reactions are spatially sepa-
rated and coupled by an electron transport chain through the cytoplasmic mem-
brane. During the process of electron transport, energy is released by redox
reactions and coupled to the dislocation of H* over the cytoplasmic membrane,
building up or maintaining the H™ concentration gradient. This results in an
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Figure 1. [Illustration of processes involved in electron exchange between microbes, iron
minerals, and dissolved iron. Mechanisms of electron transfer utilized for microbial Fe(III)
reduction are highlighted in yellow. Yellow top left: Cells use microbial nanowires to
directly attach to solid Fe(III)-bearing substrates, these nanowires are conductive. Yellow
top right: Cells transfer electrons to redox-active intermediates, the electrons then can
hop along a chain of small molecules which are quickly reoxidized and can cycle more
electrons. Yellow bottom left: Cells donate electrons to redox-active electron shuttles,
which in turn transfer electrons to the Fe(III)-bearing mineral substrate. Yellow middle
right: Cells produce chelating ligands that complex with Fe(III), making it available for
microbial reduction. Yellow bottom right: Cells in direct contact with their substrates of
interest can transfer electrons directly to mineral surfaces. Bottom left: Fe(II) solely used
as energy source by nitrate-dependent iron-oxidizing bacteria. Bottom right: Fe(II) used
as electron donor for CO, fixation in organic matter by nitrate-dependent iron-oxidizing
bacteria, microaerophilic and acidophilic bacteria, and phototrophs.

electrochemical proton gradient over the membrane and consequently to a pro-
ton motive force (PMF). The PMF powers an ATP synthase regenerating ATP
by the phosphorylation of ADP. This mechanism of energy conservation is called
electron transport-linked phosphorylation.

Considering redox processes like an energetic tower, electrons will move down
a gradient of electrochemical potential to their oxidant in the course of electron
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transport-linked phosphorylation. This is called a down-hill electron pathway.
Anabolic processes (e.g., carbon assimilation) are essential for cell growth and
proliferation, and require reducing agents, in particular, NADPH. Since these
molecules are regenerated by reduction, a cell needs a consistent supply of elec-
trons. However, the reducing potential of Fe(Il) is insufficient to reduce
NAD(P)* (NAD™ or NADP™). As such, the PMF is used to both: (i) to regen-
erate ATP, and, (ii) to power the up-hill pathway of NAD(P)* reduction. This
mechanism is called reverse electron transport. The process of both down-hill
(exergonic) and up-hill (endergonic) pathway is a bifurcated electron-transport
chain.

2.1.1. Acidophilic Iron(1l) Oxidation

2.1.1.1. Tron(II)-Driven Energy Conservation

For acidophilic Fe(II)-oxidizers, O, functions as a terminal electron acceptor in
the energy conservation pathway (Equation 1). The half-reaction of Fe(II) oxida-
tion takes place at the outer membrane (~pH 2) while the half-reaction of O,
reduction takes place in the pH neutral cytoplasm (~pH 6.5) (Equation 1).

4Fe?t + O, + 4H' — 4Fe*t + 2H,0 (1)

Considering the pH dependence of redox potentials, the overall redox reac-
tion seems thermodynamically unfavorable (E., pp> Fe(I)/Fe(Ill): ~ +0.77 V;
Ep pres Oo/HO: ~ +0.82 V). However, as the reduction of O, to H,O is local-
ized in an environment with an overall pH of 2, the redox potential of the O,/
H,O couple increases by 0.3 V (Ey, pr2 O/H,0: ~ +1.12 V). Because of this,
the redox gradient of Fe(Il) oxidation to Fe(III) and O, reduction to H,O is
positive and an overall exergonic reaction [15-17]. Additionally, the formation
of H,O from the reaction of reduced O, with protons, neutralizes protons that
have entered the cell via the ATPase complex coming from a pH 2 environment.
For this reason, the oxidative phosphorylation does theoretically not require
additional H* transport against the pH gradient, although it is possible that the
final oxidase translocates H* over the cytoplasmic membrane [16].

Maintaining a circumneutral cytoplasmic pH is a challenge for all acidophiles
[18], and pH homeostasis in acidophiles was reviewed by Baker-Austin and Dop-
son in 2007 [19]. A neutral cytoplasmic pH is accomplished by maintaining a
positive intracellular electrical potential; known as an inverted transmembrane
electrical potential. Consequently, the electrical potential (AW) is unfavorable
for the potential energy of the PMF, however, the net result facilitates a chemios-
motic mechanism of energy conservation. This means the PMF is entirely due
to the pH gradient. In contrast, in neutrophiles, both the chemical potential
(ApH) and the electrical potential (AW) contribute to the PMF. Down-hill elec-
tron transport supporting ATP synthesis and up-hill electron transport support-
ing reconstitution of reducing equivalents (e.g., NAD(P)H), are both connected
to proton flux. Therefore, it is thought that these pathways are homeostatically
regulated [20].
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The genomics of Fe(Il) oxidation and iron uptake strategies of acidophiles
were reviewed by Bonnefoy and Holmes [20, 21]. Here, we discuss Acidithioba-
cillus ferrooxidans, the best-studied representative of the Fe(II)-oxidizing acido-
philes. Multi-omic studies on Leptospirillum ferriphilum have been published by
Christel et al. [22].

2.1.1.2. Environmental Distribution

Because abiotic Fe(II) oxidation (Fe(II) autoxidation by O,) occurs rapidly at
alkaline and neutral pH, it has been difficult to quantify the contribution of
microbial Fe(II) oxidation, i.e., enzymatically catalyzed Fe(II) oxidation, at neu-
tral pH. As such, aerobic microbial Fe(II) oxidation has been a subject of contro-
versy for decades [23]. In contrast, this has not been an issue for the research on
acidophilic Fe(II)-oxidizers [24, 25]. Acidophilic Fe(II)-oxidizers include mem-
bers of the domain Bacteria and Archaea and have been identified in mesophilic
environments such as mine drainage water [26] and thermophilic environments,
such as solfatara fields and marine hydrothermal systems [27]. Examples for
microorganisms isolated from these environments are listed in Table 1.

Table 1. Examples of mesophilic and thermophilic acidophilic aerobic Fe(II)-oxidizing
microorganisms, including Bacteria and Archaea.

Bacteria Reference

Mesophiles Acidithiobacillus ferrooxidans [23]
Acidithiobacillus ferridurans [288]
Acidithiobacillus prosperus [289]
Leptospirillum ferrooxidans [290]
Metallogenium [291]
Ferromicrobium acidophilum [292]
Ferrovum myxofaciens [293]

Thermophiles Sulfobacillus thermosulfidooxidans [294]
Sulfobacillus acidophilus [295, 296]
Acidimicrobium ferrooxidans [297, 298]
Acidiferrobacter thiooxydans [299]

Archaea

Mesophiles Ferroplasma acidiphilum [300]
Ferroplasma acidarmanus [301]
Ferroplasma thermophilum [302]

Thermophiles Acidianus brierleyi [303]
Sulfolobus acidocaldarius [304]

2.1.1.3. Acidithiobacillus ferrooxidans

(a) Environmental impact and biotechnological application

At. ferrooxidans (basionym: Thiobacillus ferrooxidans) is a Gram-negative bacte-
rium that oxidizes Fe(II) (di)sulfide minerals (i.e., pyrite or marcasite), thereby
contributing to microbial sulfur cycling in the environment [23, 28]. Because
bacterial pyrite oxidation results in the formation of ferric iron and sulfuric acid

printed on 2/13/2023 12:53 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

192 BECKER, ENRIGHT, and KAPPLER

which perpetuates dissolution of sulfide minerals, causing acid mine drainage
and solubilizing metals from minerals [29-31]. At. ferrooxidans’ ability to oxidize
metals makes it interesting for industrial applications such as bioleaching of met-
als from ores or from electronic waste [32-38]. FeSO, oxidation catalyzed by
At. ferrooxidans can be used to improve schwertmannite production [20].
Schwertmannite is a mineral that promotes the natural passivation of heavy met-
als and can be used to decrease environmental pollution [39-42].

(b) Metabolic pathway of Fe(II) oxidation

At. ferrooxidans became a model organism for acidophilic chemotrophic life and
aerobic iron oxidation [16, 20, 43, 44]. Therefore, its iron respiration chain is one
of the best-studied Fe(II) oxidation mechanisms. A model for up-hill and down-
hill electron transport during Fe(II) oxidation by At. ferrooxidans is shown in
Figure 2.

Fe(ll)
Fe(lll)

Extracellular side
pH 2

Quter membrane E‘ )
o

Periplasmic space
pH2

Cytoplasmic
membrane

Cytosol
pH 6.5

O, +4H"

2H,0

NADH NAD"+H* ADP + P,
Carboxysome CO, fixation ATP

Figure 2. Model for electron transport from Fe(II) to the electron transport chain via
free rusticyanin (RcY), and the respirasome in the cytoplasmic membrane. Fe(II) becomes
oxidized by a high-molecular-weight cytochrome c, (Cyc2) located in the outer membrane.
Cyc2 has been proposed to bind to a 40-kD major outer membrane protein (Omp40)
[308]. In the course of the down-hill electron chain, the electrons are transported by the
respirasome, compromising Cyc2, RcY, a dihemic cytochrome ¢, (Cycy;), a green copper
protein (AcoP) and an aas-type cytochrome ¢ oxidase (CcO). CcO builds up the proton
motive force which is used by either an ATP synthase to produce ATP from ADP and
inorganic phosphate (P;) or by the respiratory complex I to regenerate NADH. In the up-
hill electron chain, it has been proposed that the electrons travel via RcY, Cycy, and bc;
complex which reduces quinone by using the proton motive force. The electron of reduced
quinone can be then used to regenerate NADH by the respiratory complex 1. The figure
contains data from Li et al. [50], Castelle et al. [56], and Wang et al. [54].

ATP Synthase
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The proposed iron respiratory chain (down-hill electron transport) is com-
posed of five electron transfer proteins which are encoded by the rus operon
[45, 46]. The Fe(II)-oxidation itself is hypothesized to take place extracellularly
by an outer membrane high-molecular-weight cytochrome ¢, (Cyc2, encoded by
cyc2 [47, 48]). The harvested electrons are passed to rusticyanin (RcY), a type 1
blue copper protein which was found to form a complex with Cyc2 [49]. The
abundance of RcY is relatively high compared to other cellular proteins [49].
Because of the cells’ RcY concentration, it has been concluded that there is also
free RcY present in the periplasm [49, 50]. At the next step, the electron is
transferred via a dihemic cytochrome ¢, (Cycy, encoded by cycl) [51] located
in the periplasm, to an aas-type cytochrome ¢ oxidase (CcO) that belongs to the
subgroup of heme-copper O, reductases and spans the cytoplasmic membrane,
where it reduces molecular oxygen to one molecule of water [52, 53]. The rus
operon also encodes a green copper protein (AcoP: “acidophile CcO partner”)
of unknown function which interacts with CcO and Cycy;. Two different func-
tions have been proposed: (i) AcoP accepts electrons from Cycy; as a linker to
CcO [54, 55], (ii) as a chaperone-like protein to protect CcO against acidic dam-
age [55].

The proteins encoded by the rus operon have been proposed to form a super-
protein complex [45], which could be reconstituted [56], and has been termed
respirasome. Looking at the relative ratios of the proteins involved in the respi-
rasome and the periplasmic concentration of RcY, one can conclude that most
of the RcY is either free or undergoes other protein-protein interactions. Free
RcY has a redox midpoint potential of +490 mV (pH 4.8) which is increased
upon protein complex formation with cytochrome ¢, to +590 mV (pH 4.8) [49].
Li et al. [50] observed that the entirety of all available respiratory electron trans-
fer proteins is organized as a network that is reducing and oxidizing concomitant-
ly at a common functional reduction potential. As stated by the authors, this
observation stands in contrast to the proposed well-defined linear series of elec-
tron transfer accomplished by a respirasome. Considering that the experiments
by Li et al. [5S0] were performed in situ and that the formation of a protein
complex is highly specific, both findings are biologically relevant. Consequently,
this leads to the hypothesis that the efficient electron transfer is based on a
protein network influenced by both, specific interactions due to super-complex
formation (respirasome) and non-specific interactions that can be traced back to
the macromolecular crowding of electron transfer proteins in the periplasmic
space [57]. The latter mechanism would explain how the organism can change
between different electron donors without the observation of a lag phase. Con-
sidering the bifurcated chain, accomplishing both ATP formation and NAD(P) "
reduction, the implementation of both models might be crucial for the under-
standing of the regulation of up- and down-hill pathways. The branching point
of these pathways has been proposed to be at the level of RcY [58]. The electrons
for NAD(P)* reduction are hypothesized to be transferred from RcY through
a dihemic cytochrome ¢, (Cycy,) [59], a bey complex [60], the quinone pool, and
a NAD(P)H dehydrogenase [48, 52, 61]. Cycy4, and the bc; complex are encoded
by the petl operon.
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2.1.2.  Microaerophilic Iron(1l) Oxidation

2.1.2.1. Iron(II)-Driven Energy Conservation

Microaerophilic Fe(II)-oxidizers are a group of bacteria which are proposed to
be among the first to have taken advantage of rising levels of oxygen in the
atmosphere [62]. This group of organisms grows in circumneutral environments
and uses oxygen as electron acceptor to oxidize Fe(II) (Equation 1). Unlike
at acidic pH; Fe*™ will subsequently react with water and precipitate Fe(III)
(oxyhydr)oxide mineral phases (Equation 2).

10 F63+ + 160OH — Fe10014(OH)2i + 14H* (2)

The Gibbs free energy (AGY) yield from neutrophilic oxygen-dependent Fe(II)
oxidation (oxidation of Fe?* to Fe3™) is relative low (=29 kJ mol~!) compared
with all other potential lithotrophic energy sources. However, considering that
Fe3* precipitates as a Fe(III) (oxyhydr)oxide at pH 7, the energetic yield dou-
bles, which also shows that depending on the identity of the Fe(III) mineral
product, the free energy can vary.

2.1.2.2. Environmental Distribution and Biomineral Formation

Fe(II) oxidation at circumneutral pH must overcome two challenges: (i) Fe(11I)
(oxyhydr)oxide precipitation during microbial Fe(II) oxidation causes cell en-
crustation, which can lead to cell death [63]; and (ii) autoxidation of Fe(II) by
O,. This process (autoxidation) is pH-dependent and in circumneutral-pH oxic
waters, Fe(II) has a half-life of less than 15 minutes [2, 63].

To minimize Fe(II) autoxidation, neutrophilic Fe(1l)-oxidizers typically grow
in microoxic habitats, increasing the half-life of Fe(II) 300-fold [64]. Further-
more, OM-complexed Fe(II) slows autoxidation [65]. Microaerophilic Fe(II)-
oxidizers are found in freshwater and marine iron-rich flocs and sediments, the
rhizosphere of wetland plants and paddy soils [66, 67], interfaces of ground and
surface water [68], slow moving streams [69, 70], creeks, ditches, and marine
hydrothermal vents [71].

To prevent Fe(III) mineral encrustation of cells, microaerophilic Fe(II)-oxidiz-
ers produce extracellular biofilaments forming either sheaths, stalks, Y-shaped
tubular filaments, or induce the formation of particulate Fe(III) (oxyhydr)oxides
[70, 72-74] (Figure 3). Sheaths and stalks can, in turn be colonized (i.e., Sidero-
capsa [71, 75]). These colonies appear as spherical structures that are fibrillary
and resemble rounded nests [71]. Model organisms for each type extracellular
biofilament structure can be found in Table 2.

The characteristic extracellular twisted stalks can be easily spotted under a
microscope and are evidence for the presence of Gallionellaceae, and thus are
often used as indicator for microaerophilic Fe(II) oxidation activity [71, 72, 76].
Such stalks have been suggested to be found in ancient rock formations. If true,
their presence would allow the reconstruction of geochemical conditions and the
evolution of early microbial life, and provide evidence for the availability of
reduced iron and oxygen on early Earth [62, 77]. However, this evidence is
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Figure 3. Morphologies of Fe(III) (oxyhydr)oxide biominerals known or suspected to
be formed by microaerophilic Fe(II)-oxidizers. Micrographs were kindly provided by
Clara Chan (University of Delaware, USA). The figure is modified from Chan et al. [71]
and McAllister et al. [73].
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Figure 4. Aging twisted stalk produced by microaerophilic Fe(11)-oxidizing bacteria. Mi-
crographs were collected by using a helium ion microscope and kindly provided by James
Byrne (University of Bristol, UK). The figure is modified from Byrne et al. [72].

limited and still controversial. Stalk formation is proposed to be induced by
acidic polysaccharide-containing fibrils excreted by the cell [78]. These fibrils
then act as a template for Fe(III) (oxyhydr)oxide precipitation (Figure 4).

It is thought that the formation of stalks has the dual purpose of preventing
cell encrustation and supporting cell mobility [79, 80]. The stalk anchors the cell
to surfaces, and while the stalk grows, the cell moves forward, for example, to-
wards an optimum O, concentration. Stalk formation has been observed for
Gallionella ferruginea and most Zetaproteobacteria isolates. As stated previously,
some microaerophilic Fe(II)-oxidizers produce other biomineral morphologies
to avoid encrustation. For example, Leptothrix ochracea, Mariprofundus ferrinata-
tus CP-8, and Mariprofundus aestuarium CP-5 form shorter filaments that look
like tubular sheaths [65, 73, 81]. Cultures of Ferriphaselus amnicola OYT1 and
Ferriphaselus strain R-1 showed both stalks and tubular sheaths [79]. The freshwa-
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ter Betaproteobacteria Sideroxydans lithotrophicus ES-1 and Gallionella capsi-
ferriformans ES-2 do not form a specific shape of particulate Fe(IIT) (oxy-
hydr)oxides [82].

2.1.2.3. Biotechnological Application

Fe(I1T) (oxyhydr)oxides produced by neutrophilic Fe(II)-oxidizers have been in-
vestigated for their possible application in wastewater treatment as a metal reme-
diation strategy [83] and in nanotechnology for their magneto-electronic applica-
tions as biosensors [84].

2.1.2.4. Metabolic Pathway of Iron(IT) Oxidation

The neutrophilic Fe(II) oxidation metabolism has not been as extensively studied
as acidophilic Fe(II) oxidation metabolism. Models for the metabolic pathway
were proposed based on comparative genome studies; insights into freshwater
and marine neutrophilic Fe(II)-oxidizers were published by Kato et al. in 2015
[79] and He et al. in 2017 [85]. A genomic study of marine neutrophilic Fe(II)-
oxidizers, in particular Zetaproteobacteria, was published by McAllister et al.
[73], and a comparative genomic study of freshwater neutrophilic Fe(II)-oxidiz-
ers was published by Emerson et al. [82].

Based on genome analysis, these researchers hypothesized, that either a ho-
mologous gene to cyc2 or mtoA/B encodes the Fe(II) oxidase. Nevertheless, the
authors also state that there might be an alternative Fe(II) oxidase, too. Since
Cyc2 in Acidithiobacillus ferrooxidans was shown to oxidize Fe(II), its homologs
are likely candidates for Fe(II) oxidation [56]. MtoA/B and MtrA/B of Shewanel-
la spp. (Fe(Ill)-reducing bacteria, see Section 3.4.1.) are homologous proteins
[86, 87]. MtrA/B is a porin-cytochrome complex located in the outer membrane
and binds MtrC on the outside of the cell [88-91]. These proteins are involved in
extracellular electron transfer linked to metal reduction (Mtr) [88-90]. If Fe(II)-
oxidizers can oxidize Fe(II) on the outside of the cell instead of inside the cell,
they could avoid intracellular mineral precipitation. Because of this, MtrA/B
homologs such as MtoA/B, have also been proposed to be involved in metal
oxidation (Mto). In addition to MtoA/B, Fe(II)-oxidizing homologs to MtrA/B
include PioA/B in Rhodopseudomonas palustris strain TIE-1, a phototrophic
Fe(II)-oxidizer (see Section 2.2) [92, 93].

Furthermore, MtoA has been demonstrated to be a decaheme cytochrome
with Fe(II) oxidation activity in vitro by Liu et al. [93]. Based on the genomic
analyses, microaerophilic Fe(II)-oxidizers have either a homologous protein to
MtoA or Cyc2 functioning as Fe(II) oxidase with differing electron transport
chains. In Figure 5 we present an overview of proposed Fe(II) oxidation models,
corresponding to freshwater isolates and marine Zetaproteobacteria. He et al.
presented a comparative genome analysis of neutrophilic Fe(II)-oxidizer where
they suggest alternative Fe(II) oxidases [85]. Their findings indicate two novel
porin-cytochrome ¢ complexes, a transmembrane multicopper oxidase and a por-
in-multicopper complex as putative Fe(II) oxidases in addition to the commonly
suggested transmembrane cytochrome ¢ oxidase (similar to Cyc2) and the porin-
cytochrome ¢ complex (similar to MtoA/B and PioA/B).
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Figure 5. Model for electron transport from Fe(II) to the electron transport chain in the
cytoplasmic membrane for the freshwater isolates Sideroxydans lithotrophicus ES-1
(ES-1) and Gallionella capsiferriformans ES-2 (ES-2) [82], Ferriphaselus amnicola OYT1
(OYT1) and Ferriphaselus sp. R-1 (R-1) [79], and for marine microaerophilic Fe(IT)-
oxidizing bacteria, in particular Zetaproteobacteria (ZPB) [73]. Proteins that have been
suggested for one of these organisms are marked with the corresponding organisms short
name in the site of the protein envelope. After oxidation of Fe(II) by an iron oxidase
(light blue), the electron is passed to a c-type cytochrome (yellow) and from there it
enters either the up-hill or down-hill electron chain. The alternative complex III or bc,
complex (green) is proposed to pass the electrons to oxidized quinone by using the proton
motive force. The NADH regeneration is catalyzed by the respiratory complex I (grey)
by oxidizing reduced quinone and use of the proton motive force. Via the down-hill elec-
tron chain, the electrons are passed to their terminal electron acceptor oxygen, by an
oxygen reductase (violet; respiratory oxidases). It should be noted that the bd-type cyto-
chrome oxidase receives the electrons from reduced quinone but not directly from a c-
type cytochrome as it is the case for the other shown oxidases. The ATP synthase phos-
phorylates ADP by the use of the proton motive force, generated by the oxygen reductase.

2.1.3. Nitrate-Reducing Iron(1I) Oxidation

2.1.3.1. Iron(II)-Driven Energy Conservation

Nitrate-dependent Fe(II)-oxidizers couple enzymatic Fe(II) oxidation to the re-
duction of NO3 to NO5, N,, or NH; as a source of energy and electrons. The
chemolithotrophic process of nitrate reduction to NO5 coupled to Fe(II) oxida-
tion, has a proposed change in Gibbs free energy of —96.23 kJ mol™! for standard
conditions at pH 7 [94]. Equation (3) describes the nitrate-dependent Fe(II) oxi-
dation with nitrate reduction to molecular nitrogen:

10Fe2* + 2NOj + 12H* — 10Fe3* + 2N, + 6H,0 3)
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At circumneutral environments, Fe3* will subsequently react with water and
precipitate Fe(III) (oxyhydr)oxide mineral phases (Equation 2).

Fe(II) oxidation is not only observed due to direct enzymatic nitrate-reducing
Fe(II) oxidation activity, but also due to heterotrophic denitrifying bacteria, re-
ducing nitrate to nitrite. This process is called chemodenitrification and nitrite
oxidizes Fe(II) abiotically.

The equations of nitrite production by denitrifying bacteria (Equation 4) and
of abiotic Fe(II)-oxidation by nitrite to nitrous oxide (Equation 5) are as follows:

NO; + 2e- + 2H* — NOj + H,0 (4)
20F62+ + 1ONO2_ + 17 H20 g 2F610014(OH)2J, + 5N20 + 30HT (5)

Heterotrophic denitrifying bacteria do not belong to the group of nitrate-reduc-
ing Fe(II)-oxidizers (NRFeOx). By contrast, in this case, Fe(II)-oxidation is an
abiotic process, caused by nitrite released from the cells, and is not an enzymatic
process [63]. The uncontrolled Fe(III) (oxyhydr)oxide precipitation at the cell

autotrophs chemodenitrifier

N, N,O N,, N,O

O3 Fe?* Fe3"+ or NH,* )
& NO .

mixotrophs

Ny, N,O

——

Cnr.)rg

Figure 6. Schematic of autotrophic and mixotrophic NRFeOX, and heterotrophic deni-
trifiers.
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surface, in their periplasm and cytoplasm [63, 95] can cause cell encrustation
even leading to cell death (Figure 6).

In addition to these heterotrophic denitrifying bacteria indirectly oxidizing
Fe(II), nitrate-reducing Fe(II) oxidation has been proposed for autotrophic and
mixotrophic enrichment cultures and isolates. However, this remains controver-
sial. A true autotrophic NRFeOx maintains its ability to conserve energy by
nitrate-dependent Fe(II)-oxidation over several transfers into fresh autotrophic
media and does not require any additional carbon source beyond CO, to build-
ing biomass. So far, this was only demonstrated for the enrichment culture KS
by culture maintenance on autotrophic media over several years (in two different
laboratories) and by incorporation of labelled CO, into biomass [96-99]. Most
NRFeOx cultures are proposed to require addition of organic substrates for con-
tinuous Fe(II)-oxidation. These NRFeOx were termed ‘mixotrophs’. By defini-
tion, this means that the cells use both organic and inorganic compounds as
sources for carbon fixation and/or energy conservation. Depending on the con-
text, mixotrophy can mean different combinations of obligate or facultative met-
abolic processes. However, so far, such a dependence on both inorganic and
organic compounds for NRFeOx has not been demonstrated.

In the context of NRFeOx, mixotrophy has not been further defined beyond
the dependence on organic substrates in combination with Fe(II)-oxidation. If
some of these strains are true mixotrophs, the role of organic substrates (used
during Fe(II)-oxidation) could be to regenerate reducing equivalents due to the
lack of a reverse electron transport pathway linked to Fe(II)-oxidation. Further,
it could be an essential substrate for CO, assimilation similar to acetate assimila-
tion via the ethylmalonyl-CoA pathway. The metabolic mode of mixotrophic and
autotrophic NRFeOx has been recently reviewed by Bryce et al. [100]. It must be
noted that for all NRFeOx that have been called “mixotrophs”, it seems more
likely these strains are heterotrophic denitrifiers producing nitrite that is abiotical-
ly oxidizing Fe(II). There is currently no example of a true mixotrophic NRFeOx.

2.1.3.2. Environmental Distribution
Nitrate-dependent Fe(II)-oxidation has been observed for several pure and en-
richment cultures derived from anoxic sediments and soils at circumneutral pH
[11, 101]. Habitats where NRFeOx have been found include freshwater lake
sediments [102], ponds, paddy soils [103], ditches, a brackish water lagoon [97],
and groundwater aquifers [104, 105].

2.1.3.3. Biotechnological Application

Nitrate-reducing Fe(II)-oxidizing bacteria can be harnessed as a whole cell bio-
catalyst for the removal of nitrate pollution in groundwater [106]. High levels
of nitrate in groundwater are caused by agricultural practices, in particular the
application of inorganic fertilizer and animal waste [107, 108]. Nitrate pollution
is causing environmental problems such as eutrophication of surface waters due
to excess nutrients [109]. In subsurface environments or groundwater aquifers
containing pyrite, NRFeOx could potentially couple pyrite oxidation to denitrifi-
cation for nitrate removal [110, 111]. However, nitrate-reducing Fe(II)-oxidizing
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bacteria may cause environmental problems due to the accumulation of NO5 or
the release of N,O gas. While NO; in drinking water directly affects human
health [112], N,O is a greenhouse gas. Additionally, depending on the Fe(II)
source (e.g., aqueous OM complexes) the identity of the reduced nitrogen spe-
cies varies [113].

2.1.3.4. Metabolic Pathway of Iron(II) Oxidation

(a) Diversity of nitrate-reducing pathways

Microbial nitrate reduction is part of various metabolic pathways. Nitrate can be
reduced to nitrite in a two-electron transfer step (NO3; — NO3 ) [114], to N, by
full denitrification (NO3 — NO; — NO — N,0 — N,), or to ammonium by
dissimilatory nitrate reduction to ammonium (DNRA; NO3; — NO, — NH;")
[115]. Nitrite and ammonium, obtained by either of these processes can be
further metabolized to N, by anaerobic ammonium oxidation (Anammox)
(NHS 4+ NO; — N,) [116, 117]. Thus it is possible that NRFeOx have a common
Fe(II) oxidation mechanism via homologs of MtoA/B or Cyc2 but differ in the
metabolic pathway for nitrate reduction. The best model for the nitrate-reducing
Fe(IT)-oxidation mechanism is derived from metagenome analyses of the enrich-
ment culture KS and genome analysis of Gallionellaceae sp., main Fe(II)-oxidizer
of culture KS [85, 118].

(b) Culture KS and the proposed Gallionellaceae sp. Fe(II)-oxidation
metabolic pathway
The enrichment culture KS was originally isolated from sediment in a freshwater
pond in Bremen, Germany [97], it is a chemolithoautotrophic nitrate-reducing
Fe(II)-oxidizing culture and has been used as a model system to study nitrate-
reducing Fe(II)-oxidation. However, the putative Fe(II)-oxidizer, a species from
the family Gallionellaceae, has not yet been isolated from this co-culture [119].
This Gallionellaceae sp. is closely related to Sideroxydans lithotrophicus ES-1, a
microaerophilic Fe(II)-oxidizer. Culture KS also contains relatives of the hetero-
trophic nitrate-reducing bacteria Comamonas badia, Parvibaculum lavamentiv-
orans and Rhodanobacter thiooxidans [120]. He et al. [118] analyzed the culture
community composition and in particular the flanking community of two KS
cultures maintained in different laboratories and demonstrated that the commu-
nities of these two subcultures of culture KS can indeed vary substantially but
both subcultures still perform autotrophic nitrate-reducing Fe(II) oxidation
[118]. The cultures were maintained on autotrophic media in both laboratories,
at the University of Tiibingen (Germany) and at the University of Wisconsin
(Madison, USA), over several years. In KS-Madison, Gallionellaceae accounted
for 42 % of the total community whereas Gallionellaceae of KS-Tiibingen ac-
counted for 96 % of the total community [85]. Since both cultures are able to
grow autotrophically, the composition of the flanking community seems to have
a minor impact on the predominant occurring Gallionellaceae sp. which is the
putative Fe(II)-oxidizer. However, since the Gallionellaceae sp. has not been
isolated, it is hypothesized that the flanking community has an essential role for
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Figure 7. Schematic of nitrate-reducing Fe(II) oxidation pathway in culture KS. The fig-
ure is modified from Bryce et al. [100]. Fe(II) is oxidized by multiheme c-type cytochrome
(MtoA) associated with a porin (MtoB). c-type cytochromes 1 and 2 (Cytcl and Cytc2)
are located in the same genome cluster as MtoAB and are therefore suggested being the
next proteins in the electron chain. However, there is also a protein of unknown function
(Protein of UNF) located in the same gene cluster. The electrons are proposed to reduce
quinones via the bc; complex. This would require a proton motive force that might not
be regenerated by the reduction of nitrate alone. Therefore, the figure shows a question
mark for the reduction of the quinones. The quinones can be used by the respiratory
complex I to regenerate NADH by using the proton motive force. The proton motive
force is supposed to be built by the dissimilatory nitrate reductase complex (Nar) catalyz-
ing the reaction of nitrate to nitrite. NarK1 and NarK2 are nitrate:nitrite antiporter. NirS
and NirK are cytochrome cd;- and copper-type nitrite reductase, respectively and catalyze
the reduction of nitrite to nitric oxide.

the physiology of the main Fe(II)-oxidizer in the co-culture, e.g., these communi-
ty members could degrade a toxic product derived from the Fe(II)-oxidation
metabolism in Gallionellaceae sp.

The metabolic pathway model resulting from comparative genome analysis
suggests that nitric oxide cannot be degraded by Gallionellaceae sp. as it lacks a
nitric oxide reductase. However, the flanking community members have the ge-
nomic capability to reduce nitric oxide to N,. The schematic of the proposed
Fe(I)-oxidation metabolic pathway in culture KS is presented in Figure 7. The
pathway is similar to the proposed pathways in Sideroxydans ES-1 and Gallionel-
la ES-2 (Figure 5), suggesting a similar Fe(II)-oxidizing pathway in neutrophilic
freshwater Fe(II)-oxidizers. The putative Fe(II)-oxidase is MtoA, which is
thought to form a porin-cytochrome complex with MtoB. The mfoB gene is locat-
ed downstream next to mtoA. The mto operon encodes two more cytochromes
that are potentially involved in electron transfer as well.
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After passing the electrons to the quinone pool they can enter either an up-
hill electron transfer pathway via complex I resulting in NAD(P)H generation
or a down-hill pathway towards nitrate and further nitrite reduction. It should
be acknowledged that the neutrophilic Fe(II)-oxidation pathways remain specu-
lative and are mainly based on in silico analysis. He et al. [85] published a ge-
nome study where several alternative putative Fe(II)-oxidases of neutrophilic
Fe(I)-oxidizers are discussed [85]. Further information about putative Fe(II)-
oxidases in nitrate-dependent Fe(II)-oxidizers can be found in the supplementa-
ry information of He et al. [118].

2.2. Phototrophic Iron(ll)-Oxidation
2.2.1. [Iron(ll)-Driven Energy Conservation

Phototrophic Fe(Il)-oxidizing bacteria, so-called photoferrotrophs, conserve light
energy and reduce CO, to biomass by the use of electrons stemming from Fe(II).
It is proposed that light does not support the oxidation of Fe(II), however, builds
up a PMF that in turn powers the up-hill transportation of the electrons that
reduce NAD(P)* to NAD(P)H. This process is anoxygenic, which means oxygen
is not a product of phototrophic Fe(II)-oxidation, thus this metabolism is an exam-
ple of anoxygenic photosynthesis. It may have evolved earlier than oxygenic pho-
tosynthesis [121, 122] and might be an ancestor in its evolution [123-125].

Fe(II)-oxidation by photoferrotrophy follows the stoichiometry described by
Equation (6):

hv
20Fer* + SHCO; + 22H,0 + Cy(Hy0)y —
Fe;0014(OH),| + Ch15s(HyO0)m4s + 35H™ (6)

2.2.2. Environmental Distribution

Phototrophic Fe(II)-oxidizing bacteria can be isolated from freshwater sediments
of ditches [126, 127], stratified lakes and marshes [128], and from marine sedi-
ments at the North Sea coast [129] and coastal marine sediments [130], among
other locations. Examples are listed in Table 3 and an extended list was recently
published by Bryce et al. [100].

2.2.3. Biological Availability of the Iron(II) Source

Rhodobacter ferrooxidans strain SW2, Chlorobium ferrooxidans strain KoFox
and Thiodictyon sp. strain F4 were shown to metabolize dissolved Fe(II) and
highly soluble minerals such as FeS and FeCOs, but not poorly soluble Fe(II)-
bearing minerals (e.g., Fe;04 and FeS, [131]). There is evidence that another
photoferrotroph, Rhodopseudomonas palustris strain TIE-1, can oxidize magnet-
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Table 3. Cultures of phototrophic Fe(Il)-oxidizers.

Freshwater strains Reference
Rhodobacter ferrooxidans strain SW2 [126]
Rhodopseudomonas palustris strain TIE-1 [307]
Chlorobium ferrooxidans strain KoFox [127]
Thiodictyon sp. strain F4 [128]
Rhodomicrobium vannielii strain BS-1 [154]

Marine strains

Rhodovulum iodosum [129]
Rhodovulum robiginosum [129]
Chlorobium sp. strain N1 [130]

ite, however, the oxidation was shown to depend on the magnetite particle size
[132]. Fe-OM complexes are suggested to play a significant role in biogeochemi-
cal iron cycling in the photic zones of aquatic environments [133]. Here, Fe(III)-
OM reduction can be induced by abiotic photoreduction and Fe(II)-OM oxida-
tion is promoted by photoferrotrophic bacteria. This suggests a light-driven cryp-
tic iron cycle that may play a role in the photic zone of aquatic habitats [134]. A
cryptic iron cycle is so-called because it describes such a rapid turnover of Fe(II)
and Fe(III) that a change in their concentration cannot be measured using tradi-
tional sampling or analytical approaches. Despite rapid Fe(II) oxidation and
Fe(III) re-reduction, the Fe(II) concentration would remain low and steady.

Cultivation studies with Rhodopseudomonas palustris strain TIE-1 demon-
strated that: (i) Fe(Il)-organic matter complexation promotes Fe(II)-oxidation
in comparison to free Fe?™, and, (ii) the choice of organic ligand influenced the
bioavailability of Fe(II) [133, 134]. This might be due to different redox kinetics
between Fe(II) and c-type cytochromes based on the organic ligand or free Fe? ™,
respectively. Further steric effects of the complexing ligand could be an addition-
al factor [135].

2.2.4. Environmental Impact

Microbial iron oxidation and reduction processes are tightly coupled and allow
efficient iron cycling [136]. It is thought that one iron atom can undergo up to
300 redox cycles until it is converted to a bio-unavailable form [137]. In anoxic
environments phototrophic and nitrate-reducing Fe(II) oxidation activity can
play an especially important role in iron cycling [97, 138]. During phototrophic
Fe(II) oxidation a variety of Fe(II) minerals can be oxidized and Fe(III) minerals
can be formed, e.g., ferrihydrite, goethite, lepidocrocite, and magnetite [131]. If
phototrophic Fe(II)-oxidizing bacteria colonized the early Earth, they may have
contributed to the deposition of banded iron formations (BIFs), some of the
most economically significant iron deposits worldwide [139-141].
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2.2.5. Biotechnological Application

Photoferrotrophs are promising candidates for whole-cell catalysts in combina-
tion with electrodes as electron donors. It was demonstrated for Rhodopseudo-
monas palustris strain TIE-1 that electrons derived from solid-phase conductive
matrices (e.g., electrodes) can be linked to carbon dioxide fixation by extracellu-
lar electron uptake [142]. Such a photoelectron autotrophic system was applied
for producing bioplastic (polyhydroxybutyrates) [143].

2.2.6. Metabolic Pathway of Iron(Il) Oxidation

The best studied photoferroautotrophic strains are the freshwater isolates Rho-
dobacter ferrooxidans strain SW2 and Rhodopseudomonas palustris strain TIE-
1. Notably, they have different metabolic pathways for Fe(II)-oxidation and elec-
tron transport. In strain SW2, the fox operon; and, in strain TIE-1 the pio oper-
on, have been shown to be essential for Fe(II)-oxidation.

The first gene in the pio operon encodes PioA, a decaheme c-type cytochrome.
It is proposed to function as the Fe(II)-oxidase similar to Cyc2 in acidophilic
Fe(IT)-oxidizers [144]. Sequence analysis of PioA indicates that it is located in
the periplasm because it lacks typical features of an outer membrane protein
[144]. PioA has a putative secretory signal peptide (amino acids 1-40) [145] and
can be further divided in a C-terminal domain that shows a multiheme cyto-
chrome c family profile (amino acids 271-529) similar to MtrA and MtoA [92]
and an N-terminal domain of unknown function (amino acids 41-270) which
includes a glycine-rich region (amino acids 90-133) [146].

PioB and MtrB of Shewanella spp. (Fe(Ill)-reducing bacteria, see Section
3.4.1.) are homologous proteins. MtrB is an outer membrane porin with 26 trans-
membrane B-strands [91]. According to the high number of (3-strands MtrB, and
consequently its homologs (i.e., PioB and MtoB), are relatively large outer mem-
brane porins. MtrA and B of the metal-reducing bacterium Shewanella oneiden-
sis strain MR-1 are assembled in a porin-cytochrome complex. These findings
are based on MtrA, MtrA/B, and MtrA/B/C models derived from small-angle x-
ray scattering (SAXS) data [88-90]. The X-ray crystal structure of the whole Mtr
complex from Shewanella baltica OS185 has been published recently by Edwards
et al. [91]. Because of this, it has been suggested that PioB and PioA are assem-
bled in a similar complex [85, 147], however, the localization of the N-terminal
domain remains unclear.

The third gene in the pio operon encodes PioC, a putative high potential iron-
sulfur protein (HiPIP). Its function is proposed to be an electron carrier from
PioA to the photosynthetic reaction center (RC). However, HiPIPs could also
substitute for cytochrome ¢, and therefore function as an electron carrier that
shuttles electrons between the cytochrome bc; complex and the RC in the peri-
plasm. In the case of strain TIE-1, the extracellular electrons derived from Fe(II)-
oxidation are transferred to reducing equivalents and can finally be used for the
reduction of CO, to build up biomass via the Calvin-Benson-Bassham cycle [142].
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Figure 8. Schematic for electron transport from Fe(II) to the electron transport chain
in the cytoplasmic membrane for the freshwater isolates Rhodopseudomonas palustris
strain TIE-1 (A) and Rhodobacter ferrooxidans strain SW2 (B) [309]. FoxE is shown as
a trimer [153].

The fox operon of strain SW2 encodes three essential proteins that are differ-
ent to those encoded by the pio operon [148, 149] (Figure 8). The first gene in
the fox operon encodes a c-type cytochrome, FoxE, and is the proposed Fe(II)-
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oxidase. It has been shown that the protein is thermodynamically and kinetically
able to perform Fe(Il)-oxidation [149] and its location is hypothesized for the
periplasm based on the lack of B-sheets and a lipoprotein profile, as is the case
for Cyc2, OmcA or OmcB [47, 86, 148]. The suggested redox partner of FoxE is
FoxY encoded by the second gene of the fox operon. The protein is similar to
PioC and has a binding site for pyrroloquinoline quinone. According to its pre-
dicted isoelectric point (5.34), it is negatively charged at neutral pH, and there-
fore it could possibly interact with the convex side of the FoxE trimer. The last
gene in the fox operon encodes a putative transport protein, FoxZ.

Strain SW2 seems to lack an extracellular electron transport system which
stands in agreement with the observation, that it cannot oxidize solid Fe(II)
phases [148].

All the proposed photoferrotrophic Fe(IT)-oxidation pathways do not answer
the question, why Fe(III) production does not lead to cell encrustation. Strain
SW2 seems to oxidize Fe(II) in the periplasm, where it theoretically precipi-
tates as Fe(III) (oxyhydr)oxide at pH 7. This would lead to mineral deposition
inside the cell. However, experiments indicate that photoferrotrophs must have
strategies to avoid mineral formation inside or on the cell [74, 126, 131, 150].

For strain TIE-1, the expression of genes involved in active efflux mechanisms
upon Fe(II) addition and long period cultivations with Fe(II) was demonstrated
by Bryce et al. [100]. It is possible that efflux proteins contribute to the minerali-
zation away from the cell. Further, it is hypothesized that the cells produce
Fe(III) chelators that transport Fe(III) to the outside of the cell [149]. This is
consistent with the observation that: (i) strain SW2 grows better with nitrilotriac-
etic acid (NTA, a complexing agent) [148], and, (ii) the supernatant of Fe(II)-
grown culture increases the solubility of Fe(IIT) [149, 151]. The chelators do not
seem to be siderophores, as they have not been found in high concentrations in
Fe(II)-grown cultures. Additionally, their synthesis would be energetically ex-
pensive [149]. It has been demonstrated that FoxE is active at low pH, thus a
low-pH microenvironment around the cell could be an alternative strategy to
avoid cell encrustation [152].

Pereira et al. [153] showed that the distances of hemes within the FoxE trimer
structure are relatively large (16 A, within the monomer; 22 A, the closest heme
between neighbors). Therefore, the authors propose a slow, intermolecular elec-
tron transfer that prevents product accumulation and further spontaneous
Fe(III) precipitation in the cytosol. In general, it has been proposed that (i) not
all photoferrotophs share the same strategy to avoid Fe(III) precipitation inside
or at the surface of the cell, and, (ii) their strategies have different efficiencies
[150, 154].

3. MICROBIAL GROWTH BY REDUCTION OF IRON(III)

Fe(I1I)-reducing microbes couple the reduction of Fe(III), including Fe(111) min-
erals and dissolved Fe(III)-OM complexes, to the oxidation of a variety of elec-
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tron sources, including organic matter (OM), sulfur (S°), ammonium (NH;"),
methane (CH,) or dihydrogen (H,). Fe(IlI)-reducing microbes are phylogeneti-
cally diverse, and are present in virtually every environmental habitat on Earth,
including soils, sediments, and subsurface environments. Combined with the
abundance of iron in the Earth’s crust, and the phylogenetic and spatial breadth
of this process, these interactions, which underpin biogeochemical cycling for
so many elements, make the Fe(Ill)-reduction metabolic process globally and
geologically significant.

3.1. Dissimilatory Iron(lll) Reduction

Dissimilatory Fe(III) reduction is a metabolic process where microbes obtain
energy for growth and cellular maintenance by oxidizing organic (e.g., acetate,
lactate, benzene) or inorganic (i.e., H,) electron donors, and transferring elec-
trons to minerals that contain Fe(III), thereby reducing the Fe(III). Myers and
Nealson [155] first identified metal reduction as a cellular metabolic process
linked to growth, in the year 1988.

Many types of microbes can perform Fe(IIl) reduction; the substrates used by
microorganisms to reduce Fe(III) are varied and readily available in most terres-
trial environments. Observed electron donors include organic compounds such
as: glucose [156, 157], acetate [158, 159], and CH,4 [160]; as well as H, [161],
NH; [162], S° [163, 164], and electrically conductive carbon materials; e.g., acti-
vated carbon [165, 166] and carbon cloth [167]. Fe(III)-bearing electron accept-
ors include minerals such as ferrihydrite [160, 168, 169] and magnetite [156, 157].

In addition, dissimilatory Fe(III)-reducing bacteria have been shown to be
capable of degrading complex polysaccharides [170, 171]; thus, the potential ex-
ists for Fe(Ill)-reducing bacteria to participate directly in the metabolism of
humic substances, in addition to oxidizing the products of hydrolytic and fer-
mentative metabolism [172]. Coupling humic substance degradation to dissimila-
tory iron reduction dramatically increases the pathways for soil organic carbon
degradation, since microbial Fe(III)-reduction can lead to the release of dis-
solved organic carbon associated with Fe(III)-oxide surfaces [173, 174].

3.2. Metabolic Pathways and Substrates
3.2.1. Fe-Ammox

Initially suggested in 2005 [175], Fe-ammox is a recently discovered metabolic
pathway that links nitrogen and iron cycling by coupling the reduction of Fe(I1I)
to ammonium oxidation [175-177]. This process has been observed in a forested
riparian wetland in New Jersey [162, 175, 176, 178, 179], tropical upland soils
[177], wetland soils in South Carolina [179], and various forested and wetland
locations in Southern China, including paddy soils [179]. The Fe-ammox reaction
appears to be more common in acidic, iron-rich wetland environments [162, 177-
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180]. The stoichiometry for the Fe-ammox process with ferrihydrite as the iron
source is described by Equation (7).

6Fe 0014(OH), + 98H* + 11NH;} — 60Fe?* + 80H,O + 11NO; (7)

The first Fe-ammox bacterium, Acidimicrobiaceae sp. A6, was isolated and char-
acterized by Huang and Jaffe in 2018 [162]. Fe-ammox may be an autotrophic
Fe(I1T) reduction process [162], although at present, data does not support this.

3.2.2.  Anaerobic Methane Oxidation and Methanotroph Symbiosis

Beal et al. [160] first observed the coupling of the reduction of Fe(III)-bearing
minerals by Archaea to the anaerobic oxidation of methane (AOM). AOM is
most often coupled to sulfate reduction. However, in low-sulfate environments
where abundant reactive Fe(III)-(oxyhydr)oxide phases and CH, co-occur,
such as in freshwater and brackish environments [181], the coupling of Fe(III)-
reduction to AOM can act as a mechanism to remove CH,, which is a potent
greenhouse gas.

Summers et al. [182] demonstrated the direct involvement of microbial nanow-
ires and multiheme c-type cytochromes in interspecies electron transfer, and
identified the process of direct interspecies electron transfer. In the context of
microbial Fe(III)-reduction coupled to methanogenesis, a syntrophic interaction
requires a Fe(III)-reducing bacterium, which oxidizes OM to interspecies-trans-
ferable molecules, and a methanotrophic partner to scavenge the transferable
molecules. The reaction proceeds as follows for the Fe(III) minerals, bernite
(Equation 8) and goethite (Equation 9) [4].

CH, + 8Fe(OH); + 15H* — HCO;5 + 8Fe?* + 21 H,0 (8)
CH, + 8FeOOH + 15H* — HCO3 + 8Fe?* + 13H,0 )

Several studies have subsequently shown evidence for CHy-oxidation coupled to
Fe(I1T)-reduction [181, 183, 184]. Most recently, Cai et al. demonstrated that the
anaerobic methanotrophic Archaea, Candidatus “Methanoperedens ferriredu-
cens” could directly couple AOM to Fe(III) reduction [169].

3.2.3. 8% Oxidation Coupled to Iron(IlI)-Reduction

At pH < 4.0, Fe(I1I) is soluble, removing the barrier of a solid-phase electron
acceptor for acidophilic bacteria [185]. Dissimilatory Fe(III)-reduction is wide-
spread among moderately acidophilic and extremely acidophilic bacteria [186];
the best known bacterium which utilizes this metabolic pathway is Acidothio-
bacillus ferroxidans. This strain is important in bioleaching applications, and can
contribute to the creation of acid mine drainage [164]. Brock and Gustafson
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[187] reported that A. ferrooxidans anaerobically reduced Fe(III) using elemen-
tal sulfur as the electron donor, proposing bacterial growth (Equation 10) [164]:

S° + 6Fe3™ + 4H,0 — HSO; + 6Fe?t + 7TH (10)

3.3. Mechanisms of Iron(lll)-Reduction

Two physical constraints act to direct the mechanisms of electron transfer adopt-
ed by Fe(III)-reducing microorganisms at circumneutral pH: (1) the poor solubil-
ity of Fe(III) (oxyhydr)oxide minerals, and (2) the maximum hopping distance
of 1.8-2.0 nm [188] for an electron moving between redox-active molecules. De-
spite this, both Shewanella and Geobacter species can transfer electrons to
Fe(III) minerals located at considerable (mm- to cm-scale) distances from the
cell [189-192] via non-local electron transfer strategies [193]. Two mechanisms
have been proposed for the extracellular transfer of electrons from the microor-
ganism to solid surfaces. These are: (i) electron transfer via direct contact of
outer-membrane enzymes (cytochromes) or with outer cell membrane structures,
such as pili and nanowires; and (ii) the use of soluble electron shuttles, such as
humic substances and quinones. Geobacter spp. can also use Fe(IIT) (oxyhydr)ox-
ides as conductors for interspecies electron transfer [8].

3.3.1. Electron Shuttling by Humic Substances

The process of electron shuttling between the bacterial cell and Fe(III) minerals
via redox-active organic matter happens in a two-step process. First, the microbe
donates electrons to the electron shuttle, reducing it. Second, the electrons are
abiotically donated from the reduced shuttle to the Fe(III) mineral [11, 172, 194—
199]. Many of the redox-active organic compounds which are common in soils
and sediments can be used as electron shuttles for dissimilatory iron reduction.
These include humic substances [194], plant exudates [200], biochar [201], and
antibiotics [172, 192].

The ability to reduce humic substances is not constrained to metal-respiring
organisms: many bacterial groups, including fermenting bacteria, methanogens,
sulfate reducers, halorespirers, and hyperthermophilic Archaea [202-205] in di-
verse environments, such as lake and marine sediments and pristine and contami-
nated wetland sediments, were shown to be able to transfer electrons to humic
substances [194, 198, 206, 207]. Because of the environmental and phylogenetic
ubiquity of humic substance reduction, the abiotic reduction of Fe(III) by electron
shuttles implicates biogeochemical iron-redox transformations even for microorga-
nisms lacking the enzymatic machinery to directly reduce Fe(III) [208].

3.3.2.  Pili and Nanowires to Iron Minerals

Conductive, redox-active pili, often called nanowires, have been implicated in
extracellular electron transfer in both Shewanella spp. and Geobacter spp. [209,
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210]. These nanowires play a critical role in long-range (~10 um) extracellular
electron transfer for respiration (i.e., cell-to-mineral) [209, 211] and interspecies
(i.e., cell-to-cell) electron exchange [182, 212]. Wang et al. [135] show that con-
ductive G. sulfurreducens pili are chains solely composed of OmcS, a six-heme
c-type cytochrome. The hemes are closely stacked along the micrometer length
of the filament, establishing the molecular basis for electronic conductivity in
these nanowires.

3.3.3. Enzymatics

Electron transport pathways for Fe(IIl) reduction in different microorganisms
often contain functionally similar components, but are different in their biochem-
istry [11, 213]. Genome sequence information from Shewanella spp. [214] and
Geobacter spp. [215] helped to identify the genes involved in Fe(IIT) reduction
pathways. Porin-cytochrome homologs have been identified in all sequenced
Geobacter species and in bacteria from six different phyla, including Anaero-
myxobacter dehalogenans 2CP-1, ‘Candidatus Kuenenia stuttgartiensis’, Denitro-
vibrio acetiphilus DSM12809, Desulfurispirillum indicum SS, Ignavibacterium
album JCM16511, and Thermovibrio ammonificans HB-1 [7, 11].

Electrons that originate from intracellular catabolism are transferred to cell sur-
face-localized c-type cytochromes, which catalyze the extracellular electron trans-
fer for the reduction of Fe(III) (oxyhydr)oxides [216]. The outer membrane cyto-
chromes are connected to respiratory electrons of the intracellular quinone pool
by outer membrane porin-cytochrome complexes, such as MtrA, MtrB, and CymA
[217, 218]. This is suggestive of a general design principle for transferring electrons
during the extracellular reduction of Fe(III)-bearing minerals [219, 220].

3.4. Most Important Representatives of Iron(lll)-Reducing
Microorganisms

The most notable examples of Fe(I1T)-reducing microorganisms include Geobacter
spp. [159, 221, 222], Shewanella spp. [155, 161, 223-226], Albidiferax ferrireducens
(formerly known as Rhodoferax) [227], Geothrix fermentans [228], and various
hyperthermophilic Archaea [205, 229, 230]. Among the isolated microorganisms,
Fe(III)-reducing extremophiles including hyperthermophilic, thermophilic, psy-
chrophilic, acidophilic and alkaliphilic Archaea and bacteria have been described
in pure culture [9, 203, 231-235]. One such isolate (strain 121, member of Archaea,
most closely related to Pyrodictium occultum and Pyrobaculum aerophilum) sur-
viving in hydrothermal vents has pushed the upper temperature limit for life to
121 °C [203].

3.4.1. Shewanella spp.

Shewanella oneidensis MR-1 was among the first identified microorganisms capa-
ble of using minerals that contain Fe(III) as terminal electron acceptors [224,
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225]. The genus Shewanella is widespread in sedimentary environments and is
characterized by a wide metabolic diversity [224, 226, 236-239]. Shewanella spp.
reduce ferrihydrite to Fe(II) with lactate or formate (Equation 11):

5 CH;CH(OH)COO~ + 2Fe;0,4(OH), + 35H* —
20Fe2+ + 5CH;COO- + SHCO; + 22 H,0 (11)

S. oneidensis MR-1 produces and secretes flavins that mediate extracellular elec-
tron transfer and facilitate the interaction between bacteria and their solid ferric
substrate [240-243]. These chemically reduced flavins are proposed to function
as diffusive electron shuttles [240, 241, 243], redox-active compounds that can
be reduced and then transfer electrons directly to minerals that contain Fe(I1I)
[244, 245].

Genetic studies of Shewanella spp. revealed the direct involvement of six multi-
heme c-type cytochromes — CymA, Fcc3 (also known as FccA), MtrA, MtrC,
OmcA, and a small tetraheme cytochrome (STC) - and the porin-like outer
membrane protein MtrB in the extracellular reduction of minerals that contain
Fe(I111) [92, 242, 246-249]. CymA, Fcc3, MtrA, MtrB, MtrC, OmcA, and STC
form a pathway that oxidizes quinol in the cytoplasmic membrane and transfers
the released electrons across the entire width of the cell envelope to the surface
of minerals [7]. MtrA, B, and C from a complex and their protein structure has
been recently solved by Edwards et.al. using X-ray crystallography techniques
[91].

3.4.2.  Geobacter spp.

Microorganisms from the family Geobacteraceae play a significant role in envi-
ronmental Fe(III) reduction and the oxidation of organic matter in circumneutral
surface and subsurface environments. The metabolic activity of Geobacter spp.
is flexible and varied. These taxa are capable of utilizing a broad variety of
carbon sources for growth, including monoaromatic compounds [250, 251], alco-
hols and fatty acids [252], acetate, lactate, pyruvate, and formate. In addition,
Geobacter spp. can completely mineralize organic carbon to CO, [222]. Of spe-
cial interest for engineering applications, Geobacter spp. are capable of generat-
ing electricity by transferring electrons directly to electrodes.

Two examples of the stoichiometric reduction of Fe(IIT) coupled to the oxida-
tion of organic matter (acetate; Equation 12) and the reductive formation of
magnetite from ferrihydrite (Equation 13) are as follows:

CH;COO™ + 8Fe** + 4H,0 — 2HCO; + 8Fe?™ + 9H* (12)
5CH3C007 + 12F610014(OH)2 -

G. sulfurreducens does not synthesize electron shuttle molecules but requires di-
rect contact with an electron acceptor via conductive filaments for long-range
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extracellular electron transfer [209]. However, Geobacter spp. are known to make
use of electron shuttles if present (see e.g., Geobacter metallireducens [194]). Geo-
bacter spp. secrete extracellular cytochromes, such as the hexaheme OmcS in G.
sulfurreducens. These cytochromes have been associated with conductive pili na-
nowires [211, 253], which mediate the conduction of current along the length of
the wire or function as a contact point for mineral Fe(III) reduction [254].

In addition to cytochromes, G. sulfurreducens requires the outer membrane
porin OmpJ for Fe(III) reduction [255]. In G. sulfurreducens DL-1 and G. sulfur-
reducens PCA, the key players in electron transfer across the cell envelope in-
clude the putative quinol oxidases ImcH and CbcL in the cytoplasmic membrane
[256, 257], PpcA and PpcD in the periplasm [258, 259], and OmaB, OmaC, OmcB
and OmcC in the outer membrane. The latter form porin—cytochrome trans-
outer membrane protein complexes with the porin-like outer membrane proteins
OmbB and OmbC [219, 254, 260]. In addition to cytochromes, G. sulfurreducens
requires the outer membrane porin OmpJ for Fe(III) reduction [255].

4. APPLICATIONS AND CONSEQUENCES
4.1. Link to Other Biogeochemical Cycles

As explained in the previous sections, iron cycling microorganisms have been
shown to occur in various aquatic and terrestrial environments, using different
species of Fe(II) and Fe(III) for energy generation and growth. However, these
processes are not only relevant for biogeochemical iron cycling. Iron metabolism
is closely linked to most other important biogeochemical cycles. The oxidation
of organic molecules (including methane) during microbial Fe(III) reduction
(respiration with Fe(I1I)) as well as CO, fixation during microbial Fe(II) oxida-
tion (with nitrate or O, as electron acceptor) link the iron to the carbon cycle.
Additionally, the sequestration of organic molecules by sorption and co-precipi-
tation to Fe(III) minerals and the release of the organic carbon during reductive
dissolution of these carbon-loaded Fe(III) minerals shows how Fe(III) minerals
have the potential for controlling the cycling of carbon [261].

Furthermore, a series of abiotic and biotic reactions such as microbially-cata-
lyzed nitrate-dependent Fe(II) oxidation (see Section 2.1.3.), enzymatic ammoni-
um oxidation coupled to Fe(IIT) mineral reduction, or abiotic oxidation of Fe(II)
by reactive nitrogen species (nitric oxide or nitrite) couple the iron to the nitro-
gen cycle. Similarly, the oxidation of several sulfur species (sulfide, elemental
sulfur, etc.) can be linked abiotically and biotically to Fe(IIT) mineral reduction
(see Section 3.2.3.), thus linking the iron cycle to the sulfur cycle.

4.2. Consequences for Pollutants

In addition to these connections of the biogeochemical iron cycle to all other
major element cycles, iron-metabolizing microorganisms can also influence the
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fate and environmental behavior of pollutants, in particular toxic metals. On the
one hand, Fe(III)-reducing bacteria can directly interact with toxic metals such as
chromium and uranium, and can be used for remediation purposes by reductive
immobilization of Cr(VI) as Cr(III) oxide (Cr,O3) and U(VI) as U(IV) oxide
(UO,) [262]. On the other, Fe(III) mineral-reducing bacteria were shown to be
responsible for reductive dissolution of arsenic-bearing Fe(III) minerals and thus
mobilization of arsenic into ground water and drinking water [263, 264]. On the
oxidative side, Fe(II)-oxidizing bacteria and the resulting biogenic Fe(III) (oxy-
hydr)oxides have been suggested to be useful for immobilizing toxic metals such
as arsenic, for example in drinking water filters [265-267].

4.2.1. Bioremediation and Biotechnology

Fe(I11)-reducing bacteria contribute to bioremediation and bioattenuation of
many contaminants through a variety of processes. Both, Shewanella spp. and
Geobacter spp. have been reported to directly respire a number of metals other
than Fe(III) and Mn(IV), including U(VI) [268, 269], sequestering radioactive
uranium in the solid phase as the oxidized form U(IV).

4.2.2.  Oxidation of Hydrocarbons

Fe(I1T)-reducing microorganisms such as Geobacter metallireducens GS-15 and
Geobacter strain Ben couple the oxidative degradation of aromatic hydrocarbon
contaminants, such as benzoate, toluene, phenol and p-cresol, to the reduction
of Fe(III) [250, 250, 270-275]. Acetate oxidation by Geobacter sulfurreducens
PCA is also electrically coupled to the reductive degradation of the contaminant
trichloroethene by Desulfitobacterium spp. and Dehalococcoides spp. through
conductive minerals [276]. In hydrocarbon-contaminated groundwater, Amos et
al. [277] were able to link Fe(I1I) reduction to the oxidation of CH, under anoxic
conditions.

4.2.3.  Sequestration of Heavy Metals

In addition to the direct respiration of metals, the microbially-mediated reduc-
tion of Fe(IIT) regulates the solubility and sequestration of heavy metals by caus-
ing the reduction, and subsequent precipitation of heavy metals in Fe(III) (oxy-
hydr)oxide minerals [278-280]. This is because Fe(II) is a strong reductant to
many heavy metals. Minerals, such as Fe(III) (oxyhydr)oxides (e.g., goethite),
hematite, or maghemite that contain microbially-formed Fe(II) also reduce, and
thereby sequester Cr(VI), Se(IV), Se(VI), and Tc(VII). Further, some Cr(I1I)
can be incorporated into the mineral structure [102, 168, 278, 281-285], and the
precipitates provide a reactive surface for the adsorption of PO3~, Zn(Il),
As(V), and Co(II) [286].
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5. OUTLOOK AND FUTURE DIRECTIONS

Although a lot is known about microbial iron metabolisms, there are several
fascinating new areas of research that emerged in the last years, which require
study by the next generations of iron biogeochemists and iron geomicrobiolo-
gists. These areas include (i) the isolation, cultivation, and characterization of
microbial representatives of new iron-related metabolisms, (ii) the mechanisms
of electron transfer being utilized by iron-cycling bacteria, and (iii) the role of
iron-metabolizing microbes in the environment.

One obvious research need is that microbial representatives of new iron-relat-
ed metabolisms need to be isolated, cultured, and characterized. This includes
autotrophic nitrate-reducing Fe(II)-oxidizing microorganisms where so far only
one promising example exists (culture KS, see Section 2.1.3.4. (b) [98]). How-
ever, this culture is currently still a mixed culture, and most other cultures that
have been suggested to be autotrophic are either questionable or have been
shown to need an organic co-substrate for sustainable growth and cultivation
[100]. The isolation of new autotrophic nitrate-reducing Fe(II)-oxidizers (includ-
ing isolation of the Fe(II)-oxidizer from culture KS) will then also allow to study
the Fe(II) oxidation mechanisms and enzymes in these systems. Additionally,
isolating more novel strains capable of coupling methane and ammonium oxida-
tion to Fe(III) reduction [160, 177, 287] will provide the opportunity to investi-
gate these metabolisms in more detail and to evaluate their potential environ-
mental relevance.

The mechanisms of electron transfer being exploited by iron-cycling bacteria
are complex and varied, and recent discoveries about the underlying structures
have accelerated in the last few years. This is a promising and important area of
active research, as these complex microbial interactions are teased apart in de-
tail. Finally, while links to nearly every known biogeochemical cycle have been
established, current knowledge only scratches the surface of understanding the
intricacies of the role of iron minerals and iron-cycling microbes in the environ-
ment.
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ABBREVIATIONS AND DEFINITIONS

ADP adenosine 5'-diphosphate
Anammox anaerobic ammonium oxidation
AOM anaerobic oxidation of methane
ATP adenosine 5'-triphosphate
CcO cytochrome ¢ oxidase
Cyc cytochrome ¢
DNRA dissimilatory nitrate reduction to ammonium
EDTA ethylenediaminetetraacetic acid
Fe-ammox iron-reducing anaerobic oxidation of ammonium
HiPIPs high potential iron-sulfur proteins
NADH reduced nicotinamide adenine dinucleotide
NAD* nicotinamide adenine dinucleotide
NADP* nicotinamide adenine dinucleotide phosphate
NADPH reduced nicotinamide adenine dinucleotide phosphate
NRFeOx nitrate reducing Fe(II)-oxidizer
NTA nitrilotriacetic acid
oM organic matter
PMF proton motive force
P; inorganic phosphate
RcY rusticyanin
RC photosynthetic reaction center
STC small tetraheme cytochrome
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Abstract: Metals are essential for life and the so-called transition metals undergo redox trans-
formations on a biologically accessible potential range. These transformations have an impact
in their mobility in aqueous medium, their bioavailability, their toxicity, and their affinity for
biological macromolecules. Extracellular redox chemistry is therefore an essential process for
the interaction between living organisms and metals. In this chapter we present a survey of
the current state of the art with respect to the molecular mechanisms of microbial assimilatory
metal uptake with an emphasis for iron. Direct metal uptake by membrane transporters and
indirect metal uptake by metallophores are presented. The molecular mechanisms of dissimila-
tory metal reduction with emphasis for iron and manganese reducers are also described. The
modes of extracellular electron transfer are presented in general and then exemplified with
the molecular mechanisms known for Gram-negative and Gram-positive bacteria. The implica-
tions of the extracellular redox chemistry of microorganisms for the environment, health, and
biotechnology are discussed at the end of the chapter and these are framed in the context of
the open questions that guide future research directions and reveal new possibilities for diverse
applications.

Keywords: cytochromes - dissimilatory metal reducing organisms - extracellular electron
transfer - iron - metal ions - metal uptake - siderophores

1. INTRODUCTION

Metal ions play an essential role in metabolic processes, and life as we know it,
would not exist without their contribution [1]. The natural selection operating at
the level of these chemical elements has made their contribution to the metabo-
lism and structure of living organisms a function of their physicochemical proper-
ties, both in terms of the kinetic and thermodynamic aspects of their reactivity
[2]. Metal ions are unique among nutrients because they cannot be synthesized
or degraded (by metabolic processes). For this reason, bioavailability acts as a
selective pressure for the evolution of more efficient capture or disposal of mo-
lecular mechanisms. For example, aluminum is highly abundant on the Earth
surface, particularly in acidic conditions, but it is not used by living organisms.
Its rates of ligand exchange are extremely slow and incompatible with metabolic
processes, where it interferes with calcium and magnesium metabolism. This led
to the evolution of efficient efflux pumps that transport aluminum out of the
cells. As a counter example, iron precipitated out of the water column as banded
iron formations (BIFS) caused by the action of photoferrotrophs in the Archae-
an oceans, and later during the Great Oxidation Event (GOE) caused by the
action of water-splitting cyanobacteria (see Chapters 1 and 7) [3]. Nonetheless,
despite its low bioavailability, iron still remains an essential element for all orga-
nisms with exception of a few rare examples, and organisms go to great lengths
to ensure sufficient access to meet their needs (see Chapter 7) [4, 5]. The bio-
availability of metal ions is ultimately determined by their affinity for ligands as
defined by the Irving-Williams series [Cu?* > Zn?* > Ni2* > Co?* > Fe?* >
Mn?* > Mg?* > Ca?*] and by the nature of the ligands available in the environ-
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ment or biosynthesized by the cells [6]. Given that bioavailability does not neces-
sarily match the metabolic or structural need for metal ions, or on the contrary
it can exceed toxic levels, organisms evolved molecular mechanisms that ensure
the homeostasis of these elements [7]. Metal homeostasis is ensured by the trans-
port in or out of the cell under the action of metal regulatory systems. These
systems can be proteins or riboswitches (conserved untranslated regions of
RNA) that bind the metals or their cofactors, and also bind DNA, thus control-
ling the expression level of genes related to transport and chelation [8]. Adapta-
tion is the key survival strategy that governs life. In microorganisms, in addition
to the transport systems, the regulation of lifestyle with transition between plank-
tonic and sessile growth with biofilm formation also impacts on the toxicity of
metal ions or is impacted by their presence [9]. On the one hand, quorum sensing
among bacteria is disturbed by metal ions and metal nanoparticles leading to
destabilization of some biofilms, whereas on the other hand, the retention of
toxic metal ions in the extracellular polymeric matrix of biofilms allows cells to
survive concentrations that would be toxic to planktonic cells [10]. In this balan-
cing act of need and avoidance, organisms have evolved ingenious molecular
systems for the safe collection of the necessary amounts of metal ions from their
environment at the right time. This chapter focuses on assimilatory metal uptake
and dissimilatory metal reduction.

2. ASSIMILATORY REDOX CHEMISTRY: SCAVENGING
FOR METALS

Metal ions such as iron, copper, zinc, and manganese serve diverse vital roles
mostly as cofactors of proteins. It is estimated that about 30 to 45 % of enzymes
are metalloproteins, with metals being either redox-inert or redox-active [11, 12].
Redox-inert metal ions often bind transiently and either act as substrate activa-
tors or as stabilizers of negative charges given their Lewis acid properties. The
most abundant examples of the latter are magnesium, zinc, and calcium [13-16].
Redox-active metal ions usually bind strongly to the protein and can act as Lewis
acid stabilizers or as the redox centers of a protein. The most common examples
of the latter are iron, manganese, cobalt, molybdenum, copper, and nickel [17-
19]. Given that often the availability of metals does not match the metabolic
needs, all organisms need to scavenge metals from their environment, whether
this includes the tug-of-war for iron inside a host, or fighting the odds of metal
deprivation in the marine environment (Table 1) [11, 20-22].

2.1. Redox-Inert Metals: Magnesium, Calcium, and Zinc

Magnesium (Mg) plays a central role for life acting as the counter ion for the
key biological molecules including the energy-rich ATP and information-encod-
ing DNA and RNA molecules. This metal is stable at the 2+ state and is highly
soluble and abundant both inside the cell and in the environment (Table 1)
[23]. Magnesium homeostasis is achieved by Mg?* transporters and by Mg?™"-
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Table 1. Essential metals, properties and bioavailability.

Metal Common Ionic Redox Concentration Concentration
oxidation states Radius (10&)* in cells (M) in oceans (M)
Mg +2 0.57-0.89 No 1073 5 X 1072
Ca +2 1.00-1.34 No 1077 1072
Zn +2 0.60-0.90 No 1o 1078
Fe +2 0.61-0.92 Yes 107 10717
+3 0.49-0.78
Cu +1 0.46-0.77 Yes 10713 10~
+2 0.57-0.73
Mn +2 0.66-0.96 Yes 107”7 107°
+3 0.58
Co +2 0.56-0.90 Yes 108 o
+3 0.55
Mo +3 0.69 Yes 10°° 1077
+4 0.65
+6 0.41-0.73
Ni +1 Yes 107°
+2 0.49-0.69
+3 0.56

Data compiled from [11, 291, 292]. *Ranges for the most common coordination numbers.

responsive signal transduction systems. This way, bacteria have the means to
evaluate the levels of Mg?™ in their surroundings (extracellularly and in the
cytoplasm) and have the means to mount a biochemical response that enables
the maintenance of Mg?™ levels by increasing or decreasing different Mg?™
transporters [24]. Three distinct classes of Mg?* transporters were identified:
CorA, MgtE, and MgtA [25-27]. They differ in energy requirements, ability to
import and export Mg?*, in the conditions under which they are expressed, and
in the environmental cues required for their activation. Most of these transport-
ers function as channels with a pore structure and utilize the electrochemical
gradient across the cytoplasmic membrane to transport their substrates [24].

Calcium (Ca) is often compared to magnesium given the similarity in abun-
dance, charge, and preference for hard donors such as oxygen. However, calcium
is used much less frequently than magnesium and this is most likely due to the
larger size of Ca?™ (Table 1) [11, 28]. By contrast, the increased size of the Ca®™
cation makes it more suitable for binding numerous of ligands in an irregular
geometry enabling it to be particularly suitable for cell-triggering responses (see
Chapter 1) [29]. For such important and sensitive role in the cells, calcium home-
ostasis is tightly maintained and requires an orchestrated activity of export and
uptake systems along with Ca?* chaperons or binding proteins [30]. The export
of calcium is well studied, and it occurs via P-type ATPases and antiporters [31].
By contrast, calcium uptake systems are barely known and only a few have been
identified including two Ca2* channels (in Escherichia coli and in Bacillus subtil-
is) and one energy-dependent P-type ATPase (CtpE from Mycobacterium smeg-
matis) [32-34].
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Zinc (Zn) is the second most common metal ion found in enzymes, partially
because it retains the properties of magnesium. It is stable and inert at the Zn?™"
state, but it is a stronger Lewis acid than Mg?™* and therefore it can bind water
and form a hydroxide ion for nucleophilic attack of the substrates [11, 35]. The
uptake of zinc usually occurs though high-affinity ABC (ATP-binding cassette)
transporters [36]. Encoded by znuABC genes, these transporters consist of
ZnuA, a periplasmic-binding protein, ZnuB, a membrane permease and ZnuC,
an ATPase. These transporters can also bind manganese and their specificity has
been a matter of debate [36-39]. The expression znuABC genes is regulated by
zinc and by Zur, a Fur-family (ferric uptake regulator) repressor [40]. A second
zinc-uptake system encoded by zupT was also identified, but its transport mecha-
nism remains unexplored [41]. Additionally, in pathogenic bacteria, zinc can also
be transported indirectly via small chelators or high affinity zinc-binding proteins
termed zincophores [39, 42, 43].

2.2. Redox-Active Metals: Iron, Copper, Manganese, Cobalt,
Molybdenum, and Nickel

Iron (Fe) has survived in the podium of transition elements throughout the Eras
as the most crucial metal for virtually all organisms (except for members of the
Lactobacillus genus which require little or no iron) [44-46]. Despite its abun-
dance, iron is insoluble in aqueous solutions exposed to an oxygen-rich atmo-
sphere, due to formation of iron oxides, and thus, microorganisms, fungi, and
plants have evolved strategies to scavenge this element from different environ-
ments including, soil and marine sediments, fresh waters and living organisms
(see Chapter 7) [47]. Iron can either be acquired directly in the ferrous form
(Fe?*) through the ferrous transport system (Feo) and via ABC-type transport-
ers, or indirectly in the ferric form (Fe®>™) via siderophores and/or hemophores
[48-51].

Copper (Cu) is considered the “new iron” [47]. The GOE was a catastrophic
event that dramatically changed the bioavailability of elements. As the bioavail-
ability of iron dropped, the bioavailability of cupric copper (Cu?*) increased
allowing its incorporation in biological systems. This gave rise to a new biochem-
istry which coincidently aligns with the development of multicellular organisms
[52]. Thus, the copper pair Cu?*/Cu™ became crucial for life as the redox center
in multiple proteins such as cytochrome oxidase (cchs, aas, caas), nitrite reduc-
tase, Cu,Zn superoxide dismutase, laccase, azurin, and plastocyanin [53]. Cu®*
is highly toxic at very small concentrations, and thus copper levels in the cytosol
are very low and tightly regulated (see Chapter 9). Most copper circulates via
chaperones (proteins that bind copper), ensuring its safe transport [54]. Addi-
tionally, in Gram-negative bacteria copper-containing enzymes are either peri-
plasmic enzymes or are embedded in the cytoplasmic membrane. This avoids the
toxicity of copper, since the periplasm is a more oxidizing environment enabling
the stabilization copper in the cupric form (Cu?™). While the major export sys-
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tems for copper have been identified, Cu™ uptake systems are still scarcely stud-
ied [37]. The predominant Cu™ transporting system involves P-type ATPases
[37, 55]. These are transmembrane transporters that maintain cytoplasmic copper
levels by coupling unidirectional Cu™ efflux to ATP hydrolysis. Based on pheno-
typic analysis it was suggested that some P-type ATPases can also drive Cu™
uptake in addition to the routine efflux function. Additionally, a few proteins
have been proposed for directing Cu™ uptake and these include porin proteins
such as OmpB from FE.coli, and three proteins from Pseudomonas aeruginosa:
an outermembrane protein, OprC, an inner membrane protein, PA3789, and a
member of the major facilitator superfamily (MFS) PA5030 [53, 56]. Copper can
also be transported indirectly via small chelators termed chalkophores [57].

Manganese (Mn) is an essential trace element for all forms of life [58]. For
example, it is found in free radical detoxifying enzymes (e.g., superoxide dismu-
tase), in the oxygen evolving complex of photosystem II (see Chapter 1), and
also plays a key role for the virulence of pathogenic bacteria [37, 59]. The manga-
nese cycle is composed by two states, Mn?" and Mn3*, where Mn?" is the
biologically relevant state. Contrary to iron, Mn?* does not promote the genera-
tion of reactive oxygen species and thus it is important in diminishing oxidative
stress by substituting Fe? " species [59]. Manganese uptake can occur directly via
specialized Mn?™* transporters belonging to the ABC-type protein family or via
proton-dependent Nramp (natural resistance-associated macrophage proteins)-
related transporters [60-62]. Additionally, manganese can be imported through
the secretion of Mn?*-binding proteins, also designated as “manganeseophores”
by analogy to hemophores [43].

Cobalt (Co) is almost exclusively found as the redox center of Bj,-dependent
enzymes. This cofactor forms a weak Co>*~C bond which can undergo heterolyt-
ic cleavage and form Co™ and a carbonium ion or undergo homolytic cleavage
and form Co?* and a carbon radical. This metal can also be found in methylmal-
onyl-coenzyme A epimerase as mononuclear Co?*t for the activation of sub-
strates [11, 63, 64]. Uptake of Co?* can occur directly using ABC-type transport-
ers of different nature: energy-coupling factor (ECF)-transporters, nickel/cobalt
transporters (NiCoT), and/or Ton-B-dependent transporters [65]. Additionally,
it also has been observed that cobalt-complexing ligands (cobaltophores) may
play a key role in the uptake of this metal specially in different species of cyano-
bacteria [22].

Molybdenum (Mo) is the only element of the second transition series with
known biological importance and plays a key role by acting as the redox center
of enzymes involved in the carbon, sulfur, and nitrogen cycles [66]. Molybdenum
is found associated with an organic partner (pterin molecule in oxotransferases,
Moco center) or integrated in an inorganic cluster when incorporated in the
FeMoco cofactor of nitrogenases. It typically cycles between the Mo*" and
Mo®* oxidation states although in nitrogenase a spin-coupled Mo** state has
been proposed [67]. The uptake of molybdenum can occur directly via high-
affinity ABC-type transporters or indirectly via molybdate-binding proteins,
which can store up to eight anions until they can be further utilized in the cell,
and/or also by molybdophores, ligands that bind molybdenum [68].
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Nickel (Ni) is found in enzymes that play key roles in energy and nitrogen
metabolisms (e.g., NiFe-hydrogenase, acetyl-coenzyme A synthase/decarbonyl-
ase), in detoxification processes (e.g., urease), carbon dioxide fixation (e.g., car-
bon monoxide dehydrogenase, methylcoenzyme M reductase), and others (e.g.,
Ni-superoxide dismutase, glyoxalase I). In these enzymes nickel can be found in
the NiT, Ni>* or Ni>* states [19]. Direct uptake of nickel can occur either
through ABC-type transporters or via Ni-specific permeases [65, 69].

2.2.1. Direct Metal Uptake of Redox-Active Metals

Direct uptake of the various metals uses membrane-associated complexes with
common organization. In the very rare cases where extracellular metal concen-
trations are relatively high, passive import of metal ions across the outer mem-
brane can occur through nonspecific porins. However, the most likely scenario
is that metal ion contents are low and thus metal uptake requires energy-depend-
ent transporters with inherent specificity [37].

22.1.1. ABC-Type Importers

Direct metal uptake through ABC-type transporters is well conserved through-
out the bacterial domain regardless of the specificities of the metal. Transporters
belonging to the ABC superfamily couple the energy released from ATP hydro-
lysis to the translocation of a wide variety of substances into or out of cells. ABC
exporters are composed by four protein domains or subunits: two hydrophobic
membrane-spanning domains (MSDs) that are presumed to constitute the trans-
location pathway or channel across the membrane and two hydrophilic nucleo-
tide-binding domains (NBDs) that interact at the cytoplasmic surface to supply
the energy for active transport [60, 70]. These then require the interaction with
an extra-cytoplasmic solute-binding protein (SBP) which dictates the specificity
of the transport. SBP can have different structures and different locations. Fur-
thermore, their designation follows different terminologies depending on wheth-
er they originate from Gram-positive or Gram-negative bacteria. In Gram-posi-
tive bacteria SBPs were grouped as the lipoprotein receptors antigen I, a class
of cell-surface receptor proteins, whereas in Gram-negative bacteria SBPs are
soluble in the periplasm [71]. These proteins often have negligible sequence simi-
larity and can transport different substrates. However, all have a highly con-
served three-dimensional fold which allows their classification according to their
ligand specificity. Direct metal ion uptake requires SBPs of cluster type A I
whereas indirect metal ion uptake requires SBPs of cluster type A II. SBPs of
the two cluster types are distinguished by the fact that cluster type A II has a
larger substrate cavity allowing the extra space for the metal-binding molecules.
Nonetheless, SBPs of cluster type A I and cluster type A II interact with type 11
ABC transporters [72]. Type 11 ABC transporters are larger than type I or type
II1. They usually import compounds that are present in the environment at very
low concentrations by a mechanism that has been described as “buy now, pay
later” [71]. Type 11 ABC transporters have very high affinity for the SBPs regard-
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less of whether they are in apo (without the metal) or holo (with metal) forms.
This means that SBPs are bound and perform transport constantly (“buy now”).
The observation of a basal ATPase activity in this type of transporters together
with the displacement of the SBP by ATP indicates that ATP hydrolysis provides
the energy to release SBP from the ABC transporter (“pay later”) [71]. The
SBPs in cluster A I can bind Zn?*, Ni’2*, Mn?*, and Fe?*, but in most cases the
role and specificity in vivo remains unknown since the actual affinities for the
different metals were not measured [62, 71]. Besides ABC-transporters, other met-
al-specific direct import systems have been identified, such as the Nramp Mn?*
transporters [62]. However, for many the mechanisms and metal specificity remain
undetermined. Notwithstanding, the most explored case of direct metal uptake is
the transport of iron through the Feo transport system [37].

2.2.1.2. TIron-Specific Transport: Feo, Transport of Iron(II)

In reducing (anaerobic) and low-pH environments the most stable form of iron
is the soluble Fe?* form. In Gram-negative bacteria Fe?™" is transported via the
Fe(IT) transport system (Feo). It is encoded by the feo operon that is repressed
by Fur (ferric uptake regulator) in the presence of iron and is activated by FNR
(fumarate and nitrate reductase transcriptional regulator) under anaerobic con-
ditions. The feo operon can encode up to three proteins: FeoA, FeoB, and FeoC.
FeoA is a small [3-barrel protein with unusually high isoelectric point (E. coli
FeoA has a pl of 9.4) and for this reason it has been hypothesized that FeoA
may be directed into the inner leaflet of the cytoplasmic membrane interacting
with the soluble domain of FeoB [73, 74]. However, this interaction remains to
be observed together with the role of FeoA in iron uptake. FeoB is a transmem-
brane protein with three domains: a soluble G-protein domain capable of hydro-
lyzing GTP, a GDP dissociation inhibitor domain and a transmembrane domain
which putatively is responsible for transporting ferrous iron from the periplasm
to the cytoplasm [48]. This protein seems to be the most critical for ferrous iron
uptake. FeoC is a small cytoplasmic protein containing a winged-helix motif and
four widely conserved cysteine (CySH) residues which most likely bind iron.
Even though by historical reasons this organization of three proteins is the most
widely known, this organization corresponds to only 13 % of what is observed
in the known bacterial genomes. Indeed, the most common organization repre-
sented in 54 % of the bacterial genomes is FeoAB and then at 11 % FeoB only
[75]. There is still no structure of intact FeoB and there is still no knowledge
regarding which part(s) of FeoA and/or FeoC interact(s) with the FeoB. Eluci-
dating the site(s) where these interactions take place may contribute to unravel-
ling how Fe?™ is transported inside the cell. So far, the current hypothesis is that
ferrous iron diffuses freely into the periplasm through porins and then is taken
by a gate motif of FeoB while the G-protein domain provides the signaling and
energy for active transport into the cytoplasm. FeoA is then thought to take part
in transport through interacting with FeoB and FeoC is thought to bind Fe?*
and act as a transcriptional regulator [48].
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2.2.2. Indirect Uptake of Redox-Active Metals

2.2.2.1. Metallophores

The reactivity of metals that makes them critical for life, comes with the cost of
toxicity and therefore, there are hardly any “free metals” in the cell, leading to
the need of metal scavenging.

Metallophores are small molecules that bind metals. The most thoroughly stud-
ied are siderophores that evolved to selectively bind Fe3* and this can be a
consequence of two factors: the evolutionary pressure for iron acquisition in an
oxygen-rich atmosphere, and the fact that there are not many biologically rele-
vant metals that can outcompete Fe3*, with the exception for inert Co®* and
AP [11, 76]. Some siderophores such as pyochelin and ferrioxamine E can bind
Co** and there is also evidence for Co-complexing ligands even though the
identity of the organisms producing them and their chemical structures remain
unknown [22].

As the affinity for Fe3* decreases, the affinity for other metals increases and
thus it is not surprising that small molecules have been found to bind other
metals such as vanadium, manganese, copper, and molybdenum. Often these
are not termed as siderophores, instead these are called chalkophores (specific
for copper-binding) and zincophores (specific for zinc-binding). It was also ob-
served that often metallophores play a role in detoxification in addition to the
metal acquisition role [77]. Chalkophores are the best studied examples of non-
iron metallophores [78]. The first chalkophore ever isolated was methanobactin
from methanotrophic bacteria, which oxidize methane as their sole carbon
source. Methanobactin is a chromopeptide containing a mononuclear copper
center coordinated by two nitrogen atoms contained in the two oxazolone rings
and two thioamide sulfur atoms [79, 80]. Methanobactin binds both Cu?* and
Cu™ but binding is reductive and at the end only Cu*-methanobactin can be
found. The binding constants of copper binding in methanobactins are reported
to be in the range 10?°-10?! M~! with different Cu™:methanobactin species ob-
served depending on stoichiometry and pH [77]. There is still much to unravel
regarding the pathway of methanobactins. These compounds, unlike sidero-
phores, are ribosomally produced and post-translationally modified natural prod-
ucts (RiPPs) [77]. However, the biosynthetic machinery of chalkophores appears
to be unique in the RiPP class of natural products. Furthermore, methanobactin
can also bind other metals in addition to copper, including: Ag™, Au®*, Hg?™,
Pb?*, and US* using a reductive binding mechanism similar to that observed
with Cu™; and Cd?*, Co?*, Fe3*, Ni?*, and Zn?™, via a different non-reductive
mechanism. Measured binding constants for other metals appear to be lower
than that of Cu*t by 10-15 orders of magnitude [80].

In comparison with chalkophores, very little is known about the role of other
bacterial metallophores including zincophores, cobaltophores, and molybdo-
phores. Some putative zincophores include coelibactin from Streptomyces coeli-
color, pyridine-2,6-dithiocarboxylic acid, a siderophore produced by Pseudomo-
nas putida that can bind Fe?* with higher affinity, yersiniabactin produced by
Yersinia pestis, and some pathogenic E. coli strains [78].
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2.2.2.2. Siderophores: Chelating Iron

The best known mechanism of metal scavenging is through the use of sidero-
phores (from the Greek “sidero-“meaning iron, and “-phore” meaning barrel).
These are small-molecular-weight compounds (from 500 to 1500 Da) that are
secreted outside the cell and present a high affinity and selectivity for Fe3.
They are produced by nearly all types of microorganisms in the tree of life, but
they appear to be more prevalent and are better studied in bacteria [81-83].
Even within the bacterial domain, not all are siderophore producers. Some are
what is termed “cheaters”, meaning they do not produce their own siderophores
but are able to scavenge siderophores produced by others. In this case, the scav-
enged siderophores are designated as xenophores, from the Greek “xénos”,
meaning “alien or foreign” [84, 85]. The ability to utilize xenophores allows inter-
species cooperation within a microbial community but there is also an increased
competition for metal acquisition. This was likely the evolutionary pressure that
gave rise to the wide range of siderophore structures with respectively different
affinities. In order to have a high affinity for Fe3 ", negatively charged oxygens
are the usual common metal donor atoms and the most common coordination
geometry is octahedral. This allows six ligands to be arranged around the Fe
center with a minimum amount of repulsion favoring the formation of the ther-
modynamically stable high-spin Fe(III) species [76]. In some siderophores, the
octahedral field may be distorted by the inclusion of a nitrogen or sulfur as
donor atom and such modifications reduce the affinity for Fe** and increase
the affinity for other metals. Formation constants (K;) are used primarily for
comparisons of iron affinities between the various siderophores. By convention,
the overall equilibria of metal-ligand stability constants are expressed as [
values for Reaction (1)

mM + IL + hH = M, LH, (1)

where M is metal, L is ligand, and H is proton(s). For the wide diversity of
siderophores known so far, the corresponding formation constants for one iron
binding to one ligand that is fully deprotonated (K¢ = f3110) display a range of
over 30 orders of magnitude. However, K; does not consider the effect of proton
competition in the iron-siderophore complex and thus, the pFe3*+ (pM) parame-
ter has been used as a more reliable comparison for the relative affinity of vari-
ous ligands for Fe** under physiological conditions [76, 85, 86].

Siderophores can be classified in five classes depending on the chemical moie-
ties that coordinate Fe®:catecholates, phenolates, hydroxamates, carboxylates,
and mixed-type (Figure 1). Catecholates are siderophores characterized by one
or more iron-binding catechol moieties (the ortho-isomer of dihydroxybenzene).
These have the highest affinities for Fe*>* and the most negative reduction poten-
tials. The best known example is enterobactin (also known as enterochelin) a
siderophore that is produced by enterobacteria and that holds the record for the
strongest iron binding capacity with a 39 of 49 and a reduction potential of
~750 mV versus NHE at pH 7 [87, 88]. Other examples of catecholates include
azotochelin produced by Azotobacter vinelandii and myxochelin A produced by
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Figure 1. Examples of siderophores highlighting the different classes.

Angiococcus disciformis [89, 90]. Phenolates are siderophores characterized by
one or more iron-binding phenol moietie(s) (Figure 1). The most illustrative ex-
amples of phenolate-type siderophores are pyochelin, a siderophore produced
by Pseudomonas aeruginosa, and yersiniabactin produced by Yersinia pestis [91,
92]. Hydroxamates are siderophores characterized by one or more iron-binding
hydroxamate groups (Figure 1). Some of the most studied hydroxamate sidero-
phores are ferrioxamine E, alcaligin, bisucaberrin, and rhodotorulic acid. Bisuca-
berrin and alcaligin represent examples on how interesting the coordination
chemistry of siderophores can be. These two hydroxamates have a tetradentate
nature and thus do not satisfy the preferred octahedral geometry for Fe** when
forming 1:1 FeL. complexes. Instead they can form different species (Fe,Ls,
Fe,L,) depending on pH and relative concentration ratios of Fe:L [93]. The
speciation of these compounds affects their 3D structure when iron-bound and
also changes their reduction potential, affecting cell recognition and uptake and
also iron release on the inside. Carboxylates are siderophores characterized by
an iron-binding a-hydroxycarboxylate functional group. These siderophores tend
to be preferred by microorganisms that live in acid environments and are often
photoreactive. Rhizoferrin is the prototypical example of this class of sidero-
phores that often resemble EDTA given that they can bind other metals more
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strongly than Fe3* [94]. Within each class, siderophores can also be amphiphilic
(Figure 1) by containing a fatty acid appendage of variable length [95]. Most of
these are produced by marine bacteria and besides the feature of amphiphilicity,
this type of siderophores also display photoreactivity due to the presence of
a-hydroxy carboxylic acid moieties [22, 96, 97]. This a-hydroxy carboxylic acid
moiety is only photosensitive when bound to Fe**. Upon UV-photolysis
(~300 nm) Fe3* in the complex is reduced to Fe?™ with concomitant oxidation
of the ligand producing a photoproduct which can still coordinate Fe3*. The
photoproduct stability constant is lower than the native. This process was first
demonstrated in Fe>*-aquachelins but other citrate-based siderophores also un-
dergo photolysis and some examples include Fe®"-coordinated aerobactin, or-
thobactins and synechobactins [22, 98].

2.2.2.3. Siderophore Pathways: Regulation, Biosynthesis, Extracellular
Release, Cell Incorporation, and Metal Release

The siderophore pathway comprises the synthesis of siderophores inside the cy-
toplasm, extracellular release into the environment, iron complexation, cell in-
corporation of ferric siderophores and finally, iron release for assimilatory up-
take (Figure 2). All these processes require tight regulation of the involved
enzymes and transport systems [85]. Regulation commonly involves gene regula-
tion at the transcriptional level by the ferric uptake repressor (Fur) in Gram-
negative bacteria and diphtheria toxin regulator (DtxR) in Gram-positive bacte-
ria [99, 100].

The biosynthesis of siderophores occurs when cells are iron-deprived. It occurs
inside the cytoplasm via two main pathways: the non-ribosomal peptide synthe-
tase (NRPS) pathway and the NRPS-independent siderophore (NIS) synthetase
pathway [101].

Some siderophores produced by the NRPs pathway are yersiniabactin (from
Yersinia pestis), vibriobactin (Vibrio cholerae), mycobactin (Mycobacterium tu-
berculosis), and enterobactin (E. coli) [102-104]. This pathway relies on non-
ribosomal peptide synthetases (NRPSs), a family of large module-composed en-
zymes that function in a coordinated and sequential way to synthesize non-ribo-
somal peptides (NRPs) including siderophores. All modules can exist in the same
polypeptide chain (NRPSs, type I), or they exist individually in different interact-
ing proteins (NRPSs, type II). The latter are the most common in bacteria where-
as the former are more common in fungi. With the different modules each NRPS
selects, activates, and anchors each building block into the NRPS assembly line
by peptide bond formation [105]. Each domain in the NRPS enzyme is highly
substrate- and function-specific and therefore a genetic analysis predicts which
substrates will bind and which siderophores will be produced. This predictability
in the modular architecture of NRPSs gave rise to software such as antiSMASH
and PRISM which from sequence analysis identify and predict the functionality
of NRPS-encoding gene clusters [106, 107]. The knowledge from these predic-
tions is helping in the discovery of novel peptides and is also being used for the
reprogramming of biosynthetic machinery for the synthesis of novel peptides
with improved and diversified bioactivities [5, 105, 108].
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Figure 2. Siderophore pathway. Apo-siderophores are produced via the NIS or the
NRPS pathways and then secreted outside via MDR transporters where they will incorpo-
rate Fe3* forming ferric siderophores. These are then taken up to the periplasm by ener-
gy-dependent (TonB ExBD) OMRs and delivered by SBP to ABC-transporters. Once in
the cytoplasm ferric siderophores are either hydrolyzed by FSE or reduced by SIPs, re-
leasing Fe3* or Fe?™, respectively.

The NIS pathway relies on NIS synthetases and usually synthesizes polycar-
boxylate siderophores. However, other siderophore types (e.g., hydroxamates)
are also produced by these enzymes, such as: achromobactin, aerobactin, alcali-
gin, petrobactin, staphyloferrin A and B, legiobactin, schizokinen, and synecho-
bactin. NIS synthetases are responsible for a single enzymatic reaction, typically
activation of citric acid, via adenylation and nucleophilic capture of an amine or
alcohol group which by releasing AMP produces a citryl intermediate. These are
classified based on the carboxylic acid and hydroxamate-amine substrates: (i)
type A NIS which utilize citric acid and mono-amine or amide substrates, with
the variant type A" NIS which are grouped based on the enantioselective nature
of substrates and final chirality of the product; (ii) type B NIS, which utilize
ketoglutaric acid and a citryl-amine intermediate and; (iii) type C NIS, which are
specific for mono-amine or amide substrates with citryl or succinyl intermediates.
Multiple sequencing alignments of each type of NIS do not show significant
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sequence conservation but it has been proposed that this may be due to the
limited number of validated NIS genes [101]. Often, more than one NIS enzyme
is required to synthesize a siderophore and usually the biosynthetic pathway
through NIS enzymes is discovered by homology searches using the aerobactin
NIS synthetases encoded by the iuc operon in E. coli K-12 [101, 109]. As a model
example, the aerobactin synthesis requires two NIS synthetases: Type A TucA
synthetase, which catalyzes the condensation of N-acetyl-N-hydroxylysine and
citric acid to form N-citryl-acetyl-N-hydroxylysine and type C, TucC, which medi-
ates the addition of another N-acetyl-N-hydroxylysine to the citric acid moiety
of N-citryl-acetyl-N-hydroxylysine to form the symmetric aerobactin molecule
[101, 110].

Once the apo-siderophores are produced, the size and charge of these com-
pounds prevents passive diffusion and thus, they must be exported via specialized
secretion systems into the extracellular space for iron scavenging/complexation
[111]. There is still much to unravel regarding the secretion mechanisms of apo-
siderophores. However, from the identified secretion systems, the transporters
involved belong to three different structural families of bacterial multidrug resist-
ance (MDR) translocases/transporters: the major facilitator superfamily (MFS),
the resistance, nodulation, and cell division (RND) superfamily and the ABC
superfamily [85]. MFS-transporters are found in all domains of life and move a
variety of small compounds including nutrients, metabolites, signaling molecules
and even toxins and drugs across biological membranes. They can operate as
uniporters, that transport a single substrate and require no energy input; sym-
porters, that transport a substrate together with a coupling ion (typically pro-
tons); and antiporters, that transport a substrate and a co-substrate in opposite
directions, with the binding of one dependent on the prior release of the other.
Both of the latter require external energy input, but unlike the former, they can
transport substrates against their concentration gradient [112]. Some examples
of MFS transporters that play a role in secreting siderophores include: EntS for
the secretion of enterobactin in E. coli, YhcA for the secretion of achromobactin
in Erwinia chrysanthemi, LbtB for the secretion of legiobactin in Legionella
pneumophila, PvsC for the secretion of vibrioferrin in Vibrio parahaemolyticus,
SchE for the export of schizokinen in Anabaena sp. PCC 7120, CsbX for the
secretion of protochelin-like siderophores in Azotobacter vinelandii, and SfaA
and SbnD for the secretion of staphyloferrin [85, 113-116].

The RND family includes several members that are relevant to antibiotic re-
sistance in Gram-negative bacteria and these function as proton antiporters.
Some members of the RND family identified to play a role in the secretion of
siderophores are: AcrB, AcrD that transport enterobactin in E. coli, ApeX that
exports petrobactin in Bacillus anthracis, MmplL4 and MmpLS5 that export myco-
bactins and carboxymycobactins from M. tuberculosis [117-121].

From the ABC family involved in iron secretion, the following secretion sys-
tems have been identified: ExiT that exports exochelin from Mycobacterium
smegmatis and IroC for the export of salmochelin. This later example, however,
has been subject of controversy since independent studies show that IroC is also
responsible for the uptake of the ferric salmochelin. Given the current state-of-
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the-art regarding the mechanisms of siderophore uptake, it is possible that apo-
siderophore release and holo-siderophore (Fe(III) form) uptake may actually be
coupled into one mechanism [119, 122-124].

Overall, from the almost uniquely characterized secretion system of enterobac-
tin, it seems that siderophore secretion follows the three-component organiza-
tion that is shared amongst the majority of multidrug transporters [83, 125]. This
three-component organization consists in an inner membrane efflux protein or
transporter/translocase (IEPs) (which can be any of the previously described
families), an outer membrane efflux protein or channel (OEP) and a periplasmic
efflux or accessory protein (PEP) that connects the two [125, 126]. From the
data gathered regarding the secretion systems of enterobactin, the hypothesis is
that it is exported to the periplasm by the inner membrane protein EntS and/or
by RND transporters AcrB, AcrD, and MdtBC and then enterobactin goes
through PEP member ArcA and/or MdtA into the OEP member TolC to be
exported to the extracellular space [83, 111, 118]. Currently, only one other of
the OEP and PEP members has been identified with a role in siderophore secre-
tion: HgdD from Anabaena sp. PCC 7120 and MmpS4 & MmpSS5 from M. tuber-
culosis, respectively [120, 127]. Once in the extracellular space, apo-siderophores
will bind available Fe(IIT) and then the Fe(III)-siderophore is incorporated back
inside the cell. In Gram-negative bacteria, cell incorporation of Fe(III)-sidero-
phores requires specific energy-dependent outer membrane receptors (OMR)
since the majority of Fe(III)-siderophores are larger than 600 Da and thus porin-
mediated transport is low. Typically, the affinity of these outer membrane trans-
porters to the ferric siderophores is extremely high, in the range of 1-50 nM,
allowing for the scavenging of these complexes from the environment. Once in
the periplasm they are bound to periplasmic SBPs, which are also designated as
siderophore-binding proteins for translocation into the cytoplasmic membrane
via ABC-type transporters [76]. In Gram-positive bacteria, the import of ferric
siderophores occurs similarly with the exception for the binding to outermem-
brane transporters [128]. In Gram-positive bacteria Fe(III)-siderophores are
transported via SBPs, permease(s), and an ATPase. SBPs are anchored in the
membrane and specifically bind siderophores in both Fe(III) and apoforms [129].

Two mechanisms have been proposed for the translocation of Fe(III)-sidero-
phores into the cytoplasm: a displacement mechanism, whereby the initially
bound apo-siderophore is replaced by the Fe(Ill)-siderophore, or by a sidero-
phore-shuttle mechanism where Fe™ is exchanged between the free Fe(III)-
siderophore and the bound apo-siderophore and once exchanged, the ferric side-
rophore can be transported inside the cell [124, 128, 129]. Once inside the cell,
given the high affinities for Fe(III), iron release from the Fe(III)-siderophore
complex does not occur spontaneously. Instead, iron release from Fe(I1I)-sidero-
phore complexes can occur via three main mechanisms: the hydrolysis of the
Fe(I1I)-siderophore, proton-assisted dissociation of the siderophore complex
and reduction of the Fe3* iron [130, 131]. The hydrolysis of the Fe(III)-sidero-
phore by esterases (FSE, Fe(III)-siderophore esterase, Figure 2), has been ob-
served for various siderophores including bacillibactin (by BesA esterase), en-
terobactin (by esterase Fes), and fusarinine C (by esterase Sidj) [132, 133]. This
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strategy involves great metabolic cost since it requires a constant production
of new siderophores for iron acquisition. On the other hand, despite ensuring
the recycling of the siderophore, proton-assisted dissociation of the siderophore
complex requires a very low pH to guarantee complete dissociation. Sidero-
phores have redox-Bohr effect, thus, the potential increases as the pH is low-
ered, and in some cases ferric siderophores are sequestered by intracellular
compartments that have a lower pH, perhaps as a strategy to facilitate Fe(III)-
siderophore reduction [131].

At neutral pH and in the absence of esterases, the release of iron via reduction
of the Fe*>* iron is the remaining mechanism. Upon reduction of Fe3* to Fe?™,
the stability of the complex is decreased given the usual low Fe?™ affinity. This
will facilitate the kinetics of ligand exchange allowing time- and site-specific
delivery of the metal. Reduction of the iron center is proposed to occur via small
molecule reducing agents or by a superfamily of assimilatory Fe3* reductases.
In bacteria, Fe(IlI)-siderophore reduction can occur in the cytosol or in the peri-
plasm. In the cytosol, it involves a superfamily of proteins that is widely con-
served across bacteria and these are known as siderophore-interacting proteins
(SIPs). These can belong to two distinct families: the Fe(III)-siderophore reduc-
tase (FSRs) family, and the SIP family [134, 135]. From the FSRs family one
protein has been isolated and fairly characterized: FhuF, a Fe(III)-hydroxamate
reductase from E. coli. FhuF is an atypical [2Fe-2S] ferredoxin which can pro-
mote iron release from hydroxamate-type siderophores, namely, ferrichrome,
ferrioxamine B and coprogen [136]. For the SIPs family, more members have
been identified and characterized and thus these can be further distinguished in
two broad groups: one that generates cytosolic reduced free flavins that subse-
quently reduce the Fe(III)-siderophores, and another that contain stably at-
tached flavins and use NADH and/or NADPH as reducing agents. Once iron is
released for incorporation into host proteins, the siderophore ligand can be se-
creted outside for further rounds of iron uptake.

2.2.2.4. Hemophores, Chaperones, and Others

Hemophores are specialized proteins that are extracellularly secreted and can
acquire heme from diverse sources delivering it to specific outer membrane re-
ceptors [51]. Hemophores play a key role in the tug-of-war between bacterial
pathogens and eukaryotic hosts. There are different types of hemophores includ-
ing: HasA-type, HxuA-type, NEAT-type, and Rv0203. The HasA-type (heme
acquisition system, Has) is the best known and has been identified in several
Gram-negative bacteria. Heme transfer occurs from host heme proteins to HasA
given the higher affinity of the hemophore to heme, without the formation of
a stable protein-protein complex. The HxuA-type is represented by a large
100 kDa protein hemophore from Haemophilus influenzae that promotes heme
release from hemopexin. However, unlike other hemophores, HuxA does not
bind heme. The NEAT (near-transporter)-type hemophores are represented by
Isd (iron surface determinant) proteins from the Gram-positive heme uptake
pathway. These proteins contain one or more NEAT domains and can acquire
heme from methemoglobin (hemoglobin in the Fe3* state). Rv0203 was the most
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recently identified hemophore from the Mycobacterium tuberculosis (Mtb) heme
pathway. This hemophore has no sequence and structural similarities with HasA-
type hemophores, but it contains a similar heme-binding motif. Heme from he-
mophore proteins is then transported to the periplasm via TonB-dependent outer
membrane transporters and eventually shuttled across the inner membrane type
II ABC-transporters, as previously mentioned [137].

Notwithstanding, evidence has been increasing for other hemophore-like pro-
teins with affinity for other metals such as manganese (manganeseophores) and
zinc (zincophores). In different Burkholderia species a zincophore (TseZ) and a
manganeseophore (TseM) were identified [43]. Other more sophisticated systems
for obtaining metals were recently identified such as the ferredoxin uptake system
(Fus) a gene cluster encoding proteins that promote the transport of ferredoxin
into the bacterial cell and process it proteolytically for iron uptake [138].

3. DISSIMILATORY REDOX CHEMISTRY: POWERING
THE METABOLISM WITH METALS

Microbes also have the ability to use metals as terminal electron acceptors. This
type of metabolism, called dissimilatory metal reduction, is distinct from the
reduction of metals for metal uptake into cells, since it leads to conservation of
energy. By coupling the oxidation of dihydrogen (H,) or organic compounds to
the reduction of metals, such as Fe3*, Mn**, U+, and Cr®", some microbes can
support growth [139]. There are other organisms that use them for detoxification
[140]. Microbial reduction of oxidized forms of metals is crucial not only for the
biogeochemical cycles of metals, but also for the fate of organic matter and
nutrients present in a variety of environments [141].

The ability of organisms to reduce metals was discovered at the end of the
19th century [142]. However, at that time Fe>™ and Mn** reduction was thought
to be the result of a non-enzymatic process [143].

The first organisms shown to be able to couple the oxidation of organic matter
to the reduction of metals belong to Shewanella and Geobacter genera [144, 145].
Nowadays, dissimilatory metal-reducing organisms (DMRO) are continually be-
ing discovered. This is mainly due to the fact that dissimilatory metal reducing
bacteria can be used for the bioremediation of contaminated environments with
metals and in microbial fuel cells for the production of energy [146, 147]. In
these devices, instead of using metals, DMRO use an electrode as the terminal
electron acceptor, coupling their growth with the transfer of electrons to the
electrode (Figure 3).

Dissimilatory metal reduction affects the geochemistry of soils and sediments
by allowing the formation of solid minerals, and also contributes to the biogeo-
chemical cycles of metals [148]. In particular, dissimilatory Fe3* reduction has a
larger overall environmental impact than microbial reduction of any other metal.
Iron respiration has been identified in numerous organisms, including Bacteria
and hyperthermophilic Archaea [144, 145, 149, 150], and has been proposed as
one of the earliest forms of microbial metabolism to have evolved [151], preced-
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Figure 3. Scheme of a microbial fuel cell with DMRO growing on the anode. Current
in the circuit derives from the flow of electrons from the anode to the cathode for the
reduction of oxygen. On the anode side direct electron transfer is represented on the top
and indirect electron transfer via electron shuttles (yellow circles) is represented on the
bottom.

ing the respiration of dioxygen (O,), nitrate (NOj3), and sulfate (SO77) (see
Chapters 2 and 7) [87].

3.1. Dissimilatory Metal Reducing Organisms

The best characterized metal reducing organisms are Geobacteracaea and She-
wanellacaea. These organisms are able to use a wide variety of electron accept-
ors, including metals, and have been in the focus of research for understanding
extracellular electron transfer [152, 153]. Geobacter sulfurreducens strain PCA
and Shewanella oneidensis strain MR-1 have become the model organisms for
the study of DMRO. While family members of the Shewanellacaea are able to
metabolize a wide variety of substrates, including monosaccharides, carboxylates,
and amino acids as carbon and energy sources under oxic and anoxic conditions,
Geobacteracaea are restricted to anaerobic respiration, using acetate or short-
chained organic acids as carbon and electron donor [154, 155].

The freshwater isolate Geobacter metallireducens (formerly known as strain
GS15) was the first organism known to conserve energy coupling the oxidation
of acetate to iron reduction (Equation 2) [156]:

CH3;COO™ + 8Fe** + 4H,0 — 2HCO; + 8Fe?™ + 9H* 2)
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Geobacter species are also able to reduce Fe3* minerals to the mixed valence
mineral magnetite using short chain fatty acids and monoaromatic compounds,
such as toluene and benzene as electron donors [157-160].

Desulfuromonas acetoxidans, a marine bacterium that is closely related to Geo-
bacter and that was isolated due to its ability to couple the oxidation of acetate
to SO [161], is also capable of growing on acetate using Fe>* as the sole electron
acceptor [162]. Although many organisms have the capacity to reduce Fe3* un-
der anaerobic conditions, only a limited number of organisms are known to cou-
ple it to acetate oxidation. Others, including members of Shewanellacaea and
sulfate reducers are unable to use acetate. These organisms conserve energy to
support growth by coupling the oxidation of more complex substrates such as
formate, lactate, and pyruvate to the reduction of Fe3*+ (Equations 3-5):

HCOO~ + 2Fe3*+ + H,0 — HCO; + 2Fe?+ + 2H™* 3)
COHCH;COO~ + 4Fe3* + 2H,0 —
HCOO- + HCO5 + 4Fe** + SH+ ()

COCH,COO™ + 2Fe3* + 2H,0 —
HCOO~ + HCO;5 + 2Fe?* + 3H* (5)

Or they can couple the oxidation of H, to the reduction of Fe** (Equation 6):
H, + 2Fe*t - 2H™ + 2Fe?™ (6)

Facultative anaerobic organisms within the genera Aeromonas and Ferrimonas
have also been shown to utilize Fe*>* as an anaerobic electron acceptor, but, like
Shewanella species, they are unable to use acetate as an electron donor [139].
Several Desulfovibrio species can incompletely oxidize lactate to acetate and
carbon dioxide, and are also able to oxidize H, with the reduction of Fe3* [163,
164]. In this case no net growth was observed during reduction of Fe3* [163].
In acidic environments, elemental sulfur (S°) can also be used as an electron
donor for Fe**-reduction. DMRO such as Thiobacillus ferrooxidans and Sulfolo-
bus acidocaldarius can reduce Fe3™ to support growth [165,166] (Equation 7):

SO + 6Fe3* + 4H,0 — HSO; + 6Fe?+ + 7H* (7)

These thermophilic organisms can also reduce Fe3* with glycerol or thiosulfate
as the electron donor [167].

Although microbial reduction of Fe3* was observed primarily in low-tempera-
ture environments, the identification of S. acidocaldarius as a DMRO, provided
evidence for the existence of thermophilic Fe3*-reducers. Since then, thermo-
philic bacteria were also discovered in two geologically and hydrologically isolat-
ed Cretaceous- and Triassic-age sedimentary basins in the deep terrestrial sub-
surface [148, 168]. Two thermophilic Gram-positive bacteria belonging to the
Firmicutes class were also identified as DMRO [149, 169]. The discovery of these

printed on 2/13/2023 12:53 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

248 TRINDADE, PAQUETE, and LOURO

organisms has led to the hypothesis that Fe3* respiration existed on Earth in
the beginning of life [170].

Although iron reduction is one of the most characterized metal-based respira-
tory metabolisms, DMRO can also reduce other metals. For example, most of
the organisms capable of reducing Fe3* are also able to reduce manganese ox-
ides. Indeed, microbial Mn**-reduction greatly parallels dissimilatory Fe>*-re-
duction [148]. This type of reduction has been reported in marine, freshwater,
and terrestrial environment, which implies that manganese may play an impor-
tant role in carbon mineralization [145, 171]. In general, Fe3*- and Mn**-redu-
cers oxidize the same type of electron donors, however there are some excep-
tions. These include the Fe3*-reducing Pseudomonas sp. that cannot couple the
oxidation of H, with the reduction of Mn*™*, and the Fe®"-reducing proteobacte-
rium Ferribacter limneticum that is not able to use Mn** as an electron acceptor
[172, 173].

G. metallireducens was the first organism found to reduce uranium (U), from
US* to U** (Equation 8):

CH,COO™ + 4U%* + 4H,0 — 2HCO; + 4U** + 9H* (8)

Uranium, the heaviest naturally occurring element on Earth, is a very common
radioactive element and it exists in all types of rocks [174]. Most Fe?*-reducing
bacteria are able to use U®™ as an alternative electron acceptor and reduce it to
the insoluble U** mineral, because near neutral pH the potential of the U/
U** couple is similar to the potential of Fe3*/Fe?*. Given that U®* is highly
soluble in most natural waters and U*™ is insoluble, the biological reduction of
US* to U*™ is of significant importance in bioremediation, for treating uranium-
contaminated waters or soils [174].

Like uranium, gold (Au) is soluble in the oxidized form, Au?* and insoluble
in the reduced form, Au®. Several organisms were shown to have the capacity
to reduce Au®", including mesophilic and hyperthermophilic organisms [175].
However, the reduction of Au** was not associated with growth, suggesting that
the reduction of this metal is a strategy to avoid Au®* toxicity [175].

Although selenium (Se) is not a metal, some DMRO are able to couple their
growth with the reduction of selenium compounds, including selenate (SeO3™),
selenite (SeO%") and elemental selenium (Se®) [176, 177]. These comprise species
of the genera Bacillus, Sulfurospirillum, Pseudomonas, Clostridium, Citrobacter,
and Flavobacterium [176, 178-180]. Several organisms can conserve energy to
support growth via selenate reduction (Equation 9):

4CH5COO™ + 3Se0;~ — 8 CO, + 3Se + 4H,O + 4H* 9)

While others, including Pseudomonas are able to reduce selenate to selenite
(Equation 10):

CH;COO~ + H* + 4Se07~ — 2CO, + 4Se0%~ + 2H,0O (10)

The reduction of selenite to elemental selenium, although identified in numerous
organisms since the beginning of the 20th century, was never observed to be
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associated with energy conservation. Instead, it is used as a detoxifying mecha-
nism [176, 177, 181].

The reduction of highly toxic and mobile chromium Cr®™, to the less toxic and
less mobile Cr™*, can be performed by several organisms including P. aeruginosa,
Desulfovibrio vulgaris, and S. oneidensis MR-1 [148, 182, 183]. These organisms
reduce Cr®" during anaerobic growth and use this metal as the sole electron
acceptor (Equation (11)):

3CH;CO0 + 17H,0 + 8CrO?~ —
6HCO; + 8Cr(OH)s(s) + 130H" (11)

Soluble mercury, Hg?*, can be reduced to volatile elemental Hg® by many aero-
bic and facultative aerobic microorganisms as a detoxifying mechanism [148,
184]. In surface waters Hg(OH), and HgCl, are the most common species, while
the predominant form in fish is methylmercury [182, 184]. DMRO play an impor-
tant role in environmental mercury methylation [185]. For example, S. oneidensis
MR-1 can reduce Hg?>" to Hg? in the presence of electron donors and acceptors,
suggesting that the reduction of Hg?* involves the activity of respiratory chain
enzymes [186].

Technetium (Tc) can also serve as an electron acceptor in anaerobic respira-
tion. This radioactive contaminant exists under aerobic conditions in the form
of pertechnetate, Tc’+, which is soluble. The reduced form exists as Tc** that is
highly insoluble [148]. The sulfate-reducing organisms Desulfovibrio gigas and
D. vulgaris can convert Tc’™ to insoluble adsorbed technetium sulfides [44].

Vanadium (V) is an abundant trace element with a high value for numerous
industrial applications. To date, Pseudomonas sp. and S. oneidensis MR-1 were
shown to reduce V°* to V** under anaerobic conditions [187-189]. In these
organisms, sugars, amino acids, lactate, and hydrogen serve as electron donors
for the V> reduction.

3.2. Modes of Extracellular Electron Transfer

The ability of microorganisms to transfer electrons to insoluble metals outside
the cell rely on their ability to perform extracellular electron transfer. This type
of metabolism allows the microbes to couple their internal metabolism with ex-
ternal charge transport. Up to date two different mechanisms have been pro-
posed for extracellular electron transfer (Figure 3):

(i) Through direct contact between the microbe and the insoluble electron
acceptor. This occurs through cell-surface proteins, or conductive nano-
wires or pili. While cell-surface proteins are produced in the presence of
insoluble electron acceptors, pili or nanowires are usually generated under
electron acceptor-limited conditions [190]. These structures serve as alter-
native pathways to extend the direct extracellular electron transfer dis-
tance and maximize the efficiency of electron transfer [191, 192].

printed on 2/13/2023 12:53 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

250 TRINDADE, PAQUETE, and LOURO

(ii) Through indirect electron transfer through soluble electron shuttles. These
are small redox mediators including anthraquinone 2,6-disulfonate, humic
acids and flavins, that are produced by the microorganisms or are avail-
able in the environment [193-195].

DMRO can use one or both mechanisms to transfer electrons produced during
microbial metabolism to the outside of the cell. During catabolism, electrons are
produced and reduce the quinone pool at the inner membrane. This occurs via
several quinone reductases, such as formate dehydrogenase or hydrogenase. For
the turnover of the quinone pool in DMRO, the reduced quinol is oxidized, and
the electrons are transferred to periplasmic proteins that mediate electron trans-
fer to cell-surface proteins for the reduction of metals outside the cell. This
requires that electrons are moved from inside the cell to redox proteins on the
cell surface [190, 196]. It has been demonstrated that in most DMRO, multiheme
c-type cytochromes play an important role in these pathways [152, 190, 197].
These proteins can be found associated with the inner membrane, in the periplas-
mic space, and at the cell surface of numerous DMRO, playing essential roles in
extracellular electron transfer [197-207]. At the cell-surface, these proteins are
responsible for transferring electrons directly to the insoluble metals, or indirect-
ly with the use of soluble electron shuttles [193, 207, 208].

Different microorganisms evolved distinct pathways to overcome the physical
barrier of the cell envelope. Those best characterized and known are the metal-
reducing (Mtr) pathway in S. oneidensis MR-1 and the porin-cytochrome-mediat-
ed (Pcc) pathway of G. sulfurreducens [152, 209]. However, distinct pathways
were hypothesized in other DMRO (Figure 4).

3.2.1. The Mtr Pathway of Shewanella oneidensis MR-1

The Mtr pathway of S. oneidensis MR-1 is composed by six multiheme c-type
cytochromes: the inner membrane tetraheme cytochrome CymA, the periplas-
mic tetraheme proteins STC and FccA, the outer membrane porin complex

Figure 4. Scheme of the extracellular electron transfer pathways in (A) S. oneidensis
MR-1, using the structures of STC (PDB 1M1Q), FccA (PDB 1D4D), MtrC (PDB 4LM8),
OmcA (PDB 4LMH), and the SAXS model of MtrA [222]. For CymA the model was
made with SWISS-MODEL using the template of NrfH (PDB 2J7A); (B) G. sulfurredu-
cens, using the structure of PpcA (PDB 10S6), OmcF (PDB 3CU4), OmcS (PDB 6EFS);
and (C) T. potens strain JR using the structure of OcwA (PDB 6I5B). All the structures
were made using Pymol. The other cytochromes, for which no 3D-structure is available,
are represented in gray with the hemes in red.
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MtrCAB composed by the decaheme cytochromes MtrC and MtrA, and the
B-barrel protein MtrB, and the outer membrane decaheme cytochrome OmcA
[210] (Figure 4A). Although these proteins were shown to be involved in the
extracellular electron transfer pathway to metal oxides and electrodes, there are
others that are also important for this process and of other insoluble electron
acceptors [211-213].

CymA oxidizes quinol in the cytoplasmic membrane and transfers the electrons
to STC and FccA in the periplasmic space that function as mediators to the outer
membrane porin complex for the reduction of metal oxides [214]. Besides this,
CymA can also transfer electrons to other terminal reductases present in the peri-
plasmic space, such as nitrite reductase and octaheme tetrathionate reductase
[215]. Since the knock-out of CymA impairs growth of S. oneidensis MR-1 with
most used anaerobic electron acceptors, it has been proposed that this tetraheme
cytochrome works as a respiratory electron hub in this organism [216, 217].

STC and FccA interact with CymA and MtrA from the MtrCAB complex
[214]. Interestingly, these proteins (STC and FccA) interact with both proteins
(CymA and MtrA) with the same heme, indicating that they cannot form a stable
ternary complex that would span the width of the periplasmic space [214]. Fur-
thermore, they compete for the same binding place in MtrA [215]. It was pro-
posed that the presence of both proteins in the periplasmic space allows the
organism to quickly release catabolic electrons to a variety of environmental
electron acceptors [203]. It has been shown that FccA, which is also a fumarate
reductase, can work as a moonlighting protein, allowing Shewanella to quickly
switch between reduction of soluble (i.e., fumarate) and insoluble electron ac-
ceptors (i.e., metal oxides), bypassing transcriptional regulation [218].

At the outer membrane MtrA, MtrC, and MtrB form a trans-outer membrane
porin cytochrome complex of approximately 180 nm that spans the hydrophobic
lipid bilayer of Shewanella [219]. It has been proposed that MtrB functions as a
porin into which both MtrA and MtrC are inserted to allow direct electron trans-
fer. Indeed, this porin protein can only be expressed in the folded state in the
presence of MtrA [220, 221]. Recently the overall domain organization of this
complex was determined by small angle neutron scattering [219]. This study re-
vealed that the length of MtrAB is approximately 100 A, the same length as
MtrA when isolated from the complex, which suggests that MtrA most likely
inserts through the entire length of MtrB [219, 222]. S. oneidensis MR-1 contains
a series of paralogs of the porin-cytochrome complex MtrCAB, such as the
MtrDEF that is preferentially expressed in biofilms and aggregated cells and the
S04360-SO4357 that was shown to function as a terminal reductase at the cell
surface [211, 223]. There is redundancy in these extracellular electron transfer
pathways, with different proteins displaying overlapping functions [224]. This
allows Shewanella to use distinct paralog modules of the Mtr respiratory pathway
to transfer electrons outside the cell [224, 225].

MtrCAB complexes are well conserved among all analyzed Shewanella species,
suggesting that this complex is crucial for mineral reduction [226]. S. oneidensis
MR-1 also produces a second outer membrane protein, the decaheme cyto-
chrome OmcA, that is co-expressed with the complex MtrCAB [227, 228].
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OmcA was shown to be important for direct and indirect electron transfer and
also for cell adhesion [229-231]. Interestingly, this protein although present in
numerous Shewanella sp., is not conserved, existing as an undecaheme c-type
cytochrome, UndA, also localized at the cell surface [232].

The reduction of metals can occur directly with the contact of the outer mem-
brane cytochromes OmcA and MtrC, or indirectly with secreted flavins that
mediate electron transfer between the cytochromes and more distant solid elec-
tron acceptorsy [193, 233-235]. Recently, it was demonstrated that nanowires
from S. oneidensis MR-1, usually produced under electron acceptor limiting or
low agitating conditions are extensions of the outer membrane [236-238]. These
extensions function as electron conduits for the reduction of solid electron ac-
ceptors, being composed by both periplasmic and outer membrane proteins
[238]. However, in this organism not all compounds are reduced outside the cell
by outer membrane cytochromes. Selenite was shown to be reduced by FccA in
the periplasm, given that this process was severely suppressed in Shewanella
mutants lacking this protein [239].

3.2.2.  The Pcc Pathway of Geobacter sulfurreducens

Like Shewanella, the extracellular electron transfer pathway used by organisms
belonging to Geobacter genera is composed by numerous multiheme c-type cyto-
chromes, that are present in the inner membrane, the periplasmic space and at
the outer membrane of these organisms [240, 241] (Figure 4B).

In G. sulfurreducens, at least two electron transfer pathways out of the inner
membrane were proposed for the reduction of electron acceptors with distinct
reduction potentials [198, 200]. While the inner membrane cytochrome ImcH (in-
ner membrane cytochrome for high potential) is required for the reduction of
high reduction potential extracellular electron acceptors [198], the CbcL (c- and
b-type cytochrome for low potential) inner membrane cytochrome dominates
when the extracellular electron acceptor presents a reduction potential at or be-
low 0.1 V versus SHE [200]. In the periplasmic space, members of the periplasmic
triheme PpcA (periplasmic cytochromes)family (PpcA, PpcB, PpcD, and PpcE)
were shown to be important for the reduction of different metals [155]. These
proteins, together with the dodecaheme cytochrome GSU1996, predicted to func-
tion as a nanowire protein in the periplasmic space of Geobacter, are proposed to
transfer electrons across the periplasmic space of this organism [242].

To transfer electrons outside the cell, G. sulfurreducens uses trans-outer mem-
brane porin-cytochrome protein (Pcc) complexes, similar to the porin-cyto-
chrome complex MtrCAB from S. oneidensis. These include the porin-like outer
membrane protein OmbB and OmbC, the periplasmic octaheme cytochromes
OmaB and OmaC and the outer membrane dodecaheme cytochromes OmcB or
OmcC [243]. The functional and organizational differences between Pcc and Mtr
proteins suggest that these two systems evolved independently to mediate elec-
tron transfer across the bacterial outer membrane using the same design princi-
ple [243]. Tt was shown that besides these Pcc complexes G. sulfurreducens also
contains the ext genes that comprise three new clusters, the extABCD, the extCD,
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and the extEFG, proposed to be involved in electron transfer across the outer
membrane [244]. Knock-out and complementary studies demonstrated that this
organism uses different conduits to transfer electrons outside the cell, and that
their use depends on the extracellular substrate [244]. While strains lacking both
OmcBC and ExtEFG showed a significant impact in Fe3*-reduction, the dele-
tion of the five gene clusters abolished all metal reduction [244].

At the cell surface, G. sulfurreducens contains electrically conductive pili (e-pili)
and other c-type cytochromes that were shown to be important for metal reduction
[245]. Among these are the OmcE, the OmcS and the monoheme cytochrome
OmcF [155]. OmcE and OmcS were initially proposed to serve as intermediates
to transfer electrons to e-pili [246]. The conductive structures e-pili, assembled
from the PilA pilin monomer, were shown to allow the discharge of respiratory
electrons at rates that greatly exceed the rates of cellular respiration [192]. How-
ever, the recent discovery that the hexaheme cytochrome OmcS from G. sulfur-
reducens can assemble into conductive filaments, revived the discussion on the
function and composition of nanowires in Geobacter [247-249].

The ability of G. sulfurreducens to perform extracellular electron transfer was
prevented by the deletion of the gene encoding the monoheme outermembrane
cytochrome OmcF [250]. Although this protein is not directly involved in metal
reduction, it was demonstrated that it is crucial for the transcription of other
outer membrane cytochromes, in particular of OmcB, necessary for metal reduc-
tion [250, 251].

Besides multiheme c-type cytochromes, other types of proteins were shown to
be fundamental for metal reduction. These include the putative porin protein
OmplJ and the multicopper protein OmpB, both localized in the outer membrane
of G. sulfurreducens [252, 253]. The OmplJ protein is required to keep the integri-
ty of the periplasmic space necessary for proper folding and functioning of peri-
plasmic and outer membrane electron transport conduits [252]. Although OmpB
is specifically required for the reduction of Fe*>* oxides, but not soluble forms
of Fe3*, its functional role is still unknown [254]. A homologue of OmpB, desig-
nated OmpC, was also shown to be required for iron oxide reduction [255].

G. sulfurreducens can also secrete proteins that facilitate the final steps of
electron transfer, analogous to how secreted redox-active molecules accelerate
metal reduction [193, 194]. The triheme c-type cytochrome PgcA found in the
extracellular space of this organism but loosely bound to the outer membrane,
was shown to facilitate electron transfer at mineral surfaces [256].

3.2.3.  Other Pathways

Besides Gram-negative bacteria, Gram-positive bacteria and Archaea that lack
an outer membrane are also capable of reducing insoluble metals. Indeed, until
recently, given the thick peptidoglycan cell wall of Gram-positive bacteria it was
argued that these organisms were not capable of performing extracellular elec-
tron transfer [257].

The Gram-positive Thermincola potens strain JR, isolated from the anode of
a microbial fuel cell inoculated with anaerobic digester sludge was shown to be
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able to use soluble electron shuttles for transferring electrons onto iron hydrox-
ides, although no evidence of excretion of soluble mediators was observed [257].
In contrast, T. ferriacetica is capable of directly transferring electrons from ace-
tate to the anode of a microbial fuel cell [258]. Trypsin-shaving experiments
together with surface-enhanced Raman spectroscopy of 7. potens JR allowed the
identification of several multiheme c-type cytochromes that were proposed to
form an extracellular electron transfer pathway to transfer electrons outside the
cell (Figure 4C) [259].

This pathway is comprised by the inner membrane decaheme cytochrome
TherJR_1117 (Tferr_0075), the periplasmic decaheme cytochrome TherJR_0333
(Tterr_1887), the hexaheme cytochrome TherJR_1122 (Tferr_0070) that is pro-
posed to be embedded in the peptidoglycan cell wall, and the nonaheme cyto-
chrome TherJR_2595 (Tferr_3193) present at the cell surface. It has been pro-
posed that this pathway allows electrons to be transferred across the cell wall, and
that the cell surface protein is responsible to transfer electrons with the insoluble
electron acceptors. Although until now it is not possible to delete genes in these
organisms to confirm the functional roles of the identified cytochromes, some of
these proteins were already produced and characterized in detail [207, 260].

The Gram-positive bacterium Carboxydothermus ferrireducens can also use
direct electron transfer to reduce ferrihydrite [261]. Although no cell-surface
proteins have been identified yet, it was demonstrated that pili are expressed
during insoluble mineral respiration, and that a cytochrome Fe(EDTA) reduc-
tase present at the outer membrane is involved in the pathway [261].

Although the pathways for most DMRO are still unknown, for several of these
organisms the proteins that are involved in metal reduction were identified. For
example, the periplasmic cytochrome c; from Desulfovibrio sp. was demonstrat-
ed to reduce metals, such as Fe3+, Cr®*, and U°* [262]. Nuclear magnetic reso-
nance studies have shown that in the case of the periplasmic cytochrome c¢; from
Desulfuromonas acetoxidans, the interaction with Cr®* occurs close to heme 1V,
the heme that is proposed to be also involved in electron transfer with hydrogen-
ase [262, 263].

4. HEALTH-RELATED APPLICATIONS

Extracellular electron transfer can impact the health of humans and other eukary-
otes in numerous ways. For example, the capacity of some bacteria to reduce
arsenate present in geological sources to arsenite mobilizes this toxic metal into
aquifers putting the health of populations, livestock, and crops at risk [264]. A
well-researched case is the contamination of water for drinking and farming in
Bangladesh where arsenic levels often exceed by large margins the recommend-
ed values of the World Health Organization. The microbial communities respon-
sible for this mobilization of arsenic are constituted by organisms that are also
capable of reducing other metals in the environment such as iron [264].
Another example of the importance of extracellular electron transfer in health
is its contribution to biofilm stability. P. aeruginosa is a notorious opportunistic
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pathogen and the formation of biofilms is modulated by the availability of iron.
Interestingly, P. aeruginosa can produce phenazines that modulate the redox
state of extracellular iron favoring ferrous iron, and this way evades therapies
that target ferric iron [265]. These therapies benefit from the knowledge gath-
ered on the structure, reactivity, and selectivity of siderophores. Indeed, sidero-
phores have been used in medical applications since the early 1960s, almost since
their discovery [76, 266]. They were first applied to the treatment of iron over-
load diseases or diseases that require excessive blood transfusions including pa-
tients suffering for (3-thalassemia. Desferrioxamine, a siderophore produced by
Streptomyces pilosus was the first example used as a chelating agent for excessive
iron, forming ferrioxamine (Fe-complexed form) which is water-soluble and can
be easily excreted though the kidneys. Desferrioxamine (branded as Desferal)
gave then rise to more effective drugs such as deferiprone (branded as Ferriprox)
and deferasirox (branded as Exjade) and these are still used for the treatment
of iron overload in diseases that include [-thalassemia, hemochromatosis, and
sickle cell disease. These drugs are also used for the treatment of aluminum
poisoning [267, 268].

Given the high affinity for iron of siderophores, their use in combating infec-
tious diseases can also be extremely powerful. Overall, the potential role of iron
in immunity dates back to the early 1940s, and nowadays it is known that eukary-
otic hosts produce proteins such as transferrin that keep the levels of circulating
iron in the body too low for microbial growth. This process is known as nutrition-
al immunity and therefore, iron acquisition systems are considered virulence
factors. This in turn makes them targets for the development of new therapies
against infectious diseases or against cancer where cell proliferation requires
high amounts of iron [269]. The overall strategy consists in using siderophores
for selective drug delivery in a way that is designated “Trojan Horse” strategy
[270]. It consists in a siderophore-based antibiotic where a siderophore is joined
with an antibiotic which can further bind iron forming an antibiotic-siderophore-
Fe3* complex. The use of these siderophores allows for selective delivery of the
antibiotic by exploiting the ability of siderophores to carry iron inside the bacte-
rial cell by interacting with specific receptors at the cell surface. Interestingly,
this strategy was not a human invention. Instead, these types of siderophore-
antibiotic conjugates exist in nature and are usually referred to as sideromycins.
Sideromycins are bacterial molecular weapons for killing other competing and
undesired bacterial cheaters preventing them from further stealing of xeno-
phores [271, 272].

5. ENVIRONMENTAL APPLICATIONS

The capacity of microorganisms to perform extracellular electron transfer has
been harnessed for environmental remediation and industrial biomining [273].
The latter has most frequently been used to obtain copper and gold from low
grade ores in mines but many other metals such as cobalt or uranium can be
obtained. Bioremediation uses bacteria or plants (called phytoremediation) to
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decontaminate soils or aquatic environments, often with dramatic savings in
landscape damage and economic cost versus conventional treatments [274]. Of
particular relevance is the decontamination of groundwater in nuclear sites by
metal-reducing bacteria. A wide diversity of microorganisms is able to interact
with numerous radioactive metals and other elements such as uranium, techne-
tium, neptunium, plutonium, americium, strontium, iodine, and cesium. The case
of uranium has been intensively studied and different strategies are used by
different organisms that are harnessed to remove this radioactive metal from the
groundwater [275]. Numerous metal- and sulfate-reducing bacteria are able to
use uranium as terminal electron acceptor and therefore precipitate it out of the
aquifer.

In the case of plants, but also for some applications with bacteria, biosorption
is a promising strategy for decontamination of metal pollution. This rests on the
fact that despite the greater emphasis on the affinity of organisms for iron they
can also bind with lesser affinity to toxic metals such as V4T, Cr3+, AP*, Eu®™,
Pb?*, Sn?*, and Tb3*. This property mediated by siderophores and metallo-
phores plays an important role in detoxifying the environment for the microbial
community. Lower affinity binding causes heavy-metal bound siderophores not
to enter the cell efficiently, preventing in this way the uptake of heavy metals
[276]. Furthermore, bacteria secrete other metal uptake systems which may play
a key role in detoxification mechanisms [277].

Understanding the assimilatory metal uptake is relevant for the field of micro-
bial ecology and environmental restoration where siderophores can be used to
enhance the growth of uncultured microorganisms and to manipulate the micro-
bial community in soils [268]. Currently only 0.1 to 1% of microbes can be
cultivated in the laboratory, a microbiology problem regarded as “the great plate
count anomaly” which results from the difficulty of replicating in the laboratory
some basic microbial requirements. Several strategies have been employed and
the co-culture approach of Lewis, Epstein, and coworkers [278] revealed sidero-
phores as the first class of growth factors for uncultured bacteria [268]. It has
been reported that the production of siderophores can be an altruistic behavior
where siderophore-producing bacteria are invaded with bacteria that do not pro-
duce siderophores but have the ability to utilize them to meet their iron require-
ments [276]. In this way, siderophores allow the proliferation of multiple micro-
organisms but also alter and exert control in the soil microbial community.
Similarly, to promoting the growth of microorganisms, siderophores can also
promote plant growth. Acting simultaneously as potential biocontrol agents and/
or used for soil bioremediation. Iron starvation can reduce the quantity and
quality of crop production. Utilization of certain types of bacteria such as differ-
ent Pseudomonas species can promote plant growth by secreting siderophores
such as pyoverdine. This provides plants with an iron source but also reduces
the iron availability for plant pathogens [268]. The other arecas where under-
standing metal uptake in bacteria is the potential use of microorganisms in bio-
remediation.
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6. BIOTECHNOLOGICAL APPLICATIONS

The current excitement surrounding extracellular electron transfer stems very
much from the fact that “it sits” at the core of an emerging portfolio of technolo-
gies based on bioelectrochemical systems. These systems connect the microbial
metabolism to an electrical circuit and this way has the potential to transform
industrial biotechnology. Most of the efforts in bioelectrochemical systems are
focused on the treatment of wastewater that can be coupled with energy produc-
tion. This allows to decrease the energy demand on wastewater treatment facili-
ties, that usually are energy- and chemical-intensive and require large invest-
ments without any revenue generation [279]. Furthermore, bioelectrochemical
systems allow a cheap source of power for other sustainable processes, such as
the bioelectrosynthesis of biofuels and useful chemicals, biosensing, and desali-
nation of water [280-282]. Indeed, the ability of microorganisms to receive elec-
trons from a cathode allows them to use wastes for the production of ethanol,
butanol, and succinate [283]. Furthermore, these systems are currently being
explored for the production of fertilizers from source-separated human urine,
contributing to the circular economy of nutrients, whereby valuable nutrients
such as phosphorus can be recovered from wastes [284]. Another promising use
of bioelectrochemical systems is as biosensors, where the microbe can sense or
recognize specific elements allowing the detection of bioactive substances or
environmental pollutants [281].

The promising application of microorganisms able to perform extracellular
electron transfer in biotechnological applications have increased the discovery
of this type of organisms as well as the understanding of the mechanistic process-
es by which they interact and react with external substrates [154, 190, 285]. Still
major breakthroughs and improvements are needed to make bioelectrochemical
systems a run-of-the-mill technology for energy production and added-value
compounds production from wastes [286, 287].

7. GENERAL CONCLUSIONS

From the sections above it is clear that there are numerous issues still open with
regard to the mechanistic details surrounding extracellular redox chemistry. For
example, details on the molecular mechanisms of numerous of the metal trans-
porters are still lacking. Even the structures of ferric siderophores and other
metallophores are still unknown. This mechanistic and structural knowledge has
the potential to impact in the development of strategies to manage infection of
eukaryotic hosts, or the productivity of agricultural soils. Concerning the dissimi-
latory reducing mechanisms, the current paradigm is focused on metabolic routes
dominated by multiheme cytochromes but other alternatives are cropping up in
the literature [288]. This suggests that we may have just scratched the surface of
the subject, with important consequences for sustainable waste management,
bioremediation of metal-contaminated environments and mining of low-grade
ores. Finally, a very exciting prospect derives from the observation that some
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organisms engaged in extracellular redox chemistry are enterobacteria, or closely
related. It opens the opportunity to manipulate the microbiome in the gut of
multicellular eukaryotes by means of extracellular redox chemistry. Given the
strengthening perception of the role of the gut-brain axis in neurological disor-
ders this has the potential to open a new front in the management of debilitating
psychiatric, age-related, or neurodegenerative diseases [289]. A precedent of
natural community electrically interconnected via extracellular electron transfer
exists. It was found surrounding a deep-sea vent [290].
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ABBREVIATIONS AND DEFINITIONS

ABC ATP binding cassette

AMP adenosine monophosphate

ATP adenosine 5'-triphosphate

BIF banded iron formation

DMRO dissimilatory metal reducing organisms
Dtxr diphtheria toxin regulator

ECF energy-coupling factor

EDTA ethylenediaminetetraacetic acid

FNR fumarate and nitrate reductase transcriptional regulator
FSE ferric siderophore esterase

Fur ferric uptake regulator

GDP guanosine diphosphate

GOE great oxidation event

IEP inner membrane efflux protein

MDR multidrug resistance

MFS major facilitator superfamily

MSDs membrane-spanning domains

Mtr metal reducing

NADH nicotinamide adenine dinucleotide
NADPH nicotinamide adenine dinucleotide phosphate
NBDs nucleotide-binding domains

NEAT near-transporter

printed on 2/13/2023 12:53 AMvia . All use subject to https://ww.ebsco.confterns-of -use



260

TRINDADE, PAQUETE, and LOURO

NiCoT nickel/cobalt transporters

NIS NRPS-independent siderophore

Nramp natural resistance-associated macrophage proteins
NRPS non-ribosomal peptide synthetase

OEP outer membrane efflux protein

OMR outer membrane receptor

Pcc porin-cytochrome

PEP periplasmic efflux or accessory protein
RiPP ribosomally produced and post-translationally modified natural
products
RND resistance, nodulation, and cell division
SAXS small angle X-ray scattering
SBP solute-binding proteins
SHE standard hydrogen electrode
SIP siderophore-interacting protein
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Abstract: Metal ions, and those of the transition metals in particular, have driven many of
biology’s catalytic processes since life first evolved. However, this enabling advantage is a
double-edged sword: some metal ions are essential but toxic if not processed properly and
others are non-essential but toxic if available. The molecular methods that microorganisms
have evolved to cope with toxic metal ions are outlined. The toxic ions (Cr, Ag, Au, Cd, Hg)
are covered as are the toxic effects of the nutrient metals under dis-homeostasis. Toxic but
rare or unavailable elements are not covered, nor are the nutrient and highly soluble metal
ions of groups I and 2 (alkali and alkaline earth metals). Brief introductions to some non-
nutrient but highly toxic metals and metalloids of groups 13-15 (Al, TI, Pb, As, Bi) are in-
cluded.

Keywords: metal ions - bacteria - nutrients - toxicity - homeostasis

1. INTRODUCTION
1.1. The Essential Chemistry of Metal lons

Metal ions, and those of the transition metals in particular, have driven many
of biology’s catalytic processes since life first evolved. However, this enabling
advantage is a double-edged sword: some metal ions are essential but toxic if
not processed properly while others are non-essential, but toxic if available. Con-
sequently, microorganisms have evolved strategies to select and control the ad-
vantageous properties of the essential metals and to resist the toxicity of the
non-essential ones.
The advantageous properties include:

(i) Mn serving as an electron buffer, e.g., in the water-splitting metallo-
cluster CaMn4Os of photosystem II in cyanobacteria;

(i) Fe in redox-active iron-sulfur clusters and heme compounds;

(iii) Co in vitamin By, and its derivatives that re-arrange C-H and C-C bonds;
(iv) Ni to cleave or form covalent bonds such as those in dihydrogen or urea;
(v) Cu to react with dioxygen;

(vi) Zn to act as a Lewis acid and to induce rigidity in polypeptide chains;

(vil) Mo (and W) to promote oxygen atom transfer reactions.
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Toxicity arises when the nutrient metals are not under metabolic control (dis-
homeostasis) or when toxic metal ions are available and enter cells. The funda-
mental problems arise from the intrinsic reactivity of the ions:

(i) Common oxidation states I and II lead to first row transition metal cations
being ‘soft’ or ‘borderline’, meaning that they can bind to thiol groups
efficiently. Consequently, as the cytoplasmic spaces of bacteria are reduc-
ing, such cations can modify surface protein thiols or molecular thiols such
as glutathione. This is also a prime mode of action of the toxic ions Ag],
Au', Cd", and Hg" (see Figure 1, set I in Section 1.2 of this chapter).

(i) Cu, Zn, and Ni cations form stable complexes (i.e., are high in the Irving-
Williams series; see Figure 2 in Section 1.3) and may displace native metal
ions from their sites.

(iii) Uncontrolled Cu' and Fe!! are able to undergo one-electron redox reac-
tions with endogenous species produced by partial reduction of dioxygen
to produce the toxic hydroxyl radical [1]. The Fenton reaction (Equation
1; M = Fe) was identified initially and its combination with Reaction (2)
provides the Haber-Weiss reaction (Equation 3; M = Fe, Cu):

M"+ + H,0, » M"*! + OH- + OH" (1)
Mn+1 + 027 — Mn+ + 02 (2)
03~ + H,0, — O,+ OH + OH" 3)

OH" radicals are the result of single-electron interchange utilizing the transient
oxidation states of the available transition metal ion. The problem is that two
electrons are needed to safely reduce endogenous H,O, to hydroxide (i.e., to
the redox state of water) but the metal ion can supply one electron only. The
highly oxidizing OH" radical is capable of initiating radical chain reactions lead-
ing to cellular damage.

As the reduced cations are re-formed via reduction of their oxidized product
forms in the reducing cytoplasm, catalytic cycles of radical formation are initiated
imposing oxidative stress on cells, especially in aerobic respiratory chains where
both O;~ and H,0O, are available.

The fundamental importance of the essential chemistry outlined above is em-
phasized in the geochemical availability of the relevant transition metal ions, the
particular roles that have evolved for them (up to 50 % of proteins have a metal
ion associated with their activity) and their involvement in the interactions of
bacteria with their environments. These aspects are addressed in more detail
below.

1.2. Geochemical Availability of Metal lons

Over geological timescales, the average metal ion content in seawater has
reached an equilibrium of inflow and precipitation reactions. It may be assumed
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Figure 1. Geochemical availability of transition metals of mobility (estimated as ratio
of concentration in seawater (mg/kg) to concentration in earth’s crust (mg/kg)) versus
concentration in earth’s crust. Adapted from [2].

that the ratio of the average concentration of a metal ion in seawater to that in
the Earth’s crust mirrors its geochemical mobility and, hence, its availability to
biology. A plot of mobility versus crust content (Figure 1) separates the transi-
tion metals into five sets [2]:

L

II.

II1.

IV.

Ag, Au, Cd, and Hg have high mobility but low crust content (red dots).
Consequent lower availability means that they have not been selected by
biology and are toxic when available.

Nine metals are both highly mobile and available. Eight of these are the
bio-metals V, Mo, W, Mn, Co, Ni, Cu, and Zn. Their oxo-hydroxides
(green dots) or oxy-anions (blue dots) are sufficiently soluble.

These metallic elements are extremely limited in the crust and of low mobil-
ity. They are precious metals, being the later members of groups 7-10.

This set has high crust content but low mobility and are not bio-available.
Their stable high oxidation states lead to oxo-hydroxides that are insolu-
ble at biological pH values.

Fe is highly abundant but of low mobility (due to insoluble ferric oxo-
hydroxides, often referred to generically as ‘rust’). These forms have limit-
ed availability on the evolved earth. However, Fe was bio-available as
ferrous iron under the reducing conditions of the primitive Earth. It is
still available as such in anoxic modern environments (e.g., deep seas and
lakes) that harbour microorganisms that initiate food chains. High affinity
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ferric iron chelators (siderophores) have evolved to make iron available
to aerobes.

As Figure 1 demonstrates, the bio-availability of transition metal ions is a con-
sequence of abundance and solubility [2]. Only metals from sets I and II are
accessed by microorganisms, with three exceptions:

(i) Set IV element Cr (red dot) can be effectively assigned to sets I/II as a
consequence of its soluble oxo-anions. But its rich redox chemistry means
that it is intrinsically toxic.

(i) Set II element Y (gray dot) and its fellow rare earths can be re-assigned
to set IV due to the insolubility of trivalent hydroxides in normal environ-
ments. However, their presence in enzymes from methanotrophs in vol-
canic environments has been confirmed recently [3].

(iii) The unique history of the biological chemistry of Fe (brown dot; see set
V above) places it effectively in set I1.

1.3. Metalation of Metalloproteins

The famous Irving-Williams Series predicts that binding of divalent metal ions
to classical ligands will have a common order of affinities with, for example, Cu™
and Zn" forming tighter complexes than Fe!' or Mn!! (Figure 2) [4]. It should be
noted that Cu' also forms very stable complexes, especially with the softer bio-
logical ligands such as the side chains of the amino acid’s cysteine (thiolate) and
histidine (imidazole). It is the available valence state of copper in reducing cell
cytosols.

The question then is: how do bacteria discriminate to ensure that the right
metal occupies its native protein site? The answer is that cells ensure lower
availability of the more competitive metals relative to those of the less competi-
tive ones [5]. This would seem to be problematic as many metal ions are buffered
at less than one ‘free’ ion per cell and hence are ‘unavailable’. In this context,
‘free’ means bound by labile ligands such as water. The reality is, however, that
metal transfer is favorably ‘associative’, i.e., rapid exchange can still occur be-
tween protein ligand sets of high, but differing, affinities.

Bacterial cells have evolved sensor proteins and metal ion buffers that modu-
late the free energy of metalation AGY; so that apo-metalloproteins acquire the
metal ion M for which AGY is favorable (relative to the buffer) [6, 7]. It has
been demonstrated that the cobalt chelatase from a Salmonella strain has
evolved to receive Co!l as AGZ, is tuned to be >10 kJ mol~! more favorable than
for the other bio-metal ions [7].

The buffered available metal ion concentrations in Salmonella cell cytosols
vary by 15 orders of magnitude, tuned by the sensor proteins and metal ion buffers
[5]. They are in the inverse order of the Irving-Williams series (Figure 2). The
nature of the metal ion buffers involved is ill-defined but represents metal ion
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NH,CH,CO,"
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Figure 2. The Irving-Williams series plots the thermodynamic stability of complexes
formed by divalent first-row transition metal ions across the fourth period [4]. The log of
the formation constant K; for the 1:1 complex is plotted for two bidentate ligands, oxalato
(FO,C-CO;) and glycinate (NH,CH,CO, ). There is a maximum stability at Cu(IT) with
Ni(IT) and Zn(II) also exhibiting high stability.

populations that are kinetically trapped. It is probable that over-expression of
the receiver apo-metalloproteins is one component of the overall buffer while
the existence of metal ‘stores’ within certain organelles is another. The latter will
be accessible by dedicated metallo-chaperone proteins.

1.4. The Pathogen-Eukaryotic Cell Interface: Nutritional
Immunity

Bacterial pathogens encounter a variety of adverse challenges during infection
of humans and other mammals. This includes excesses or deficiencies of bio-
metals (Mn, Fe, Cu, Zn) to limit bacterial growth [8-13].

For example, the protein calprotectin constitutes 40 % of the host cytosol in
antibacterial white blood cells (neutrophils) and features sites that bind bivalent
Mn, Fe, Ni, and Zn with high affinity [8], inducing so-called nutritional immunity.
Bacteria have evolved defence mechanisms to resist such attacks when seques-
tered in the phagosomal compartments of host cells. One of the better under-
stood systems involves pathogenic Escherichia coli (Figure 3) [14]. The host
injects toxic copper and superoxide ions. The bacterium employs the ligand yersi
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Figure 3. Copper-binding ligand yersiniabactin functions at the host-pathogen interface.
The host sequesters invading bacteria into phagosomal compartments. The ligand (khaki
crescent) is expressed by E. coli and appears to protect by sequestering toxic Cu' ions
translocated by the host pump ATP7A. Its redox-active Cu complex can catalyze dispro-
portionation (‘dismutation’) of superoxide injected as part of host defense. In environ-
ments where copper is scarce, the ligand may act as a scavenger of nutrient copper. Adapt-
ed from [14].

-niabactin that binds copper ions for both nutritional uptake and for defence
against copper toxicity. In addition, the redox-active Cu complex is an efficient
superoxide dismutase catalyst, effectively minimizing the assault by superoxide.

This chapter outlines the molecular methods that microorganisms have evolved
to cope with toxic metal ions. The toxic ions (Figure 1; red dots) are covered as
are the toxic effects of the nutrient metals (green, blue, brown dots) under dis-
homeostasis. Toxic but rare or unavailable elements (grey) will not be covered,
nor will the nutrient and highly soluble metal ions of groups I and 2 (alkali and
alkaline earth metals). Brief introductions to some non-nutrient but highly toxic
metals and metalloids of groups 13-15 (Al, T, Pb, As, Bi) are included.

2. GROUP 5 ELEMENT VANADIUM

Vanadium is the second most abundant soluble transition metal in seawater,
existing as the vanadate oxo-anion system [H,VVO,4] /[HVYO,]>". It has few
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known biological functions but is present in two classes of enzymes: V-nitrogen-
ases and V-dependent halo-peroxidases [15]. A strain of Azotobacter vinelandii
expresses only the V-nitrogenase and V concentrations below 1078 M and above
107° M are, respectively, limiting and toxic to this strain. A. vinelandii excretes
catechol siderophores for vanadate uptake [16]. Halo-peroxidases catalyze the
oxidation of halides by hydrogen peroxide and are used in nature to introduce
halogen atoms into organic compounds [17]. They are present across algae, fungi,
and bacteria.

Vanadate is a structural and electronic analogue of phosphate. It restricts up-
take of the latter and is a potent inhibitor of phosphorylases and ATPases. It
can also be toxic by interfering with iron uptake by competing for siderophore
ligands and inhibiting the enzyme ferric reductase, essential for uptake of Fe-
siderophore complexes [18].

3. GROUP 6 ELEMENT CHROMIUM
As its reduced ores, such as the mineral chromite (Fe'"Cri"Oy), were effectively
insoluble in the reducing environment of the primitive Earth, chromium appears
to not have been selected by biology. Its mobility remains low on the evolved
Earth but industrial scale use has increased its effective concentration. Chro-
mate, [Cr¥10,]%", is its most oxidised form and is the available form of Cr in
seawater. Evidence that it is essential for any prokaryotes is unconvincing [19].
Some strains of anaerobic bacteria utilize chromate as sole electron acceptor but
this appears to be an adaption to pollution by industrial Cr¥! residues [20].
The stereochemistry and surface charge density of [CrY'O4]?" is similar to that
of sulfate, [SV'O,4]?", and it appears that both anions are imported and exported
via sulfate channels [20, 21]. As it is also isostructural with hydrogen phosphate,
[HPYO,]*, it likely interferes with phosphate metabolism [22]. It undergoes one-
electron reduction in many bacteria but the product Cr" is readily oxidised with
production of reactive radicals [20, 23, 24]. Consequently, aerobes that are capa-
ble of direct reduction of Cr¥!' to Cr'! have been explored for environmental
remediation [25]. Promiscuous multi-heme or flavodoxin reductases were identi-
fied as responsible for these three-electron reductions [26-28]. The hemotoxicity,
genotoxicity, and carcinogenicity of chromium in eukaryotes is believed to be
linked to its redox chemistry [29].

4. GROUP 6 ELEMENTS MOLYBDENUM AND TUNGSTEN

Molybdenum is the most abundant soluble transition metal in the oceans
(~100 nM; Figure 1) and > 50 molybdo-enzymes are known. The majority is pro-
karyotic and are key players in the C, N, S, and O biogeochemical cycles [30].
Of particular importance is the reduction of dinitrogen to ammonia (to make N
bio-available) and the interconversion of nitrite and nitrate (oxygen atom trans-
fer) for assimilation by plants.
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Interplay between the congeners Mo and W is fascinating as their relative
availability may have influenced evolutionary processes. While their chemistries
are similar, W compounds have lower reduction potentials (hence, are more
sensitive to dioxygen) and higher bond strengths and thermal stabilities. On the
primitive Earth under so-called euxinic conditions (high sulfide levels, anoxic),
W was available as soluble [WV10,S, ,]?>~ species while Mo was tied up as insolu-
ble MoS, [31]. Hence, tungsto-enzymes may have evolved initially, consistent
with their presence in the hyperthermophilic organisms discovered in the euxinic
waters around marine hydrothermal vents.

Sediments containing significant levels of Mo are dated to ~600 million years
ago, matching the stage when the oceans became extensively oxygenated and
MoS, weathered to soluble molybdate [MoY'O,]?". It is then that the availability
and intrinsic chemistry of Mo became favored over those of W.

While some prokaryotic enzymes are active with either Mo or W bound, W is
toxic to most molybdo-enzymes. It acts as an antagonist or inhibitor and substitu-
tion leads to low or zero activity [31].

5. GROUP 7 ELEMENT MANGANESE

Manganese is an essential trace element in the majority of bacteria, being present
in diverse enzymes. In particular, it provides protection against oxidative stress
via Mn-superoxide dismutase and related mechanisms [32]. A primary role of
Mn is to compensate for Fe, either when the latter is unavailable or under condi-
tions of oxidative stress. For example, Mn appears to substitute for Fe in mono-
nuclear enzymes in E. coli, allowing residual Fe to be used in iron-sulfur and
heme enzymes [33]. However, other bacterial systems carefully balance the levels
of these metals to achieve optimal growth [11, 33]. Many bacteria need Mn to
form pathogenic (Section 1.4) or symbiotic relationships with eukaryotic host
cells [34]. Borrelia burgdorferi (the cause of Lyme disease in humans) is the
single bacterium known to use Mn exclusively in place of Fe. It has no require-
ment for Fe [35].

Excess Mn is toxic and so cells have both Mn import and export systems [36].
While Mn!! is low in the Irving-William series (Figure 2), over-accumulation can
cause mis-metallation of enzymes and regulatory sensors (Section 1.3) [33, 37,
38]. On the other hand, excess Zn can disable Mn import in Streptococcus pneu-
monia [39]. Further details of the synergy of Mn and Fe are described in Chapter
6 (Biominerals).

6. GROUP 8 ELEMENT IRON
6.1. History of Iron Transport

Iron is the most abundant element on Earth, forming much of the inner core.
This mobile iron generates the planetary magnetic field, protecting it from solar
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winds and high energy radiation [40]. It is also the fourth most abundant element
in the Earth’s crust.

It was available as Fe'! under the reducing conditions of the primitive Earth.
The iron-sulfur world hypothesis posits that the early chemistry of life occurred
on mineral surfaces near hydrothermal vents [41-43] (see Chapter 5). In particu-
lar, electron transfer from reduced minerals to acceptors led to reduction of CO
and CO, that both dissipated the redox gradient and produced organic com-
pounds. Iron-dependent redox enzymes evolved as life developed.

On the evolved Earth, the highly oxidizing conditions imposed by the presence
of O, mean that Fe is highly abundant but of low mobility (due to insoluble
‘rust’). This means that it is the only element to occupy class V of Figure 1. This
situation led to the evolution of high affinity Fe!'! chelators to make iron avail-
able to aerobes. These are the so-called siderophores (see Section 6.3).

6.2. Transport of Ferrous lron

At lower pH values, Fe!l is stable and soluble in the absence of O, (anoxic
conditions). It is transported into many bacteria by the Feo system that evolved
on the primitive Earth and is present in Archaea such as Pyrococcus furiosus
[44, 45]. This system is up-regulated when iron availability becomes limited un-
der anoxic conditions by the regulators Fur and Fnr [46]. In the presence of O,
(oxic conditions) and under more acidic conditions, a second transport system
Efe is induced [47-49].

6.3. Transport of Ferric Iron

Siderophore ligands evolved to extract Fe''! from ‘rust’ under aerobic conditions
at typical biological pH values (pH 5-8) [50]. They typically provide protons to
activate mineral surface OH™ as labile water, thereby activating multi-dentate
ligand fragments as anionic ligands (e.g., catecholato, hydroxamato) that capture
the unmasked ferric ions.

Gram-positive and -negative bacteria produce different types of siderophores
and, as the outer membranes of these two forms vary, uptake mechanisms also
vary. Many bacteria have evolved the ability to ‘pirate’ siderophores secreted by
other bacteria. For further details of these aspects, the reader is referred to Chap-
ters 7, 8.

As discussed in the introductory Section 1.1 (Equations 1-3), uncontrolled Fe!!
can catalyze the Fenton and Haber-Weiss reactions that produce toxic oxygen
radicals [33, 51]. These radicals may damage cell metabolism by oxidation of
Fe-S and other metal centers, as well as protein residues and lipids [33].

A readable account of the essential chemistry of iron uptake and homeostasis
may be found in the review by Cornelis [52], while other recent developments
have been addressed more recently. These include the roles of siderophores be-
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yond iron sequestration [53] and the potential of exploiting the pathogen sidero-
phore machinery to treat antibiotic-resistant bacterial infections [54].

7. GROUP 9 ELEMENT COBALT

Cobalt enzymes occur almost exclusively in bacteria, a reflection of evolutionary
change imposed by the oxygenation of the atmosphere, beginning about 2.4 bil-
lion years ago. This restricted the availability of sulfide minerals versus less ac-
cessible oxide minerals and made cobalt less available to higher organisms. A
recent increase in the apparent geochemical availability of Co is connected to
burning of fossil fuels and its use in steels and industrial processes [55, 56].

The cobalt-containing vitamin By, and other cobalamins, required by humans
and other higher animals, is provided by bacteria in the large intestine and by
meat and some other sources [57]. It can be seriously deficient for strict vegetari-
ans [58, 59].

A major reason for the limited utility of Co in biology is the kinetic inertness of
Co™ (3d°) centers (ligand exchange rates ~107 s'). The availability of multiple
oxidation states (I, II, IIT) and the low reduction potentials involved implies that
unregulated Co may generate oxidative stress. There is preliminary evidence of
this in a number of bacterial systems although no evidence of up-regulation of
protective genes has been found [60].

The toxicity of unregulated Co has been best defined in E. coli and Salmonella
enterica. Co" out-competes Fe!' during the assembly process of Fe-S centers [60,
61]. It does not appear to displace Fe from intact enzymes. However, the chal-
lenge of the toxicity of this available metal ion (Figure 1) is highlighted by the
existence of a Co (and Ni) defence system RcnR/RenA in a wide range of Bacte-
ria and Archaea [62].

8. GROUP 10 ELEMENT NICKEL

Nickel is essential to Bacteria and Archaea only, reflecting the same evolutionary
issues mentioned above for Co [63]. The exception is the enzyme urease found
in plants and some simple eukaryotes. Ni appears to be an essential element for
humans but may be associated with the microbiome of the digestive tract [64].
In addition, urease is employed by pathogens to produce ammonia to cope with
acid environments. High profile examples are Helicobacter pylori in the stomach
and Proteus mirabilis in the bladder.

Ni-Fe hydrogenases are prominent enzymes in anaerobic metabolism [65]. H,
produced by bacterial fermentation is oxidized by such enzymes for the estab-
lishment of pathogens H. pylori and Salmonella typhimurium in humans. Further
discussion of the roles of bacterial Ni up-take systems and enzymes may be
found in [66].

Ni'l is high in the Irving-Williams series (Figure 2) and this thermodynamic
advantage appears to drive its toxicity via replacement of native metals (such as
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Fe and also Zn, if Ni levels are sufficiently high) and also via adventitious binding
to proteins, DNA, and lipids [67, 68]. Despite its redox properties, the case that
Ni causes oxidative stress is not convincing. The realization that mobile Ni was
a universal challenge was the discovery of the Co/Ni defence system RcnR/RecnA
in a wide range of Bacteria and Archaea [62].

9. GROUP 11 ELEMENT COPPER

While unavailable on the primitive Earth, copper is both abundant and available
on the evolved Earth (Figure 1; set II). Its Cu'/Cu! couple can be tuned to
reduce dioxygen and this has been utilized in many oxidase enzymes [69]. How-
ever, uncontrolled Cu is able to undergo redox reactions that produce the toxic
hydroxyl radical OH* (Section 1.1, Equations 1-3) [70]. In addition, both Cu!
and Cu'! have high affinities for amino acid ligands (Section 1.3; Figure 2) and
have the potential to displace nutrient metals from their native sites or to induce
non-native protein folding [71-73].

The latter properties have been long known to prevent fouling of drinking
water and ship hulls (‘copper-bottomed’) and allowed application as bactericidal
and fungicidal agricultural sprays. These applications have been extended to the
use of copper alloys in surfaces in hospitals [74]. The same properties are exploit-
ed by copper ion attack on bacterial pathogens in the ‘nutritional immunity’
response of phagosomes (Section 1.4; Figure 3).

Bacteria have evolved multiple strategies for the safe import and export of
this essential but highly toxic metal [69, 75, 76]. In Gram-negative bacteria, these
include the cue, cus and cop/pco gene clusters [77]. The chromosomally-encoded
tolerance operons cue and cus function in copper export and detoxification [77,
78]. The cue system (Cu efflux) includes a trans-membrane P;g-type ATPase
(CopA) that facilitates Cu' efflux across the cell membrane to the periplasm. In
bacteria such as E. coli, a periplasmic multi-copper oxidase CueO catalyzes the
oxidation of Cu! to the less toxic Cu'l, while a cytoplasmic copper binding regula-
tory protein (CueR) completes this system that functions predominantly under
aerobic conditions [79-82].

The cus system (Cu sensing) operates in the absence of dioxygen [83]. It in-
cludes four proteins (CusABCF in E. coli), together with two regulatory proteins
CusR and CusS [84, 85]. CusABC is a tripartite complex that spans the entire
periplasmic envelope and facilitates efflux of cytoplasmic Cu! ions, driven by a
proton gradient [86-89]. CusF is a copper chaperone that delivers periplasmic
Cu! to the complex [90].

In addition to these genomic efflux and detoxification systems, some bacteria
have acquired additional copper resistance mechanisms in order to survive in
environments with elevated Cu levels. These systems originate from plasmid-
borne genes and are termed the cop/pco systems (copper resistance, or plasmid-
borne copper resistance) [91-95]. Even though these plasmid-borne resistance
systems are present in bacteria, it is not yet clear how they impart cellular copper
resistance. It has been suggested that the constituent proteins have individual
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Figure 4. Crystal structures of methanobactins loaded with Cu! ions. (a) Methylocystis
hirsute CSC1 (PDB 2YGI); (b) Methylocystis strain M (PDB 2YGJ); (¢) Methylosinus
sporium NR3K (PDB 40Z7). The Cu', dimer in (c) is composed of two symmetry-related
monomers. The figures were generated with the PyMol program.

functions in import and efflux of copper into and out of the cytoplasm and that
they function in the sequestration of copper in the periplasm. Of these functions,
the former activity has been relatively under-investigated due to the fact that
there is no known function for copper in the bacterial cytoplasm [96]. Conse-
quently, a definitive model for the individual functions of proteins in the cop/
pco systems and their contributions to bacterial copper resistance remain poorly
characterized.

The pco cluster in E. coli comprises seven genes, pcoABCDpcoRSpcoE, which
encode the proteins PcoOABCDE, and is regulated by the two-component system,
PcoRS [97]. Three soluble proteins (PcoA, PcoC, PcoE) are expressed and trans-
located to the periplasm, and two copper permeases (PcoB and PcoD) are
present in the outer and inner membranes, respectively [98-101]. The cop oper-
ons found in the copper-resistant bacterium Pseudomonas syringae carry six
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Figure 5. Crystal structure of Methylosinus trichosporium copper storage protein CSP3
binding 19 equivalents of Cul. The four-helix bundle is a monomer (PDB 5ARN) with
the N-terminal helix omitted. The brown spheres represent Cu! ions and cysteine and
histidine ligands are represented as sticks. The figure was generated with the PyMol pro-
gram.

genes, copABCDcopRS, with equivalent functions and protein products as those
of their pco counterparts, suggesting conserved mechanisms of copper resistance
across these bacteria.

Little is known of the mechanism of uptake of copper by bacterial cells. It is
possible that high affinity import systems are not required as copper is sufficient-
ly abundant (Figure 1; set II) in most environments. On the other hand, metha-
notrophs (proteobacteria that utilize CH,4 as a carbon source) have an exception-
al requirement for Cu due to its presence in the enzyme particulate methane
monooxygenase [102]. Complex high-affinity peptide ligands, termed methano-
bactins, have evolved in about 10 % of these bacteria to harvest Cu from the
environment under limiting conditions, i.e., performing a similar role to sidero-
phores that acquire ferric iron [103]. Cu' binding occurs at distorted tetrahedral
N,S, sites with affinities of ~10?° M~!. There is significant structural variation
among the known structures (Figure 4) [104]. The mechanisms of dissociation of
the Cu ions from such high affinity ligands are currently unknown but are likely
to involve associative exchange with another high affinity protein or ligand.

Copper-storage proteins have been isolated from methanotrophs (c.f., ferritins
as iron-storage proteins). They are tetramers of four-helix bundles that can ac-
commodate large numbers of Cu' ions within their cysteine-lined cores (Figure 5)
[104-105]. Tetranuclear clusters are favored with similar structures to those
present in Cu'-metallothioneins. Genetic analysis suggests that these proteins are
present in a wide range of bacteria.

As a general strategy to minimize toxic effects, the Cu trafficking pathways in
cells involve metallo-chaperone proteins and membrane-bound transporters [69,
75]. Cu ions are tightly bound and specific associative exchange between partners
has been demonstrated by two-hybrid assays and by NMR mapping experiments
[106, 107]. In the reducing cytosol, metallo-chaperones bind Cu' via coordination
to cysteine residues (thiolate) [75]. In the more oxidizing periplasm, Cu is the
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less toxic oxidation state and methionine ligands (thioether) are favored [108].
Significant progress has been made on understanding the molecular nature of
membrane-bound export pumps such as CusABC [86-89] and the ATP-ase
CopA [109-112]. The conundrum of the apparent absence of a metallo-chaper-
one in the cytosol of E. coli to service CopA with Cu! to export was solved
recently: a programmed ribosomal frame shifting generates both the metallo-
chaperone Atx1 and the pump CopA from the same gene [113].

10. GROUP 11 ELEMENT SILVER

Silver can occur as the native metal and has been mined through the ages as a
precious metal. It has no known biological role but its antibacterial properties
were well-known in ancient times through its use in water purification and
wound dressing [114, 115]. These properties are currently being re-explored in
the form of Ag metal nanoparticles that allow significant dissociation of the toxic
Ag™ ion. However, serious concerns remain about the safety of such approaches
[116, 117].

Silver-resistant bacteria are known. In one notorious case, a Ag' resistance
plasmid pMG101 from a Salmonella strain induced septicaemia, killing three
patients in a hospital burns ward [118].

The operons responsible for resistance are closely related to the Cu systems
discussed in Section 9. Under anoxic conditions, the cue system in E. coli and
related cassettes in other Gram-negative bacteria can be utilized as the CopA
transporter exports Ag' as well as Cu'. However, this system cannot operate
under oxic conditions as Ag! inhibits the multi-copper oxidase CueO, preventing
detoxification of Cu' by aerial oxidation to Cu'™. Then, the cus system is activat-
ed, expressing the transporter CusABC and metallo-chaperone CusF, together
with two regulatory proteins CusR and CusS. This system has been termed sil in
Salmonella [119]. Further discussion can be found in review [120].

A different mechanism for Ag detoxification via reduction of Ag' to Ag metal
has been proposed for a number of bacteria in soil or sediment environments
[121, 122].

11. GROUP 11 ELEMENT GOLD

Gold, of course, was one of the first metals known to man, as it occurs naturally
in the metallic state and is both durable and attractive to the eye. It is considered
to be non-essential to biology but its toxicity has led to the evolution of a variety
of resistance mechanisms in bacteria.

Primary gold deposits are laid down by multiple earthquakes that cause flash
deposition of minerals due to the rapid pressure drop along fault lines [123].
While species such as Aug; and [Au'(SH),] are stable and soluble at high tem-
perature and pressure, they are unstable to auto-reduction under milder condi-
tions (Equation 4) [124].
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2[Au'(SH),|” + 2H* — 2Au® + S° + 3H,S ()

Secondary gold deposits appear to have been influenced by bio-mineralization.
Bacteria living in bio-films in auriferous soils are subject to gold poisoning [125].
Under surface conditions, defence mechanisms can disperse and re-concentrate
the gold [126]. The nature of Au-associated microbial communities is under in-
tensive study [127]. A more detailed account of the geochemistry and biology of
gold can be found in review [128].

Bacteria have evolved a range of different strategies to cope with gold toxicity.
These include active export and sequestration followed by precipitation [128].
Salmonella species have a gol operon that handles Au' in the reducing cytosol
and is similar in structure to the cus system that exports Cu' under anaerobic
conditions (Section 9) [129].

The proteobacterium Cupriavidus metallidurans can survive high concentra-
tions of transition metal ions. In particular, its plasmid-borne cup operon is
analogous to the cue system that handles Cu' under aerobic conditions (Section 9).
However, this system is inhibited by Au, leading to accumulation of Cu' in the
cytosol and to synergistic Cu/Au toxicity [130]. Consequently, a chromosomal
cop operon is up-regulated for full Cu/Au resistance [131].

The periplasmic multi-copper oxidase CopA (not to be confused with the
CopA exporter of the cue operon (Section 9)) of the cop resistance system of C.
metallidurans can not only oxidize exported Cu' to less toxic Cu™! but also export
Au! for oxidation to Au' [124]. This product spontaneously oxidizes water to
precipitate Au metal as nanoparticles (Equations 5 and 6).

2Au'+ O, + 4HT - 2Au™! + 2H,0 (5)
4 Au"+6H,0 > 4Au’ + 30, + 12H* (6)

Another strategy is used by Delftia acidovorans that is known to dominate,
with C. metallidurans, the micro-biota associated with gold nuggets. It exports a
complex peptide ligand delftibactin that sequesters Au'! in its surroundings and
promotes reduction to gold metal [127]. This approach echoes that of Cu chela-
tion by yersiniabactin (Section 1.4; Figure 3) and methanobactin (Section 9) and
also that of Fe chelation by siderophores (Section 6).

12. GROUP 12 ELEMENT ZINC

Zinc is essential to all known organisms as a non-redox catalytic or structural
center. It is a component of about 10 % of all eukaryotic proteins and is present
in 70 % of proteins in the human brain [132, 133]. In bacteria, it appears to be
important for biofilm formation, motility, antibiotic resistance, metabolic signal-
ling and may be involved in protection against oxidative stress (by protecting
important thiol groups).

printed on 2/13/2023 12:53 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

COPING WITH TOXIC METALS 287

Zni* Zn® zn' Zn zn

Peptidoglycan
layer

Plasma
membrane

n* 7n?* Zn?* Zn* Zn?*
ABC family Membrane p.type ATPase P-ype ATPase CDF family
transporter transporter | I
Zinc Acquisition Zinc Efflux

Figure 6. Cartoon illustrating zinc import and export in Gram-positive bacteria. The
type of membrane-bound transporter (family) is indicated. The high affinity import trans-
porter is shown in red and low affinity transporters in blue. The export transporters are
shown in brown and green. Reproduced from [138], with permission of AIP Publishing;
copyright 2018.

Consequently, complex import/export systems have evolved to manage Zn ho-
meostasis. The redox chemistry of release of signalling Zn?™ ions from high affini-
ty protein sites and/or as an antioxidant is a recent development (Equation 7).

Zn'"(S-Cys), — Zn?" + Cys-S-S-Cys + 2e~ 7

The overall chemistry underlying the action of Zn in biology is detailed in review
[134]. However, like all essential metals, excess Zn is toxic if uncontrolled. For
example, a Synechococcus cyanobacterium expresses a metallothionein protein
in the presence of high levels of Zn. It binds four equivalents of Zn' in a
Zn,CysoHis, cluster [135].

As Zn'"" binds to amino acid ligands with high affinity (Section 1.1; Figure 2),
it has the potential to displace metal ions from their natural sites or to structural-
ly distort those sites [39]. This aspect is utilized in the nutritional immunity re-
sponse of human macrophages against bacterial infection (Section 1.4). Remark-
ably, it is reported that both zinc starvation and zinc poisoning can be induced
against the single pathogen S. typhimurium, but that both strategies can be com-
bated effectively by this robust organism [136].

The need for substantial levels of nutrient Zn has led to elaborate mechanisms
to control its level and distribution [137, 138]. There are two regulators Zur and
ZntR that control, respectively, import and export by monitoring the expression
of membrane transporters. A summary of known transporters for Gram-positive
and Gram-negative bacteria are shown in Figures 6 and 7 [139-142].
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Figure 7. Cartoon illustrating zinc import and export in Gram-negative bacteria. The
type of membrane-bound transporter (family) is indicated. High affinity import systems
are shown in magenta, orange, and green. The exporters are shown in brown, yellow, and
purple. Reproduced from [138], with permission of AIP Publishing; copyright 2018.

Exporter ZntA is a high affinity ATPase in both Gram-negative and -positive
bacteria [143, 144]. The essential chemistry of its transport mechanism has been
revealed for the transporter from P. aeruginosa [145]. Four conserved residues
in the transmembrane domains are critical for Zn?>* pumping: two Cys and one
Asp side chains provide a selective transmembrane binding site while a posi-
tively-charged Lys residue acts as a counter ion to prevent proton counter-trans-
port. The flexible metal ion binding site also appears to function in the export
of toxic Cd**, Hg?*, and Pb?>™ ions (see Sections 13, 14, and 17 below).

The complex homeostasis system for zinc (Figures 6 and 7) allows bacteria to
survive in hostile environments such as metal-polluted ponds and mammalian
macrophages.

13. GROUP 12 ELEMENT CADMIUM

Cadmium is one of the toxic metals of low natural abundance (Figure 1; set I)
that has become problematical as industrial exploitation has outstripped its natu-
ral low mobility. The nature of import of Cd has been examined in a number
of bacterial systems, identifying Mn, Zn, and Mg transporters as active uptake
sites [146].

The molecular basis of Cd toxicity has been defined for Gram-positive Strepto-
coccus pneumoniae whose single cell compartment structure allowed quantita-
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tive assessment of perturbation of total metal ion content and homeostasis [147].
Elevated levels of Cd" ions induced oxidative stress, even though the ion itself
is redox-inactive. Cd competes for the Mn uptake pump Psa, inhibiting produc-
tion of protective superoxide dismutase SodA. Cd also upregulates production
of the Zn export pumps CzcD leading to depletion of Zn levels. In addition, it
appears that binding of glutathione by elevated cytoplasmic Cd diminishes the
role of this redox buffer as a metal buffer.

Overall, it appears that many bacteria involve glutathione in the processing of
Cd [148]. In contrast to eukaryotes, only a few examples of bacterial Cys-rich
metallothioneins are known to bind Cd [149, 150]. On the other hand, the flexible
transmembrane metal ion binding site Cys,Asp present in the P. aeruginosa zinc
efflux pump ZntA allows it to also export Cd>* as a resistance function [145].

14. GROUP 12 ELEMENT MERCURY

Mercury is another toxic metal of low natural abundance (Figure 1; set I) that
has become a nutritional problem through its release by modern industry into
biosystems. Its biogeochemical cycle is well-defined (Figure 8), leading to con-
cerns about human ingestion of contaminated plants and fish in the second half
of the last century [151].

Figure 8 documents the conversion of inorganic mercuric species into organo-
mercury(Il) compounds by methanogens and sulfate-reducing bacteria living in
anoxic environments. Cations such as [CH3;Hg'"']™ are lipophilic but stable in
water. Hence, they can diffuse out of the host and into other microorganisms or
be absorbed by higher animals such as plankton (through the exo-skeletons). Hg
levels in eukaryotes can be 10°-fold higher than in surrounding water as it is
excreted much more slowly than it is consumed [152]. It consequently accumu-
lates up the food chain.

Sunlight, oxygen: Hg® =— Hg,?* +—Hg**

g h"“‘“-a
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salt water fresh water
N N

% + D ] H . i 4
oxic | CHsHg* — l—_!g » Hg industry; fossil fuels; Hg?* + S* — HgS
sunlight forest fires; volcanoes
bacteria
food chain
\ minerals
Hg?*, HgS —» CH;Hg*
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anoxic fulvic/humic acids
———] petroleum; coal

Figure 8. Simple mercury biogeochemical cycle. Adapted from [151].
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The mer operon that confers resistance to both organic and inorganic forms of
Hg is well understood. It has been found in every bacterial genus examined. Vari-
ants occur but up to ten mer proteins can be present that combine to bind, trans-
port, and reduce the various forms of Hg'. Each protein provides Cys ligands to
bind the soft Hg" electrophile with coordination numbers from 2 to 4 [153].

Inorganic Hg" is transported into the cell for reduction to volatile Hg® that
can then diffuse away from the cell. Sensor MerR regulates the mer operon by
initiating transcription upon binding nanomolar Hg?* [154, 155].

In the most common processes, periplasmic MerP sequesters Hg?* ions for
import by membrane transporter MerT [156, 157]. The cytoplasmic reductase
MerA receives Hg!! (bound to a cellular thiol such as glutathione) and effects
the reduction to Hg (Equation 8) [158].

Hg?* + NADPH — Hg? + NADP+ + H* (8)

Bacteria with resistance to both inorganic and organic mercurials also feature the
lyase MerB that releases Hg? " from the latter by protonation (Equation 9) [159].

[R-Hg]™ + H" — Hg?* + RH (R = alkyl, aryl) 9)

Product Hg?™* is transported to MerA for reduction and the alkane RH diffuses
from the cell. Detailed descriptions of the action of the mer operon are available
in reviews [151, 160].

15. GROUP 13 ELEMENT ALUMINUM

Aluminum is the third most abundant element on Earth and the most abundant
metal in its crust. However, it has no known role in biology. Its non-selection is
apparently due to the insolubility of A" oxo-hydroxo species and that of hy-
droxo-alumino-silicates, its secondary mineral phases [161, 162]. The industrial
and commercial use of Al metal has enhanced its presence in the biosphere.

Its toxicity is invoked when acid soils or ‘acid rain’ release significant levels of
soluble Al [163]. The detailed molecular mechanisms of its impact on bacteria
remain unknown. It is known to out-compete Mg! in binding to ATP, may com-
pete with Fe!! for siderophore ligands and may act as a pro-oxidant by binding
superoxide radical [164-165].

16. GROUP 13 ELEMENT THALLIUM

Thallium has been used in pest control and is being used increasingly in industri-
al processes. Its main environmental source is smelting and fossil fuel burning
and so its presence in the bio-sphere is increasing [166]. Oxidation states TI' and
TI' can both be present as aqua cations in natural waters and the particular
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balance can depend on local conditions and biota. For example, both oxidation
states were found in the waters of Lake Ontario in North America and planktonic
bacteria appeared to be responsible for the aerial oxidation of TI' to TI' [167].

TIT and K* have similar ionic radii and one aspect of Tl toxicity may be
inhibition of K metabolism. The toxic effects of Tl on certain microorganisms
declined with increasing K concentrations [168]. The inhibition to growth of a
range of bacterial species has been assessed [168] but the mechanisms of toxicity
have not been defined in molecular detail.

17. GROUP 14 ELEMENT LEAD

No level of lead exposure is deemed to be safe for humans [169]. The elimination
of lead from petrol, paint, and solder has allowed the average blood lead level in
children aged 1-5 years in the USA to drop by about 10-fold over 30 years [170].

Lead defence mechanisms have evolved in bacteria, often as a component of
protection against other toxic metals such as Cd and Hg. A dedicated Pb resis-
tance operon pbr is present in C. metallidurans CH34 [171]. It is a member of
the mer family (see Section 14) but the detailed mechanism varies to accommo-
date the different chemistries of Pb!! and Hg'. In particular, precipitation of
insoluble Pb3(POy), in the periplasm and/or exterior eliminates the danger.
More details are available in [172, 173].

In E. coli, expression of the zinc exporter ZntA (Figure 7) also induces resis-
tance to Pb' and it was suggested that Pb'!-glutathione complex anions are the
native substrates [174, 175]. However, the flexible transmembrane metal ion
binding site in the ZntA from P. aeruginosa is able to bind and export Pb>* ions
via a three-coordinate [Pb"Cys,Asp] site that accommodates the apical metal
lone pair [145]. A similar situation may apply in S. aurus where CadA exports
Pb! as well as Cd" and Zn'! [143, 174].

18. GROUP 15 ELEMENT ARSENIC

Arsenic is a ubiquitous toxic metalloid widely distributed in soil and groundwater
[176]. The metalloid anion arsenate [AsYO,4]>~ is imported by bacterial phosphate
uptake systems and so interferes with phosphate metabolism. Cytoplasmic reduc-
tion leads to arsenite [As'™O;]*~ and its methylated forms that attack thiol groups.
Bacteria have evolved a range of strategies of resistance to arsenic toxicity [177].

19. GROUP 15 ELEMENT BISMUTH

While bismuth drugs have long been used to treat bacterial infections in humans
and other animals, the connection of H. pylori infection to gastric ulcers has
revitalized their use in the treatment of peptic disease. The mechanism of action
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is uncertain but may involve formation of a polymeric coating over lesions
combined with toxic effects associated with uptake of soluble Bi species by the
bacterium [178, 179].

20. GENERAL CONCLUSIONS

Microorganisms have evolved strategies to select and control the advantageous
properties of the essential metals and to resist the toxicity of the non-essential
metals and, under dis-homeostasis, of the essential metals. Multiple approaches
have evolved to cope with the different environments, often extreme, that micro-
organisms encounter. Despite rapid recent progress, many of these strategies
remain unknown, especially those devised by pathogens. The latter have particu-
lar impact on human health.
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Abstract: Rare earth elements (REE) are essential for our daily lives. It is not only their use
in high technologies like smartphones and computers and in renewable energy applications.
The interaction of REE with biomolecules and living organisms and the exploitation of their
photo-physical properties for a range of applications in biochemistry research and medicine
have been studied for many decades. But this is no longer the only reason to make them an
attractive group of elements to investigate. An entirely new area of research has emerged in
the past ten years after it was established that many bacteria utilize certain REE in their
metabolism. This chapter gives an overview on the most recent developments in this field
along with an account of the more established uses of REE in biochemistry, biomining, and
medicine.

Keywords: lanthanides - rare earth elements - methanotroph - methanol dehydrogenase -
medicine

1. INTRODUCTION: PROPERTIES OF RARE EARTH
ELEMENTS

“Among the 102 elements known to men, there are 15 whose properties resemble each other like
two drops of water. These are the so-called rare-earth elements. They are situated at the centre of
Mendeleyev’s table. Their name originates from the Latin terra rara, which means “rare earth”.
For a long time they were considered really rare. Only the investigations of the last two decades
have shown that they are far more abundant on the earth’s surface than metals like lead, mercury
and gold ...” Author’s preface, The Rare-Earth Elements by D. N. Trifonov, translated 1963 [1].

The rare earth elements (REE) are probably the most misunderstood group of
elements in the periodic table. Originally isolated as their oxides, they were
named “earths”. Scandium (Sc), yttrium (Y), and the elements lanthanum (La)
to lutetium (Lu) make up the group of the 17 rare earth elements. Within this
group La to Lu are also known as the lanthanides (Ln). Although strictly
speaking, lanthanum is not a lanthanide (because the lanthanides are named
after this element) it has been included by common usage by IUPAC. These
elements occur widely distributed in nature in the form of minerals (Figure 1)
for example, xenotime (YPO,), gadolinite ((Ce,La,Nd,Y),FeBe,Si,04j), bast-
naesite ((Ce,La,Nd,Y)(CO5F)) or monazite ((Ce,La,Nd,Th)PO,).

Due to their similar chemical properties REE always occur together in ores,
often also with traces of uranium and thorium. As rightly stated by Trifonov
above, the REE occur abundantly and widely distributed in the earth’s crust.
The two most abundant, La and Ce, are of similar abundance as Cu or Zn. Even
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Figure 1. Two REE containing minerals. Bastnaesite from Nam Xe in Vietnam on the
left and gadolinite from Norway shown in the middle. Ytterby Gruva in Sweden, the place
of discovery of many of the REE is shown on the right.

the two rarest, Tm and Lu, are more abundant than I or Ag. The distribution
of REE in aqueous environments can vary greatly. Early lanthanides are more
abundant than the later ones and those with even atomic numbers along the
series are more abundant than their adjacent odd numbered counterparts
(Oddo-Harkins rule). Ground water can contain between 5.7 and 410 pmol/kg,
riverwater between 15 and 270 pmol/kg REE. In seawater concentrations of 1.6
up to 13 pmol/kg have been reported [2]. However, certain ecosystems, such as
volcanic mudpots can contain significantly higher concentrations [3]. Here, high
temperatures and low pH favor higher concentrations of REE. It should be
mentioned here, that gadolinium levels are on the rise in aquatic ecosystems
near larger cities. The reason behind this is the widespread use of Gd-based
magnetic resonance imaging (MRI) contrast agents. The trends show that Gd
concentrations are rapidly increasing, for example, a study within the San Fran-
cisco Bay Area showed that within only 20 years Gd concentrations increased
from 8.27 to a staggering 112 pmol/kg [4]. The long term consequences of this
anthropogenic introduction of mobile, highly persistent Gd into ecosystems can
currently not be foreseen. In addition to the use of gadolinium as an MRI con-
trast agent, mankind has made substantial use of the remarkable properties of
REE. Although possessing very similar properties in coordination chemistry,
their different electronic structures have led to them being used in a multitude
of different applications in high technologies, medicine, and biochemistry re-
search. The analysis of REE content in biochemical samples (proteins, bacteria,
tissues, etc.) can be achieved by a number of different methods [S]. Most widely
used are atomic absorption spectroscopy (AAS), inductively coupled plasma
coupled with optical emission spectroscopy (ICP-OES) or mass spectrometry
(ICP-MS), with the latter being the most sensitive method with a limit of detec-
tion (LoD) of 0.1 ppt to 10 ppb. In addition, UV-vis spectroscopy using REE
specific dyes has been reported [6] as well as the exploitation of their lumines-
cent properties.
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2. SELECTED USES OF RARE EARTH ELEMENTS
IN BIOCHEMISTRY RESEARCH

2.1. Interactions of Rare Earth Elements with Biomolecules

The interactions of REE with biomolecules and their applications in biology and
medicine have been extensively reviewed and the reader may want to refer to
these extensive reference works [7-10]. Long before the biological use of lantha-
nides by bacteria was discovered, their similar coordination chemistry properties
to calcium and interesting spectroscopic and physical properties of REE were
exploited by researchers. Therefore, only very recent developments and specific
application examples are covered here. As REE are highly charged, hard Lewis
acids, hard, negatively charged oxygen donors are preferred when REE readily
bind to amino acids and proteins, DNA, and low-molecular-weight ligands such
as siderophores, carbohydrates, and cell surfaces (Table 1). In the presence of
phosphate, REE form poorly soluble precipitates and thus in (biological) envi-
ronments the concentration is low [11]. In fact, this property is used in an Aus-
tralian product called Phoslock™, a modified clay containing lanthanum that
was developed to bind phosphate ions from waterways and wastewater and to
prevent algal blooms [12].

Table 1. Comparison of coordination properties of Ca(II) and Ln(III) showing similar-
ities and differences.® ®

Property Ca Ln
Coordination number 6-12 6-12
(CN)
Favored CN 6 or7 8or9
Coordination geometry  flexible flexible
Donor atom preference O >N > S O>N>8S
Ionic radius in 6-coordi- 1.14 1.172-1.001
nation [13]
Oxidation state in bio- +2 +3
logical environments (with few
exceptions)
Solubility of the Caz(POy,), LaPO,
phosphates at 25 °C fairly soluble poorly soluble; note that the numbers
in H,O given for the solubility of both compounds

vary in the literature, depending
on conditions of measurement

2 Table modified from ref. [7].
® REE Sc and Y excluded.
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2.2. Nuclear Magnetic Resonance

Paramagnetic lanthanide complexes have found use as shift reagents in nuclear
magnetic resonance (NMR) spectroscopy for several decades [7, 14]. Especially
useful have been chiral reagents based on low-molecular-weight complexes, like
tris[3-(heptafluoropropyl-hydroxymethylene)-d-camphorate Eu(III), for the de-
termination of enantiomeric purity of small organic molecules and natural prod-
ucts [15]. In larger biomolecules like proteins and shorter peptides, lanthanide
pseudo contact shifts and residual dipolar couplings have provided researchers
with invaluable information on the structure of the biomolecules of interest.
Here, either an already existing metal binding site can be used or a lanthanide-
binding tag can be employed [16-18]. Binding constants, pK, values of coordinat-
ing ligands and other parameters can be further obtained by NMR titrations.
The diamagnetic lanthanides La(III) and Lu(III) may serve as controls for their
paramagnetic family members. Recently, NMR spectroscopy with paramagnetic
lanthanide compounds has been used to solve the three-dimensional structures
of proteins in cells [19]. Shown in Figure 2 is the immunoglobulin-binding
domain of protein G (GB1) that was used as a model protein carrying the
2,2'2" 2" (pyridine-2,6-diyl )bis(methylenenitrilo) |tetrakis(acetic acid) (PyMTA)
ligand that can be complexed with lanthanides. The same label has previously
been used with Gd(III) for EPR measurements to monitor the dynamics and
structure of peptides in cells [20].

Figure 2. Py-MTA labelled GB1. The chelator tag can be used to complex paramagnetic
lanthanides and to gain information of the structure in an intracellular environment.
Y(III) can be used as diamagnetic reference [19].

2.3. X-Ray Diffraction

Lanthanides are excellent X-ray scatterers. For this reason they have been widely
used in X-ray crystallography of large biomolecules like proteins or DNA/RNA
as their anomalous signal can yield helpful phase information. Lanthanides will
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readily bind to a Ca(II) site in proteins or replace Mg(II) in other biomolecules
such as DNA. Lanthanide-binding tags can also be engineered in specific regions
of proteins of interest [16, 21].

2.4. Luminescence

Luminescent lanthanides have attracted attention for their unique photophysical
properties making them a vital tool for modern medicinal applications such as
time-resolved fluorescence assays and responsive luminescent probes [22-31].
Two very popular lanthanides for applications are Eu(III) and Tb(III) which are
especially useful for biological applications due to their long-lived (0.1-3 ms)
luminescence (and thus favorable [28, 32] signal-to-noise ratio) and high quan-
tum yields (>10 %) [22, 33]. The emission color depends on the trivalent lantha-
nide itself and is largely independent of the environment of a lanthanide, while
the partially filled 4f shell is responsible for the narrow band emissions and the
long lifetimes. The parity rule (f-f transitions are Laporte-forbidden) leads to
very low molar absorptivities for Ln(III) complexes (>10 Lmol~'cm™), hence
direct excitation is difficult. As a consequence, indirect excitation (via the anten-
na effect) is often the method of choice. A schematic view of this process is
shown in Figure 3, where a ligand chromophore (antenna) absorbs UV-light and
then transfers energy from its triplet state to the Ln(III) ion to populate its
excited state. In proteins tryptophan residues may be used for this purpose.

Antenna

Lanthanide Binding Tag (LBT) Antenna + Chelator

-C = Antenna, chelator _@< um Luminescence

O Lanthanide (e.g. Tb') energytransfer

Figure 3. Lanthanide-binding tag (LBT) with tryptophan antenna, a luminescent lantha-
nide complex that can be used in bioassays and the principle of the antenna effect.
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Both Eu and Tb have their own unique properties and advantages. While
Tb(III) complexes are in general more luminescent, Eu(IIl) complexes may pro-
vide more information when used as a probe, and other lanthanides might be
used as well [27, 34]. The main non-radiative pathway of deactivation is vibronic
coupling with solvent molecules. Shielding the lanthanide from water molecules
is thus very important. Allen and Imperiali [16] have developed lanthanide-bind-
ing tags (LBT) that can not only be used in NMR spectroscopy (vide supra) and
X-ray crystallography to yield structural information about biomolecules, but
also to tag proteins and identify them by the present luminescence. Here, metal
binding residues that form a high affinity binding site for lanthanides such as
Tb(III) can be engineered onto the proteins of interest [21]. To excite Tb(III), a
tryptophan residue may be included in the loop nearby. Another strategy is not
to use a peptide LBT but to attach inorganic complexes of an antenna ligand
and chelator to biomolecules of interest. For example, the macrotricyclic
BH(2,2)IAM ligand (a bicapped ligand with four 2-hydroxyisophthalamide units)
based on the 2-hydroxyisophthalamide chromophore was developed by the Ray-
mond group, effectively shielding the Tb(III) ion against water molecules and
thus preventing quenching of the luminescence, yielding a very bright lumines-
cent probe for the analysis of biomolecules [22]. In recent years lanthanide-based
near infrared luminescence applications have attracted considerable interest due
to their increased resolution and favorable signal-to-noise ratios and sensitivity
[35, 36]. Luminescence titrations into apo-enzymes can yield binding constants
for the active sites of metalloproteins. Srivastava and coworkers have demon-
strated this using Eu(III) and the methionine aminopeptidase from E. coli. By
conducting competition titrations they showed that Fe(II) exhibited a higher
affinity than Ca(II) or Eu(III) [37].

3. APPLICATIONS OF RARE EARTH ELEMENTS
IN MEDICINE

3.1. Use of Rare Earth Elements for Imaging and Diagnostic
Techniques

REE have found extensive use in medical diagnostics [7, 38, 39]. Their lumines-
cent and magnetic properties make them useful for bioassays and as biorespon-
sive probes [34, 40, 41]. Especially the use of gadolinium in magnetic resonance
imaging (MRI) is possibly the most important application of a REE in medical
diagnostics. In Germany (2015) and the Netherlands (2016) 13,616 and 4,884 MRI
scans, respectively, per 100,000 inhabitants were conducted in one year [42]. Dur-
ing an MRI analysis, sectional images of the proton distribution in the body are
taken. For this purpose, the relaxation of the proton nuclear spin in a magnetic
field is measured after a radio frequency pulse has been applied. The water
content in the human body varies, for example fatty or water-rich, healthy or
tumor tissue will look different on an MRI scan, generating a contrast. To en-
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Figure 4. Overview of some lanthanide-based agents used in medical therapy and diag-
nostics. DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; DTPA = dieth-
ylene triamine pentaacetic acid.

hance this contrast paramagnetic compounds are used. One of the most widely
used REE for medical diagnostics is Gd(IIT). Due to the seven unpaired elec-
trons it is an excellent contrast agent for MRI applications and the most efficient
of the REE to influence water proton relaxation. However, free Gd(III) not
complexed by a (chelate) ligand is toxic: The median lethal dose (LDs,) value
lies approximately in the concentration range that is applied during an MRI.
The amount of gadolinium used in an MRI corresponds to ~0.2 mmol per kg
body weight, which corresponds to ~2 g Gd(III)/MRI. Hence, Gd(III) is com-
plexed with chelators so that the resulting complex can be excreted safely via
the kidney after a short time. Here, complexes A and B shown in Figure 4 are
widely used. Gadolinium complexes may still be partially hydrolyzed in the body,
leading to deposits in tissue [43]. Nephrogenic systemic fibrosis has been dis-
cussed to be triggered by Gd-based MRI contrast agents [43, 44]. There is active
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interest to improve the safety and functionalities of classical contrast agents.
Further, the proton exchange of the -NH or -OH groups of contrast agents can
be used to change tissue contrast with the paramagnetic chemical exchange satu-
ration transfer (PARA-CEST) agents [45]. These agents have the potential to
be used for imaging of metabolic information (pH, temperature, metabolites
such as sugars or metal ions) [34, 41, 45].

3.2. Use of Rare Earth Elements in Therapy

Around 1900 several reports appeared in the literature about the use of cerium
compounds (such as cerium oxalate) against vomiting, in fact, Simpson had re-
ported on it in 1854 [7, 46]. Cerium has found further use in antimicrobials such
as Ceriform [47]. The burn ointment Phologsam contains samarium complexes
as antibacterial ingredient and is available as an over-the-counter ointment in
Hungary. Before Heparin was widely available, a neodymium-containing salt was
used under the name Thrombodym as anticoagulant [48]. Today, especially the
radioactive isotopes find use in medical therapy. The B-emitter *°Y is used em-
bedded in tiny glass particles (~25 um, TheraSphere®) and injected into patients
with liver tumors. Due to the injection in the arteries near the tumor tissue, a
localized buildup of the radioactive agent is possible. A more directed therapy
of specific tumors is possible with complexes D and E (Figure 4) that are deco-
rated with directing groups [49]. The samarium isotope '33Sm is used together
with the ethylenediamine-N,N,N’,N'-tetrakis(methylenephosphonic acid) ligand
(EDTMP) for pain treatment of bone metastases. Due to the phosphonate
groups of 3Sm-EDTMP (also known as Sm-lexidronam or Quadramet) it is a
bone-seeking drug which accumulates in rapidly growing bone regions. The emit-
ted B-particles alleviate pain by a yet unknown mechanism [38, 50]. The lutetium
complex C was used in clinical trials as a photosensitizer in the photodynamic
therapy of various malignancies such as prostate cancer. By application of light
(730 nm) C generates reactive oxygen species such as singlet oxygen which then
destroys the nearby tumor tissue [51]. Finally, lanthanum carbonate is used in
the therapy of hypophosphatemia in patients with decreased kidney function. 2—
3 g of this drug (Fosrenol®) is taken orally with meals and dissolves in the stom-
ach. The formed La(III) ions then precipitate phosphates present in the food,
after which the precipitates are excreted via the gastrointestinal tract. This excre-
tion relies on the poor solubility of LaPO, (Table 1). This substance is also used
under the name Lantharenol® for elderly cats with kidney problems [52].

4. OTHER APPLICATIONS OF RARE EARTH ELEMENTS
4.1. Rare Earth Elements in Agriculture

For more than four decades, REE have found application as fertilizers in agricul-
ture in China [8]. Formulations like Nongle (“Happy Farmer”) and Changle
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(“Happiness forever”) contain mainly chlorides or nitrates of the four most
abundant REE (La, Ce, Pr, Nd) in addition to other essential elements and
nutrients like amino acids and ammonium salts. It has been reported that appli-
cation of REE can increase plant growth, crop yields (enhanced biomass) and
starch, fat or sugar contents of different plants [8]. The exact mechanism of
action is unknown, but it was proposed that an interaction with the ribulose-1,5-
bisphosphate carboxylase (RuBisCO) enzyme is responsible for the positive ef-
fect [53]. However, the results of many of these studies have to be judged with
caution, as REE were applied either as the nitrate salts or simultaneously with
other N-containing compounds (e.g., urea). Further, studies can rarely be repro-
duced under Western country conditions and thus the reports on the growth-
enhancing effects remains ambiguous. The large discrepancies between the stud-
ies could also indicate that the phyllosphere, an important factor, was forgotten.
Plant symbionts could be one reason behind increased crop yields upon REE
addition. Many N,-fixing bacteria such as Bradyrhizobium sp. MAFF211645 are
plant symbionts and possess genes (xoxF) for lanthanide-dependent enzymes
(see also Section 5.2) [54, 55]. Hence, it seems plausible that REE fertilization
could help plant symbionts to thrive, which in turn has a beneficial effect on
plant growth. Dependent on the microbial composition of the soil and plant
phyllosphere it is thus likely that the effects of REE on plants might differ.

The growth-enhancing effect has not only been described for plants but also
in livestock animals [8, 56]. Feed additives have shown to increase body weight
gain by more than 20 % in pigs, cattle, sheep, and other animals along with an
enhanced feed conversion rate. The two most widely used REE are lanthanum
and cerium, often in combination. High bioavailability was shown with citrates
and these REE salts also have the advantage of being less hydroscopic than the
nitrates and chlorides. One such product is available in Switzerland under the
name Lancer® from the company Zehentmayer (Figure 5).

The Panel on additives and products or substances used in animal feed (FEED-
AP) of the European Food Safety Authority (EFSA) had concluded in an investi-
gation published in 2016 that Lancer® was safe for piglets when used below the
maximum dose of 250 mg/kg feed [57]. The mode of action has not been elucidat-
ed yet but the product is provisionally approved and used in Switzerland.

4.2. Separation and Sequestration of Rare Earth Elements
by Biological Means

To acquire, purify, and separate the technologically indispensable REE, biologi-
cal means have been explored extensively. Francis and coworkers have investi-
gated europium and curium adsorption on the cell surfaces of Chlorella vulgaris,
Bacillus subtilis, Pseudomonas fluorescens, and other microorganisms. They
showed that Eu(IIl) and Cm(III) were adsorbed differently depending on the
organism and that this process was not always pH-dependent [58].
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Figure 6. Culture of Methylorubrum extorquens with Nd-containing hard drive magnet.
On the left a culture at the beginning, on the right after a certain amount of time has
passed. Clearly visible is the increase in optical density, a result from bacterial growth on
Nd. Picture kindly provided by E. Skovran and H. Vu.

Horiike and Yamashita isolated an acidophilic fungal strain, Penidiella sp. T9,
and demonstrated that this fungus was able to acquire dysprosium (46 %,
100 mg/L), neodymium (50 %), and other REE during growth at acidic condi-
tions (pH 2.5) [59]. Organisms like these hold promise in recovery of REE from
acidic waste waters. La(III) bio-sorption and subsequent desorption was shown
by Kazy, Das, and Sar with Pseudomonas sp. [60]. This strain has also been
shown to be very effective in uranium and thorium accumulation. The La(III)
bio-sorption studies showed a pH optimum of 5 and a surprisingly fast accumula-
tion rate of 80 % within the first 30 minutes. The authors further demonstrated
that desorption of 98 % of the La(IIl) was possible by using a 1 M solution of
CaCQgs;. Studies into the mechanism of bio-sorption at the cell walls of microor-
ganisms have identified different possible mechanisms [61]. Lanthanide-binding
is proposed to take place at acidic groups on the cell surface (carboxyl, phos-
phate, and hydroxyl residues). Not only extracellular bioaccumulation but also
intracellular biomineralization of REE by microorganisms has been reported
recently. Maleke et al. showed in 2019, using transmission electron microscopy
coupled with energy-dispersive X-ray spectroscopy (TEM-EDX), that the ther-
mophile Thermus scotoductus SA-01 deposited Eu,(COj3); within its cells [62].
Remarkably, the bacterium Methylorubrum extorquens AMI1, that uses lantha-
nides for its methanol metabolism, was shown to store cytoplasmic lanthanum
in mineral form (as phosphate) [63]. Martinez-Gomez and coworkers confirmed
further, that a TonB/ABC transport system is involved in lanthanide uptake (see
Section 5.3). The involvement of this transport system of the same lanthanide-
utilizing organism (Mr. extorquens) had been established earlier by Ochsner et
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Figure 7. Separation of late REE on a bacterial surface of Roseobacter sp. At low pH
only the three heaviest REE stay bound to the surface.

al. [64]. It is important to note here, that one has to distinguish between those
organisms that accumulate REE non-specifically and those who actively use
REE in their metabolism. Especially attractive is also the mobilization of REE
directly from minerals or scrap metal. Here the tedious process of dissolving the
REE-containing compounds first is omitted. Pure and heterogeneous bacterial
cultures and fungi have been tested in the past [65]. Among the REE-utilizing
bacteria, Mr. extorquens was reported to be able to use neodymium from compu-
ter hard drive magnets for growth (Figure 6), albeit at higher concentrations
other components of the magnet (Fe, B, Ni) led to cytotoxic effects [66]. Thus,
there is still need to engineer these bacteria towards higher metal resistances for
future applications.

It was also demonstrated recently that metabolites of microorganisms can be
used to leach REE from End-of-Life (EoL) products like fluorescent lamps. In
a study with the Kombucha consortium, consisting of yeasts and acetic acid bac-
teria, by Hopfe et al., the Kombucha-produced metabolites, namely organic acids
such as acetic acid and gluconic acid, immobilized Y (IIT) and Eu(III) from fluo-
rescent phosphor (europium-doped yttrium oxide, YOX) [67]. Remarkably,
mixed cultures yielded better results than single strains or the isolated organic
acids. Other microbially produced organic ligands such as for example sidero-
phores have been shown to complex and mobilize REE [68, 69]. A high-affinity
REE-binding protein has been isolated from the above mentioned lanthanide-
utilizing bacteria Mr. extorquens [70]. This protein, termed lanmodulin (LanM),
exhibits features reminiscent of calmodulin albeit with a remarkable affinity for
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lanthanides over calcium. Yttrium and the lanthanides bind to LanM with pico-
molar affinities and affinities for calcium are in the millimolar range.

Not only recovery but also separation of REE can be achieved using microor-
ganisms. Bonificio and Clarke used Roseobacter sp. AzwK-3b cells for the sepa-
ration of Tm, Yb, and Lu from earlier lanthanides (Figure 7). Here, the cells
were immobilized on a filter surface and subjected to a mixture of REE at pH 7.
Then the surface was washed with nitric acid (HNOs3) solutions of different pH
(6 to 1.5) and it was observed that Tm, Yb, and Lu were desorbed at the lowest
pH once all other lanthanides had been already washed off [71].

5. IMPORTANCE OF RARE EARTH ELEMENTS
FOR BACTERIA

5.1. Rare Earth Elements in Bacterial C1 Carbon Metabolism
(Methanotrophy/Methylotrophy)

First indications for a real role of lanthanides in biological life were obtained
when studying the stimulation of expression of the XoxF-type methanol dehy-
drogenases (MDH) in Bradyrhizobium sp. MAFF211645 and Methylobacte-
rium radiotolerans by Ce(IIlI) and La(III) [55, 72]. Although the authors dis-
cussed the possibility of gene level regulation by lanthanides, the dogma of
REE being biologically inert was challenged by the discovery of La(III)-de-
pendent MDHs in the model plant phyllosphere colonizer Mr. extorquens AM1
[73, 74] and the thermoacidophilic methanotroph Methylacidiphilum fumarioli-
cum SolV [3, 75]. The genome of the latter bacterium only possesses a xoxF
gene, a homologue of the Ca(II)-dependent MDH gene (mxaFI) which was con-
sidered to encode for the only enzyme responsible for methanol oxidation in
methano- and methylotrophic bacteria. Strain SolV was isolated on a medium
containing mud pot water from its original habitat, the Solfatara crater. Growing
the pure culture was only possible with this mud pot water added to the medium.
The component of the mud pot water responsible for this effect was shown to
be inorganic in nature and finally it was shown that the mud pot water could be
replaced by REE [3]. Growth of strain SolV was strictly dependent on the pres-
ence of Ln(IlII) in the medium. Cells grown with a range of cerium concentra-
tions showed a proportional response to Ce(III) from 0 to 80 nM. Maximum
growth rates obtained with La, Ce, Pr or Nd were identical while REE with higher
atomic numbers like Gd resulted in 4-fold slower growth [3]. Thus far, two XoxF-
type MDH enzymes were purified from Methylacidiphilum fumariolicum SolV
and Methylotuvimicrobium buryatense SGB1C and their crystal structures
showed a Ln(III) ion in the active site [3, 76, 77]. The discovery of the biological
role for lanthanides initiated a new field of research that explored the role of
these elements in biological systems and expanded it to enzymes outside meth-
ane metabolism. Samples taken from the submerged plume of methane-rich wa-
ter during the Deepwater Horizon oil spill (Gulf of Mexico, April 20, 2010)
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showed a bloom of methanotrophic bacteria together with a depletion of light
REE:s (La, Ce, Pr, and Nd) from the surrounding seawater [78]. This observation
can be explained in terms of the biological role of REE for methanotrophic and
methylotrophic bacteria. Furthermore, the addition of REE to cultivation media
permitted the isolation of novel and uncharacterized bacteria from a variety of
different habitats [79-85].

5.2. Rare Earth Elements in Alcohol Dehydrogenases

The group of MDH enzymes belong to the large class of 8-bladed B-propeller
pyrroloquinoline quinone (PQQ)-containing proteins with each blade consisting
of a four-stranded anti-parallel B-sheet (Type I). The second type in this class
has a 6-bladed p-propeller structure and has no amino acid sequence homology
to the other type. Within the group of PQQ-containing proteins both membrane-
bound and soluble proteins exist. The membrane-bound PQQ alcohol dehydro-
genases (ADHs) may contain multiple cytochrome domains and a [2Fe-2S] site
[86, 87].

The soluble proteins within the 8-bladed B-propellertype are localized in the
periplasm and on average 600 amino acids in size. A cytochrome c protein
(cyt ¢p) functions as the electron acceptor module [88-93]. The MDHs share
their classification with ethanol and higher alcohol dehydrogenases [94, 95].
Since their discovery in 1964 [96, 97], MxaF-MDHs have been studied into great
detail [98]. However, based on molecular analysis the MxaF-MDH proteins seem
to represent only a minor fraction; most MDHs are XoxF-type proteins [99-102].
This is also supported by detection of mRNA expression levels in environmental
samples. In depth phylogenetic analysis of MxaF- and XoxF-type MDH protein
sequences available in public databases showed that XoxF-MDHs clustered in
five different XoxF families (XoxF1-5) and MxaF-MDHs formed a single sepa-
rate cluster [90, 103]. The genomes of methano- and methylotrophic microorga-
nism may encode several XoxF-MDH paralogs and orthologs but for MxaF-
MDH, if present, only one copy is found. After analysis of the phylogenetic tree
it was concluded that the development of the MxaF-type MDH seemed to be a
secondary evolutionary event: this MxaF-type descended from a XoxF prototype
[90]. Based upon the available crystal structures and the alignment of alcohol
dehydrogenases and both types of MDHs a lanthanide motif was proposed; D-
x-x-D-[YFW]-D, the third aspartate being the additional ligand for lanthanide
binding, replacing the alanine at this position in calcium-dependent enzymes.
Taking this into account all ADH types (1 to 9), except type 2a are potential
lanthanide-containing enzymes. Recently, evidence was obtained that indeed the
ADH-type alcohol dehydrogenases from Mr. extorquens AM1 and Pseudomo-
nas putida KT2440 are lanthanide-dependent ExaF/PedH enzymes [104, 105].
These findings were further extended by the recent survey of Huang et al. in
which Methyloversatilis sp. FAM1 and Methylopila sp. M107 were shown to
possess these enzymes [102]. In the latter survey it was also reported based
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on sequence database searches that lanthanide-dependent ADH enzymes occur
at similar frequencies compared to their calcium-dependent counterparts.

The XoxF5 cluster forms the largest group and branching of subgroups within
this cluster follows the taxonomic position of the microorganisms. All XoxF4-
MDHs are from betaproteobacterial Methylophilales species. The XoxF3-MDH
proteins comprise a mix of quinoproteins from a-, - and y-proteobacteria as well
as a MDH from Candidatus ‘Solibacter usitatus’ and represent the deepest branch
within the phylogenetic tree. XoxF2-MDHs are thus far restricted to the genera
Methylacidiphilum and Methylacidimicrobium, representing acidophilic methano-
trophic Verrucomicrobia, and Candidatus ‘Methylomirabilis’ species, nitrite-
dependent methane oxidizers. Besides the XoxF2-MDH, Candidatus ‘M. oxyfera’
contains a XoxF1-MDH. Other XoxF1-MDHs are found in the genomes of
o-proteobacterial Rhizobiales species and y-proteobacterial Xanthomodales
species.

5.2.1. The Active Site of Rare Earth Element Dehydrogenases

The overall architecture of MxaF- and XoxF-MDHs (Figure 8), including coordi-
nation of the PQQ cofactor, is fully conserved [3, 77, 106]. In the XoxF-MDH
of M. fumariolicum SolV the diffracting atom at the catalytic site could only be
a lanthanide. Changes at the catalytic site involved an aspartate (Asp301, num-
bering according to the crystal structure of strain SolV) replacing an alanine (in
MxaF-MDH) two positions upstream of the catalytic Asp299 (Figure 8).

In addition, a proline and an alanine conserved in MxaF-MDH (Pro264 and
Alal76, numbering according to the crystal structure of Mr. extorquens) were
replaced by a threonine and a glycine, respectively. Quinoproteins markedly dif-
fer in substrate specificities [90]. Substrate specificity may be depicted by the
volume of the PQQ-containing hydrophobic pocket at the catalytic site [95, 107]
with this volume being smallest for MDHs (18 A%) and larger for ADHs (62—
150 A3). A specific feature of MDHs is the presence of two cysteines (Cys386
and Cys415 numbering according to the crystal structure of Mr. extorquens)
around loop structure 4. These cysteine residues make a second disulfide bond
in the protein structure, next to the Cys103/Cys104 couple.

5.2.2.  Mechanism of Alcohol Oxidation

MDHs catalyze the two-electron oxidation of methanol to formaldehyde. Studies
on enzyme kinetics of MxaFI-MDHs showed the use of other primary alcohols
and formaldehyde as substrates, but with considerable lower substrate affinity
and at a lower V... Assays make use of redox dye-coupled reactions which
require a non-physiological high pH (8-11) for maximal activity and ammonia or
methylamine is often needed for activation [108]. XoxF-MDHs seem to oxidize
methanol with higher rates and higher affinity than MxaF-MDHs [90, 108]. The
XoxF-MDH from M. fumariolicum SolV has been extensively studied [3, 77, 93,
109, 110]. Besides methanol this enzyme is capable of oxidizing a range of prima-
ry alcohols and formaldehyde is converted to formate at high rate and with a
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Figure 8. Overall structures of MDH and active sites compared. Left: MxaF-type MDH
with calcium in the active site. Right: XoxF-type MDH with europium.

high affinity. These reactions show optimal activity at neutral pH and no ammo-
nia is needed for activation. Actually, this XoxF-MDH can convert methanol by
a four-electron oxidation directly to formate. Other alcohols are oxidized to their
corresponding aldehydes. Two mechanisms have been proposed: a hydride (H")
transfer from the substrate to the redox cofactor as well as nucleophilic attack
of PQQ by a methanolate anion (RO-, or CH307) forming PQQH,. Model
complex studies, density functional theory calculations, crystallographic studies
support both of these mechanisms although the hydride transfer seems more
plausible (Figure 9) [98, 109, 111-116]. PQQ is then regenerated by transferring
the two electrons to distinct cytochromes.

5.2.3. Impact of the Lanthanide Contraction

Not all REE stimulate growth of bacteria equally. Especially the early lantha-
nides lead to high growth rates in bacteria (Table 2). This is somewhat surprising
as the role of the REE is to act as a Lewis acid. The early, naturally more
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CO,H

PQQH; is oxidized back to PQQ by
attack of a methanclate hydride transfer cytochrome ¢ or cytochrome cg,
to form a hemiketal from substrate via two distinct gne.electron-sleps

Figure 9. Initial steps of the two proposed mechanisms of methanol oxidation by PQQ
containing MDH.

abundant lanthanides exhibit bigger ionic radii than the later ones due to the
lanthanide contraction. While the later ones are stronger Lewis acids, they also
often exhibit lower coordination numbers and slower ligand exchange rates,
properties that might not be beneficial for methanol oxidation catalysis here. Sc
and Y are rarely tested in growth experiments, but did not stimulate growth in
the few examples that are available in the literature [104]. Surprisingly, in addi-
tion to slower growth rates with, for example, Eu(Ill) compared to La(III), the
smaller REE are also depleted from the medium at a slower rate as was shown
for strain SolV [6]. The activity of the isolated methanol dehydrogenases are
also much higher with the early lanthanides [77, 89, 109].

These observations are in line with the findings during the Deep Water Hori-
zon catastrophe. Here it was observed that during the bloom of methanotrophic
bacteria, early lanthanides were depleted from the water around the platform
[78]. For M. fumariolicum SolV an uptake preference was observed within the
series of REE present in the supplemented volcanic mud pot water: Ce and La
disappeared more quickly compared to Pr and Nd [3].

5.3. Uptake and Regulation of Rare Earth Elements by
Bacteria

Although several bacteria are known that only possess a XoxF-type MDH, the
genomes of a large group of methanotrophs and methylotrophs encode for both
types of MDHs [75, 79, 80, 90, 117-119]. Studies on microorganisms with both
enzymes revealed that lanthanides transcriptionally regulate the expression of
mxaF and xoxF in a number of methylotrophs and methanotrophs [120-123].
Repression of the mxaF promotor and induction of the xoxF promotor by lantha-
nides is referred to as the ‘lanthanide switch’ [124]. The same switch, occurring
at low nM lanthanide concentrations, was reported for the PedH/PedE ADH-
type alcohol dehydrogenases in Pseudomomas putida [104, 125]. In Methylotuvi-
microbium buryatense it was demonstrated that the MxaY protein serves as a
lanthanide sensor, controlling the transcription of genes encoding MxaFI and
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XoxF through the response regulator MxaB [124]. Recently, it was reported that
the effect of lanthanides on XoxF/MxaF-MDH expression was not observed in
the presence of copper [126]. For ADH-type lanthanide-dependent alcohol de-
hydrogenases (PedH/PedE) it was shown that Cu(II), Zn(II), and in particular
Fe(II) ions can strongly interfere with the ‘lanthanide switch’ [127]. This suggests
that multiple levels of gene regulation by metals may exist in combination with
changing environmental conditions [128, 129]. Concerning the uptake mecha-
nism for lanthanides, differences may exist between bacteria that have both types
of MDHs and possess the ‘lanthanide switch’ and bacteria with only the XoxF-
type MDH [6]. For the latter group only transport to the periplasm is needed
for incorporation into the catalytic site while for the other group the ‘lanthanide
switch” will need lanthanides reaching the cytoplasm. Based on research per-
formed with Mr. extorquens and Methylotuvimicrobium buryatense SGB1C
models were depicted [63, 64, 70, 89, 130, 131]. Outside the cell the lanthanides
are bound to a chelator (‘lanthanophore’) [64, 108]. Transport of the chelator-
bound lanthanide to the periplasm takes place by the action of a TonB-type outer
membrane transporter. In the periplasm a lanmodulin transfers the lanthanide
to the apo-XoxF-MDH. To be able to act as regulator molecules, the lanthanide
can be further transported to the cytoplasm by an ABC-type transporter. In
the cytoplasm the regulatory cascade can be activated. More research, involving
different types of methylotrophic and methanotrophic bacteria, is needed to im-
prove our understanding of the regulatory mechanisms involved.

6. FUTURE DEVELOPMENTS AND APPLICATIONS

Even though many of the REE possess similar coordination chemistry proper-
ties, mankind has made substantial use of their different physical properties.
Their magnetic properties are explored in medical imaging, structural biology
and biochemistry. Many isotopes find application in imaging and therapy and
the luminescent properties of REE are extensively used in bioassays and for
lanthanide binding tags. REE often form poorly soluble compounds especially
with phosphates and are thus considered of low bioavailability. This is exploited
in medical and environmental applications like Fosrenol® or Phoslock™. Never-
theless, even though concentrations of REE are low in aquatic ecosystems, their
widespread abundance in the earth’s crust has prompted microorganisms to
evolve REE-dependent enzymes and proteins.

Some early lanthanides have been shown to be relevant or even essential for
many methanotrophic and methylotrophic bacteria. While the field of REE-
dependent bacterial metabolism is now thriving, there are many unanswered
questions on uptake and regulation in bacteria as well as on enzymatic mecha-
nisms that remain.
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ABBREVIATIONS

AAS atomic absorption spectroscopy
ADH alcohol dehydrogenase

DNA deoxyribonucleic acid

GB1 immunoglobulin binding domain of protein G
ICP inductively coupled plasma
LBT lanthanide binding tag

LoD limit of detection

MDH methanol dehydrogenase

MRI magnetic resonance imaging
MS mass spectrometry

NMR nuclear magnetic resonance
OES optical emission spectroscopy
PQQ pyrroloquinoline quinone

REE rare earth elements

XAS X-ray absorption spectroscopy
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Acidimicrobiaceae sp., 210
Acidimicrobium ferrooxidans, 191
Acidithiobacillus
ferridurans, 191
ferrooxidans (At. ferrooxidans), 191, 192,
198, 210
prosperus, 191
Acidophilic
bacteria, 210, 212, 312, 314
fungi, 310
iron(II) oxidation, 190-192, 206
Actinides, 12
Adenosine 5'-diphosphate (ADP), 49, 139, 189,
199
ATP/ADP ratio, 141, 148, 153
Adenosine 5'-phosphosulfate (APS), 45, 71, 75
reductase, 65
Adenosine 5'-triphosphate (ATP), 36-39, 42,
44-46, 70, 71, 75, 139, 141, 148, 231, 290

ATP/ADP ratio, 141, 148, 153
-binding cassette, see ABC
hydrolysis, 234-236
synthase, 46, 141, 189, 192, 199
synthesis, 46, 49, 51, 190, 193
Adenylylsulfate reductase (Apr), 70-75
ADH, see Alcohol dehydrogenases
ADP, see Adenosine diphosphate
Aerobactin, 240-242
Aerobic
iron oxidation, 43, 61, 186, 191
microorganisms, 3, 15, 17, 40, 43, 44, 49, 50,
52,249
respiration, 17, 34, 36-38, 52, 273
sulfide oxidation, 52-54
Aeromonas sp., 247
Albidiferax ferrireducens, 212
Alcaligenes faecalis, 143
Alcaligin, 239, 241
Alcohol
dehydrogenases (ADH), 21, 22, 313-318
oxidation, 314, 315
Algae (see also individual names), 93, 99, 278
Alkaline
hydrothermal vent, 144, 146, 153, 154
lake, 24, 169
Alteromonas putrefaciens, 12
Aluminum, 230, 256, 290
APt 237,257
Americium, 257
Ammonia, 36, 39, 42, 43, 49, 152, 278, 281, 314,
315
oxidation, 39, 42, 43, 51
Ammonium (NHY), 36, 87, 88, 186, 202, 209,
216
anaerobic oxidation, see Anammox
Anabaena sp., 242, 243
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Anaerobic
bacteria (see also individual names), 44, 49,
50
enzymes, 35, 38
metabolism, 38, 47, 52, 281
microorganisms (see also individual names),
3,15, 35, 41, 51, 186, 247, 278
oxidation of methane (AOM), 44, 210
respiration, 34, 36-38, 45, 187, 188, 246, 249
sediments, 173
Anaeromyxobacter dehalogenans, 212
Anammox process (anaerobic ammonium
oxidation), 43, 48, 202, 214
Angiococcus disciformis, 239
Anhydrite, 19, 20
Anoxygenic photosynthesis, 9, 10, 17, 35, 204
Antibiotics, 54, 211, 256
resistance, 242, 281, 286
Anticoagulant, 307
Antimony (Sb), 12, 15
Antiporters, 203, 232, 242
AOM, see Anaerobic oxidation of methane
APS, see Adenosine 5'-phosphosulfate
Archaea, 13, 34, 38, 42, 50, 191, 210, 254, 280-
282
alkaliphilic, 212
hyperthermophilic, 211, 212, 245
methanotrophic, 210
Archaean ocean, 230
Archaeoglobus fulgidus, 7, 71
Arsenic, 215, 255, 291
As(V), 215
toxicity, 291
Arsenite, 141, 255, 291
oxidase, 143
Ascorbate peroxidase, 22
Atmosphere, 1, 15-17, 20, 35, 50, 138, 194, 233,
237,281
Atomic absorption spectroscopy (AAS), 301
ATP, see Adenosine 5'-triphosphate
ATPase(s), 49, 190, 233, 236, 243, 278, 285, 288
P-type, 232, 234, 282
Auger effect, 84
Azotobacter vinelandii, 238, 242, 278
Azurin, 233

B

Bacillus sp., 98, 248
acidithio-, see Acidithiobacillus
anthracis, 242
lacto-, 233
megatherium, 143
subtilis, 232, 308
sulfo- acidophilus, 191

SUBJECT INDEX

sulfo- thermosulfidooxidans, 191
thio- ferrooxidans, 12, 191, 247
Bacteria(l) (see also individual names), 12-14,
34, 38-54, 61, 72, 191, 194, 229-259,
273-291, 300, 301, 302, 311-318
acidophilic, 191, 210, 212, 312, 314
anaerobic, 41, 44, 49, 50, 278
cable, 53
chemolithotrophic, 45
cyano-, 10, 15, 17, 18, 39, 230, 234, 272, 287
denitrifying, 200, 201
entero-, 238, 259
gram-negative, 165, 230, 233, 235, 236, 240,
242-244, 254, 280, 282, 285, 287, 288
gram-positive, 230, 235, 240, 243, 247, 254,
280, 287, 288
growth, 14, 211, 276, 310, 315
infections, 281, 287, 291
iron(II)-oxidizing, 12, 14, 61, 168, 174, 186,
188, 190-208, 215
iron(III)-reducing, 41, 174, 186, 198, 208-
215, 247, 248
lithotrophic, 48
magnetite, 177
magnetosomes, 170, 171, 174, 176
magnetotactic, 159-176
marine, 18, 240, 247
metal-reducing, 13, 257
methane-oxidizing, 48
methanotrophic, 237, 312, 313, 316, 318
methylotrophic, 312, 313, 318
mixotrophic, 168, 200, 201
nitrate-reducing, 202
nitrogen-fixing, 42, 308
pathogenic, 233, 234, 237, 244, 276, 279
peroxidases, 22
phototrophic, 35, 39, 45, 49
proteo-, 161-163, 171, 196-199, 248, 284,
286, 314
rare earth elements-utilizing, 311, 318
sulfate-reducing, 2, 257, 289
sulfide-oxidizing, 53
sulfur-reducing bacteria, 2, 42, 170
thermophilic, 247
Bacterioferritin, 167
Banded iron formation (BIF), 35, 205, 230
BAPTA, see 1,2-Bis(o-aminophenoxy)ethane-
N,N,N’,N'-tetraacetic acid
Barium, 19
Bastnaesite, 300, 301
Beggiatoa spp, 52, 53
Benzene, 23, 44, 117, 209, 238, 247
Benzoyl-CoA, 44
Binding constants (see also Formation constants
and Stability constants), 237, 303, 305
Bioavailability, 12, 18, 171, 175, 187, 205, 230—
233, 274, 275, 278, 308, 318
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Bioenergetics, 18, 50, 136, 137, 139, 140-143,
148, 150, 152
Biofilm, 51, 252, 255
formation, 14, 231, 255, 286
Biofuels, 258
Biogeochemistry, 11, 12, 14, 60, 76, 169, 175
cycles, 2, 9, 13-15, 245, 278, 289
iron cycling, 186-188, 205, 209, 211, 214,
216
Biohydrometallurgy, 12
Bioleaching, 12, 192, 210
Biomarkers, 17, 177
Biomass, 34, 35, 42, 51, 70, 136, 168, 175, 186,
201, 204, 206, 308
Biomineralization, 12, 15, 19, 159-184, 194, 195
magnetite, 162, 165-171, 174, 175, 177
magnetosomes, 162-167, 169, 173
rare earth elements, 310
Biomining, 256, 300
Bioreactors, 49, 51
Bioremediation, 13, 15, 215, 245, 248, 256-258
Biosensors, 198, 258
Biotechnology, 13, 50, 186, 191, 198, 201, 206,
215, 230, 258
Biotite, 187
1,2-Bis(o-aminophenoxy)ethane-N,N,N’,N'-
tetraacetic acid (BAPTA), 109, 111, 124
Bismuth, 291
Bisucaberrin, 239
Black Sea, 175
Bonds
breaking, 70, 71
C-C, 272
C-H, 272
Co3*t-C, 234
disulfide, 314
hydrogen, 111, 272
N,N triple, 49
peptide, 240
thioether, 22
Borrelia burgdorferi, 279
Bradyrhizobium sp., 308, 312
Buffer, 83, 102, 103, 109, 119, 120, 121, 124, 272,
275, 276, 289
isotonic ammonium acetate, 87, 88
phosphate, 88
Burkholderia sp., 245

C

Cable bacteria, see Bacteria
Cadmium, 288
Cd?+, 237, 288, 289
toxicity, 288, 289

327

Calcium, 18-22, 86, 88, 92, 93, 99, 230, 231, 232,
302, 312-315
Ca(1I), 18-23, 109, 110, 111, 119, 124, 125,
230, 232, 302, 304, 305, 312, 317
homeostasis, 232
sulfates, 20
Calprotectin, 276
Calvin cycle, 46, 60, 61, 70-73, 206
Cancer, 256, 307
Candidatus (Ca.) Kuenia stuttgartiensis, 212
M. oxyfera, 314
Magnetobacterium bavaricum (Ca. M.
bavaricum), 162, 165, 170, 173, 174
Magnetoglobus multicellularis, 171
Methanoperedens ferrireducens, 210
Methylomirabilis, 314
Solibacter usitatus, 314
Carbon, 9, 15, 18, 36, 43, 47-49, 60, 69, 87, 100,
168, 175, 189, 201, 209, 211, 213, 214,
234,237, 246, 284
12C, 99
13C, 127, 128
13¢C/12C, 60, 61
C-C bond, 272
C-H bond, 272
Co>*—C bond, 234
cycle, 16, 23, 214
fixation, 8, 60, 61, 67
isotopes, 60, 69, 70, 73, 75
metabolism, 312, 313
mineralization, 248
radical, 234
Carbon dioxide (CO,), 9, 17, 35-41, 43, 44, 46,
48, 51, 60, 69, 70, 73, 136, 141, 146, 148,
201, 204, 206, 213, 247, 248, 276, 280
fixation, 46, 70, 73, 74, 187, 188, 205, 214,
235
Carbon monoxide dehydrogenase, 38, 235
Carbonate (CO3), 18, 19, 40, 150, 151, 307
Carboxydothermus hydrogenoformans, 143
Carboxylate(s), 110
siderophores, 239, 241
Carboxylation, 70
Carboxythermus ferrireducens, 255
Carcinogenicity
chromium, 278
Catecholate, 238
siderophores, 165, 278
CCNIR, see Cytochrome c nitrite reductase
Cerium, 307
oxalate, 307, 308, 312
Cesium, 98, 257
Chalkophores, 234, 237
Chemolithotrophic
bacteria, 45, 187
iron(II) oxidation, 188-204
Chemolithoautotrophic, 9, 170, 187, 202
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Chlorella
pyrenoidosa, 72, 73
vulgaris, 308
Chloride, 150, 151, 308
CI, 86, 88
Chlorite (CIOy), 187
Chlorobium ferrooxidans, 204, 205
Chromite ((Fe, Mg)Cr,0,), 278
Chromium (Cr), 12, 14, 15, 249, 272, 275, 278
carcinogenicity, 278
Cr(I11), 215
Cr(IV), 215
Cr(V)
Cr(VI), 215, 249
Citrate siderophore, 240
Citrobacter sp., 248
Clays (see also individual names), 10, 11, 14,
149-153, 187, 302
Climate, 15, 17
change, 23
Clostridium sp., 248
kluyveri, 46, 47
pasteurianum, 143
Cobalamins (see also Vitamin By,), 143, 281
Cobalt (Co), 12, 14, 143, 231, 233, 234, 256, 272,
274, 275, 281, 282
Co(1D), 215, 230, 232, 234
Co(111), 237
Co®>*-C bond, 234
Coelibactin, 237
Comamonas badia, 202
Compound I (Fe(IV)=0), 22
Computed tomography (CT), 93, 94, 121
Contrast agents (see also individual names),
123, 124, 126, 301, 306
Gd(I1T)-based, 123, 124
paramagnetic, 123, 306
Copper (Cu), 24, 12, 14, 22-24, 83, 85-89, 92,
96, 97, 99-102, 143, 231-233, 234, 237,
256, 272277, 282-286, 301, 318
Cu(I), 102, 106-108, 234, 277, 283, 285, 286
Cu(II), 108, 233, 276, 318
Cu?*/Cu* couple, 233, 282
CuA center, 4, 22
CuZ center, 4, 22
detoxification, 282
proteins, 192, 193, 203, 282, 284, 285
resistance, 282-284, 286
toxicity, 233, 276, 277, 281, 285, 286
Coprogen, 244
CT, see Computed tomography
CTEA, see N,N-bis[2-(carboxymethyl)-
thioethyl]amine
Cupriavidus metallidurans, 286
Curium, 308
Cyanobacteria, 10, 15, 17, 18, 39, 230, 234, 272,
287

SUBJECT INDEX

Cytochromes, 13, 37, 40, 192, 198, 203, 206, 214,
252, 255, 258, 313, 315
b-type, 253
bcy, 46, 206
bd, 100
¢, 13,22, 164, 168, 198, 199, 203, 205-207,
210-213, 250, 253-255, 313
Co, 206
cs3, 255
¢y, 192,193
¢y, 255
cd;, 203
porin-, 198, 206, 212, 214, 250, 252, 253
Cytochrome c nitrite reductase (CCNIR), 3, 5,
13,21
Cytochrome ¢ oxidase (CcO), 46, 144, 192, 193,
233
Cytochrome c peroxidase, 22

D

Deepwater Horizon well blowout, 312, 316
Deferasirox (Exjade), 256
Deferiprone (Ferriprox), 256
Dehalococcoides spp., 215
Dehydrogenases (see also individual names), 73

active site, 314, 315

alcohol, 21, 22, 313-318

carbon monoxide, 38, 235

formate, 250

formylmethanofuran, 143

methanol, 312-318

NADPH, 193

rare earth elements, 313, 314

thiocyanate, 24
Delftia acidovorans, 286
Denitrifying bacteria, 200, 201
Denitrivibrio acetiphilus, 212
Density functional theory (DFT), 72, 106, 315
Deoxyribonucleic acid, see DNA
Desferrioxamine (Desferal), 256
Desulfitobacterium spp., 215
Desulfovibrio sp., 247, 255

alaskensis, 72, 75

gigas, 249

vulgaris, 71, 249

vulgaris Hildenborough, 71

vulgaris Miyazaki, 72
Desulfuromonas acetoxidans, 247, 255
Desulfurispirillum indicum, 212
Detoxification (of), 235, 237, 245, 257

copper, 282

metal ions, 173

reactive oxygen species, 22

silver, 285
Diagnostic techniques, 305-307
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Dielectric constants, 150
Dihydrogen (see also Hydrogen), 45, 50, 209,
245,272
Dinitrogen (see also Nitrogen), 16, 34, 36, 42,
278
Dioxygen (see also Oxygen), 9, 10, 13, 15-18,
20, 21, 34-44, 52, 53, 167, 168, 170, 172—
174, 187, 188, 190, 191, 193, 194, 197,
214, 246, 272, 273, 279, 280, 282, 286
Direct interspecies electron transfer (DIET),
210
Disequilibrium, 139
conversion, 148
Dissimilatory
iron(I1T) reduction, 209-211, 230, 245, 248
metal-reducing organisms (DMRO), 13,
231, 245-250, 255
nitrate reduction, 202, 203
redox chemistry, 245-255
sulfate reduction, 45
sulfite reductase (Dsr), 7, 45, 70-75
Disulfide bond, 314
2,2'-Dithiodipyridine (DTDP), 120, 121
DMRO, see Dissimilatory metal-reducing
organisms
DNA, 34, 231, 282, 302-304
Dolomite, 19
DPEN, see N,N-di(2-picolyl )ethylenediamine
Drugs (see also individual names), 164, 256, 307
DTDP, see 2,2'-Dithiodipyridine
Dual-wavelength ratiometric probes, 103, 109
Dulbecco’s phosphate-buffered saline, 88
Dysprosium, 310, 317

E

E. coli, see Escherichia coli
Earth, 1, 8, 11, 14, 35, 137, 209, 230, 248, 279,
280, 290
atmosphere, 15, 20
crust, 17, 19, 35, 39, 209, 274, 280, 300, 318
early, 10, 16, 23, 60, 144, 194, 205, 274, 278-
280, 282
history, 2, 8, 9, 16, 59-76
magnetic field, 172
origin of life, 8, 10-12, 23, 138
surface, 10, 15, 17, 230
Ecosystem, 23, 60, 61, 75, 76, 301, 318
EDTA, see Ethylenediamine tetraacetic acid
EFSA, see European Food Safety Authority
EIE, see Equilibrium isotope effect
Electron bifurcation, 46, 47, 148
Electron paramagnetic resonance (EPR), 2,
142, 303
Electron shuttle, 189, 211, 213, 214, 246, 250,
255

329

Electron transfer, 11, 22, 41, 105, 108, 141, 151,
152, 154, 189, 193, 202, 204, 210, 211,
211, 216, 246, 253-255, 280
extracellular (EET), 13, 41, 42, 187, 198,
212-214, 230, 246, 249-259
intramolecular, 103, 104, 208
photoinduced, 103, 104
Elemental
imaging, 84, 88, 91-93, 98, 99
map, 87-90, 92, 93, 97, 98, 101, 127
Elemental
mercury, 249
selenium, 248
sulfur, 41, 211, 214, 247
Emergence of life, 23, 135-155
Energy, 9, 11, 12, 34, 37, 39, 41, 42, 45, 46, 51,
63, 64, 67, 70, 73, 84-86, 88-90, 98-100,
104-108, 111-116, 118, 119, 122, 187,
188, 214, 231-236, 241-245, 258, 275
applications, 300
conservation, 13, 15, 17, 49, 50, 189, 190,
194, 199, 201, 204, 247-249
conversion, 50, 136, 137, 140, 141, 143, 144
free, 13, 67, 68, 73, 74, 77, 138-141, 194, 199
metabolism, 36, 38, 47-49, 52-54
“minimum”, 49
transfer, 304
Energy-coupling factor transporter (ECF), 234
Enterobacteria, 238, 259
Environmental pollutants, 214, 215, 258
Enzymes (see also individual names), 21, 22, 36,
38, 4244, 47-51, 54, 60-76, 145, 153,
216, 234, 235, 240-242, 249, 275, 278,
279, 281, 282, 284, 305, 308, 312, 313,
314, 316, 318
anaerobic, 35, 38
bioenergetic, 141-144, 148, 150
catalysis, 35
cytoplasmic, 141
metallo-, 2-8, 18, 23, 40, 143, 144, 231, 233,
235, 279, 281
outer membrane, 211
periplasmic, 233
redox-active, 168, 280
EPR, see Electron paramagnetic resonance
Equilibrium
dis-, 139
isotope effect (EIE), 63, 64, 66, 69, 72, 74
Erwinia chrysanthemi, 242
Escherichia coli (E. coli), 165, 232, 234, 236,
237, 240, 242, 244, 276, 277, 279, 281-
283, 285, 291, 305
ESIPT, see Excited-state intramolecular proton
transfer
Ethylmalonyl-coenzyme A, 201, 234
Eukaryotes, 9, 10, 18, 34, 141, 170, 171, 255-
259, 276, 278, 279, 281, 286, 289
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European Food Safety Authority (EFSA), 308

Europium(III), 257, 303-305, 308, 311, 316

Extended X-ray absorption fine structure
(EXAFS), 142

Excited-state intramolecular proton transfer
(ESIPT), 111

F

Fe-ammox, 209, 210
Feed additives, 308, 309
Fenton reaction, 273, 280
FeMo cofactor, 234
Feo, see Ferrous iron transport system
Fermentation, 13, 34, 36, 45, 52, 54, 281
Ferribacter limneticum, 248
Ferrichrome, 244
Ferric (see also Iron(11I))
siderophores, 240-244, 258, 275, 278, 280,
286, 290
uptake regulator (Fur), 166, 233, 236, 240,
280
Ferrihydrite, 213, 167, 168, 187, 188, 205, 209,
210, 255
Ferrimonas sp., 247
Ferrioxamine
B, 244, 256
E, 237, 239
Ferriphaselus
amnicola, 196, 197, 199
strain R-1, 196, 197, 199
Ferritins, 167, 284
bacterio-, 167
Ferredoxin, 37, 42, 47, 49, 244, 245
Ferromicrobium acidophilum, 191
Ferroplasma
acidarmanus, 191
acidiphilum, 191
thermophilum, 191
Ferrous iron transport system (Feo), 233, 236,
280
Ferrovum myxofaciens, 191
Fertilizer, 54, 201
Flagellates, 171
Flavins, 47, 144, 148, 213, 244, 250, 253
Flavobacterium sp., 248
Flavodoxin reductase, 278
Fluorescence, 82-85, 107, 108, 110, 117
assay, 304
confocal microscopy, 82, 83
contrast optimization
imaging, 93, 97, 98, 101, 109-111, 119, 124,
128
microscopy, 83, 84, 101, 112-114, 119, 127
probes, 102, 105, 110-112, 114, 118-120, 124
quenching, 105, 108

SUBJECT INDEX

spectroscopy, 122
switching, 103, 104, 106
synchrotron X-ray microscopy (SXRF), 82,
83, 85-87, 90-92, 101, 126, 127
X-ray (XRF), 84-92, 94, 95, 97
X-ray microtomography, 93, 94, 96
Fluorescein, 113, 114, 118
Fluorite (CaF,), 20
Formaldehyde (H,CO), 43, 87, 314
Formate (HCOO"), 141, 146, 213, 247
dehydrogenase, 250
Formation constants (see also Binding constants
and Stability constants), 238, 276
Formic acid (HCOOH), 43
Formylmethanofuran dehydrogenase, 143
Forster resonance energy transfer (FRET), 111
Fosrenol®, 307, 318
Fossil, 10
fuels, 17, 281, 290
magneto-, 160, 176, 177
micro-, 60
Fougerite, 136, 144-147, 149, 150, 152, 153
Free radicals, 234
Freshwater, 37, 54, 161, 169-171, 176, 196-199,
202-207, 210, 233, 246, 248
sediment, 37, 161, 176, 194, 201, 204
FRET, see Forster energy transfer
Fumarate reductase, 143, 252
Fungi, 12, 233, 240, 278, 282, 310, 311
Fura-2, 109-112, 118-120, 124

G

G-proteins, 236
Gadolinite, 300, 301
Gadolinium, 301, 305, 306
Gd(I11), 123-125, 303, 306
-based contrast agents, 123, 124
-based magnetic resonance imaging, 124,
306
Gallionella, 40
capsiferriformans, 196, 198, 199
ES-2, 203
ferruginea, 196, 197
Gallionellaceae sp., 194, 202, 203
Gene(s), 164, 168, 198, 203, 206-208, 240, 245,
254,282, 285, 312, 317, 318
Genotoxicity, 278
Geobacter spp., 13, 14, 211-215, 245-247, 253,
254
metallireducens, 23, 214, 215, 246, 248
sulfurreducens, 212-215, 246, 250, 253, 254
Geobacteracaea, 213, 246
Geothrix fermentans, 212
Gibbs free energy (G%), 67, 68, 74, 194, 199
Glucose, 13, 88, 126, 209
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Glufosinate (Phosphonitricin), 39
Glutathione, 273, 289-291
Glycine radical, 44
Glycolysis, 44, 51, 70
Glyoxalase I, 235
Goethite, 13, 14, 147, 152, 187, 188, 205, 210
Gold, 87, 89, 248, 256, 285, 286

Audt, 237,248

toxicity, 248, 285, 286
GR, see Green Rust
Gram-negative bacteria, see Bacteria
Gram-positive bacteria, see Bacteria
Great Oxidation Event (GOE), 2, 15-18, 230,

233
Green Rust (GR), 136, 149, 150-153
Greenhouse gas, 202, 210
Greigite, 136, 144-146, 149, 150, 153, 160, 162,
164, 165, 169, 170, 171, 174, 175, 177

Groundwater, 37, 38, 40, 194, 201, 215, 257, 291
Gypsum, 20

H

Haber-Bosch process, 42
Haber-Weiss reaction, 273, 280
Haemophilus influenza, 244
Helicobacter pylori, 281
Hematite, 10, 167, 187, 188, 215
Heme, 22, 40, 143, 193, 212, 244, 245, 272
-heme interactions, 13
multi-, 3, 5, 13, 168, 203, 206, 210, 213, 214,
250-255, 258, 278
peroxidase, 21, 22
siro-, 3, 7, 71
Hemochromatosis, 256
Hemophores, 233, 234, 244, 245
Hemotoxicity, 278
Heparin, 307
Herbicides, 39
Highest-energy occupied molecular orbital
(HOMO), 105, 106
High potential iron-sulfur protein, 206
High resolution transmission electron
microscopy, 167
Homeostasis, 190, 231
calcium, 232
dis-, 272, 273, 277
iron, 280
metal, 231, 289
zinc, 287, 288, 292
Hornblende, 187
Horseradish peroxidase, 22
Hot springs, 169
Humic substances, 12, 17, 36, 40, 209, 211, 250
Hydrazine (NH,NH,), 43, 152
Hydrocarbons, 15, 17, 34, 36, 43, 44, 49, 136-
138, 215

331

Hydrogen, 13, 48, 121, 122, 148, 249

bond, 111, 272

di-, 45, 50, 209, 245, 272

electrode, 146

peroxide, 22, 35, 278

phosphate, 278

sulfide (H,S), 9, 36, 45, 52, 53, 60, 63, 71
Hydrogenases, 50, 54, 250, 255

[Fe-Fe], 143

[Ni-Fe], 143, 148, 235, 281
Hydrogenophilus thermoluteolus, 143
Hydrothermal vents, 9, 10, 136, 191, 194, 212,

279, 280

alkaline, 144, 146, 153, 154
Hydroxamate(s), 238, 239, 241, 244

-type siderophores, 165, 239, 241, 244
Hydroxyl

group, 44

radical (*OH), 16, 35, 273, 282
Hydroxylamine (NH,OH), 43
Hyperthermophiles, 9, 211, 212, 245, 248, 279
Hypophosphatemia, 307
Hypophosphite (H,PO; ), 39

ICP-MS, see Inductively coupled plasma mass
spectroscopy
ICP-OES, see Inductively coupled plasma
optical emission spectroscopy
ICT, see Intramolecular charge transfer
Ignavibacterium album, 212
Igneous rocks, 10
Illite, 187
Imaging, 81-130, 305, 307, 318
fluorescence-based, 84-88, 91, 92, 93, 96-98,
100, 102, 110, 124, 126, 127
magnetic resonance, see Magnetic
resonance imaging
mass spectrometry-based, 97-101
metals, 82-84
ratiometric, 108-112, 119-121
techniques, 82, 84
Inductively coupled plasma mass spectroscopy
(ICP-MS), 128, 301
laser-ablation (LA), 82, 83, 99-101, 127
Inductively coupled plasma optical emission
spectroscopy (ICP-OES), 301
Infectious diseases, 256
Inorganic phosphate (P;), see Orthophosphate
Intramolecular charge transfer (ICT), 111, 119
Iodine, 257
Iron (Fe), 3, 12, 18, 19, 22, 35, 42, 50, 96, 101,
152, 175, 230, 231, 233-244
bioavailability, 18, 233, 234, 280
biominerals, 159-178
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cycling, 13, 171, 177, 186-188, 205, 209, 211,
214,216
extracellular, 165, 166, 255
Fe3*/Fe? " couple, 13, 14, 166, 187, 190, 248
[Fe-Fe] hydrogenase, 143
Fe-S clusters, 40, 143, 144, 146, 272, 279-
281
homeostasis, 280
intracellular, 165, 174, 175, 256
metabolism, 214, 216
minerals, 40, 187
non-heme, 82
overload, 82, 256
oxidases, 166, 168, 199
oxides, 13, 35, 38, 40, 41, 152, 167, 168, 187,
233, 254
oxidizers, 198, 202, 216
oxyhydroxide, 40, 136, 146, 149-153, 195,
196, 255
redox potentials, 187
reductases, 166, 168, 244, 255, 278
respiration, 192, 214, 245, 248
respiratory chain, 192, 193, 245
sequestration, 160, 165-167, 174, 215, 281
siderophores, 238, 240, 256, 275
speciation, 186, 187
sulfide (FeS), 8, 42
-sulfur, 3, 9, 12, 16, 17, 40, 141, 144, 206,
272,279, 280
transport, 164-167, 175, 233-236, 241, 243,
245, 279, 280, 310, 318
uptake, 165-169, 190, 236, 244, 245, 256,
278, 280
Iron(11), 17, 29, 35-42, 52, 147, 150, 152, 165—
170, 174, 185-217, 230, 233-237, 233,
236, 240, 241, 244, 246-248256, 274, 280,
305, 318
minerals (see also individual names), 187,
191, 205
Iron(II) oxidation, 12, 14, 38, 40, 61, 167, 168,
187, 188, 190-194, 197-208, 214-216
aerobic, 43, 61, 186, 191
acidophilic, 190-193, 206
chemolithotrophic, 188, 189
metabolic pathway, 192, 198, 206-208
microaerophilic, 194
nitrate-reducing, 199
-oxidizing bacteria, 12, 14, 61, 168, 174, 186,
188, 190-208, 215
phototrophic, 204-208
Tron(I11), 22, 29, 39, 42, 82, 123, 147, 150-152,
165-168, 174, 187, 188, 190, 191, 194,
199, 200, 208, 211, 213-215, 233, 236—
248, 254, 256, 280, 284
dissimilatory, 209
mechanisms, 211, 212
metabolic pathways, 209

SUBJECT INDEX

minerals (see also individual names), 13, 14,
187-189, 194, 205, 208, 211-215
oxides, 35, 38, 40, 41, 152, 167, 187, 254
(oxyhydr)oxide, 40, 187, 194-198, 200, 208—
212, 215, 274
-reducing bacteria, 41, 174, 186, 198, 208-
215, 247, 248
reduction, 36, 39-41, 168, 174, 186, 188, 189,
194, 205, 208-216, 230, 246-248, 254
-siderophores, 241, 243, 244, 258, 275, 278,
280, 286, 290
Irving-Williams series, 230, 273, 275, 276, 279,
281
Isotonic ammonium acetate (buffer), 87, 88
Isotopes (see also individual elements), 17
distributions, 60
fractionation, 60-77
stable, 60-77

K

Kaolinite, 14
Kinetic isotope effect (KIE), 65, 66, 70
Kok cycle, 21

L

LA-ICP-MS, see Laser ablation inductively
coupled plasma mass spectrometry
Laccase, 233
Lactate, 45, 209, 213, 247, 249
Lactobacillus, 233
Lake, 169, 204, 274
Chiemsee, 160, 170, 177
Ontario, 291
Pavin, 175
saline alkaline, 24, 169
sediments, 17, 36, 49, 52, 201, 211
Lancer®, 308, 309
Lanthanides (see also individual elements),
301-318
Ln(I1I), 302, 304, 312
-based agents, 306
switch, 316-318
Lanthanum, 300, 302, 307, 308, 310
La(11I), 303, 307, 310, 312, 316
Laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS), 82, 83, 99—
101, 127
Latescibacteria, 162
Layered double oxyhydroxide, 136, 150
LDs, 306
Lead, 17, 291
Pb(II), 237, 257, 288, 291
Legiobactin, 241, 242
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Legionella pneumophila, 242
Lepidocrocite, 152, 205
Leptospirillum
ferriphilum, 191
ferrooxidans, 191
Leptothrix ochracea, 196, 197
Life, 60, 61, 76, 230, 231, 233, 234, 237, 238, 242,
312
emergence, 8-16, 19, 20, 23, 135-154
evolution, 36, 38, 39, 49, 272, 280
Limestone, 19
Lipids, 21, 87, 104, 116, 120, 137, 252, 280, 282
phospho-, 39, 164
Lithified microbes, 60
Lithotrophic
microbes, 48
oxidation, 34, 38, 39
Lowest-energy unoccupied molecular orbital
(LUMO), 105, 106
Luminescence, 304, 305
Lutetium, 300, 307
Lu(III), 303
Lyme disease, 279

M. aquaticum, 317
M. mobilis, 317
Mackinawite, 136, 144, 145-147, 149, 150, 153,
187
Maghemite, 174, 215
Magnesium, 231-233
homeostasis, 231
metabolism, 230
Mg(1I), 106, 116, 117, 230, 232, 233, 304
transporters (see also individual names),
231,232
Magnetic drug targeting, 164
Magnetic resonance imaging (MRI), 82, 83,
121-127, 164, 301, 305
Gd(III)-based, 124, 306
Magnetite, 146, 152, 160-168, 171, 174-177, 187,
205, 209, 213, 247
biomineralization, 162, 165-171, 174, 175,
177
Magnetococcaceae, 175
Magnetofossils, 160, 176, 177
Magnetosomes, 160-177
biomineralization, 162-167, 169, 173
island (MAI), 164-166
Magnetospirillum sp., 163
gryphiswaldense, 163-169, 173, 176
magneticum, 165-168, 174, 177
magnetotacticum, 165-168
Magnetotactic bacteria (MTB), 160-177
Magnetotaxis, 160, 161, 172, 173
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Major facilitator superfamily (MFS), 167, 234,
242
Manganese, 12, 13, 18, 143, 230, 231, 233, 234,
237, 245, 279
Mn(11), 36, 38, 39, 123, 230, 234, 236
Mn(I11), 234
Mn(IV), 26, 215, 245, 248
oxides, 12, 18, 36, 248
transporters, 234, 236
Marble, 19
Marine
bacteria, 18, 240, 247
bivalves, 170
hydrothermal systems (see also
Hydrothermal vents), 144, 146, 191, 194,
279
microorganisms, 49, 196, 198, 199, 205
plankton, 17
sediments, 37, 45, 52, 171, 194, 204, 211,
231, 233
Mariprofundus sp., 196
aestuarium, 196, 197
ferrinatatus, 196, 197
ferrooxidans, 196
Marcus theory, 105
Mars, 10
Martian meteorite ALH84001, 177
MDH, see Methanol dehydrogenases
Mechanism of alcohol oxidation, 314, 315
Mercury, 249, 289, 300
biogeochemical cycle, 289
Hg®, 249, 290
Hg(10), 118, 237, 249, 288, 290
methyl-, 249
organo-, 289
Metabolism, 8-11, 13, 15, 66, 70, 74, 136, 140,
144, 149, 153, 170, 209, 230, 245, 248,
280, 311
anaerobic, 38, 47, 52, 281
carbon, 312, 313
calcium, 230
co-, 48
energy, 36, 38, 47-49, 52, 54, 154, 235
iron, 214, 216
iron(II) oxidation, 198, 203, 204
magnesium, 230
methane, 312
microbial, 13, 14, 17, 38, 40, 43, 48, 54, 61,
216, 245, 249, 250, 258, 300, 310, 318
nitrogen, 235
phosphate, 278, 291
potassium, 291
Metallochaperones, 276, 284, 285
Metalloenzymes (see also individual names),
2-8, 18, 23, 40, 143, 144, 231, 233, 235,
279, 281
Metallogenium, 191
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Metallophores, 230, 237, 257, 258
Metalloproteins, 143, 144, 149, 231, 275, 276,
305
Metallothioneins, 284, 287, 289
Metal-reducing bacteria, 13, 206, 245, 257
Metamorphic rocks, 10
Methane (CHy), 9, 36, 43, 44, 48, 50, 60, 216,
284, 312, 314
anaerobic oxidation (AOM), 44, 210
metabolism, 312
monooxygenase, 153, 284
oxidation, 44, 209, 210, 214, 215, 237
-oxidizing bacteria, 48
Methanobactin, 237, 283, 284, 286
Methanogens, 17, 38, 48, 51, 211, 289
Methanol, 310, 312, 314-316
dehydrogenases (MDH), 312-318
oxidation, 314, 316
Methanothermobacter
marburgensis, 143
wolfeii, 143
Methanothermococcus thermolithotrophicus, 143
Methanotrophs, 186, 210, 237, 275, 284, 300,
312-316, 318
Methyl-coenzyme M reductase, 38, 143
Methylacidimicrobium, 314
Methylacidiphilum, 314
fumariolicum (M. fumariolicum), 312, 314,
316, 317
Methylmalonyl coenzyme A, 234
Methylobacterium
aquaticum, 317
radiotolerans, 312
Methylorubrum (Mr.) extorquens, 310-313, 317
Methylocystis, 283
Methylopila sp., 313
Methylosinus trichosporium, 283, 284
Methylotenera mobilis, 317
Methylotrophic bacteria, 312, 313, 318
Methylotuvimicrobium buryatense, 312, 316, 318
Methyloversatilis sp., 313
Microbes (or microbial) (see also individual
names)
anaerobic, 35, 51
biomineralization, 12
enzymes, 4-8, 50
fuel cell, 13, 15, 41, 245, 246, 254, 255
growth, 12, 34, 35, 39, 47-49, 54, 70, 74,
208, 209
iron cycling, 188, 216
lithified, 60
lithotrophic, 48, 187
metabolism, 13, 14, 17, 38, 40, 43, 48, 54,
61, 216, 245, 249, 250, 258, 300, 310, 318
methanogenic, 51, 60
nanowires, 40, 189, 210-214, 249, 253, 254
nitrate reduction, 202, 203
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oxidation of iron(II), 186, 188, 191, 194,
205, 208, 214
reduction of iron(III), 186, 188, 205, 208—
210, 214, 215, 247
reduction of manganese(IV), 248
respiration, 70, 74
sulfate reduction, 60, 61, 70-72, 74, 75
sulfur cycling, 61, 191
Microeukaryotes, 9
Microfossils, 60
Microorganisms (see also Bacteria, Microbes,
and individual names)
aerobic, 3, 15, 17, 40, 43, 44, 49, 50, 52, 249
anaerobic, 3, 15, 35, 41, 51, 186, 247, 278
marine, 49, 196, 198, 199, 205
Microscopy
bright-field, 83
confocal, 83, 112
cryo-electron microscopy, 142
electron, 18
fluorescence, 83, 84, 112-114, 119, 127
ratiometric, 109, 111
scanning electron (STEM), 99
synchrotron X-ray (SXRF), 83, 100, 127
transmission electron, 87, 167, 310
two-photon excitation, 112-121
visible-light, 87, 127
X-ray fluorescence, 87, 89, 91-93
Microtomography
X-ray fluorescence, 82, 93, 96, 127
Mine drainage, 12, 14, 169, 192, 210
Minerals (see also individual names)
iron(II), 187, 191, 205
iron(III), 13, 14, 187-189, 194, 205, 208,
211-215
sulfide, 12, 14, 17, 192, 281
surfaces, 10-12, 40, 189
uranium, 248
Mitchell theory, 46
Mitosis, 89
Moco, 234
Molybdate, 234, 279
Molybdenum (Mo), 2, 17, 18, 42, 88, 148, 231-
234,237, 272, 274, 278, 279
Mo+, 234
Mo*+, 234
Mo®™, 234
Molybdophores, 234, 237
Monazite, 300
Monooxygenases, 48
ammonia, 42
methane, 153, 284
Monsanto process, 38
Montmorillonite, 14
Mossbauer spectroscopy, 142, 167
MRI, see Magnetic resonance imaging
MTB, see Magnetotactic bacteria
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Mudpot, 301
Multidrug
resistance, 241, 242
transporter, 241, 243
Mycobacterium sp., 50
smegmatis, 232, 242
tuberculosis, 240, 242, 243, 245

N

NAD, see Nicotinamide adenine dinucleotide
NADH, see Nicotinamide adenine dinucleotide,
reduced
NADP, see Nicotinamide adenine dinucleotide
phosphate
NAD(P)H, see Nicotinamide adenine
dinucleotide (phosphate), reduced
Nanoparticles, 231
NanoSIMS, 97-99, 127
Nanowires, 40, 189, 210-214, 249, 253, 254
Naphthalene, 44, 115
Natural resistance-associated macrophage
proteins (Nramp), 234, 236
Near infrared (NIR), 112, 128, 305
Neodymium, 307, 310, 311
Neptunium, 257
Nickel (Ni), 14, 15, 38, 50, 86, 143, 150, 231-
235, 272-274, 281, 282, 311
Ni(II), 118, 230, 235-237, 276
Ni(III), 235
cobalt transporters (NiCoT), 234
superoxide dismutase, 235
[NiFe] hydrogenases, 50, 143, 148, 235, 281
Nicotinamide adenine dinucleotide (NAD), 49
Nicotinamide adenine dinucleotide, reduced
(NADH), 36, 37, 45, 46, 49, 192, 199,
203, 244
Nicotinamide adenine dinucleotide phosphate
(NADP), 190, 193, 204
Nicotinamide adenine dinucleotide
(phosphate), reduced (NAD(P)H), 141,
190, 204
dehydrogenase, 193
NIR, see Near infrared
Nitrate (NO3), 36, 152, 169, 203, 204, 214, 278,
308
pollution, 201
reductase, 168, 203, 236
-reducing Fe(II) oxidation, 199-205
reduction, 202, 203
Nitric oxide (NO), 43, 214
reductase, 203
Nitrite (NO, ), 168, 200-204, 214, 278, 314
reductase, 3, 5, 13, 21, 203, 233, 252
Nitrobacter sp., 51
Nitrogen, 48, 61, 106, 111, 175, 214, 238
15N, 127, 128
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cycle, 234
di-, 16, 34, 36, 42, 170, 199, 237, 278
fixation, 42, 49, 175, 308
metabolism, 235
N,N triple bond, 49
oxide, 152
reduction, 42, 43, 152, 202
Nitrogenases, 42, 54, 234
vanadium, 42, 278
Nitrospirae, 162
Nitrous oxide (N,0), 200, 203
reductase, 3, 4, 22, 23, 143
NMR, see Nuclear magnetic resonance
N,N-bis[2-(carboxymethyl )thioethyl]amine
(CTEA), 118
N,N-di(2-picolyl))ethylenediamine (DPEN), 118
Non-ribosomal peptide synthetases (NRPS),
240, 241
Nramp, see Natural resistance-associated
macrophage proteins
Nuclear magnetic resonance (NMR), 122, 124,
255, 284, 303, 305
Nucleophilic attack, 233, 241, 315
Nutrients, 9, 14, 18, 23, 201, 230, 242, 245, 258,
272,273, 277, 282, 287, 308

(0]

OATZ, see Oxic-anoxic transition zone
Oceans, 8-10, 16-18, 175, 188, 230, 278, 279
Archaean, 230
metal concentration, 232
sediments, 37
OEQC, see Oxygen evolving complex
*OH radical, 16, 35, 273, 282
Omnitrophica, 162
Organic matter, 17, 35-37, 39, 41, 45, 52, 136,
186-188, 194, 202, 205, 208, 210, 211,
213, 245
oxidation, 35, 36, 39, 45, 187, 205, 208, 213,
214, 245
Origin of life, 8, 11, 23, 137, 138
Orthophosphate (P;), 45, 49, 139, 141, 153
Oryzias latipes, 119
Oxalate
cerium, 307, 308, 312
Oxic-anoxic transition zone (OATZ), 169, 175
Oxidase(s), 52, 190, 282
arsenite, 143
cytochrome, 46, 144, 192, 193, 198, 199, 233
iron, 164, 166, 168, 198, 199, 203, 204, 206,
208
multicopper, 198, 282, 285, 286
oxygen, 199
per-, see Peroxydase(s)
quinol, 214
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Oxidation (of), 11, 14, 48, 240
acetate, 38, 215, 246, 247
acidophilic, 190-193
aerobic sulfide, 52-54
alcohol, 22, 47, 314
ammonia, 39, 42, 43, 51
ammonium, 43, 48, 202, 208, 209, 214, 216
chemolithotrophic, 188, 189
copper(I), 108, 282, 285
dihydrogen, 148, 208, 245, 247, 248
ferredoxin, 49
gold(I), 286
halides, 278
hydrocarbons, 43, 44, 215
iron(II), 39-41, 168, 186-206, 214, 216
lithotrophic, 34, 38
manganese, 18
methane, 44, 208, 210, 214, 215, 237
methanol, 312, 314-316
microaerophilic, 194
organic matter, 35, 36, 39, 45, 187, 205, 208,
213, 214, 245
phosphite, 39
phototrophic, 204, 208
pyrite, 191
sulfide, 12, 14, 17, 35, 52-54, 76, 214
sulfur, 24, 186, 210, 211, 214
thallium(T), 291
Oxidative stress, 234, 273, 279, 281, 282, 286,
289
Oxides
iron(I11), 35, 38, 40, 41, 152, 167, 187, 254
manganese, 12, 18, 36, 248
Oxygen
evolving complex (OEC), 20, 21, 234
reactive species (ROS), 22, 173, 174, 234,
307
reductase, 193, 199
respiration, 173, 246
Oxygenase(s), 43, 44, 48, 52, 69
mono-, see Monooxygenases
Oxygenic photosynthesis, 17, 18, 34, 35, 39, 70,
204
Ozone, 16

P

Paddy soils, 194, 201, 209
PALI, see Photoacoustic molecular imaging
Paramagnetic

chemical exchange saturation transfer

(PARA-CEST), 307

contrast agents, 123, 306
Particle-induced X-ray emission (PIXE), 83, 87
Parvibaculum lavamentivorans, 202
Pathogenic bacteria, 233, 234, 237, 244, 276, 279
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Pathogens, see individual names
Penidiella sp., 310
Pentose phosphate, 70
Peroxidases (see also individual names), 174,
278
ascorbate, 22
bacterial, 22
cytochrome c, 22
fungal, 22
halo-, 278
heme, 21, 22
horseradish, 22
plant, 22
Peroxide, 43
hydrogen (H,0,), 22, 35, 278
radical (*"OOH), 16
Petrobactin, 241, 242
Phenazines, 40, 256
Phenolates, 36, 215, 238, 239
Phologsam, 307
Phoslock™, 302, 318
Phosphate, 39, 44, 48, 73, 75, 93, 136, 151, 153,
175, 278, 302, 307, 310, 318
buffer, 88
di-, 71
glyceraldehyde 3-, 73
hydrogen, 278
inorganic (ortho-) (P;), 45, 139, 141
metabolism, 278, 291
ortho- (P;), 45, 49, 139, 141, 153
pentose, 70
poly-, 93, 175
pyro- (PPy), 45, 75, 139, 141, 147, 153
ribulose bis- carboxylase/oxygenase
(RuBisCo), 69-74, 308
Phosphine, 39
Phosphite oxidation, 39
Phospholipids, 39, 164
Phosphorylation, 44, 45, 49
ADP, 189
oxidative, 190
Photoacoustic molecular imaging (PAI), 128
Photoinduced electron transfer (PET), 103,
104-108, 118
Photosynthesis, 9, 10, 17, 18, 60, 141, 187
anoxygenic, 9, 10, 17, 35, 204
eukaryotic, 18
oxygenic, 17, 18, 34, 35, 39, 70, 204
Photosystem (PS)
I, 143
I1, 18, 20, 143, 144, 234, 272
Phototrophic
bacteria, 35, 39, 45, 186, 188
iron(IT) oxidation, 198, 204, 205
Phytoremediation, 256
Pili, 40, 211-214, 249, 254, 255
Pisum sativum, 143
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PIXE, see Particle-induced X-ray emission
Planctomycetes, 162
Planktonic cells, 231, 291
Plant(s), 12, 15, 18, 22, 23, 34, 39, 41, 42, 47, 70,
194, 211, 233, 256, 257, 278, 281, 289,
308, 312
pathogens, 257
Plastocyanin, 233
Plutonium, 257
PMF, see Proton motive force
Pollutants, 214, 215, 258
Polyphosphates, 93, 175
Polysaccharides, 197, 209
Polysulfide, 41
Porin-cytochrome-mediated pathway (Pcc), 250,
253
PP;, see Pyrophosphate
Primordial soup, 136-138, 140, 148
Prochlorococcus, 18
Prokaryotes, 9, 22, 34, 35, 42, 46, 139-142, 154,
278, 279
Proteins (see also individual names), 164-168,
192, 199, 203, 206-208, 214, 231-236,
240, 244, 245, 249-256, 273, 280-287,
290, 301-305, 311, 313, 314, 316, 318
electron transfer, 193
folding, 282
G-, 236
green copper, 192, 193
high potential iron-sulfur, 206
inner membrane, 234, 245, 250, 253
metallo-, 275, 276, 305
outer membrane (OEP), 13, 192, 193, 206,
211-214, 234, 243-245, 250-254
-protein interaction, 193, 244
solute-binding protein (SBP), 73, 235, 236,
241, 243
storage, 284
type 1 blue copper, 193
Proteobacteria (see also individual names), 161-
163, 171, 196-199, 248, 284, 286, 314
Proteus mirabilis, 281
Proton motive force (PMF), 189, 190, 192, 199,
203, 204
Proton-coupled
electron transfer, 154
redox transitions, 152
Pseudomonas sp., 248, 249, 257, 310
aeruginosa, 234, 239
fluorescens, 308
putida, 14, 237, 313
stutzeri, 4, 143
syringae, 283
Pterin, 143, 234
molybdo-, 143
tungsto-, 143
Pyochelin, 237, 239

337

Pyoverdine, 257
Pyrazolines, 106-108
Pyrite (FeS,), 8, 12, 14, 42, 61, 62, 144, 145, 149,
176, 187, 191, 201
oxidation, 191
Pyrococcus furiosus, 280
Pyrophosphate (PP;), 45, 75, 139, 141, 147, 153
Pyrroloquinoline quinone (PQQ), 21, 22, 208,

313-316
Quadrupole time-of-flight mass spectrometer
(QTOF), 98

Quinones, 21, 36, 37, 45, 46, 144, 148, 168, 192,
193, 199, 203, 204, 208, 211, 212
anthra-, 250
mena-, 37, 45, 75
pyrroloquinoline, 21, 22, 208, 313-316
reductases, 250
QTOF, see Quadrupole time-of-flight mass
spectrometer

R

Radical(s), 21, 104-106, 108, 278, 280
30,, 15
carbon, 234
free, 234
glycine, 44
hydroxyl (OH"), 16, 35, 273, 282
peroxide, 16
pyrroloquinoline quinone, 22
superoxide (O3 ), 16, 35, 276, 277, 290
thiyl, 44
Radionuclides, 12, 13
Rare earth elements (REE) (see also individual
elements), 299-319
agricultural applications, 307-309
alcohol oxidation, 314-316
bacterial metabolism, 312, 313
bacterial uptake, 316-318
biomineralization, 310
dehydrogenases, 313, 314
medical applications, 305-307
minerals, 301
properties, 300
separation, 308-312
sequestration, 308
Raster-scanning, 89, 91-93, 97
Ratiometric fluorescence imaging, 109-111, 119,
124
Rayleigh distillation, 64, 65
Reactive oxygen species (ROS), 22, 173, 174,
234, 307
detoxification, 22
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Redox
chemistry, 229-260, 275, 278, 287
couples, 14, 37, 187, 314
potentials, 36-39, 45-47, 49, 53, 167, 168,
187, 188, 190, 193
Reductases
adenosine 5'-phosphosulfate, 65
adenylylsulfate (Apr), 70-75
cytochrome c nitrite (CCNIR), 3, 5, 13, 21
flavodoxin, 278
fumarate, 143, 252
heterodisulfide, 143
iron, 166, 168, 244, 255, 278
methyl-coenzyme M, 38, 143, 235
nitrate, 168, 203, 236
nitric oxide, 203
nitrite, 5, 21, 168, 203, 233, 252
nitrous oxide, 3, 4, 22, 23, 143
oxygen, 193, 199
quinone, 250
sulfite, 7, 45, 70-75
tetrathionate, 252
Resistance, 289, 311
antibiotic, 242, 281, 286
arsenic, 291
copper, 282-284, 286
gold, 285, 286
lead, 291
mercury, 290
multidrug, 241, 242
silver, 285
Respirasome, 192, 193
Respiration, 15, 212, 215, 254, 255
aerobic, 17, 34, 36-38, 52, 273
anaerobic, 34, 36-38, 45, 187, 188, 246, 249
iron, 192, 214, 245, 248
microbial, 70-72, 74
oxygen, 173, 246
sulfur, 41, 42, 74
Reversed electron transport, 45, 46, 49
Rhenium, 17
Rhizoferrin, 239
Rhodanobacter thiooxidans, 202
Rhodium, 38
Rhodobacter
ferrooxidans, 204, 205, 207
sphaeroides, 143
Rhodomicrobium vannielii, 205
Rhodopseudomonas palustris, 198, 204-207
Rhodotorulic acid, 239
Rhodovulum
iodosum, 205
robiginosum, 205
Ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCo), 69-74, 308
Ribonucleic acid, see RNA
Rice paddies, 52

SUBJECT INDEX

RNA, 231, 303

Rocks, 1, 8-11, 14-19, 23, 38, 60, 72, 136, 177,
187, 194, 248

ROS, see Reactive oxygen species

Roseobacter sp., 311, 312

RuBisCo, see Ribulose-1,5-bisphosphate
carboxylase/oxygenase

Rusticyanin, 192, 193

S

Saccharides
poly-, 197, 209
S. coelicolor, 237
Saline-alkaline lakes, 169
Salmochelin, 242
Salmonella
enterica, 281
typhimurium, 281, 287
Samarium, 307
153Sm, 307
SAXS, see Small-angle X-ray scattering
Scandium, 300
Scanning transition electron microscopy
(STEM), 99, 162
Scanning X-Ray fluorescence microscope, 93
Schizokinen, 241, 242
Schwertmannite, 192
Seawater, 17, 35, 37, 45, 273, 274, 277, 278, 301,
313
Secondary ion mass spectrometry (SIMS), 82,
83, 97-101
nano, 97-99, 127
Sediments, 13, 14, 17, 18, 36, 37, 39, 42, 45, 49—
53, 60, 160, 161, 169-177, 187, 194, 201,
202, 204, 209, 211, 213, 233, 245, 247,
279, 285
anaerobic, 173
lake, 17, 36, 49, 52, 201, 211
marine, 37, 45, 52, 171, 194, 204, 211, 231,
233
ocean, 37
Selenate (SeO3 ™), 248
Selenite (SeO3% ), 248, 253
Selenium
SeY, 248
Se(1V), 214
Se(VI), 214
Shales, 17
Shewanella spp., 13, 211-215, 245, 247, 253
oneidensis (S. oneidensis), 198, 206, 212,
246, 249-253
Shewanellacaea, 246, 247
Sickle cell disease, 256
Siderite, 187
Siderocapsa, 194
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Siderophores, 208, 233, 237-239, 256, 257, 275,
280, 281, 284, 302, 311
apo-, 241-243
carboxylate, 239, 241
catechol, 165, 278
citrate, 240
ferric, 240-244, 258, 275, 278, 280, 286, 290
holo-, 243
hydroxamate, 165, 239, 241, 244
pathways, 240, 241
phenolate, 239
-producing bacteria, 257
synthesis, 240-242
Sideroxydans lithotrophicus, 196, 198, 199, 202,
203
Silver (Ag), 272, 274, 285, 301
detoxification, 285
-resistant bacteria, 285
SIMS, see Secondary ion mass spectrometry
Single-wavelength intensity-based probes, 103—
109, 111
Siroheme, 3, 7, 71
Small-angle X-ray scattering (SAXS), 206, 250,
252
Smectite, 10, 187
Sodium, 86
Soil, 13, 14, 37, 39, 42, 50, 52, 187, 201, 209, 211,
233, 245, 257, 285, 286, 291, 308
acid, 290
anoxic, 201
bioremediation, 257
contaminated, 248, 257
paddy, 194, 201, 209
wet, 169, 209
Soluble methane monooxygenase, 153, 284
Solute-binding protein (SBP), 73, 235, 236, 241,
243
SR-FTIR, see Synchrotron radiation-based
Fourier transform infrared
Stability constants (see also Binding constants),
102, 141, 238, 240
Stable isotopes, 59-77
Staphyloferrins, 241, 242
STEM, see Scanning transition electron
microscopy
Streptococcus pneumoniae, 279, 288
Streptomyces pilosus, 256
Stromatolites, 17, 60
Strontium, 19, 21, 257
Sugars, 36, 44, 137, 249, 307, 308
Sulfate, 17, 35-37, 44, 52, 61, 62, 70-72, 74, 75
adenosine 5'-phospho-, 45, 70-72, 74
adenylyltransferase (Sat), 70-72, 74
calcium, 20
(microbial) reduction, 36-39, 45-48, 60, 61,
70-72, 74,75
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-reducing bacteria, 72, 74
thio-, 52, 63, 71
Sulfide, 35, 40, 62, 63, 70-72, 74-76, 143, 146,
169, 170, 214, 279
copper, 3
di-, 22, 314
hydrogen (H,S), 9, 36, 45, 52, 53, 60, 63, 71
iron, 8, 42
minerals, 12, 14, 17, 192, 281
oxidation, 12, 14, 17, 35, 52-54, 76, 214
poly-, 41
technetium, 249
tri-, 45
Sulfite (SO37), 45
reductase (Dsr), 7, 45, 70-75
Sulfobacillus
acidophilus, 191
thermosulfidooxidans, 191
Sulfolobus acidocaldarius (S. acidocaldarius),
191, 247
Sulfur, 35, 38, 39, 52, 60, 61, 141, 170, 175, 209,
211, 214, 234, 237, 238
328, 61, 63, 71
38, 61
343, 61, 63, 71
365, 6
SY, 41, 42, 45, 71, 210, 211, 214, 247
cycle, 61, 191
iron-, 3, 9, 12, 16, 17, 40, 141, 144, 206, 272,
279, 280
isotope fractionation, 61-63, 70-75
oxidation, 24, 186, 210, 211, 214
-reducing bacteria, 2, 42, 170
respiration, 41, 42, 74
Sulfuric acid, 191
Sulfurospirillum sp., 248
deleyianum, 2
Superoxide (O3 ™), 16, 35, 276, 277, 290
Superoxide dismutase, 234, 277
Cu,Zn, 233
Mn-, 279
Ni-, 235
SodA, 289
SXREF, see Synchrotron X-ray fluorescence
elemental imaging
Synchrotron radiation-based Fourier transform
infrared (SR-FTIR), 87
Synchrotron-based X-ray fluorescence (SXRF),
82, 83, 85-87, 100, 126, 127
Synechobactins, 240, 241
Synechococcus, 18, 287
Synthases
ATP, 46, 141, 189, 192, 199
acetyl-coenzyme A synthase/decarboxylase,
235
Synthetic fluorescence probes, 84, 101-103
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T. ferriacetica, 255
Technetium, 249, 257
Te(IV), 249
Te(VII), 215, 249
sulfide, 249
Telmatospirillum, 13
TEM-EDX, see Transmission electron
microscopy coupled with energy-
dispersive X-ray spectroscopy
Terbium(III), 257, 304, 305
B-Thalassemia, 256
Thallium, 290, 291
TheraSphere®, 307
Thermincola potens, 254
Thermosynechococcus vulcanus, 143
Thermovibrio ammonificans, 212
Thermus scotoductus, 310
Thioalkalivibrio, 24
Thiobacillus ferrooxidans, 12, 191, 247
Thiocyanate dehydrogenase, 24
Thiodictyon sp., 204, 205
Thioether bond, 22
Thiosulfate (S,03 ), 52, 63, 71
Thiyl radical, 44
Thorium, 300, 310
Thrombodym, 307
Thulium (Tm), 301, 312, 317
Time-of-flight mass spectrometer (TOF), 98
quadrupole-, 98
Tin
Sn?+*, 257
TOF, see Time-of-flight mass spectrometer
TonB-dependent transporters, 241, 245, 310, 318
Toxicity, 12, 230, 231, 237, 271-298
aluminum, 290
arsenic, 291
bismuth, 291
cadmium, 288, 289
chromium, 278
cobalt, 281
copper, 233, 267, 277, 281, 286
gold, 248, 285, 286
lead, 291
manganese, 279
mercury, 289
nickel, 281
silver, 285
thallium, 290, 291
tungsten, 278, 279
vanadium, 278
TPEM, see Two-photon excitation microscopy
Trace metals, 81-134
Trafficking pathways, 284

SUBJECT INDEX

Transcriptional regulators, 166, 168, 236, 252
Transmission electron microscopy coupled with
energy-dispersive X-ray spectroscopy
(TEM-EDX), 310
Transport(er)
ABC 166, 233-236, 241, 243, 245, 310, 318
energy coupling factor, 234
iron, 164-167, 175, 233-236, 241, 243, 245,
279, 280, 310, 318
magnesium, 230, 231
manganese, 234, 236
multidrug, 241, 243
nickel/cobalt, 234
Nramp, 234, 236
reversed electron, 45, 46, 49
TonB-dependent, 241, 245, 310, 318
Trojan horse strategy, 256
Tungsten (W), 3, 6, 86, 88, 148, 278, 279
Two-photon excitation microscopy (TPEM), 82,
112-121
Type I blue copper proteins, 193

U
Undersea
hydrothermal vent (see also Hydrothermal
vents), 10

volcanoes, 8

Uranium, 17, 248, 256, 257, 300, 310
U(IV) oxide, 215
U(VI), 215, 237, 245, 248, 255
UST/U** couple, 248

Urease, 235, 281

UV-photolysis, 240

UV-Vis spectroscopy, 301

\"

Vanadium, 42, 237, 249, 277, 278
V(IV), 249, 257
V(V), 249
nitrogenases, 42, 278
Verrucomicrobia, 314
Vibrio, 160, 161
cholerae, 240
denitro- acetiphilus, 212
desulfo-, 247
parahaemolyticus, 242
thermo- ammonificans, 212
thioalkali, 24
Vitamins, 48, 50, 54
By, 272, 281
Vivianite, 147, 187
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w

Wichtershiuser reaction, 8, 42
Wastewater, 302
treatment, 41, 43, 47, 54, 198, 258
Water
desalination, 258
drinking, 38, 202, 215, 255, 282
fresh, see Freshwater
ground, 37, 38, 40, 194, 201, 215, 257, 291
methane-rich, 312
mine drainage, 191
mud pot, 312, 316
pollution, 12
purification, 285
sea-, 17, 35, 37, 45, 273, 274, 277, 278, 301,
313
splitting, 18, 20, 230, 272
Wetland, 209, 211
Wilson’s disease, 100
Wolinella succinogenes, 5, 21, 143

X

X-ray
crystallography, 20, 303, 305
diffraction, 142, 303
extended absorption fine structure
(EXAFS), 142
magnetic circular dichroism, 167
X-ray absorption
-based computed tomography (CT), 93, 94,
121
near edge spectroscopy (XANES), 142, 167
spectroscopy (XAS), 21, 85
X-ray fluorescence (XRF)
microscopy, 82-86, 89, 91-93
microtomography, 93, 94

341

synchrotron-based (SXRF), 82, 83, 85-87,
101, 126, 127
X-ray spectroscopy, 18
transmission electron microscopy-energy
dispersive (TEM-EDX), 310
XAS, see X-ray absorption spectroscopy
Xenon
129Xe, 127, 128
Xenobiotics, 48, 85
Xenophores, 238, 256
Xenotime, 300

Y

Yeasts, 311

cytochrome ¢ peroxidase, 22
Yersinia pestis, 237, 239, 240
Yersiniabactin, 237, 239-241, 277, 286
Yttrium, 300, 312

20y, 307

oxide, 311

z

Zeeman splitting, 121
Zeolite, 11
Zetaproteobacteria, 196-199
Zinc, 83, 85-89, 92, 96, 97, 99, 101, 121, 126,
150, 231-233, 237, 245, 272-274, 276,
279, 282, 286289, 291, 301
deficiency, 99
homeostasis, 287, 288, 292
poisoning, 287
sulfide, 14
Zn(II), 102, 106, 118-121, 125-127, 215,
230, 233, 236, 237, 276, 287, 288, 318
Zincophores, 233, 237, 245
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