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Different Ways for BioHydrogen Production The four possible ways for producing H,, by exploiting microbial
activities, are shown here. Biophotolysis: H, production by microalgae (through H,-ase) or Cyanobacteria
(through H,-ase or N,-ase) by using low potential reductants derived from either water or stored sugars via the
photosynthetic machinery. Photofermentation: H, production by anoxygenic photosynthetic bacteria (through
N,-ase) by using reductants obtained from the oxidation of organic compounds as well as solar energy used
through photosynthesis. Dark fermentation: H, production by mesophilic or thermophilic chemoheterotrophic
bacteria (through H,-ase) by using reductants and energy obtained from the oxidation of organic compounds.
Microbial Electrolysis Cell (MEC): H, production by means of cathodic proton reduction with applied potential
exploiting the low redox potential produced by exoelectrogenic bacteria at the anode. This figure is adapted from
Fig. 1.3 in Chap. 1 of this book.
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Hans Gaffron (1902-1979) and Howard Gest (1921-2012)
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From the Series Editors

Advances in Photosynthesis
and Respiration Including Bioenergy

and Related Processes
Volume 38: Microbial BioEnergy: Hydrogen Production

We are delighted to announce the publication
of volume 38 in this series. The title of our
series Advances in Photosynthesis and
Respiration was already updated in volume
35 to include the subtitle: Including
Bioenergy and Related Processes. Earlier,
the front cover of each volume had a distinc-
tive white background and color palette;
from volume 35, it has been changed to a
web-friendly green background; and each
volume begins with a unique figure, repre-
senting the book. Further, the publisher,
Springer, makes the front matter of all of the
volumes freely available online. Links to
each volume are given under “Our Books:
Published Volumes.” Readers may also
notice that this volume and the past few vol-
umes have had color figures integrated into
the chapters, instead of being collected in
one section of the book. This improvement
was possible because of changes in how the
books are produced. Another change is that
references to chapters in books are now
being tracked by bibliographic services. This
will help authors provide evidence of the
importance of their work. We hope that these
updates will maintain the importance of
these edited volumes in the dissemination of
the science of photosynthesis and bioenergy.

We are delighted to announce that volume
38 is the first one to deal with the new
direction “Including Bioenergy and Related
Processes.” We are indeed fortunate to have
two distinguished authorities with us as edi-
tors of this new volume 38: Davide Zannoni,
and Roberto De Philippis. Zannoni is a

Professor of General Microbiology, at the
University of Bologna, Italy; he is an autho-
rity on the structure and the function of
membrane redox-complexes in microbes,
and a pioneer of bioenergetics and genomics
of microbial remediation of metals in many
systems. More importantly, his present focus
is on the production of hydrogen by thermo-
philic bacteria and electricity from microbial
systems. De Philippis is an Associate
Professor of Microbial Biotechnology at the
University of Florence, Italy. He is an authority
on exopolysaccharide-producing cyanobac-
teria and their biotechnological exploitation
and, more importantly, in the last 15 years he
has been deeply involved in studies on the
photofermentative production of hydrogen
indoors and outdoors and on the efficient con-
version of light energy into hydrogen energy.

This Book: Volume 38

Microbial BioEnergy: Hydrogen Production
is a comprehensive book covering most of
the processes important for the microbial
hydrogen production. It provides a broad
coverage of this emerging research field and,
in our opinion, it should be accessible to
advanced undergraduates, graduate students,
and researchers needing to broaden their
knowledge on the photosynthetic and fer-
mentation processes applied to hydrogen gas
generation. For biologists, biochemists, bio-
physicists and microbiologists, this volume
provides a solid and quick starting base to
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get into biotechnological problems of
“microbial bioenergy.” We believe that this
volume will also be of interest to teachers
of advanced undergraduate and graduate
students in chemical engineering and bio-
technology needing a single reference book
on the latest understanding of the critical
aspects of microbial bioenergy production.

The Preface of this book appropriately
states “Solar energy is the source of most of
the living organisms on Earth so that the
overall efficiency of oxygenic and/or non-
oxygenic photosynthesis, when used to gen-
erate biomass, bioenergy and biofuels, is a
critical point to be considered.” This volume
in our series, however, not only provides a
comprehensive view of the current under-
standing of the photosynthetic mechanisms
linked to bio-hydrogen production but also
extends this view to the anaerobic-dark
processes involved in transforming the
solar-generated biomass into bio-hydrogen
along with an in-depth coverage of both
structural and functional aspects of the main
enzymes involved, such as nitrogenases and
hydrogenases.

In our opinion, this book has been appro-
priately dedicated to Hans Gaffron (1902—
1979) and Howard Gest (1921-2012),
founders of the microbial based hydrogen
gas production technologies. One of us
(Govindjee) is fortunate to have known per-
sonally both these giants of photosynthesis
research. Among the various other discover-
ies, Gaffron was the first to observe, in 1942,
hydrogen production by green algae under
sulfur starvation, while Gest was the first to
describe, in 1949, hydrogen-production by
purple non-sulfur phototrophic bacteria (See
below for information on “Discoveries in
Photosynthesis” volume 20, in our series,
where these discoveries are described).

Authors

The current book contains 15 chapters writ-
ten by 42 international authors from 10 dif-
ferent countries (Australia, Canada, France,
Germany, Italy, Portugal, Russia, Spain,

Turkey, USA). We give special thanks to
each and every author for their valuable con-
tribution to the successful production of this
unique book:

Francisco  Gabriel  Acién-Fernandez
(Spain; Chap. 13); Alessandra Adessi (Italy;
Chap. 12); Giacomo Antonioni (Italy; Chap. 15);
Sara E. Blumer-Schuette (USA; Chap. 8);
Hermann Bothe (Germany; Chap. 6);
Martina Cappelletti (Italy; Chap. 9);
Jonathan M. Conway (USA; Chap. 8);
Roberto De Philippis (Italy; Chap. 12);
Alexandra Dubini (USA; Chap. 5); Carrie
Eckert (USA; Chap. 5); Ela Eroglu
(Australia; Chap. 11); Inci Eroglu (Turkey;
Chap. 11); Jos¢ M. Fernandez-Sevilla
(Spain; Chap. 13); Juan C. Fontecilla-Camps
(France; Chap. 2); Dario Frascari (Italy;
Chap. 15); Maria L. Ghirardi (USA; Chap. 5);
Ufuk Giindiiz (Turkey; Chap. 11); Patrick
C. Hallenbeck (Canada; Chap. 1); Robert
M. Kelly (USA; Chap. 8); Paul W. King (USA;
Chap. 5); Sergey Kosourov (Russia; Chap. 14);
Pierre-Pol Liebgott (France; Chap. 3);
Pin-Ching Maness (USA; Chap. 5); James
B. McKinlay (USA; Chap. 7); Emilio
Molina-Grima (Spain; Chap. 13); David
W. Mulder (USA; Chap. 5); William E. Newton
(USA; Chap. 6); Paulo Oliveira (Portugal;
Chap. 4); Bernard Ollivier (France; Chap. 9);
Ebru Ozgiir (Turkey; Chap. 11); Catarina
C. Pacheco (Portugal; Chap. 4); Anne Postec
(France; Chap. 9); John M. Regan (USA;
Chap. 10); Marc Rousset (France; Chap. 3);
Paula Tamagnini (Portugal; Chap. 4);
Anatoly Tsygankov (Russia; Chap. 14);
Anne Volbeda (France; Chap. 2); Hengjing
Yan (USA; Chap. 10); Jianping Yu (USA;
Chap. 5); Meral Yiicel (Turkey; Chap. 11);
Davide Zannoni (Italy; Chap. 9); Jeffrey
V. Zurawski (USA; Chap. 8).

Our Books: Published Volumes

We list below information on all the 37 vol-
umes that have been published thus far (see
http://www.springer.com/series/5599 for the
web site of the series). Electronic access to
individual chapters depends on subscription
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(ask your librarian) but Springer provides
free downloadable front matter as well as
indexes at the above site. As of July, 2011,
Tables of Contents have been available for all
the volumes. The available web sites of the
books in the Series are listed below.

e Volume 37 (2014) Photosynthesis in
Bryophytes and Early Land Plants, edited by
David T. Hanson and Steven K. Rice, from
USA. FEighteen chapters, approx. 500 pp,
Hardcover, ISBN: 978-94-007-6987-8 (HB)
ISBN 978-94-007-6988-5 (e-book) [http://
www.springer.com/life+sciences/
plant+sciences/book/978-94-007-6987-8]

¢ Volume 36 (2013) Plastid Development in
Leaves During Growth and Senescence,
edited by Basanti Biswal, Karin Krupinska
and Udaya Biswal, from India and Germany.
Twenty-eight chapters, 837 pp, Hardcover,
ISBN:978-94-007-5723-3 (HB) ISBN 978-94-
XXXXX (e-book) [http://www.springer.com/
life+sciences/plant+sciences/
book/978-94-007-5723-3]

¢ Volume 35 (2012) Genomics of Chloroplasts
and Mitochondria, edited by Ralph Bock
and Volker Knoop, from Germany. Nineteen
chapters, 475 pp, Hardcover, ISBN: 978-94-
007-2919-3 (HB) ISBN 978-94-007-2920-9
(e-book) [http://www.springer.com/life+
sciences/plant+sciences/book/978-94-007-
2919-3]

* Volume 34 (2012) Photosynthesis — Plastid
Biology, Energy Conversion and Carbon
Assimilation, edited by Julian Eaton-Rye,
Baishnab C. Tripathy, and Thomas D. Sharkey,
from New Zealand, India, and USA. Thirty-
three chapters, 854 pp, Hardcover, ISBN: 978-
94-007-1578-3(HB)ISBN978-94-007-1579-0
(e-book)  [http://www.springer.com/life+
sciences/plant+sciences/book/978-94-007-
1578-3]

¢ Volume 33 (2012): Functional Genomics
and Evolution of Photosynthetic Systems,
edited by Robert L. Burnap and Willem
F. J. Vermaas, from USA. Fifteen chapters,
428 pp, ISBN: 978-94-007- 1532-5 [http://
www.springer.com/life+sciences/book/
978-94-007-1532-5]

Volume 32 (2011): C, Photosynthesis and
Related CO, Concentrating Mechanisms,
edited by Agepati S. Raghavendra and Rowan
Sage, from India and Canada. Nineteen
chapters, 425 pp, Hardcover, ISBN: 978-
90-481-9406-3  [http://www.springer.com/
life+sciences/plant+sciences/book/978-90-
481-9406-3]

Volume 31 (2010):
Basics and Applications, edited by
Constantin ~ Rebeiz  (USA), Christoph
Benning (USA), Hans J. Bohnert (USA),
Henry Daniell (USA), J. Kenneth Hoober
(USA), Hartmut K. Lichtenthaler (Germany),
Archie R. Portis (USA), and Baishnab C.
Tripathy (India). Twenty-five chapters, 451
pp, Hardcover, ISBN: 978-90-481-8530-6
[http://www.springer.com/life+sciences/
plant+sciences/book/978-90-481-8530-6]
Volume 30 (2009): Lipids in Photosynthesis:
Essential and Regulatory Functions, edited
by Hajime Wada and Norio Murata, both from
Japan. Twenty chapters, 506 pp, Hardcover,
ISBN: 978-90-481-2862-4; e-book, ISBN:
978-90-481-2863-1 [http://www.springer.com/
life+sciences/plant+sciences/book/978-
90-481-2862-4]

Volume 29 (2009): Photosynthesis in
Silico: Understanding Complexity from
Molecules, edited by Agu Laisk, Ladislav
Nedbal, and Govindjee, from Estonia, The
Czech Republic, and USA. Twenty chap-
ters, 525 pp, Hardcover, ISBN: 978-1-
4020-9236-7 [http://www.springer.com/
life+sciences/plant+sciences/
book/978-1-4020-9236-7]

Volume 28 (2009): The Purple Phototrophic
Bacteria, edited by C. Neil Hunter, Fevzi
Daldal, Marion C. Thurnauer and J. Thomas
Beatty, from UK, USA and Canada. Forty-
eight chapters, 1053 pp, Hardcover, ISBN:
978-1-4020-8814-8 [http://www.springer.com/
life+sciences/plant+sciences/book/
978-1-4020-8814-8]

Volume 27 (2008): Sulfur Metabolism
in Phototrophic Organisms, edited by
Christiane Dahl, Riidiger Hell, David Knaff
and Thomas Leustek, from Germany and USA.
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ISBN: 978-4020-6862-1 [http://www.springer.
com/life+sciences/plant+sciences/
book/978-1-4020-6862-1]

Volume 26 (2008): Biophysical Techniques
Photosynthesis, Volume II, edited by Thijs
Aartsma and Jorg Matysik, both from The
Netherlands. Twenty-four chapters, 548 pp,
Hardcover, ISBN: 978-1-4020-8249-8 [http://
www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-8249-8]
Volume 25 (2006): Chlorophylls and
Bacteriochlorophylls: Biochemistry,
Biophysics, Functions and Applications,
edited by Bernhard Grimm, Robert J. Porra,
Wolfhart Riidiger, and Hugo Scheer, from
Germany and Australia. Thirty-seven chapters,
603 pp, Hardcover, ISBN: 978-1-40204515-8
[http://www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-4515-8]
Volume 24 (2006): Photosystem I: The
Light-Driven Plastocyanin: Ferredoxin
Oxidoreductase, edited by John H. Golbeck,
from USA. Forty chapters, 716 pp, Hardcover,
ISBN: 978-1-40204255-3 [http://www.springer.
com/life+sciences/plant+sciences/
book/978-1-4020-4255-3]

Volume 23 (2006): The Structure and
Function of Plastids, edited by Robert R.
Wise and J. Kenneth Hoober, from USA.
Twenty-seven chapters, 575 pp, Softcover,
ISBN: 978-1-4020-6570-6; Hardcover, ISBN:
978-1-4020-4060-3  [http://www.springer.
com/life+sciences/plant+sciences/book/
978-1-4020-4060-3]

Volume 22 (2005): Photosystem II: The
Light-Driven = Water:  Plastoquinone
Oxidoreductase, edited by Thomas
J. Wydrzynski and Kimiyuki Satoh, from
Australia and Japan. Thirty-four chapters, 786
pp, Hardcover, ISBN: 978-1-4020-4249-2
[http://www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-4249-2]
Volume 21 (2005): Photoprotection,
Photoinhibition, Gene Regulation, and
Environment, edited by Barbara Demmig-

Adams, William W. Adams III and Autar
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[http://www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-3564-7]
Volume 20 (2006): Discoveries in
Photosynthesis, edited by Govindjee,
J. Thomas Beatty, Howard Gest and John
F. Allen, from USA, Canada and UK. One
hundred and eleven chapters, 1304 pp,
Hardcover, ISBN: 978-1-4020-3323-0 [http://
www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-3323-0]
Volume 19 (2004): Chlorophyll a Fluo-
rescence: A Signature of Photosynthesis,
edited by George C. Papageorgiou and
Govindjee, from Greece and USA. Thirty-
one chapters, 820 pp, Hardcover, ISBN:
978-1-4020-3217-2 [http://www.springer.com/
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book/978-1-4020-3217-2]

Volume 18 (2005): Plant Respiration: From
Cell to Ecosystem, edited by Hans Lambers
and Miquel Ribas-Carbo, from Australia and
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springer.com/life+sciences/plant+sciences/
book/978-0-7923-3642-6]

e Volume 2 (1995): Anoxygenic Photo-
synthetic Bacteria, edited by Robert
E. Blankenship, Michael T. Madigan and Carl
E. Bauer, from USA. Sixty-two chapters, 1331
pp, Hardcover, ISBN: 978-0-7923-3682-8
[http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-3681-5]

e Volume 1 (1994): The Molecular Biology of
Cyanobacteria, edited by Donald R. Bryant,
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Hardcover, ISBN: 978-1-4020-2400-9 [http://
www.springerlink.com/content/978-1-4020-
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Further information on these books and
ordering instructions can be found at <http://
www.springer.com/series/5599>. References
to all chapters of volumes 1-31 can be found
at <http://www.life.illinois.edu/govindjee/g/
References.html>. (For volumes 32-35, pdf
files of the entire Front Matter are also avail-
able here.)

Special 25 % discounts are available to
members of the International Society of
Photosynthesis Research, ISPR <http://
www.photosynthesisresearch.org/>.  See
<http://www.springer.com/ispr>.

Future Advances in Photosynthesis
and Respiration and Other Related
Books

The readers of the current series are encour-
aged to watch for the publication of the
forthcoming books (not necessarily arranged
in the order of future appearance):

e The Structural Basis of Biological Energy
Generation (Editor: Martin Hohmann-
Marriott) [This book is almost ready to go to
the typesetters]

e Canopy Photosynthesis: From Basics to
Applications (Editors: Kouki Hikosaka, Ulo
Niinemets and Niels P. R. Anten)

¢ Non-Photochemical Quenching (NPQ) and
Energy Dissipation in Plants, Algae and
Cyanobacteria (Editors: Barbara Demmig-
Adams, Gy6z6 Garab and Govindjee)

¢ Cytochrome Complexes: Evolution, Structures,
Energy Transduction, and Signaling (Editors:
William Cramer and Toivo Kallas)

e Photosynthesis for Bioenergy (Editors:
Elizabeth A. Ainsworth and Stephen P. Long)

In addition to the above contracted books,
the following topics are under consideration:

¢ Algae, Cyanobacteria: Biofuel and Bioenergy

¢ Artificial Photosynthesis

e ATP Synthase

* Bacterial Respiration II

e Carotenoids II

¢ Cyanobacteria II

e Ecophysiology

* Evolution of Photosynthesis

* Global Aspects of Photosynthesis

* Green Bacteria and Heliobacteria

* Interactions between Photosynthesis and other
Metabolic Processes

e Limits of Photosynthesis: Where do we go
from here

e Photosynthesis, Biomass and Bioenergy

e Photosynthesis under Abiotic and Biotic
Stress

e Plant Respiration II

If you have any interest in editing/co-
editing any of the above listed books, or
being an author, please send an e-mail to
Tom Sharkey (tsharkey@msu.edu) and/or to
Govindjee at gov@illinois.edu. Suggestions
for additional topics are also welcome.

In view of the interdisciplinary character
of research in photosynthesis and respira-
tion, it is our earnest hope that this series
of books will be used in educating students
and researchers not only in Plant Sciences,
Molecular and Cell Biology, Integrative
Biology, Biotechnology, Agricultural
Sciences, Microbiology, Biochemistry,
Chemical Biology, Biological Physics, and
Biophysics, but also in Bioengineering,
Chemistry, and Physics.
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Govindjee, who uses one name only, was
born on October 24, 1932, in Allahabad,
India. Since 1999, he has been Professor
Emeritus of Biochemistry, Biophysics, and
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of the two-light effect (Emerson enhance-
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binding region in PSII; molecular under-
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measurements on the primary photoche-
mistry of PS II; and the first use of Chl
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Eaton-Rye); (2) in 2008, through a special
International Symposium on “Photosynthesis
in a Global Perspective,” at the University of
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synthesis (John Wiley, 1969) and editor of
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http://www.life.illinois.edu/govindjee

Thomas D. (Tom) Sharkey obtained his
Bachelor’s degree in Biology in 1974 from
Lyman Briggs College, a residential science
college at Michigan State University, East
Lansing, Michigan, USA. After 2 years as a
research technician in the federally funded
Plant Research Laboratory at Michigan State
University under the mentorship of Prof.
Klaus Raschke, Tom entered the Ph.D. pro-
gram in the same lab, and graduated in 1980.
Postdoctoral research was carried out with
Prof. Graham Farquhar at the Australian
National University, in Canberra, where he
co-authored a landmark review on photosyn-
thesis and stomatal conductance that contin-
ues to receive much attention 30 years after
its publication. For 5 years, Tom worked at
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Wisconsin in Madison. In 2008, Tom became
Professor and Chair of the Department of
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Michigan State University. Tom’s research

interests center on the biochemistry and
biophysics of gas exchange between plants
and the atmosphere. Photosynthetic gas
exchange, especially carbon dioxide uptake
and use, and isoprene emission from plants,
are the two major research topics in his labo-
ratory. Among his contributions are mea-
surements of the carbon dioxide concentration
inside leaves, studies of the resistance to dif-
fusion of carbon dioxide within the meso-
phyll of leaves of C; plants, and an exhaustive
study of short-term feedback effects on
carbon metabolism. As part of the study of
short-term feedback effects, Tom’s research
group demonstrated that maltose is the major
form of carbon export from chloroplasts at
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the elucidation of the pathway by which leaf
starch is converted to sucrose at night. In the
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of photosynthesis as the explanation for
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regulation of isoprene synthesis. Tom
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E.A. Holland and H.A. Mooney (Eds.) Trace
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Kluwer (now Springer), Dordrecht, 2000;
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Thomas D. Sharkey (Eds.) Springer. Tom
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Tom is currently the Chairperson of the
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There is a general consensus in considering
the use of fossil fuels (petroleum, natural gas
and coal) as the cause of serious environ-
mental problems. Because the amount of
energy derived from these fossil reserves is
close to 80 % of the entire World’s energy
consumption, there is a pressing need of new,
non-polluting and renewable energy sources
(Report of the International Energy Agency,
2010). Although hydrogen (H,) is not a pri-
mary energy source, it has been considered a
promising alternative to fossil fuels. By defi-
nition, an energy source is such only if useful
energy can be directly extracted or recovered
from it; in this respect, H, is an “energy car-
rier” as it is derived from an energy reservoir
and it can be used, like electricity, for the
“transport” of energy from the production
site to the sites of its use. The main conse-
quence of this feature is that hydrogen can be
produced only by consuming primary energy
sources, which at the moment are mainly
fossil fuels. However, there are at least two
properties making the use of hydrogen quite
attractive, namely: its large presence in
nature, even if usually linked with other
atoms, e.g. with oxygen in water or with
oxygen, carbon and other elements in organic
compounds, and the possibility to use it
without releasing pollutants or greenhouse
gases (GHGs) in the atmosphere. Inte-
restingly, hydrogen can also be produced by
exploiting the metabolic features of several
microorganisms in a carbon neutral process
that has been called “biological hydrogen
production”. Bio-hydrogen production is
also characterized by important advantages
over the thermochemical and electrochemical
techniques currently utilized or under study.
Indeed, microbiological processes can pro-
duce hydrogen using renewable resources, in
carbon neutral processes operating at room
temperature and pressure, and with low envi-
ronmental impact. A negative aspect of the

Preface

microbial hydrogen production in natural
habitats is the fact that although a large
number of bacteria, belonging to different
taxonomic groups, possess the capability to
produce hydrogen, free hydrogen of biologi-
cal origin can hardly be captured in nature
because hydrogen-producing and hydrogen-
consuming microorganisms live in the same
natural environments.

Bio-hydrogen production has been known
for almost a century and research directed at
applying this process to a practical means of
hydrogen fuel production has been carried out
for over a quarter of a century. A milestone in
bio-hydrogen research was the observation by
Hans Gaffron, while working at the University
of Chicago in 1939, that algae can generate
hydrogen by both fermentation and photo-
chemistry (H. Gaffron (1939) Reduction of
CO, with H, in green plants. Nature 143:204—
205). Ten years later, Gest and Kamen (H.
Gestand M.D. Kamen (1949) Photoproduction
of molecular hydrogen by Rhodospirillum
rubrum. Science 109: 558-559) discovered
the light-dependent production of hydrogen in
parallel to nitrogen fixation by the facultative
photosynthetic  bacterium Rhodospirillum
rubrum. Notably, in “Memoir of a 1949 rail-
way journey with photosynthetic bacteria”
(Photosynthesis Res 61: 91-96), H. Gest
(1999) commented on this discovery as “A
serendipic observation at the Hopkins Marine
Station of Stanford University in 1948 led to
the discovery that anoxygenic photosynthetic
bacteria can fix molecular nitrogen ... and
generate hydrogen”. One of us (Zannoni D),
while working as an associate researcher at
the St. Louis University Medical School in
1978, was fortunate enough to have known
personally H. Gest, Professor of Microbiology
at the University of Bloomington (Indiana).
He remembers that they had a long discussion
on the way to define what it is now recog-
nized as the “accessory oxidant-dependent
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fermentation in photosynthetic bacteria”
(See: The Phototrophic Bacteria: Anaerobic
Life in the Light, J.G. Ormerod Ed., 1983, vol
4, University of California Press, Blackwell
Sc. Pub.). Enormous advances have been
made since then on genetics, biochemistry,
and biotechnological applications of photo-
synthetic bacteria and the present book,
entitled Microbial BioEnergy: Hydrogen
Production is a compendium overviewing
most of the processes important for the micro-
bial hydrogen production including bacterial
hydrogen photo-generation.

The book begins with a chapter on bio-
energy from microorganisms describing
some of the challenges in meeting future
energy needs in order to address climate
changes through the development of bioen-
ergy (Chap. 1). Critical factors in mature
technologies and future directions in nascent
technologies are also reviewed. The volume
includes a section (Chaps. 2, 3, 4, and 5) cov-
ering structural, molecular, and functional
aspects of hydrogenases as efficient biologi-
cal catalysts for the production of molecular
hydrogen and, consequently, its oxidation a
way to get rid of the excess reducing power
in cyanobacteria and green algae. As cyano-
bacteria are unique organisms that accom-
modate both oxygenic photosynthesis and
nitrogen fixation, they are extensively
covered in Chap. 6 with respect to their pro-
duction of ammonium concomitantly with
hydrogen formation. Solar energy is also used
by photosynthetic purple non-sulfur bacteria
to generate hydrogen gas from organic
sources via the enzyme nitrogenase. Chapter 7
focuses on the advances that have been
made in hydrogen generation through the use
of systems biology approaches such as
genomics, transcriptomics and *C-fluxomics
in Rhodopseudomonas palustris CGA009.
Chapters 8 and 9 cover two emerging research
fields in hydrogen production: the use of
thermophilic and hyperthermophilic micro-
organisms of the genera Caldicellulosiruptor
and Thermotoga. As these genera utilize an
extraordinary array of substrates that are
converted by dark-fermentation to hydrogen
at efficiencies approaching the ‘“Thauer
limit” of 4 mol H,/mol glucose, the availabil-

ity of several genome sequences and their
metabolic features open new perspectives for
biohydrogen generation. Bioelectrochemical
systems coupled to indirect hydrogen pro-
duction are reviewed in Chap. 8. These sys-
tems are not subjected to the hydrogen yield
constraints and have been proven to work
with any biodegradable organic substrate.
Chapters 11, 12, 13, and 14 are mostly dedi-
cated to photobioreactors using purple non-
sulfur bacteria and microalgae. This section
of the book examines in detail how hydrogen
production depends on various kinds of
organic wastes, on the photosynthetic effi-
ciency and light distribution. The basic prin-
ciples for designing photobioreactors in
mass culture for biofuel are also examined
along with the advantages and limitations of
immobilized cell-systems for hydrogen pho-
toproduction. The volume ends with a chap-
ter (Chap. 15) dealing with the unconventional
concept that if hydrogen is used as an energy
carrier, there are consistent benefits to be
expected, depending on how hydrogen is
generated. The existing technical problems
lying ahead for the creation of an apparent
“Hydrogen Based Society” are examined
and it is concluded that they will be solved
within a reasonable period of time.

Following the suggestion of the Series
editors, Govindjee and Tom Sharkey, we
are deeply honored to dedicate this book to
Hans Gaffron (1902—-1979) and Howard Gest
(1921-2012).
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Summary

Some of the challenges in meeting future energy needs and addressing climate change will
need to be met through the development of bioenergy. The power and diversity of microbial
metabolism, coupled with metabolic engineering and synthetic biology, can be used to pro-
duce a panoply of different biofuels from a variety of possible substrates. Here some of the
underlying principles involved and an overview of the different production pathways under
development are discussed. Critical factors in mature technologies and future directions in
nascent technologies are reviewed.
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I. Climate Change and Future Energy
Challenges

There can be little doubt that unprece-
dented climate change brought about by
global warming due to excessive fossil
fuel combustion is upon us. The recent
increase in extreme weather events shows
that noticeable changes in weather patterns
are already here and thus this is not a prob-
lem for the future, distant or near, but one
with which we must already cope. Although
a variety of factors have increased atmo-
spheric forcing over the millennia, includ-
ing a considerable atmospheric CO, burden
due to ancient prehistoric and early his-
toric land clearing, this has greatly accel-
erated with industrialization and the
development of fossil fuels as the primary
energy source to drive this. At the same
time, industrialization has created the
modern world with greatly increased per
capita GDP in the developed countries
(OECD). Thus, at present energy use is
intimately tied to per capita income levels
while at the same time at the root of disas-
trous climate change effects. Of course,
this dichotomy creates great resistance to
changes in energy use policy as these are
seen as directly affecting either the present
high standard of living in the OECD, or the
chance for developing countries to achieve
a like life style.

A. The Scope of the Problem

It is certain that future energy demand (and
use) will grow, inexorably driven by two
compounding factors, population growth
and growth in per capita energy usage.

Abbreviations: CBP  — Consolidated bioprocessing;
DOE — Department of Energy; Fd — Ferredoxin;
GDP - Gross Domestic Product; IEA — International
Energy Agency; IPCC — Intergovernmental Panel on
Climate Change; MEC — Microbial electrolysis cell;
MFC — Microbial fuel cell; NFO — NADH:ferredoxin
oxidoreductase; OECD — Organisation for Economic
Cooperation and Development; PFL — Pyruvate:formate
lyase; PFO — Pyruvate:ferredoxin oxidoreductase
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Growth in per capita energy usage is essen-
tially due to income growth, as the “have
nots” strive to achieve life style parity with
the “haves”. In fact, income growth and pop-
ulation growth have been considered the
most powerful forces behind increasing
energy demand. While world population has
increased fourfold since 1900, over the same
time period real income increased by a factor
of 25 driving a 22.5-fold increase in energy
consumption (BP 2011). This trend is obvi-
ously set to continue with world population
widely believed to reach nine billion by 2050
(8.45 billion by 2035), fueled by an average
annual growth rate close to 1 % (DOE
International Energy Outlook 2011). As
well, GDP is predicted to increase at an
annual rate of 3.2 % at the same time (IEA
World Energy Outlook 2010), effectively
raising average incomes.

A very useful way to look at the compo-
nent driving forces behind global carbon
emission, broken down into four major fac-
tors, is given by the Kaya Identity (Yamaji
etal. 1991):

CO,=Px(GDP/P)
x(E/GDP)x(CO,/E) (.1

Thus, total anthropogenic carbon emis-
sions can be seen as a function of the total
population (P), individual consumption
(GDP/P, gross domestic product consumed
per person), essentially individual income,
the energy intensity of production (E/GDP),
and the carbon intensity of energy use
(CO,/E).

However, in reality only two of these fac-
tors are amenable to manipulation to slow or
stabilize total CO, emissions since changing
the population growth rate has proven an
intractable problem, and decreasing, or even
stabilizing economic output (GDP) would
directly impact average incomes, contrary to
the economic policy of any government. The
energy intensity of production can be
decreased somewhat through efficiency mea-
sures, but this is relatively inflexible. A sig-
nificant factor in energy intensity of
production, at least on a regional level, is the
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mix of industries/services that form the eco-
nomic base. As OECD countries have
switched to more of service economies,
energy intensities in those countries steadily
declined. However, this was not a really a sav-
ings in global carbon emissions, merely an
“outsourcing” of emissions to countries like
China as manufacturing to satisfy consumer
appetites in OECD countries shifted overseas.
Thus, although global emissions were rising
at about 1 % up to 2000, since then global
emissions have been increasing at ~3.2 % per
year (Raupach et al. 2007). This means that
the world is on track to surpass even the most
pessimistic IPCC (Intergovernmental Panel
on Climate Change) emissions scenario
(WMO 2012).

One goal that has been adopted in princi-
ple, although the policy changes needed to
put this in practice have not been made, is to
prevent the mean global temperature increase
from surpassing 2 °C above preindustrial
levels. It is thought that this requires limiting
atmospheric CO, levels to 450 ppm. Under
present policies, basically BAU (Business As
Usual), we will go well beyond this as
demand for total energy, and consequently
emissions, more than doubling by 2050.
Indeed, we very well might have to confront
a world where mean global temperatures
have risen more than 4 °C, with largely
unknowable, but assuredly drastic effects
(New et al. 2011). The challenges to be met
in response to the ever increasing demand
for energy are enormous. This can be seen by
regarding present energy producing infra-
structure, “steel in the ground”. Existing fos-
sil fuel plants in themselves commit us to
enough future carbon dioxide emissions to
nearly reach the 450 ppm cut-off proposed
by many (Davis et al. 2010; Hoffert 2010). In
other words, in order to realistically reach a
goal set by many, we will need to have a
complete moratorium on the construction of
new fossil fuel burning power plants.
Obviously, this is a scenario that is com-
pletely unacceptable to all, especially the
developing countries, where new economic
growth is so tightly tied to bringing online
more power. In fact, considerations of global

energy equity suggest that they should not
be asked to do so (see below).

In fact, any scenario for reducing the
growth in carbon emissions requires the
decarbonisation of energy production, i.e.
reducing the CO,/E term in Eq. 1.1. Thus, the
introduction of carbon neutral fuels is
required, and the more the better, considering
the amount of new energy that will be needed
under almost any future global energy sce-
nario. It has been estimated that even in an
optimistic scenario where there are substan-
tial changes in energy intensity of produc-
tion, maintaining economic growth while
remaining at 450 ppm will require the intro-
duction of 30 terawatts of carbon neutral fuel
by 2050 (Hoffert 2010). Indeed, just getting
to 1 terawatt of carbon neutral fuel has been
called the “one terawatt challenge”.

B. Global Energy Equity and Energy Justice

Another important factor in considering
present and future energy production/con-
sumption is energy equity. In 2011, the
OECD countries accounted for only 18 %
world’s population, while non-OECD coun-
tries represented 82 %. Even though growth
in carbon emissions is much faster in non-
OECD as these countries strive to increase
per capita income, and as they take on some
of the carbon emissions out-sourced from
OECD countries, they still only account for
about a share of emissions that equals that of
the OECD. In order to examine questions of
global energy equity and energy justice one
needs to look on a per capita basis at the
regional emissions that are behind the global
figures. In other words, energy usage is very
unevenly distributed when measures such as
per capita emissions and per capita energy
consumption are examined. By these mea-
sures, countries like the USA (per capita
energy usage 10.2 kW, per capita emissions,
5.5 t C/y) truly stand out compared with the
poorest developing countries (per capita
energy usage 0.11 kW, per capita emissions,
0.06 t C/y) (Raupach et al. 2007). Thus, one
could argue that the OECD countries bear by
far the largest burden in dealing with global



warming and carbon emissions. This is espe-
cially true if one takes into account “legacy
carbon emissions”, since if one totals the
emissions since the beginning of the indus-
trial revolution, the OECD countries have
contributed 77 % of the present excess atmo-
spheric carbon dioxide. Thus, there are many
questions surrounding future energy sup-
plies and climate change which, although
they should be framed in terms of scientific
knowledge and informed projections, lie
more in the realm of politics and public pol-
icy (Hallenbeck 2012a). In what follows we
examine a small focused area in what is one
of the major challenges presently facing
humankind, how can microbes be used to
make carbon neutral replacement fuels.
Here, many recent scientific studies have
shown that there is a great deal that can be
done with either existing organisms, or
modified ones, to potentially produce true
sustainable, renewable fuels.

Il. A Wide Variety of Biofuels
A. First Generation Biofuels

Biofuels production is already at large scale,
primarily to supply the transportation sector,
which relies almost exclusively (97 %) on
the use of liquid fossil fuels. Moreover, this
is an important target area since it is second
only to the industrial sector in current and
projected total fossil fuel consumption. In
addition, while stationary power consump-
tion is largely indifferent to the form of the
energy carrier, mobile use requires a fuel
source that can be stored on board at a suffi-
ciently high energy density. Thus it is
perceived to be critically important to par-
tially or completely replace presently used
carburants, gasoline or diesel, with a renew-
able energy carrier. Biofuel production has
greatly increased worldwide, mostly driven
by adopted government policies in the forms
of incentives; subsidies and alternative fuel
mandates. Thus, first generation biofuels
(Table 1.1) are already being produced at
large scale, with worldwide production of
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ethanol and biodiesel of 50 billion and 9
billion liters respectively in 2007. However,
there are a number of problems with these
first generation biofuels. First, it has become
obvious that these first generation biofuels
technologies are of questionable sustainabil-
ity, and that in the long term it is untenable to
produce biofuels in competition with food
crops (Cassman and Liska 2007; Waldrop
2007; Scharlemann and Laurance 2008;
Tollefson 2008; Tilman et al. 2009).
Secondly, it can be questioned if the biofuels
presently under commercial production, bio-
ethanol and biodiesel, are ultimately the best
biofuels since they have a number of unde-
sirable characteristics (Keasling and Chou
2008). Thus, there is a need to go beyond
these first generation biofuels, both in what
substrates are used and, ultimately, in what
products are made.

B. Beyond First Generation Biofuels

A number of methodologies, variably called
synthetic biology or Metabolic engineering,
provide powerful techniques that could be
applied to various aspects of the biofuels
problem (Fig. 1.1). These include genetic
engineering, what are basically relatively
simple changes made through simple gene
knockouts, or small additions of heterolo-
gous DNA, to much more involved and com-
plicated changes brought about by importing
entire metabolic pathways, directed evolu-
tion, or genome shuffling. The production of
a biofuel can be divided into two basic
stages; substrate conversion to key metabolic
intermediates, and conversion of these meta-
bolic intermediates into a biofuel. Metabolic
engineering could usefully impact each of
these areas in several ways (Fig. 1.1).

1. Molecular Engineering for the
Deconstruction of Lignocellulosic Biomass

To begin with, the production of large quan-
tities of biofuels without seriously impacting
the world food supply requires the ability to
utilize biomass resources with their poten-
tially substantial quantities of energy stored
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Table 1.1. Comparison of different strategies for lignocellulosic deconstruction.

Process Possible advantages

Possible disadvantages

Separate hydrolysis Reactor size and operating

and fermentation

conditions easily optimized
Enzyme specificity and efficiency

can be adjusted to substrate
Newly discovered or engineered

Costly enzyme production

Enzymes need to be cloned from different
organisms

Two stage system required increasing
operational costs and complexity

enzymes easily incorporated

Native consolidated

bioprocessing biofuel possible

Single stage process; simple

facility, easy operation
Avoidance of inhibition of

cellulose degradation by

monomers

Uses existing metabolic
machinery
Engineered consolidated
bioprocessing
Single stage process

Cost-effective production of

cellulases

Designer cellulosomes can be

fabricated

Direct conversion of cellulose to

Optimal cellulose degradative
capacity in efficient fermenter

Optimal temperatures for cellulose degradation
and fermentation may be different

Low rates and yields of useful products by
native organism

Low titers of active enzymes due to inefficient
anaerobic growth

Need for complex Metabolic engineering,
expression of multiple components

May lack synergistic factors found in native
organism

Adapted from Hallenbeck et al. (2011)

in lignocellulosic compounds (Sagar and
Kartha 2007; Field et al. 2008; Martindale
and Trewavas 2008; Tilman et al. 2009). At
present, no organism is known that is both
capable of effective lignocellulose decon-
struction and the efficient conversion of
the resulting five and six carbon sugars into
the key metabolic intermediates found in the
central metabolic pathways.

The capacity to directly degrade cellulosic
materials into fermentable monomers, a pro-
cess called lignocellulosic, occurs naturally
in a few organisms, but Metabolic engineer-
ing could be used to transfer this ability to
other organisms (Fig. 1.1). However, the
capacity to use the wide variety of hexose
and pentose sugars resulting from the hydro-
lysis of such complex substrates would also
be required and this ability does not neces-
sarily reside in organisms that carryout rapid
high yielding fermentations. Thus, Metabolic
engineering could also be applied to modify
a strong fermenter such that it is able to use a
wider range of substrates, or to increase the
fermentative powers of an organism with an

omnivorous appetite (Ghosh and Hallenbeck
2009, 2010, 2012).

Although various waste streams can and
should be targeted for conversion to biofuels
as these represent readily available substrates
that are free or low cost and require treat-
ment anyway, to achieve the scale needed for
significant biofuels production the use of lig-
nocellulosic containing biomass will be nec-
essary. However, effective deconstruction of
these materials has proven problematic
despite some years of concerted effort due to
the almost crystalline state of the cellulose
component and the intractability of the lig-
nin (Field et al. 2008; Tilman et al. 2009;
Sims et al. 2010; Hallenbeck et al. 2011).
Different strategies have been developed in
response to this problem (Table 1.2) (Lynd
et al. 2002; Hallenbeck et al. 2011). The
most technologically advanced process,
already near commercial scale, involves
physical/chemical pretreatment followed by
the addition of the various enzymes required
for depolymerization to monomers. However,
in reality this involves the addition of
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Roles for Metabolic Engineering in Biofuels Production

New degradative
ca pa cities

Catabolic pathways for
pentoses and hexoses
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Substrate Lignocellulosic 1 R V Key metabolic
. Materials and | intermediates
conversion l\ Hexoses
Stage -

Manipulation of
existing pathways

Higher Levels of

I Natural Biofuel
5
Fuel
Production Ke\r metabohc
Inter

Stage

’L'I

—

Novel Biofuel
Introduction of
novel pathways

N

Fig. 1.1. Different possible roles for Metabolic engineering in biofuels production. There are a number of ways in
which Metabolic engineering can be used to expand biofuels production going beyond first generation biofuels.
First, Metabolic engineering can potentially be used in the substrate conversion stage to create organisms with
newly abilities to degrade complex lignocellulosic substrates, by far the largest substrate pool available from
non-food biomass. In addition, organisms with existing strong downstream capabilities can have their substrate
range extended to include the capacity to use the pentoses and hexoses derived from lignocellulosic substrates.
These strategies expand substrate conversion to key metabolic intermediates. Secondly, the conversion of these
key intermediates to biofuels can be modified in two distinct ways. The production of a biofuel that is normally
made by an organism can be augmented by changes in existing pathways, creating increased flux to the desired
biofuel. This can be either through changes causing increased activity in the relevant pathway or by decreasing
flux into non biofuel pathways. Another additional strategy is to engineer in novel enzymes and pathways which
enable the organism to produce novel biofuels (Taken from Hallenbeck 2012b).

prodigious amounts of enzymes which must vantages of natural CBP for biofuels
therefore be prepared at very large scale. The production are given in Table 1.2. However,
costly economics of this is presently the lim- unfortunately, the known organisms that are
iting factor in applying this strategy. Another capable of CBP are probably not suitable for
possibility is to use the natural ability of industrial-scale biofuels production since the
some organisms to simultaneously carryout rates and yields of suitable products are too
cellulose saccharification and fermentation. low. In addition, they are not known to pro-
They are able to do this since they naturally duce the desired drop-in biofuels.

produce the required enzymes in a very Although some of these problems might be
large extracellular macromolecular complex rectified by Metabolic engineering, attention
called a cellulosome that anchors them has turned towards bringing this capability to
directly to the lignocellulosic substrate. This efficient fermenters using different Metabolic
combination of all the required processes in engineering strategies. This could lead to a
one step is called consolidated bioprocessing process with a number of advantages over the
(CBP), a technology which could potentially processes already developed (Table 1.2). The
dramatically reduce the cost of biofuels pro- approaches under study vary from attempts to
duction. Some of the advantages and disad- express foreign cellulases to creating organ-
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Table 1.2. Comparison of different strategies for lignocellulosic deconstruction.

Process Possible advantages

Possible disadvantages

Separate hydrolysis

and fermentation easily optimized

Enzyme specificity and efficiency can

be adjusted to substrate
Newly discovered or engineered
enzymes easily incorporated
Native consolidated

bioprocessing possible

Single stage process; simple facility,

easy operation

Avoidance of inhibition of cellulose

degradation by monomers

Uses existing metabolic machinery
Optimal cellulose degradative capacity

Engineered
consolidated
bioprocessing

in efficient fermenter
Single stage process

Cost-effective production of cellulases

Reactor size and operating conditions

Direct conversion of cellulose to biofuel

Costly enzyme production

Enzymes need to be cloned from different
organisms

Two stage system required increasing
operational costs and complexity

Optimal temperatures for cellulose degradation
and fermentation may be different

Low rates and yields of useful products by
native organism

Low titers of active enzymes due to inefficient
anaerobic growth

Need for complex Metabolic engineering,
expression of multiple components

May lack synergistic factors found in native
organism

Designer cellulosomes can be fabricated

Adapted from Hallenbeck et al. (2011)

Table 1.3. Characteristics of an ideal biofuels producer.

Required characteristics
Yields

Productivity

Tolerance to product

Robustness

Ease of growth

Desirable characteristics

Cell yield

GRAS (generally regarded as safe)

High >90 %

High reduce capitol and energy inputs

High achieve high titers

Tolerance to inhibitory substances in crude substrates
Minimal, inexpensive growth factor requirement

Low, avoid disposal problem

Avoid regulatory complications or need for post- production
sterilization

Adapted from Hallenbeck et al. (2011)

isms with artificial minicellulosomes. The
success of displaying a functional minicellu-
losome on the surface of an organism that
already produces high titers of a biofuel would
lead the way to achieving a truly industrially
relevant CBP microorganism.

Lignocellulose deconstruction will of
course give a complex mixture of five and
six carbon sugars, principally glucose and
xylose. For the successful fermentation of this
complex mixture to a biofuel to be successful,
the microbial strain must be capable of using

the majority of the fermentable substrate
available. However, the majority of the
mainstream organisms presently used
industrially cannot. These organisms meet
most of the criteria for successful biofuel
(ethanol) fermentation (Table 1.3), and
much experience has already been gained
with them on large scale fermentations.
Thus, this is a fruitful area for the applica-
tion of Metabolic engineering and some
effort has already gone into creating deriva-
tives of these strains that are capable of
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degrading the relevant pentoses and hexoses
(Ghosh and Hallenbeck 2012).

2. Molecular Engineering for Biofuels
Production

A large number of different biofuels are being
investigated for use as mobile energy carriers
(Atsumi and Liao 2008; Atsumi et al. 2008a, b,
2010; Connor and Liao 2008; Keasling
and Chou 2008; Lee et al. 2008; Steen et al.
2008, 2010; Stephanopoulos 2008; Wackett
2008; Yan and Liao 2009; Dellomonaco et al.
2010). In these microbial based processes,
monomers, ideally derived from deconstructed
lignocellulosic biomass, are converted through
central metabolic pathways to common meta-
bolic intermediates which then can follow a
number of metabolic pathways to produce a
large variety of potentially useful compounds.
This can be done either using traditional
fermentation pathways, suitably modified to
increase the rate and yield of biofuels produc-
tion, or by tapping into pathways normally
used for biosynthesis to channel metabolites
into a variety of novel molecules of possible
interest as biofuels (Fig. 1.2).

Alternative fuels that are currently being
investigated include: bioethanol, biobutanol,
longer-chain alcohols, biohydrogen, and
fatty acid derivatives such as biodiesels and
alkanes. Many of these potential fuel com-
pounds have a number of advantages over
bioethanol as an alternative fuel. These
include having a higher energy density,
closer to that of gasoline, being less corro-
sive, thus adapted to current infrastructure,
being less volatile, and, finally, having the
capability of being used in existing internal
combustion engines without dilution.
However, Metabolic engineering is neces-
sary since microorganisms do not naturally
produce these compounds in high quantities.
A successful strategy will give a strain capa-
ble of the efficient and economical biocon-
version of non-food feedstocks to biofuels at
high rates and near stoichiometric yields.

How the first stage of a biofuels production
process might be improved was discussed
above. Once the pentoses and hexoses enter
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Fig. 1.2. A wide variety of possible biofuels can be
made. The production of many different biofuels is
possible using microbial metabolic capabilities. Some
products can be made through traditional fermenta-
tion, with suitable modifications to increase yields and
rates (solid outlines). In addition, existing biosynthetic
pathways can be changed to make a variety of novel
biofuels (dashed outlines). Pathways and products
shown have already been experimentally demonstrated
with Escherichia coli (Taken from Hallenbeck 2012b).

central metabolic pathways, key metabolic
intermediates will be formed that could be
used in one of two ways to generate mole-
cules suitable for fuel use (Fig. 1.1).
Metabolic engineering can be used to
increase flux through an existing pathway
thus increasing rates and yields of a naturally
occurring metabolite that can serve as a bio-
fuel; ethanol, butanol, and hydrogen. This
can be achieved by blocking alternate path-
ways that channel metabolic flux into unde-
sirable side products, or increasing the levels
of key enzymes in the desired pathway.
Many studies have shown that novel
biofuels can be made by the addition of for-
eign enzymes and pathways (Fig. 1.2).
Thus, suitably modified E. coli has been
shown to make isopropanol (Atsumi et al.
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2008b), n-butanol (Atsumi and Liao 2008;
Inui et al. 2008) or even isobutanol (Atsumi
et al. 2010). The keto-acid pathways nor-
mally functioning in the biosynthesis of the
amino acids threonine and norvaline have
successfully been subverted for the produc-
tion of a variety of butanol derivatives
(Atsumi and Liao 2008; Connor and Liao
2008; Shen and Liao 2008). Likewise, ter-
penoid biosynthetic pathways can be suc-
cessfully changed to produce a variety of
compounds that could potentially be used
as biofuels (Fortman et al. 2008; Rude and
Schirmer 2009). The fatty acid biosynthe-
sis pathways, normally used by the organ-
ism to make lipids using acetyl-CoA as
precursor, can be adapted for the produc-
tion of a variety of fatty acid ethyl esters
(biodiesel) and alkanes and alkenes (Steen
et al. 2010).

lll. The Microbial Production
of Hydrogen

Of all the possible biofuels, hydrogen has
some unique advantages, but also has some
drawbacks. On the positive side, hydrogen
has the highest gravimetric energy density of
any fuel. On the other hand, it has the lowest
volumetric density, rasing serious challenges
for storage, particularly for mobile uses.
Hydrogen can be converted to mechanical
energy with much greater efficiency since it
can be used in fuel cells at about twice the
efficiency of combustion in an internal com-
bustion engine. While all biofuels are poten-
tially carbon neutral since they are made
from feedstocks produced by recent carbon
dioxide fixation, hydrogen as a fuel offers
some unique opportunities. For one thing,
hydrogen can be produced by biophotolysis
(see below), a carbon independent pathway.
In common with other biofuels, hydrogen
can be produced by other means using bio-
mass derived substrates. However, unlike
other biofuels with which CO, is emitted
when they are combusted, with hydrogen
production CO, is emitted during produc-
tion, thus allowing easy capture and possible

1

sequestration. Finally, combustion of hydrogen
is cleaner than the combustion of other bio-
fuels some of which emit pollutants that can
be harmful to the health as well as the envi-
ronment, for example combustion of ethanol
can give significant amounts of acetaldehyde.

A. Modes of Biological
Hydrogen Production

Hydrogen is an important metabolic inter-
mediate or end product in a number of dif-
ferentmicrobial metabolisms. Consequently,
there are a number of distinct ways in which
hydrogen can be produced (Fig. 1.3). Each
has its own particular advantages as well
as challenges for practical application
(Table 1.4). There are basically two differ-
ent light dependent processes, one of which,
biophotolysis, uses the captured solar
energy to drive water-splitting photosynthe-
sis and derive hydrogen from the high
energy electrons created. The second
approach, photofermentation, harnesses the
capacity of bacterial-type photosynthesis to
use the captured light energy to carry out
what would otherwise be thermodynami-
cally unfavorable hydrogen production
from some substrates (organic acids). Dark
fermentative hydrogen production uses the
natural ability of some organisms to evolve
hydrogen as an end product to rid them-
selves of excess electrons generated during
anaerobic metabolism. Finally, microbial
electrolysis uses the natural ability of some
microbes to respire anaerobically with an
external electrode as terminal electron
acceptor. Addition of some voltage to the
current thus generated allows hydrogen
evolution at the cathode.

1. Light Driven Biohydrogen Production

A very large amount of free energy is avail-
able in the annual solar flux and two different
biological processes are being studied for the
conversion of captured solar energy to hydro-
gen (Hallenbeck and Benemann 2002;
Ghirardi et al. 2009; Ghirardi and Mohanty
2010; Hallenbeck 2011).
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Basic Biohydrogen Production
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Fig. 1.3. Basic biological hydrogen production technologies. The four basic types of hydrogen producing systems
are shown. There are two light-dependent processes, biophotolysis and photofermentation. These are carried
out by two different types of organisms. Biophotolysis is possible with organisms, green algae and cyanobac-
teria, which have plant type photosynthesis and thus use water as a substrate. Photofermentation is carried out
by photosynthetic bacteria which only possess a single photosystem and thus cannot split water, using organic
compounds as electron donor instead. Dark fermentation involves different bacteria with different metabolic
pathways which are capable of the anaerobic breakdown of organic compounds, in particular sugars, to produce
hydrogen and a variety of side products, organic acids and alcohols. In MECs, the anode plays a critical role,
accepting electrons coming from the anaerobic respiratory activity of microbes that are capable of interacting
with external electron acceptors. Addition of complementary voltage allows hydrogen evolution at the electrode.
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Table 1.4. Comparison of biohydrogen production technologies.

13

Method Advantages Disadvantages
Biophotolysis Abundant substrate: water Low light conversion efficiencies
Simple products: H,, O, Oxygen sensitive Hyase
Expensive photobioreactors
Photofermentation Complete conversion of organic acid Low light conversion efficiencies

Dark fermentation

Microbial electrolysis

wastes to H,, CO,
Possible waste treatment credits

No direct solar input needed
Variety of waste streams can be used

Simple reactor technology
Complete conversion of organic compounds,
sugars and acids, to H, and CO,

Potential waste treatment credits

High energy demand by N,ase
Expensive photobioreactors

Incomplete substrate degradation
Low H, yields

Low charge densities

Expensive cathodes

High energy input required for high rates
and yields

a. Biophotolysis

In the most attractive system, biophotolysis,
solar energy would be captured and used to
decompose water, an abundant substrate, to
hydrogen and oxygen. Actually, this type of
process can be of two types, direct and indirect
biophotolysis. In direct biophotolysis, elec-
trons coming from the water splitting reaction
are boosted by photosystem II (PSII) and pho-
tosystem I (PSI) to reduce ferredoxin which in
turn directly reduces a hydrogen evolving
enzyme. In indirect biophotolysis, some form
of carbohydrate is produced from the reduced
ferredoxin and this serves as a chemical energy
carrier between the water-splitting photosyn-
thetic reaction and the hydrogen producing
reaction. Systems that are based on biophotol-
ysis can potentially involve the basically
incompatible reactions of simultaneous oxy-
gen evolution while reducing protons with an
oxygen sensitive enzyme. Thus, in indirect
biophotolysis these two reactions can be
separated in time and/or space. Two types of
systems where the mechanism of hydrogen
evolution is different have been investigated;
hydrogen production by heterocystous cyano-
bacteria, and hydrogen production by green
algae, principally sulphur-deprived cultures of
the green alga, Chlamydomonas.

H, production by cyanobacteria. Two dif-
ferent types of cyanobacteria, prokaryotes

capable of oxygenic photosynthesis, are
known to evolve hydrogen. The enzyme
responsible for the majority of cyanobacte-
rial hydrogen production is nitrogenase,
which in the absence of other reducible
substrates continues to turnover, reducing
protons to hydrogen in a relatively slow reac-
tion (6.4 s!') which also requires substantial
energy input (2 ATP/e”; 4 ATP/H,). One
group of cyanobacteria grow in filaments
and differentiate specialized cells called het-
erocysts under conditions of nitrogen limita-
tion (Kumar et al. 2010; Mariscal and Flores
2010). Heterocysts provide a microaerobic
environment which allows the oxygen sensi-
tive nitrogen fixation process to take place in
the midst of environment supersaturated
with oxygen. Heterocysts do not express
photosystem II and therefore do not split
water and evolve oxygen. They also cannot
fix carbon dioxide since they lack the Calvin-
Benson-Bassham cycle and therefore depend
upon fixed carbon imported from neighbor-
ing vegetative cells. The imported sucrose is
metabolized in the heterocyst through the
oxidative pentose pathway (Summers et al.
1995; Lopez et al. 2010).

Since hydrogen production in the hetero-
cysts depends upon sucrose which was pro-
duced in the adjacent vegetative cells, this is
in fact indirect biophotolysis on a micro-
scopic scale, which reduces the maximal
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theoretical conversion efficiency (see below).
However, this system is inherently robust
and hence has been extensively studied for
over three and a half decades (Benemann and
Weare 1974; Weissman and Benemann
1977). Light conversion efficiencies estab-
lished early on, 0.4 % under laboratory con-
ditions, 0.1 % under natural insolation, have
not been much improved upon since
(Tsygankov et al. 2002; Yoon et al. 2006;
Sakurai and Masukawa 2007). There may be
some room for improvement as theoretical
efficiencies with this nitrogenase based sys-
tem are around 4.6 % (Hallenbeck 2011). As
found for other photosynthetic processes,
part of the reduction in efficiency is thought
to be due to the inefficient use of light energy
at high light intensities. This might be
improved by reducing the size of the photo-
synthetic antennae, allowing more efficient
use of high light intensities by the culture.
Hydrogen can also be produced by unicel-
lular cyanobacteria which obviously lack het-
erocysts. These cyanobacteria possess
nitrogenase and are able to fix nitrogen with-
out the protection afforded by the heterocyst.
The problems with oxygen sensitivity are at
least partly circumvented in nature through
circadian transcriptional control which drives
maximal transcription of photosynthesis dur-
ing daylight, and maximal transcription of
nitrogenase during darkness. Light-driven
nitrogenase catalyzed hydrogen production
by the unicellular Cyanothece has recently
been demonstrated, although this was at low
light intensities in the presence of glycerol,
allowing consumption of oxygen through
respiration and argon sparging removal of
evolved oxygen (Min and Sherman 2010).
Of course these organisms could also be
used in a true indirect biophotolysis process
in which carbon is fixed in the first stage
through oxygen-evolving photosynthesis
creating reductant that can later be used in a
second, anaerobic, hydrogen-producing
stage. This separates in time and space the
oxygen-sensitive proton reduction reaction
from oxygen-producing photosynthesis.
Such a process was recently demonstrated on
an experimental level where the non-
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heterocystous Plectonema boryanum was
cycled multiple times through an aerobic,
nitrogen limited stage allowing for glycogen
accumulation, and a second anaerobic,
hydrogen producing stage (Huesemann et al.
2010). In another scenario, the unicellular
cyanobacterium Synechococcus, was shown
to convert biomass accumulated during first
stage photosynthetic to hydrogen during a
second stage dark fermentation with a 12 %
efficiency (i.e. 1.44 moles H,/mole hexose)
(McNeely et al. 2010).

H, production by green algae. It has been
recognized for over half a century that some
species of green algae are capable of a short-
lived burst of hydrogen production catalyzed
by a FeFe-hydrogenase upon re-illumination
of dark-adapted (anaerobic) cultures.
Recently, sustained hydrogen production by
illuminated cultures was demonstrated using
two stages; an initial stage permitting photo-
synthesis and growth followed by sulphur
deprivation which provides the anaerobic
conditions necessary for sustained hydrogen
production (Melis et al. 2000). Sulfur depri-
vation reduces photosystem II activity since
under these conditions cells are unable to
replace photodamaged D1 protein. At some
point (the compensation point) the much
lowered rate of oxygen evolution is less than
the rate of respiratory oxygen consumption.
The algal culture thus becomes anaerobic
and hydrogenase is induced with hydrogen
production lasting over a period of days. The
electrons required for hydrogen evolution
come from several different pathways, with
only about 50 % coming directly from the
water splitting action of photosystem II
(direct biophotolysis). An additional 50 % of
the electrons come from stored metabolites,
such as starch, which were produced during
the first stage of this two stage process.

Although a large number of studies have
attempted to improve this system by examin-
ing various mutants and operational param-
eters, low light conversion efficiencies
remain a critical limiting parameter. Low
efficiencies are inherent in a process which is
based on reducing PSII activity by 75-90 %
and removing oxygen through respiration of
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substrate that could otherwise be used for
hydrogen production. Therefore, attaining
efficiencies within the realm of a practical
system can only be achieved by moving away
from the sulphur-deprived paradigm. One
possible solution, using a hydrogenase that is
(relatively) insensitive to oxygen inactiva-
tion, is apparent, although it is not obvious
how to achieve this.

b. Photofermentation by
Photosynthetic Bacteria

Photofermentation is another method that
uses captured solar energy to drive hydrogen
production, in this case from organic com-
pounds, principally organic acids, by purple
non-sulfur photosynthetic bacteria. There
have been a large number of studies on
photofermentative hydrogen production by
a different organisms using a variety of sub-
strates with investigations into the effects of
a variety of factors including light intensity,
nutrient regime, cell immobilization, etc., as
compiled elsewhere (Li and Fang 20009;
Adessi and De Philippis 2012). These bacte-
ria, when grown photoheterotrophically
under nitrogen limiting conditions which
induce the hydrogen evolution -catalyst,
nitrogenase, can carry out the nearly stoi-
chiometric conversion of various organic
acids to hydrogen. The necessary energy
inputs, ATP and high energy electrons, are
generated through the action of bacterial
photosynthesis. Hydrogen production under
these conditions is thought to reflect the
need for metabolic redox balance, with the
necessary reoxidation of NADH coming
from the hydrogen evolution process
(Laguna et al. 2010; McKinlay and Harwood
2010). Thus, photofermentation has been
used to demonstrate the conversion of a vari-
ety of substrates, usually organic acids, to
hydrogen. Many studies have demonstrated
that this process can use a variety of waste
streams rich in these substrates, or others,
such as the crude glycerol fraction derived
from biodiesel manufacture (Sabourin-
Provost and Hallenbeck 2009; Keskin and
Hallenbeck 2012). Indeed, at present a great
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deal of work is examining the use of this
process to convert the liquid products pro-
duced during dark hydrogen fermentations,
thus increasing overall hydrogen yields
(Keskin et al. 2011; Adessi et al. 2012;
Keskin and Hallenbeck 2012).

Even though the substrate conversion
yields are high, there are a number of draw-
backs to this system that prevent practical
application; volumetric hydrogen production
rates are low, and, in common with other
light-dependent systems, light conversion
efficiencies are also low. Taken together both
these factors mean that photobioreactors
covering inordinately large surface areas
would be required. In the future photofer-
mentation could possibly be improved
through several approaches that might
increase rates, yields, or photosynthetic effi-
ciencies. These strategies include; elimina-
tion of competing pathways; hydrogen
consumption, polyhydroxybutyrate produc-
tion, or carbon dioxide fixation, and substitu-
tion of hydrogenase for nitrogenase should
decrease the photon requirement, bringing
about higher conversion efficiencies. This
strategy might also bring about increased
volumetric rates of hydrogen production as
well due to the much higher turnover rates
of FeFe-hydrogenases (6—12x107%s™") com-
pared to nitrogenase (6.4 's™!). As with other
photosynthetic systems, increased light con-
version efficiencies at high light intensities
might be obtained by decreasing the photo-
synthetic antenna size.

c. Theoretical and Practical Limits
to Light Conversion Efficiencies

The conversion efficiency of any process
with solar energy as in input is a key param-
eter that directly affects its physical footprint.
Theoretical conversion efficiencies should be
based on total solar insolation of which only
45 % can be used by chlorophyll a containing
organisms, green algae and cyanobacteria,
with up to 70 % being usable by purple non-
sulfur bacteria. A detailed discussion of theo-
retical conversion efficiencies in microbial
hydrogen production is given elsewhere
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(Hallenbeck 2011). One obvious difference is
that systems based on nitrogenase have lower
theoretical efficiencies than systems based on
hydrogenase due to the extra energy (ATP)
requirement of nitrogenase. Thus, biophotol-
ysis by green algae can be predicted to have a
maximum efficiency of 12.2 % and only
4.1 % for biophotolysis by heterocystous cya-
nobacteria. Photofermentation of organic
substrates by photosynthetic bacteria can be
predicted to have a maximal efficiency of
8.5 % (Hallenbeck 2011). Of course, in prac-
tice efficiencies will be much lower due to a
several factors. One important factor is
thought to be the photosynthetic antenna size.
Photosynthetic  cultures normally have
antenna sizes adapted for efficient capture at
low light intensities. At the high light intensi-
ties that would be encountered in an effective
light conversion system, the excess energy is
captured and then wasted as thermal energy
or fluorescence, as much as 80-90 % at maxi-
mum light intensities. Mutants with reduced
antenna size might therefore have higher effi-
ciencies, but this remains to be fully demon-
strated. An additional amount of energy is
needed for cell growth, maintenance and any
additional metabolic burdens, such as respi-
ration in sulfur-deprived green algae.

2. Hydrogen Production by Dark
Fermentation

Many different microbes have long been
recognized to produce hydrogen during
various types of anaerobic fermentations of
carbohydrate-rich substrates. Other materials
are poor substrates for fermentative hydrogen
production; the fermentation of only a few
amino acids gives hydrogen, and net hydrogen
production from lipids is only possible at
very low hydrogen partial pressures. Either
pure substrates (usually glucose) or a variety
of wastes have been used in studies on dark
fermentative hydrogen production (Kapdan
and Kargi 2006; Li and Fang 2007; Abo-
Hashesh and Hallenbeck 2012). The use of
various waste streams is desirable of course,
but it requires either an omnivorous heterotro-
phic organism or a consortium of organisms
with a wide range of catabolic activities.
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The metabolic details of the hydrogen
production are fairly well understood now
(Fig. 1.4). This aspect has been extensively
reviewed (Hallenbeck 2005, 2009, 2011,
2012c¢; Ghosh and Hallenbeck 2009).
Basically, sugars are broken down through
glycolysis to pyruvate, generating ATP and
NADH. The fate of pyruvate is different
depending upon the organism and meta-
bolic pathway. Thus, a variety of enzymes
and hydrogenases can potentially partici-
pate, but the net result is the production of a
maximum of one mole of hydrogen per
mole of pyruvate. In one pathway, pyruvate
can be converted to formate and acetyl-
CoA. The resulting formate can then be split
to give hydrogen and CO, through several
different membrane associated hydroge-
nases (Hallenbeck 2012c). Alternatively,
pyruvate can be immediately oxidized to
acetyl-CoA, giving a CO, and reducing fer-
redoxin. The reduced ferredoxin can drive
hydrogen production by several different
hydrogenases. In both cases, the acetyl-
CoA that is made is used to form a variety
of liquid fermentation products, ethanol,
acetate, butanol, butyrate, acetone, etc.,
depending upon the organism, the redox
state of the substrate and the need for NAD
regeneration for cellular metabolism. The
amount of NADH generated during glycol-
ysis depends upon the oxidation state of the
substrate, and thus drives the subsequent
pattern and relative proportions of fermen-
tation products made.

In order to produce more than 2 moles of
hydrogen per mole of glucose (glucose
catabolism gives two pyruvates), or glucose
equivalent, additional hydrogen must be
derived from the NADH made during gly-
colysis by oxidation of glyceraldehyde-3-
phosphate (G-3-P). The stumbling block is
that generation of hydrogen from NADH is
thermodynamically unfavorable since the
NAD*/NADH couple has an equilibrium
midpoint potential (E°") of =320 mV whereas
that of the H*/H, couple is —420 mV.
Therefore, under standard equilibrium con-
ditions (1 atmosphere H,) energy must be
put into the system to make hydrogen
(AG"=-nFAE" =+19.3 kJ/mol). All things
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being equal, these considerations would
predict that hydrogen production from
NADH should only proceed at low hydrogen
partial pressures.

A variety of hydrogenases have been
described in organisms belonging to the
Firmicutes that might be proposed to func-
tion in producing hydrogen from NADH
(Fig. 1.4). Since none of these are present in
Escherichia coli and similar organisms,
these are restricted to a maximum of 2 H,/
glucose. If all the excess NADH could be
converted to hydrogen, the organisms that
contain the relevant pathways would be able
to produce 4 H,/glucose. However, as noted
above, this is unrealistic thermodynami-
cally. A number of possible mechanisms
exist (Fig. 1.4). NADH might directly
reduce a specific hydrogenase or NADH
might be used to produce reduced ferre-
doxin through the action of NADH ferre-
doxin oxidoreducatse. However, using
NADH to generate H, may more likely than
once thought as many organisms are thought
to possess a bifurcating hydrogenase, an
enzyme capable of coupling some of the
free energy available in the oxidation of
reduced ferredoxin to the oxidation of NADH
thus compensating for the free energy
needed to reduce hydrogenase with NADH
(Schut and Adams 2009). The molecular
details of this unique energy coupling
mechanism are not presently known and the
actual energetics will be determined by the
prevailing hydrogen partial pressures and
cellular concentrations of NAD*, NADH,
Fd,, and Fd,q.

Several major advances in dark fermenta-
tive hydrogen production have been recently
made. Various types of immobilized systems
have been developed, allowing the achieve-
ment of high volumetric rates of production.
With this technology it is now possible to
favor the development and maintenance of
mixed communities degrading a variety of
complex substrates and producing hydrogen
under non-sterile conditions. Other advances
have come from the application of Metabolic
engineering which has shown that microbes
can be manipulated into producing the maxi-
mum yields predicted from metabolic path-
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Fig. 1.4. Dark fermentative hydrogen producing path-
ways. In fermentations with hydrogen as one of the
products, as in many other fermentations, glucose is
broken down to pyruvate, generating ATP and NADH.
Pyruvate is then converted to acetyl-CoA, and depend-
ing upon the organism, either formate, through the PFL
pathway, or reduced ferredoxin and CO,, through the
PFO pathway. Formate can be converted to hydrogen
and CO,, by either the formate hydrogen lyase pathway
which contains a [NiFe] hydrogenase (the Ech hydrog-
enase), or possibly in some other organisms another
pathway which contains a formate dependent [FeFe]
hydrogenase. NADH, generated during glycolysis, is
oxidized through the production of various reduced
carbon compounds, typically ethanol. A variety of
[FeFe] hydrogenases can be used to reoxidize ferre-
doxin and produce hydrogen, including a ferredoxin-
dependent H,ase (Fd-[FeFe]). In some cases, NADH
can also be used in hydrogen production, either by
reducing ferredoxin (NFO), by directly reducing H,ase
(NADH-[FeFe]), or as a co-substrate with reduced fer-
redoxin (Fd-NADH-[FeFe]). Excess NADH is used to
produce other reduced fermentation products. In both
cases, acetyl-CoA can also be used to produce ATP. Fd
ferredoxin, NFO NADH ferredoxin oxidoreductase,
PFL pyruvate formate lyase, PFO pyruvate:ferredoxin
oxidoreductase.
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ways (Abo-Hashesh et al. 2011). Additional
strategies for further advances have been
proposed (Hallenbeck et al. 2012). However,
the bottom line is that presently achievable
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yields, at most 33 % of the theoretical 12
moles of hydrogen per mole of glucose, are
unacceptable. These yields are not competi-
tive with substrate conversion to other biofu-
els, which can already occur at 80-90 %
yields. In addition, these low yields also
mean the production of large amounts of side
products that, at the scale necessary for sig-
nificant production of a biofuel, would pres-
ent an enormous waste disposal problem.
Thus, the major challenge to the practical
use of dark fermentation for biological
hydrogen production is achieving acceptable
yields. A number of strategies for overcom-
ing this barrier have been recently suggested,
including further Metabolic engineering,
and the development of hybrid, two-stage
systems that would convert the fermentation
side products to methane or hydrogen
(Hallenbeck and Ghosh 2009; Hallenbeck
2011; Hallenbeck et al. 2012). There are
three distinct second stages for hybrid sys-
tems; anaerobic digestion of fermenter efflu-
ents to produce methane, photofermentation
of the organic acids that are produced to
hydrogen, or their conversion to hydrogen
using microbial electrolysis cells.

3. Microbial Electrolysis

The last few years have seen the rapid devel-
opment of a novel technique for producing
hydrogen from a variety of substrates using
what are called microbial electrolysis cells
(MECs) (Logan et al. 2008; Geelhoed et al.
2010; Liu et al. 2010). These are based on
microbial fuel cells (MFCs) which have been
under investigation for decade. Both types of
cells use microbes which can interact meta-
bolically with an electrode. A variety of
mechanisms are involved. Microbial metabo-
lism degrades various organic compounds to
CO,, protons, and electrons with the electrode
(anode) acting as an electron sink in a type of
anaerobic respiration. The current that is gen-
erated can be used as a power source (MFC)
or additional voltage can be added to drive
hydrogen evolution at the cathode (MEC).
This allows, for example, the conversion of
acetate (—0.279 V) to hydrogen (-0.414 V) in
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a cathodic reaction against the thermodynamic
gradient with the application of a relatively
small voltage (—0.135 V). However, in prac-
tice, more voltage than this is required due to
a number of physic-chemical and microbial
factors.

MECs can be constructed in a variety of
configurations and with different materials
for the anodes and cathodes. Many studies
have been carried out with two-chamber
devices with ion permeable membranes sep-
arating the anodic and cathodic chambers.
Although this configuration has a number of
advantages, there are a number of problems
with this approach. The separation of the two
bulk liquids can lead to inhibitory pH changes
with acidification of the anodic chamber and
basification of the cathodic chamber. In
addition, the membrane can contribute
significantly to the overall resistance of the
cell, thus creating a greater voltage require-
ment for hydrogen evolution.

Some of these problems can potentially be
circumvented with single chamber MECs
which have been recently shown to generate
higher current densities than dual chamber
configurations and give significantly higher
hydrogen production rates (Call and Logan
2008; Hu et al. 2008). On the other hand,
there may be several drawbacks to single
chamber MECs which could decrease either
hydrogen yields or coulombic efficiencies
(Lee and Rittmann 2010). For example,
increased methane production may come at
the expense of produced hydrogen with this
configuration, thus decreasing yields. In
addition, microbes present at the anode
might consume the produced hydrogen using
the anode as electron sink, thus creating a
futile cycle and decreasing efficiencies dras-
tically (Lee and Rittmann 2010).

Thus, practical use of MECs will require
that a number of challenges are addressed.
These include the development of low cost,
efficient electrode materials and the develop-
ment of cell geometries and biocompatible
buffers that reduce internal resistances.
Given the rapid progress with this technology
over the recent past, it might well reach the
level required for practical application in a
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relatively short period of time, giving a use-
ful technology for the conversion of various
waste streams to hydrogen.
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Summary

Nature has evolved three different ways of metabolizing hydrogen, represented by the
anaerobic [Fe]-, [FeFe]- and [NiFe]-hydrogenases. Structural and functional studies of these
enzymes have unveiled the unusual composition of their active sites and characterized their
catalytic mechanisms. From a biotechnological viewpoint, the most interesting hydroge-
nases are those that contain a [NiFe] moiety in their active sites. Some of these enzymes are
O,-resistant and can rapidly reductively recover from oxygen exposure whereas others are
O,-tolerant and can oxidize H, even at atmospheric oxygen levels. O,-resistant [NiFeSe]-
hydrogenases have one of the Cys ligands of the active site replaced by a SeCys and do
not display the hard-to-reactivate “unready” state provoked by O,. The reasons for this
property might be related to the formation of O,-derived Se-O bonds, which are weaker than
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S-0 bonds and, consequently, easier to break upon reduction. Conversely, membrane-bound
O,-tolerant hydrogenases have an unusual proximal (relative to the active site) [Fe,Ss]
cluster coordinated by six Cys ligands. This cluster can rapidly send two successive
electrons to the active site helping to reduce oxygen to water there. Some microorganisms
posses more than one hydrogenase and use them in different ways. For instance, there are
three well-characterized [NiFe]-hydrogenases in the model bacterium Escherichia coli.
They are highly regulated and each one plays a specific role: microaerobic/anaerobic H,
uptake, anaerobic H, evolution and, protection from O,-induced damage, respectively.
These enzymes are discussed in connection with the metabolic changes E. coli undergoes
during its transit through the intestinal tract of the host. O,-tolerant hydrogenases have been
used to build bio-fuel cells that can function under air. Also, O,-resistant [NiFeSe]-
hydrogenases have been attached to TiO, particules for H, production from solar energy.
Hydrogenase active sites have also served as a source of inspiration for the synthesis of

organometallic catalysts.

I. Introduction

Many microorganisms use enzymes called
hydrogenases to oxidize molecular hydrogen
or reduce protons according to the reaction
H, « 2H" + 2e". Two major unrelated enzyme
classes exist: the [FeFe]- and the [NiFe]-
hydrogenases (Vignais and Billoud 2007;
Fontecilla-Camps et al. 2007). The former
are found in bacteria and some green algae,
fungi and protozoa, whereas the latter are
widespread in both bacteria and archaeans
but absent from eukaryotes. A special class
of enzymes called [Fe]-hydrogenases couples
H, oxidation with the reduction of methenyl-
tetrahydromethanopterin (HC-H;MPT") without
electron transfer to an external redox partner.
When provided with the reaction products,
H* + H,C-H*MPT, H, is evolved (Thauer
et al. 2010). In general, [Fe]-hydrogenases,
which are only found in archaeal species, are
irreversibly inactivated by O,. [FeFe]-
hydrogenases are generally more active in
proton reduction than [NiFe]- hydrogenases,
which are more biased to H, oxidation.
However, there are exceptions to this rule,
such as the periplasmic [FeFe]-hydrogenase
from Desulfovibrio desulfuricans which is

Abbreviations: EPR — Electron Paramagnetic Resona-
nce spectroscopy; FTIR — Fourier Transform InfraRed
spectroscopy; Pt — Platinum; TiO,— Titanium dioxide

an uptake enzyme (Nicolet et al. 1999).
Proton reduction is physiologically impor-
tant to eliminate excessive reducing power
generated by photosynthetic and fermenta-
tive processes. Conversely, microorganisms
can use the low-potential electrons generated
by hydrogen oxidation for respiration with
different terminal electron acceptors such
as, for example, fumarate, nitrate, carbon
dioxide, sulfur, sulfate, the heterodisulfide
CoM-S-S-CoB (between coenzyme M and
coenzyme B) in methanogenic archaeans
and, in some exceptional cases, dioxygen.
Hydrogen oxidation is also used to recycle H,
generated by nitrogenases during N, reduction
to ammonia by azototrophic bacteria.

[FeFe]-hydrogenases are generally O,-
sensitive but can be reactivated if they are
progressively exposed to this gas, like is the
case during aerobic purification. However,
in the presence of excessive reducing power
the enzyme metal centers can be irreversibly
damaged due to the formation of radical
oxygen species. In general, such sensitivity
towards O, is a stumbling block for biotech-
nological applications. Conversely, many
[NiFe]-hydrogenases are, at least in vitro,
only reversibly inactivated by O, and some
are present in aerobic organisms that can
couple hydrogen oxidation to oxygen reduc-
tion. Because of these interesting properties
we will now discuss this class of enzymes
in more detail.
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Il. [NiFe]-Hydrogenases
A.Types of [NiFe]-Hydrogenases

The simplest [NiFe]-hydrogenase consists of
a large subunit containing the active Ni-Fe
site and a small subunit typically harboring a
proximal [Fe,S,], a medial [Fe;S,] and a dis-
tal [Fe,S,] cluster, which transfer electrons to
and from the active site, located in the large
subunit (Fig. 2.1a). Exceptions are the
[NiFeSe]-hydrogenases that have a medial
[Fe,S,] cluster and the O,-tolerant enzymes
that contain a modified proximal [Fe,S;]
cluster (see below). [NiFe]-hydrogenases
are either periplasmic or cytoplasmic H,-
uptake enzymes. Heterodimeric cytoplasmic
enzymes typically function in the recycling
of H, produced by microbial nitrogenases, as
in cyanobacteria (Bothe et al. 2010, see also
Chaps. 6 and 8). Heterodimeric periplasmic
[NiFe]-hydrogenases have been extensively
studied in sulfate-reducing bacteria (Fontecilla-
Camps et al. 2007). They allow these organ-
isms to use H, as an electron donor for the
reduction of sulfate via a complex and still
incompletely characterized electron transfer
pathway, reviewed by Matias et al. (2005),
that starts with a water-soluble cytochrome
c; electron carrier. Based on sequence
homologies (Vignais and Billoud 2007),
all [NiFe]-hydrogenases have a common

a | b
tunnels
(FeaSal, y S-subunit
[Fe,S,] O j; - '
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heterodimeric core that resembles the first
structure of the enzyme from Desulfivibrio
gigas published by Volbeda et al. (1995). In
most hydrogenases this basic core forms part
of larger protein complexes with different
redox partners, including quinones in the
cytoplasmic membrane and ferredoxin, NAD
or NADP in the cytoplasm. In methanogenic
archaea the quinones are replaced by metha-
nophenazine and NAD is normally replaced
by coenzyme F,,, (8-hydroxy-5-deazaflavin),
although there are also hyperthermophilic
archaea that use NADP (Horch et al. 2012).
In addition, methanogens have hydrogenases
that are coupled with a heterodisulfide reduc-
tase to reduce the S-S bond between coen-
zymes M and B, produced in the last step of
methanogenesis (Thauer et al. 2010).

Many of the multi-subunit complexes
show striking homologies with NADH:
ubiquinone oxidoreductase, also known as
respiratory complex I. Although the latter
does not have a Ni-Fe active site, the homol-
ogy extends even to the basic heterodimeric
hydrogenase core. The known structure and
organization of both the hydrophilic and
membrane-bound hydrophobic subunits of
complex I has been used to construct homol-
ogy-based models of several multisubunit
hydrogenases (Efremov and Sazanov 2012).
These include the so-called bidirectional
hydrogenases, reviewed by Horch etal. (2012),

[Fe,Saly

(Fe,5,1(~ /‘l\l\ 1 [Fess)
\ ¢ B ‘5 L

Fig. 2.1. Basic structural organization of [NiFe]-hydrogenases: (a) the heterodimeric (SL) oxygen-sensitive
enzyme of Desulfovibrio fructosovorans; (b) the heterotetrameric (SL), oxygen-tolerant hydrogenase-1 of

Escherichia coli.
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Fig. 2.2. Multisubunit complexes of the three E. coli [NiFe]-hydrogenases EcHyd-1, EcHyd-2 and EcHyd-3.
The latter is part of the formate:hydrogenase lyase (FHL) complex which contains also formate dehydrogenase
H (FDH-H). Electron-transferring iron-sulfur clusters are highlighted as squares, b-type hemes as diamonds
and active sites as ellipsoids. MQ and MQH, are the oxidized and reduced forms of menaquinone. Subunits are
labeled with capital letters, the corresponding genes are given in italics underneath.

which are found, for example, in the cytoplasm
of photosynthetic bacteria. These enzymes
typically consist of five different subunits in
Bacteria and three in Archaea, and exchange
electrons with either NAD(P) or coenzyme
F.5, via a flavin-containing diaphorase sub-
unit. The O,-tolerant soluble [NiFe]-hydro-
genase of Ralstonia eutropha (ReMBH) is
also a member of this group of enzymes.
Other multisubunit hydrogenases related to
complex [ are the proton pumping energy
converting hydrogenases (Ech) found in the
membrane fraction of Archaea like Methan-
osarcina barkeri, which use a ferredoxin as
redox partner and consist of at least six sub-
units (Hedderich 2004), and EcHyd-3, which
is a H, evolving hydrogenase of the enteric
bacterium the Escherichia coli.

B.The [NiFe]-Hydrogenases
of Escherichia coli

This enteric anaerobic bacterium has three
well-studied multisubunit [NiFe]-hydrogenases
(Fig. 2.2) called EcHyd-1, EcHyd-2 and
EcHyd-3 (Pinske et al. 2012). Although
these three membrane-bound hydrogenases
have similar amino acid sequences, they are
associated with different kinds of subunits
(see below). Genomic annotation indicates

the presence of a fourth hydrogenase although
it has not been identified in the bacterium
(Redwood et al. 2007). EcHyd-2 is a peri-
plasmic membrane—bound hydrogenase,
very active in hydrogen uptake (Dubini et al.
2002), that is expressed under microaerobic
and anaerobic respiration. It transfers elec-
trons resulting from H, oxidation to the
(mena)quinone pool in the membrane, via its
small subunit HybO, to the ferredoxin-like
HybA subunit that contains four iron sulfur
clusters and the intrinsic membrane subunit
HybB devoid of metal (Dubini et al. 2002).
These electrons are subsequently used in the
reduction of fumarate to succinate on the
cytoplasmic side of the membrane (Kroger
et al. 2002). EcHyd-2 has a long anchoring
a-helix, which corresponds to the C terminal
segment of HybO. EcHyd-3 is part of the
cytoplasmic, membrane—bound formate—
hydrogenlyase complex consisting of seven
different subunits, which catalyze the trans-
formation of formate, a fermentation prod-
uct, to CO, and H, (Leonhartsberger et al.
2002). This reaction prevents acidification of
the bacterium cytoplasm and allows for
hydrogen recycling. Whereas both EcHyd-2
and EcHyd-3 are very O,-sensitive, EcHyd-1
is air-tolerant and oxidizes hydrogen at
potentials significantly higher than those of
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EcHyd-2 (Laurinavichene et al. 2002; Lukey
et al. 2010). Amino acid sequence compari-
sons show that EcHyd-1 is related to membrane-
bound hydrogenases (MBH) functioning in
aerobic respiration in Knallgas bacteria. Like
other enzymes from E. coli, EcHyd-1 is
anchored to the membrane by a long trans—
membrane a-helix from the small subunit and
by an intrinsic membrane protein, cytochrome
b (Dubini et al. 2002). The enzyme is a dimer
of heterodimers (Volbeda et al. 2012), which
are composed of a small and large subunit, i.e. a
(SL), dimer (Fig. 2.1b). Unlike MBH (but like
EcHyd-3), EcHyd-1 is repressed by O, and
highly expressed under fermentative growth
(Pinske et al. 2012). Under these conditions the
quinone pool is likely to be completely reduced,
making a possible role of EcHyd-1 in anaero-
bic respiration difficult to rationalize. Indeed,
experiments using E. coli mutants have shown
that hydrogen produced by EcHyd-3 is mostly
oxidized by EcHyd-2 and not by EcHyd-1
(Redwood et al. 2007). Consequently, EcHyd-1
and other O,-tolerant enzymes could have a
different function than respiration, such as
defense against oxidative stress. This role has
been proposed in the case of homoacetogenic
bacteria living in termite guts (Boga and Brune
2003) and in the Fe(Ill)-reducing bacterium
Geobacter sulfurreducens (Tremblay and
Lovley 2012).

Most O,-tolerant enzymes have signifi-
cantly higher cluster redox potentials and
much lower in vitro H, oxidation or produc-
tion activities than the O,-sensitive enzymes.
High cluster potentials are probably beneficial
for O, tolerance. In the following sections we
will focus on the effects of O, on the structure
and function of [NiFe]-hydrogenases, empha-
sizing the results obtained from crystallo-
graphic studies since 2001.

IlIl. Structural Studies of O,-Sensitive
[NiFe]-Hydrogenases

Interpretation of the structural results
obtained for [NiFe]-hydrogenases has been
often complicated by the presence of mix-
tures of redox and protonation states in the

crystals. This is due to the numerous redox
states these enzymes display upon reduction
from inactive oxidized to catalytically active
species. In addition to O,, molecules like
H,S, which can be present in significant
amounts during the purification of enzymes
from sulfate reducing bacteria, may react
with the active site, producing another source
of heterogeneity. Furthermore, the redox
state of the structure may change depending
on the X-ray dose used for collecting the
crystallographic data. The different enzyme
states have been extensively characterized by
EPR and FTIR spectroscopic studies (De
Lacey et al. 2007; Lubitz et al. 2007).
Inactive oxidized states may be defined as
unready and ready, which respectively give
rise to EPR signals called Ni-A and Ni-B
depending on whether they activate slowly or
rapidly upon treatment with H,. We obtained
an almost pure Ni-B preparation from an
active, anaerobically-purified periplasmic
heterodimeric [NiFe]-hydrogenase of Desul-
fovibrio (D.) fructosovorans by exposing it to
a mixture of 5 % H, and 95 % N, at pH 9.0
followed by exposure to a 100 % O, atmo-
sphere at 0 °C. This sample was crystallized
under air (Volbeda et al. 2005). The crystal
structure showed the presence of spherical
electron density between the Ni and Fe atoms
of the active site that we assigned to a bridg-
ing hydroxide ligand (Fig. 2.3a). The crystal-
lographic analysis of aerobically-purified
enzyme in its “as-isolated” state showed a
significantly more elongated electron density
bridging the Ni and Fe ions (Fig. 2.3b). As
aerobically purified enzyme is known to be
mostly in the unready Ni-A state, we associ-
ated this observation with the presence of a
peroxide species in this form. In addition, a
small density feature close to a bridging cys-
teine thiol suggested its partial oxidation to a
sulfenate (Volbeda et al. 2005). However,
using data collected from a different crystal
of “as isolated” enzyme, we observed spheri-
cal electron density bridging the Ni and Fe
ions, as well as a small peak close to a bridg-
ing thiol. This crystal may have been overex-
posed to X-rays, as we also noticed the
decarboxylation of several Asp and Glu
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Fig. 2.3. Crystallographic models of the Ni-Fe(—Se) active site: (a) the ready Ni-B state in the D. fiuctosovorans
enzyme; (b) the as-isolated, mainly unready mixture of the same enzyme; (¢) the H,-reduced [NiFeSe]-
hydrogenase of Desulfomicrobium baculatum; (d) the major fraction of the as-isolated [NiFeSe]-hydrogenase of

D. vulgaris Hildenborough. The gray grids in (a) and (b) depict an averaged omit electron density map, * denotes
a partial oxidation of a Ni-Fe bridging thiolate ligand to a sulfenate, # an alternative conformation of a terminal

Ni-bound thiolate and € a double oxidation of the other terminal Ni-bound thiolate to a sulfinate.

residues and the cleavage of a solvent-exposed
disulfide bond (Volbeda et al. 2002). For the
other crystals previously mentioned, there
were no such signs of radiation damage.

The results described above may be
explained as follows: active enzyme contains
enough electrons in the active site and the
[Fe-S] clusters to reduce O, completely,
according to:

0,+3H" +4¢” > H,0+0H (2.1)

Two of the required electrons could come
from a bridging hydride bound to either
Ni(III)-Fe(II) (Ni-C) or Ni(II)-Fe(II) (Ni-R)
in active enzyme (Brecht et al. 2003;
Fontecilla-Camps et al. 2007; Pandelia et al.
2010) and the remaining two could be pro-
vided by reduced [Fe-S] clusters. One water
molecule escapes the active site whereas the
other one remains trapped as a bound
hydroxide. During aerobic purification the
initially reduced enzyme will gradually oxi-
dize. However, the redox potentials for the
Ni(I[)/Ni(ITl) and [Fe;S,]"/[Fe;S,]° cluster
couples are positive enough to provide two
electrons for O, reduction at the increas-
ingly higher potentials encountered during
enzyme purification:

0, +H" +2e” — OOH" 2.2)

The produced reactive peroxide species
may oxidize thiolates to sulfenate (Forman
et al. 2010), maybe after reduction of Ni(III)
to Ni(II) because sulfenates are better ligands
for the latter (Farmer et al. 1993):

Cys-S +00H™ — Cys-SO™ +OH™ (2.3)

Reaction (2.3), which also produces bound
hydroxide, is thermodynamically very favor-
able (Soderhjelm and Ryde 2006).
Consequently, it must have a rather large
kinetic barrier in order to explain the pre-
dominant detection of the less stable peroxide
intermediate. Our observations with the crys-
tal overexposed to X-rays suggest that sulfen-
ates may be further reduced to water and
thiolate by photoelectrons produced by this
radiation. Similar active site modifications
have been reported for D. vulgaris Miyazaki
(Ogata et al. 2005) and Allochromatium (A4.)
vinosum [NiFe]-hydrogenase (Ogata et al.
2010) in their “as-isolated” state. In the first
case, a complicated mixture was observed
including a partially occupied bridging per-
oxide, a partial modification of both a Ni-Fe
bridging and a terminally Ni-bound thiolate
to a sulfenate, and possibly, an additional
fraction containing an inorganic sulfur ligand
(S* or HS"). In the second case, a spherical
Ni-Fe bridging electron density was observed,
along with a partial modification of a bridging
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Fig. 2.4. Crystallographic models of the proximal iron-sulfur cluster: (a) [Fe,S,]-cluster in the D. fructosovorans
enzyme, (b) [Fe,S;]-cluster in E. coli hydrogenase-1, observed in the H,-reduced enzyme, (¢) [Fe,S;]-cluster
observed as a mixture of two states in as-isolated E. coli Hyd-1, (d) [Fe,S;0s]-cluster observed in a fraction of
the as-isolated D. desulfuricans ATCC 27,774 enzyme. Violet and blue grids denote anomalous difference and

omit electron density maps.

thiolate to sulfenate. Using the data of our
overexposed crystal of D. fructosovorans
[NiFe]-hydrogenase and including quantum
mechanical methods in the crystallographic
refinement, Soderhjelm and Ryde (2006)
obtained a similar result. This included a
small fraction with a sulfenate modification
of a bridging thiol (at a density peak that we
had earlier attributed to noise) and an even
smaller fraction with the Ni terminal thiolate
ligand modified to sulfenate as observed by
Ogataetal. (2005) in the D. vulgaris Miyazaki
enzyme (although not exactly in the same
conformation). In conclusion, although the
exact identity of states like Ni-A and the one-
electron more reduced unready Ni-SU form
(Fig. 2.3b) is still debated, our interpretations
seem to be compatible with all the discussed
crystallographic, as well as with other experi-
mental results, as previously reviewed by
Fontecilla-Camps et al. (2007). Besides react-
ing at the active site, O, may also react with
and presumably damage Fe-S clusters, as
exemplified by the partial conversion of the
proximal [Fe,S;] to a [Fe;S;0s] cluster
observed in the crystal structures of D. desul-
furicans ATCC 27774 [NiFe]-hydrogenase
(Matias et al. 2001) (Fig. 2.4d) and D. vul-
garis Hildenborough [NiFeSe]-hydrogenase
(Marques et al. 2010).

In theory there are at least three ways to
decrease the oxygen sensitivity of a [NiFe]-
hydrogenase: (A) to limit the access of O, to
the active site, (B) to speed up the activation
of oxidized states and (C) to avoid the forma-
tion of reactive oxygen species according to

reactions (2.2) and (2.3) by keeping enough
electrons available for the complete reduction
of O, to water. Studies with mutants have
shown that strategy A, which limits oxygen
access through the tunnel connecting the
active site to the protein exterior (Montet
et al. 1997) may indeed explain the O,-
tolerance of H, sensors, also called regula-
tory hydrogenases (Buhrke et al. 2005; Duche
et al. 2005). This possibility was predicted
from sequence alignments with O,-sensitive
hydrogenases (Volbeda et al. 2002). However,
the function of these sensors is to activate the
synthesis of hydrogenases when hydrogen is
present by interacting with a histidine protein
kinase, which in turn, modulates the activity
of a response regulator-transcription factor
(Elsen et al. 2003; Buhrke et al. 2004). As
hydrogenases they have very little activity.
We will not review the elegant studies carried
out with mutants of the tunnel and other
regions using the O,-sensitive periplasmic
D. fructosovorans [NiFe]-hydrogenase as they
are described in Chap. 3 of this book. Instead,
we will next discuss those enzymes that are
either naturally O,-resistant or O,-tolerant by
using strategies B and C, respectively.

IV. Structural Studies of O,-Resistant
[NiFeSe]-Hydrogenases

In some [NiFe]-hydrogenases, one of the
cysteine ligands of the Ni is naturally substi-
tuted by a seleno-cysteine (SeCys) and, in
addition, the mesial [Fe;S,] is replaced by a
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[Fe,S4] cluster. In general, as recently
reviewed by Baltazar et al. (2011), such
[NiFeSe]-hydrogenases have much higher
catalytic activity than the [NiFe] enzymes
and they often appear to be less O,-sensitive.
The crystal structure of [NiFeSe]-hydro-
genase from the sulfate reducing bacterium
Desulfomicrobium baculatum, was reported
by Garcin et al. (1999). It was both the first
structure determined for this class of hydrog-
enase and one of the first, together with the
structure reported by Higuchi et al. (1999)
for D. vulgaris Miyazaki [NiFe]-hydrogenase,
with a reduced active site, probably in the
Ni-C state (Fig. 2.3c). Based on several
sources (Brecht et al. 2003; Fontecilla-
Camps et al. 2007; Pandelia et al. 2010), a
hydride is postulated to bridge the Ni and Fe
ions in the active Ni-C form, replacing the
hydroxide found in the Ni-B state. More
recently, Marques et al. (2010) have reported
on the structure of the [NiFeSe]-hydrogenase
from D. vulgaris Hildenborough. This struc-
ture contains a mixture of oxidized states and
includes three different conformations for its
SeCys residue. Quite unexpectedly, about
70 % of the structure appears to contain a
doubly oxidized thiol (a sulfinate) and a per-
sulfurated SeCys (Fig. 2.3d). Assuming it
contains Ni(II), which is reasonable given
the absence of EPR signals from oxidized
[NiFeSe]-hydrogenase preparations, this
highly oxidized active site will require no
less than seven electrons and up to seven
protons to be converted into the reduced
Ni-C state (Fig. 2.3¢): two electrons will be
needed to reduce the Se-S bond, producing
either H,S or HS™; four additional electrons
will be required to reduce the two S-O bonds,
producing two H,O molecules, and one more
electron must be employed, along with the
oxidation of Ni(II) to Ni(III), to reduce a pro-
ton and generate the hydride. It is difficult to
reconcile such a highly oxidized structure
with the inherent O,-resistance of [NiFeSe]-
hydrogenases, because sulfinates are ther-
modynamically very stable hyperoxidized
species that normally require dedicated
enzymes for their reduction (Poole and
Nelson 2008). Consequently, we conclude

that additional studies, including structures
of intermediate oxidation states, will be
required to understand how the structure
reported by Marques et al. (2010) could be
generated and to determine whether it is eas-
ily activated. These studies should also shed
light on the role of SeCys in activation and
O, resistance. One possible reason for the
SeCys/Cys substitution in these enzymes is
the fact that Se-O bonds that might be formed
upon air exposure are inherently weaker than
S-O bonds (Parkin et al. 2008) and, conse-
quently, easier to break.

V. Structural Studies
of O,-Tolerant Membrane-Bound
[NiFe]-Hydrogenases

Amino acid sequence comparisons (Pandelia
et al. 2012) have shown that a family of
oxygen-tolerant hydrogenases has two super-
numerary small subunit cysteine residues in
the coordination sphere of the proximal clus-
ter (Figs. 2.4a, b). These enzymes can oxi-
dize hydrogen at the 21 % atmospheric
oxygen level. As first shown in the case of
Aquifex aeolicus hydrogenase 1 (AaHyd-1),
the proximal cluster (PC) is involved in two
one—electron redox process, involving PC1/
PC2 (formal +1/+2) and PC2/PC3 (formal
+2/+3) states. The higher potential PC2/PC3
redox transition does not change between
pH 6.4 and 7.4. Other adaptations for their
tolerance to oxygen are (i) a lower K, for H,
than the K; for O, and (ii) the fact that all the
metal centers have more positive potentials
when compared to oxygen—sensitive NiFe
hydrogenases. It has been shown that the
superoxidized proximal cluster has more fer-
ric character than standard clusters (Pandelia
et al. 2011). This observation agrees with
the proposition that the two oxidation steps
of the proximal cluster correspond to 3Fe(I1)-
1Fe(11l) — 2Fe(II)-2Fe(11l) and 2Fe(II)-
2Fe(IIl) — 1Fe(I1)-3Fe(Ill) changes (Goris
et al. 2011; Pandelia et al. 2011) in the PC1/
PC2 and PC2/PC3 redox couples, respec-
tively. It is noteworthy that these two redox
couples are separated by a narrow potential
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difference of about 0.2 V (see also Roessler
et al. 2012), compared to others, such as the
one of high potential iron sulfur protein,
where the unnatural super-reduction from
[Fe,S4]*% to [FeysS4]™! involves a much higher
potential drop of 1 V relative to the +3/42
redox couple (Heering et al. 1995). The
structures of three oxygen-tolerant hydroge-
nases have been published including one
solved by us (Fritsch et al. 2011b; Shomura
et al. 2011; Volbeda et al. 2012). These stud-
ies have shown that the proximal cluster has
an unusual structure where the supernumer-
ary Cys19 bridges two iron ions and Cys120
terminally binds another one. Thus, these
two cysteine residues replace a sulfide ligand.
Site—directed mutagenesis has shown that
the supernumerary Cys19 is crucial for oxy-
gen tolerance whereas the supernumerary
Cys120 plays a less important role (Lukey
et al. 2011). The proximal cluster displays a
remarkable plasticity undergoing a major
conformational change when it goes from
the PC2 to the PC3 state. This change
involves the migration of one of the iron ions
of the cluster towards the amide N of Cys20
forming a bond with it (Fig. 2.4c). In addi-
tion, this iron ion now binds the carboxylate
group of a glutamate residue. An equivalent
glutamate also binds the corresponding iron
in oxygen-damaged proximal clusters
(Fig. 2.4d). We have used our EcHyd-1 struc-
ture (Volbeda et al. 2012) to calculate and
reproduce previously generated Mossbauer
and EPR spectroscopic data using AaHyd-1.
Our calculations show that the amide—N
deprotonation, required to form the Fe-N
bond, is mediated by the carboxylate group
of the glutamic acid mentioned above. This
residue is hydrogen-bonded to another gluta-
mate residue, which is part of a proton trans-
fer chain that normally operates by moving
protons from the active site to the molecular
surface (Fontecilla et al. 2007; Fdez Galvan
et al. 2008). However, when exposed to oxy-
gen, the enzyme operates in the opposite
direction by sending both protons and elec-
trons to the active site. Under normal anaero-
bic conditions hydrogen uptake makes the
cluster oscillate between PC1 and PC2, like

in oxygen-sensitive hydrogenases. However,
when the enzyme is exposed to O,, and if the
active site is in the Ni—C state with bound
hydride, oxygen will be reduced to peroxide.
In order to avoid subsequent oxidative dam-
age this species has to be rapidly reduced to
water. As mentioned above, this is mediated
by the proximal cluster, which goes from
PC1 to PC3 in two rapid successive one—
electron reduction steps. Evidence for a
water channel close to the active site has
been also obtained from our structure. This
channel is essential for evacuating the water
generated upon oxygen reduction to the
molecular surface. Our calculations show
that the unique iron that forms a bond with
the N amide atom of Cys20 is the one that
gets oxidized from ferrous to ferric when the
cluster goes from PC2 to PC3. Our conclu-
sion is that if the active site stays in the Ni-B
state and in the absence of H,, there will not
be electrons available to reduce the proximal
cluster from the PC3 to the PC2 and PC1
state. Thus, both the Ni-B form and the
superoxidized proximal cluster in the PC3
state protect the integrity of the hydrogenase
when exposed to molecular oxygen. From a
biotechnological standpoint these hydroge-
nases have potential applications in bio-fuel
cells (see below). Conversely, and because of
their more positive redox potentials relative
to standard hydrogenases, these enzymes
cannot be effectively used for hydrogen
evolution.

EcHyd-1 is naturally bound to the perip-
lamic side of the cytoplasmic membrane. It
forms a dimer of heterodimers bringing the
two distal clusters within 12 A (Fig. 2.1b), a
distance compatible with fast electron trans-
fer (Page et al. 2003). So, it is possible to
postulate that electrons generated at the
active site of one monomer could be trans-
ferred to the active site of the other, i.e. the
active site of one of the enzymes could help
jumpstarting the other (Volbeda et al. 2012).
This arrangement lowers the probability of
the simultaneous oxygen-induced deactiva-
tion of the two hydrogenases in the dimer.
Frielingsdorf et al. (2011) have proposed a
trimeric arrangement for the heterodimers of
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the oxygen—tolerant ReMBH. We have
modeled such a trimer and found that the
distance between two distal clusters is too
large to allow for efficient electron transfer.
Furthermore, amino acid sequence compari-
sons for regions involved in monomer—
monomer recognition indicate that they are
well conserved in EcHyd-1 and ReMBH
(not shown). This strongly suggests that
ReMBH also forms a dimer of heterodimers.
Furthermore, the same oligomeric state has
been found in other hydrogenases, both of
the O,—sensitive and O,—tolerant kinds, such
as those from Allochromatium vinosum
(Ogata et al. 2010) and Hydrogenovibrio
marinus (Shomura et al. 2011), respectively.

VI. Regulation of Hydrogenase
Expression and Activity: The
Example of Escherichia coli

In order to elucidate the regulation and
role of the three well-characterized H,ases in
E. coli one has to look into its fluctuating
lifecycle from the moment it is ingested to
the moment it is excreted by the host. Alexeeva
et al. (2002) have put forward the concept of
perceived aerobiosis that is defined as the
extent to which the bacterium will use oxidative
catabolism. At over 50 % aerobiosis, E. coli
respires O, using low-affinity cytochrome bo
oxidase. Conversely, below 40 % aerobiosis,
the high-affinity cytochrome bd-I oxidase is
expressed, upregulated by ArcA, the anoxic
redox control regulator (Alexeeva et al.
2000). Under these conditions, cytochrome
bd-I oxidase becomes the major terminal
oxygen reductase and, thanks to its activity
the intracellular oxygen tension is kept low
enough to allow for, (i) pyruvate—formate
lyase activity, which generates formate from
pyruvate, and (ii) protection of the bacterium
from oxidative damage induced by dyes
(Alvarez et al. 2010). At lower oxygen con-
centrations, cytochrome bd-I oxidase expres-
sion is repressed by the fumarate-nitrate
reduction regulator (FNR). FNR is a tran-
scriptional regulator of respiratory pathway
genes that becomes activated at 0.5 % O,

when E. coli goes from microaerobic to
anaerobic growth conditions (Becker et al.
1996). Anaerobic conditions cause the
expression of an additional cytochrome oxi-
dase called bd-II, which is co-regulated with
the expression of the O,-tolerant EcHyd-1
(Dassa et al. 1991). As bd-1, bd-II has high
affinity for oxygen and is well suited to func-
tion in an anaerobic environment. In micro-
organisms such as Azotobacter vinelandii,
which possess the highly oxygen—sensitive,
nitrogen-reducing nitrogenase, high-affinity
cytochrome oxidases afford protection
against oxygen—induced damage (Poole and
Hill 1997). The physiological role of
EcHyd-1 has not been clearly determined.
Most in vitro experiments are not well suited
to clarify this point because one has to look
at the natural environment where this bacte-
rium grows in order to understand when and
why the three different H,ases are expressed.
EcHyd-1 expression is upregulated under
stressful conditions such as carbon and
phosphate starvation, osmotic shock, and
stationary phase conditions (Atlung et al.
1997) and both EcHyd-1 and EcHyd-3 are
highly expressed under fermentative condi-
tions, i.e., their expression is stimulated by
formate (Brendsted and Atlung 1994).
These conditions are naturally found in the
anoxic terminal segment of the gastro—
intestinal tract of the host. The role of
EcHyd-3 in recycling hydrogen and prevent-
ing acidification of the cytoplasm according
to the reaction:

HCOO™ +H" — CO, +H, 2.4)
is well established. But, in the case of
EcHyd-1 it is not easy to explain why an
oxygen-tolerant H,ase is highly expressed
under fermentative conditions when there is
excess of reducing equivalents and electron
acceptors are scarce (except for endoge-
nously produced fumarate) (Pinske et al.
2012). Furthermore, because under these
conditions the quinone pool should be fully
reduced, it would make little sense to gener-
ate additional electrons from hydrogen
oxidation. Conversely, the enzyme will very
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rapidly reduce any traces of oxygen present
in the periplasmic space. This is so because,
under these conditions, O, will constitute the
only sink for H,-generated electrons. As dis-
cussed above, our crystal structure (Fig. 2.1b)
and electron transfer rate calculations favor
direct oxygen reduction to water as the main
activity of this enzyme when anaerobic
E. coli is exposed to this gas, according to
the Knallgas reaction:
0, +2H, - 2H,0 (2.5)

As long as there is H, being produced by
EcHyd-3 from formate, EcHyd-1 will oxi-
dize it and use the resulting electrons to
reduce O, if any is present.

Several experiments have shown that
EcHyd-1 cannot reduce low-potential artifi-
cial electron acceptors (Pinske et al. 2011).
The enzyme, however, is capable of reducing
nitroblue tetrazolium (NBT), a redox dye
with E,’=—80 mV (Pinske et al. 2012). This
activity does not require the presence of the
cognate membranous cytochrome b, indicat-
ing that the reduction is performed directly
by the H,ase. The catalytic bias of EcHyd-1
to hydrogen oxidation is related to its oxygen
tolerance. Indeed, it has been shown that this
enzyme has an overpotential of about
+50 mV when compared to EcHyd-2 (Lukey
et al. 2010). This overpotential also implies
that the activity/inactivity switch of EcHyd-1
is shifted to higher potentials than in the case
of EcHyd-2. Conversely, this over-potential
prevents EcHyd-1 from being able to reduce
protons or low—potential dyes (Lukey et al.
2010; Pinske et al. 2011).

The role of EcHyd-2 and the regulation of
its expression are easier to rationalize. This
enzyme, which resembles H,ases from sul-
fate-reducing bacteria in terms of its catalytic
properties, is expressed under microaerobic
and anaerobic conditions. Its physiological
role is hydrogen uptake (Dubini et al. 2002).
EcHyd-2 can use fumarate as electron accep-
tor and its expression correlates with fumarate
respiration (Pinske et al. 2012). Conversely,
nitrate is a repressor of the expression of this
enzyme. EcHyd-2 shows low benzyl viologen

(BV) reduction activity in cell extracts. By
comparison, EcHyd-3 is very effective in
reducing this dye, which, although not bio-
logically relevant, is related to the potentials at
which this enzyme functions in proton reduc-
tion (Pinske et al. 2011).

VII. [NiFe]-Hydrogenase Maturation

The biosynthesis of the Ni-Fe active site is a
complex energy-consuming and species-
specific process. Moreover, when there are
several hydrogenases in the same species,
each of them has its own maturation machin-
ery. In the extensively studied biosynthetic
pathway of EcHyd-3 (Bock et al. 2006) at
least ten gene products are involved. The
cyanide precursor H,NC(O)P; (carbamo-
ylphosphate, here abbreviated CP) is pro-
duced by CP-synthetase from L-glutamine
andbicarbonate inreactions 1-3 (Scheme 2.1),
with concomitant consumption of two ATP
molecules (Thoden et al. 1997). CP is con-
verted by HypF to H,NC(O)-AMP, also in an
ATP-dependent reaction (reactions 4-5).
After formation of a HypEF complex, of
known structure (Shomura and Higuchi
2012), the H,NCO group is transferred to the
C-terminal cysteine of HypE (reaction 6).
The resulting thiocarbamate is subsequently
dehydrated in yet another ATP-dependent
reaction to thiocyanate (reaction 7), followed
by CN transfer to Fe bound to HypCD (reac-
tion 8) in a putative HypCDE complex
(Watanabe et al. 2007). Reactions 1-8 are
repeated for the transfer of a second CN
ligand to Fe, whereas CO is provided by a so
far unknown donor (Biirstel et al. 2011) in
reaction 9. The resulting FeCO(CN), moiety
is next transferred to apo-pre-HycE (reaction
10), followed by a SlyD-dependent Ni trans-
fer (Chung and Zamble 2011; Kaluarachchi
et al. 2012) from the GTPase HypB (reaction
11). Maturation is finished by the cleavage
of a short C-terminal peptide of pre-HycE
(reaction 12) by the endopeptidase Hycl. The
Ni insertion machinery further involves Ni
transfer to HypB from the HypA carrier
(reaction 15), which itself is charged with Ni
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Scheme 2.1. Maturation of the Ni-Fe-containing HycE subunit of EcHyd-3. The enzymes/proteins involved, with
reactions numbered 1-15, are carbamoylphosphate synthetase (1-3), HypF (4-7), HypE (7-8), HypC and HypD
(8-10, 13), HypB and SlyD (11, 15), Hycl (12) and HypA (14-15). X, Y and Z are unknown donors of Fe, CO and

Ni, respectively.

by an unknown donor (reaction 14). The
donor of Fe to HypCD (reaction 10) is also
unknown. Taking all the reactions into
account, at least eight ATP molecules and
one GTP are required to complete the active
site maturation. However, given the incom-
plete characterization of the pathways for
metal transfer and production of the CO
ligand, the actual energy requirements could
be significantly higher.

Significant insight into the molecular
aspects of the EcHyd-3 large subunit matu-
ration has been provided by the X-ray struc-
ture determinations of HypA, HypB, HypC,
HypD, HypE, HypF, Hycl and SlyD
(Watanabe et al. 2009; Xia et al. 2009;
Gasper et al. 2006; Chan et al. 2012;
Watanabe et al. 2007; Shomura et al. 2007;
Rangarajan et al. 2008; Shomura and Higuchi
2012; Petkun et al. 2011; Kumarevel et al.
2009; Loew et al. 2010), but some details
remain unclear. In addition, although apo-
pre-HycE has been generally assumed to be
devoid of metal, a recent report suggests that

a mutant of HybC, the homologous unpro-
cessed large subunit of EcHyd-2, may actu-
ally contain a labile [Fe,S,] cluster at the
active site position in the mature subunit
(Soboh et al. 2012). If this were also the case
for the native, unprocessed subunit, an addi-
tional step would be needed involving
removal of the cluster, before incorporation
of the Ni-Fe site.

An interesting aspect is the sensitivity of
the maturation process towards oxygen. In the
maturation of the O,-tolerant ReMBH, extra
gene products are involved that allow produc-
tion of active enzyme under aerobic condi-
tions (Fritsch et al. 2011a). The same applies
to SeHyd-5, the homologous O,-tolerant
hydrogenase-5 of Salmonella enterica serovar
Typhimurium (Parkin et al. 2012). However,
the latter organism also produces an O,-
tolerant Hyd-1 that, like the related EcHyd-1
enzyme, is only expressed under anoxic con-
ditions. The maturation of these enzymes is
most likely O,-sensitive, because it does not
involve gene products related to those used
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for ReMBH and SeHyd-5 maturation, under
air. In conclusion, aerobic production of O,-
tolerant [NiFe]-hydrogenases requires O,-
tolerant maturation.

VIII. Biotechnological Applications

Using electrochemistry, Vincent and collab-
orators (2005a, b, 2007) have studied mech-
anisms of catalysis, electron transfer,
activation and inactivation, and defined
important properties such as O, tolerance
and CO resistance of H,ases in physical
terms. These enzymes are alternatives to
noble metals for the production of hydrogen
from solar energy (Jones et al. 2002). The
latter are nonselective and can be poisoned
by environmental pollutants whereas the
enzymes are highly specific and relatively
resistant. Like Pt, H,ases produce hydrogen
with minimal overpotential and are catalyti-
cally very efficient. For that reason, these
enzymes are promising targets for develop-
ing new catalysts with biotechnological
applications.

A. Membrane-Bound [NiFe]-Hydrogenase

The oxygen—tolerant hydrogenase from
Ralstonia metallidurans CH34 and the
fungal O,-reductase laccase have been
adsorbed to graphite electrodes to build an
open bio—fuel cell that could generate
electricity from 3 % hydrogen, under nor-
mal atmospheric conditions and in aque-
ous solution (Vincent et al. 2005a, 2006).
This setup was shown to be capable of
powering a wristwatch for several hours.
Although the hydrogenase had to be acti-
vated after a few hours, this experiment
has opened the possibility of powering
electronic devices using low hydrogen
concentrations in air. Because of the very
high specificity of the enzymes, which is
not the case of Pt that catalyzes both the
anodic and cathodic sides of the reaction,
no costly membrane is required in the fuel
cell setup (Fig. 2.5a).

B. [NiFeSe]-Hydrogenase

Reisner et al. (2009) and Reisner and
Armstrong (2011) have carried out a system-
atic study of enzyme efficiency by coupling
colloidal semi-conductor TiO, nanoparticles
with a synthetic ruthenium photosensitizer
to different H,ases. When a H,ase is attached
to an n-type semiconducting surface, rather
than to a metallic or semi-metallic material
like graphite, the direction of catalysis can
be altered with a bias towards reduction reac-
tions. This is convenient in the case of hydro-
gen production. The work by Reisner et al. is
a proof of concept: the dye injects an elec-
tron into the conduction band of TiO, when
exposed to visible light. This, in turn, oxi-
dizes the dye and reduces TiO, which trans-
fers electrons directly to the adsorbed H,ase
that reduces protons to molecular hydrogen.
A sacrificial electron donor reduces the
dye, closing the cycle (Fig. 2.5b). Reisner
et al. (2009) and Reisner and Armstrong
(2011) concluded that the most efficient avail-
able system included the [NiFeSe]-H,ase
from Dm. baculatum and the tris(bipyridyl)
ruthenium photosensitizer RuP. The latter
fulfills several requirements including (1) an
absorption band in the visible spectrum, (2)
stable attachment to TiO,, (3) efficient charge
separation and (4) long-term stability upon
irradiation. Conversely, the choice of Dm.
baculatum H,ase was determined by several
factors: (1) it has good hydrogen production
activity; (2) it can be rapidly reactivated at
low potentials after O,—induced inactivation;
(3) it can operate in the presence of about
1 % O, and (4), there is significant proton
reduction even at 5 % H,, which is usually
inhibitory to Hyases. However, these charac-
teristics are not enough to render a Hyase opti-
mal for hydrogen production. A simple
calculation indicates that the distal [Fe,S,]
cluster of Dm. baculatum H,ase is surrounded
by a negatively charged surface patch. Thus,
the interaction between the enzyme and the
TiO, particle is mostly controlled by local-
ized polar interactions rather than overall
electrostatic interactions. As a conclusion, the
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Fig. 2.5. (a) A bio-fuel cell comprising a graphite cathode modified with high potential fungal laccase and a
graphite anode modified with the O,-tolerant membrane-bound hydrogenase of Ralstonia metallidurans CH34
in aqueous electrolyte under an atmosphere of 3 % H, in air (Adapted from Vincent et al. 2005a); (b) Schematic
representation of visible-light driven H, evolution with [NiFeSe]-H,ase attached to RuP dye sensitized TiO,
nanoparticles. Excitation by visible light in the presence of a sacrificial electron donor (Donor), causes RuP
to inject an electron into the conduction band of the semi-conductor TiO,. The electrons, which are transferred
directly to the adsorbed [NiFeSe]-H,ase, reduce H' from the buffered aqueous solution generating H,. The three
[Fe,S4]-clusters (indicated in the figure) form a “wire” responsible for electron transfer to and from the active site
of the [NiFeSe]-H,ase. The structure of the sensitiser RuP is also shown (left side). Two cycles are required to
generate a H, molecule (Adapted from Reisner et al. 2009).

authors found that Dm. baculatum H,ase has
the very well suited property of being
titaniaphilic. Taken together, these results
should play an important role in the future
design and assembly of robust H,ase-

nanoparticle devices including mesoporous
3D electrodes for enzyme—fuel cells or bio-
sensors. The production of hydrogen at room
temperature from neutral water without
redox—mediators represents a significant
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step towards the development of an artificial
system mimicking photosynthetic green
algae. In a related approach, Lubner et al.
(2010) have connected photosystem I (PS I)
and an [FeFe]-H,ase and have assayed elec-
tron transfer between the two components
via light-induced H, generation.

C. Bio-inspired Artificial Hydrogen
Catalysts

Helm et al. (2011) have reported on which
may be the most efficient bio-inspired cata-
lyst synthesized so far. It is the synthetic
nickel complex, [Ni(P(Ph),N(Ph),)](BF,).,
(P(Ph),N(Ph))=1,3,6-triphenyl-1-aza-3,6-
diphosphacycloheptane, which catalyzes the
production of H, with protonated dimethyl-
formamide as the proton donor. Turnover
frequencies of 106,000 per second have been
obtained in the presence of 1.2 M of water.
This remarkably fast catalyst combines fea-
tures of the two major types of H,ases: a Ni
ion ([NiFe]-H,ase) and pendant amines that
function as proton relays ([FeFe]-H,ases). A
computational study on a related compound
suggests that proton transfers between the
amine nitrogen and the nickel are favored
relative to a direct nitrogen-to-nitrogen pro-
ton transfer (O’Hagan et al. 2011). This
result supports our proposition that the
bridgehead atom of the thiolate-containing
small molecule at the [FeFe]-H,ase active
site is nitrogen (Nicolet et al. 2001).

IX. Conclusions

The structural studies of [NiFe]-H,ases have
shed considerable light on the -catalytic
mechanism of hydrogen uptake and proton
reduction. Both processes are of biotechno-
logical interest and are the subject of very
active research. One major goal in this field
is the coupling of solar energy to hydrogen
production. The O,-resistant [NiFeSe]-H,ase
has proven to be a very effective H, producer
thanks to its very high affinity for TiO,
particles. Another promising domain is the
use of the O,-tolerant enzymes in bio-fuel

cells although the relative fragility of these
molecules limits their application at present
time. Maybe more importantly, the active
sites of hydrogenases have inspired the syn-
thesis of novel catalysts with very good per-
formances. In addition, structural strategies
such as the one employed by the [Fe,S;] clus-
ter of the O,-tolerant [NiFe]-H,ases, which is
capable of two-electron redox chemistry,
should also inspire new ways of designing
synthetic catalysts for hydrogen oxidation.
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