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Editorial on the Research Topic
Hydrogenase: structure, function, maturation, and application

Molecular hydrogen (H;) is an important molecule in the metabolism of diverse
microorganisms (Greening et al., 2015). Many microorganisms use H, as an electron donor
to support aerobic respiration, anaerobic respiration, and carbon fixation. Others produce
H, as a means to dispose reducing equivalents through fermentative and photobiological
processes. Furthermore, exchange of H, between different species shapes the ecology and
biogeochemistry of diverse ecosystems globally (Schwartz et al., 2013). The enzymes that
split or evolve H; are called hydrogenases and these metalloproteins can be divided into
three phylogenetically unrelated classes distinguishable by the metal composition of their
active sites, namely [Fe]-, [FeFe]-, and [NiFe]-hydrogenases (Lubitz et al., 2014). Following
a century of hydrogenase research, it is now possible to isolate, handle, and investigate
these fragile enzymes. There have been numerous advances in understanding the regulation,
function, structures, and maturation of these enzymes, as well as their involvement in
important processes such as microbial pathogenesis and greenhouse gas cycling (Lubitz
and Tumas, 2007; Greening et al., 2019; Benoit et al., 2020; Ehhalt and Rohrer, 2022). The
employment of hydrogenases and hydrogenase-based applications could also potentially
facilitate the world’s transition to a sustainable H,-based energy economy in the future.

Hydrogenases mediate a seemingly simple reaction, i.e., the splitting of H, into a
proton and a hydride, followed by the complete separation of protons and electrons.
However, the reaction mechanisms of the different enzyme types are not yet fully
understood. Likewise, the intricate maturation of the metal cofactors is a constant
resource of unprecedented biological chemistry (Bortolus et al, 2018; Britt et al,
2020; Schulz et al., 2020; Arlt et al., 2021; Stripp et al., 2021; Pagnier et al, 2022;
Arriaza-Gallardo et al., 2023; Caserta et al,, 2023). Additionally, features such as the
frequent membrane association and O, sensitivity of hydrogenases has so far hindered
in vitro harnessing of their function. New structural, spectroscopic, and electrochemical
data and methods will enable new insights into their maturation and reactions. In
addition, the discovery and characterization of diverse hydrogenases occurring in
different microorganisms provide opportunities to discover new physiological roles,
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structural adaptations, and potential applications of these enzymes
(Peters et al., 2015; Dragomirova et al., 2018; Schuchmann et al.,
2018; Pinske, 2019; Winkler et al., 2021). Attempts to employ
hydrogenases for industrial purposes have been made, however,
there is presumably still a long way to go until processes involving
hydrogenases (biological H, production or biological fuel cells) will
become economically feasible (Rogner, 2015; Ji et al., 2023; Xuan
etal., 2023).

This Research Topic comprises 11 articles that aimed
to bring together recent advances in hydrogenase research,
including structure, function, maturation, and application. In
terms of structural investigation, Dragelj et al. theoretically and
experimentally analyzed an isolated large subunit of a [NiFe]-
hydrogenase. They confirmed that [NiFe] large subunits dimerize
in the absence of their small subunit (Hartmann et al., 2018; Kwon
et al.,, 2018; Caserta et al.,, 2020), and showed that the [NiFe]-
cofactor is stabilized by the dimerization. In the realm of structure-
function relationships, Kisgeropoulos et al. investigated the effect
of amino acid exchanges of the primary proteinaceous proton
acceptor in [FeFe]-hydrogenase. The data expand previous work
(Cornish et al., 2011; Morra et al., 2012; Duan et al., 2018; Artz
et al., 2020), demonstrating that the pK, of the proton acceptor
is one factor controlling the catalytic bias of the enzyme. Three
further articles dealt with functional aspects of hydrogenases.
Morra reviewed the identification and characterization of novel
[FeFe]-hydrogenases, described their functional roles, and recent
findings regarding their O, tolerance. Kpebe et al. reported on
the essential role of a bifurcating [FeFe]-hydrogenase in the
sulfate reducer Solidesulfovibrio fructosivorans, showing that during
ethanol oxidation, the hydrogenase confurcates electrons from
NADH and reduced ferredoxin to produce Hj, which is later on
used for energy conservation using sulfate as electron acceptor. The
function of a bidirectional [NiFe]-hydrogenase in Synechocystis sp.
PCC 6803 was investigated by Burgstaller et al.. They showed that
this hydrogenase is essential for growth on arginine and glucose in
the presence of light and O, and interestingly this function seems
to be unrelated to H catalysis. Instead, an H,-independent role for
the transfer of electrons into the photosynthetic electron transfer
chain is proposed, which is an important hypothesis that may also
be relevant for certain multisubunit hydrogenases in other species.

On the subtopic of hydrogenase maturation, Haase and
Sawers investigated residues that contribute to [NiFe]-hydrogenase
maturation. They found a histidine residue in a HypC-type
chaperone that is important for efficient binding to its maturation
partner HypD (Blokesch and Bock, 2002). In addition, this residue
is important for selectivity, ensuring that only the correct large
[NiFe]-hydrogenase subunit is matured. It should be emphasized
that understanding cofactor maturation and incorporation is of
high importance for any future application of hydrogenases, which
is demonstrated in the following article. In an interdisciplinary
approach in the fields of maturation and application, Fan et al.
significantly improved the [NiFe]-cofactor incorporation in the
course of heterologous production of a [NiFe]-hydrogenase
from Cupriavidus necator in Escherichia coli. Previously, cofactor
insertion was not functional, resulting in production of inactive
hydrogenases (Fan et al., 2021).
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Another four articles explore the application of hydrogenases.
“Candidatus
Hydrogenisulfobacillus filiaventi” R50 gen. nov., sp., nov. which

Hogendoorn et al. isolated the novel strain
was characterized as a chemolithoautotrophic thermoacidophilic
aerobic Hj-oxidizing bacterium. This strain excretes about half
of the fixed CO, in the form of amino acids, which makes
it a promising candidate for the industrial production of
organic compounds from CO;, using H, as energy source. Hj
oxidation in this strain is facilitated by two [NiFe]-hydrogenases
from the groups 1b and 1h, with the latter conferring high
affinity toward Hy (Sendergaard et al, 2016). Kobayashi et al.
engineered the acetogenic bacterium Moorella thermoacetica
for enhanced acetate, ethanol and acetone production. They
found that H, supplementation under mixotrophic conditions
increases NADH levels but can inhibit growth due to an
unbalanced redox status. This study emphasized the role of a
reversible electron-bifurcating group A3 [FeFe]-hydrogenase
for balancing the cellular redox state. These observations
may also be exploited for biohydrogen production by that
strain. Another way to produce H, was analyzed by Barahona
et al. In order to enhance nitrogenase-driven H, production
in Rhodobacter capsulatus, they used a sensory hydrogenase
coupled to the production of a fluorescence signal. By inducing
genome-wide mutations and using high-throughput fluorescence-
activated cell sorting, they were able to generate mutants
with elevated Hj evolution capabilities. Finally, Schumann
et al. reviewed current state-of-the-art and future perspectives
for efficient light-driven H, production using phototrophic
microorganisms. This technology potentially enables conversion
of solar energy into a chemical compound that enables storage
and transport. However, as discussed by the authors, extensive
engineering is required for this technology to be efficient
and scalable.

Taken together, the Research Topic advances our knowledge
especially on the function and application of hydrogenases and
provides important perspectives for future H,-based biologically
green technologies.

Author contributions

SF: Writing—original draft, Writing—review and editing. CP:
Writing—review and editing. FV: Writing—review and editing.
CG: Writing—review and editing.

Funding

Funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) under Germany’s Excellence
Strategy—EXC 2008-390540038—UniSysCat (SF).

Acknowledgments
We thank the Frontiers in Microbiology editorial
team for their support. Even more importantly, we

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1284540
https://doi.org/10.3389/fmicb.2022.1073315
https://doi.org/10.3389/fmicb.2022.903951
https://doi.org/10.3389/fmicb.2022.853626
https://doi.org/10.3389/fmicb.2023.1139276
https://doi.org/10.3389/fmicb.2022.896190
https://doi.org/10.3389/fmicb.2022.872581
https://doi.org/10.3389/fmicb.2022.894375
https://doi.org/10.3389/fmicb.2023.1151097
https://doi.org/10.3389/fmicb.2022.897066
https://doi.org/10.3389/fmicb.2022.991123
https://doi.org/10.3389/fmicb.2023.1179607
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Frielingsdorf et al.

thank all
constructive suggestions.

reviewers for their critical comments and

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Arlt, C., Nutschan, K., Haase, A., Thling, C., Ténzler, D,, Sinz, A, et al. (2021).
Native mass spectrometry identifies the HybG chaperone as carrier of the Fe(CN),CO
group during maturation of E. coli [NiFe]-hydrogenase 2. Sci. Rep. 11, 24362.
doi: 10.1038/s41598-021-03900-w

Arriaza-Gallardo, F.]., Zheng, Y.-C., Gehl, M., Nomura, S., Fernandes Queiroz, J. P.,
and Shima, S. (2023). [Fe]-hydrogenase, cofactor biosynthesis and engineering. Chem.
Bio. Chem. 2023:€202300330. doi: 10.1002/cbic.202300330

Artz, ]., Mulder, D., Ratzloff, M., Peters, J., and King, P. (2020). The Hydricity and
Reactivity Relationship in [FeFe]-Hydrogenases. doi: 10.21203/rs.3.rs-77874/v1

Benoit, S. L., Maier, R. J., Sawers, R. G., and Greening, C. (2020). Molecular
hydrogen metabolism: a widespread trait of pathogenic bacteria and protists. Microbiol.
Mol. Biol. Rev. 84, 19. doi: 10.1128/ MMBR.00092-19

Blokesch, M., and Bock, A. (2002). Maturation of [NiFe]-hydrogenases
in  Escherichia coli: the HypC «cycle. J. Mol Biol. 324, 287-296.
doi: 10.1016/S0022-2836(02)01070-7

Bortolus, M., Costantini, P., Doni, D., and Carbonera, D. (2018). Overview of the
maturation machinery of the H-cluster of [FeFe]-hydrogenases with a focus on HydF.
Int. J. Mol. Sci. 19. doi: 10.3390/ijms19103118

Britt, R. D., Rao, G., and Tao, L. (2020). Biosynthesis of the catalytic H-cluster of
[FeFe] hydrogenase: the roles of the Fe-S maturase proteins HydE, HydF, and HydG.
Chem. Sci. 11, 10313-10323. doi: 10.1039/D0SC04216A

Caserta, G., Hartmann, S., van Stappen, C., Karafoulidi-Retsou, C., Lorent, C., Yelin,
S., et al. (2023). Stepwise assembly of the active site of [NiFe]-hydrogenase. Nat. Chem.
Biol. 19, 498-506. doi: 10.1038/s41589-022-01226-w

Caserta, G., Lorent, C., Ciaccafava, A., Keck, M., Breglia, R., Greco, C., et al. (2020).
The large subunit of the regulatory [NiFe]-hydrogenase from Ralstonia eutropha - a
minimal hydrogenase? Chem. Sci. 11, 5453-5465. doi: 10.1039/D0SC01369B

Cornish, A. J., Girtner, K., Yang, H., Peters, ]. W., and Hegg, E. L. (2011).
Mechanism of proton transfer in [FeFe]-hydrogenase from Clostridium pasteurianum.
J. Biol. Chem. 286, 38341-38347. doi: 10.1074/jbc.M111.254664

Dragomirova, N., Rothe, P., Schwoch, S., Hartwig, S., Pinske, C., and Sawers, R.
G. (2018). Insights into the redox sensitivity of chloroflexi Hup-hydrogenase derived
from studies in Escherichia coli: merits and pitfalls of heterologous [NiFe]-hydrogenase
synthesis. Front. Microbiol. 9, 2837. doi: 10.3389/fmicb.2018.02837

Duan, J., Senger, M., Esselborn, J., Engelbrecht, V., Wittkamp, F., Apfel, U.-P., et al.
(2018). Crystallographic and spectroscopic assignment of the proton transfer pathway
in [FeFe]-hydrogenases. Nat. Commun. 9, 4726. doi: 10.1038/s41467-018-07140-x

Ehhalt, D. H., and Rohrer, F. (2022). The tropospheric cycle of H,: a critical review.
Tellus B Chem. Phys. Meteorol. 61, 500. doi: 10.1111/§.1600-0889.2009.00416.x

Fan, Q., Caserta, G., Lorent, C., Lenz, O., Neubauer, P., and Gimpel, M. (2021).
Optimization of culture conditions for oxygen-tolerant regulatory [NiFe]-hydrogenase
production from Ralstonia eutropha H16 in Escherichia coli. Microorganisms 9, 61195.
doi: 10.3390/microorganisms9061195

Greening, C., Biswas, A., Carere, C. R., Jackson, C. J., Taylor, M. C,, Stott, M. B., et al.
(2015). Genomic and metagenomic surveys of hydrogenase distribution indicate H, is
a widely utilised energy source for microbial growth and survival. ISME J. 10, 761-77.
doi: 10.1038/isme;j.2015.153

Greening, C., Geier, R, Wang, C., Woods, L. C., Morales, S. E., McDonald,
M. J, et al. (2019). Diverse hydrogen production and consumption pathways
influence methane production in ruminants. ISME J. 13, 2617-2632.
doi: 10.1038/s41396-019-0464-2

Frontiersin Microbiology

10.3389/fmicb.2023.1284540

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those of
their those of the publisher,
the editors and the reviewers. Any product that may be

affiliated organizations, or

evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Hartmann, S., Frielingsdorf, S., Ciaccafava, A., Lorent, C., Fritsch, J., Siebert, E., et al.
(2018). O,-tolerant H, activation by an isolated large subunit of a [NiFe] hydrogenase.
Biochemistry 57, 5339-5349. doi: 10.1021/acs.biochem.8b00760

Ji, H., Wan, L., Gao, Y., Du, P., Li, W, Luo, H., et al. (2023). Hydrogenase as the
basis for green hydrogen production and utilization. J. Energy Chem. 85, 348-362.
doi: 10.1016/j.jechem.2023.06.018

Kwon, S., Watanabe, S., Nishitani, Y., Kawashima, T., Kanai, T., Atomi, H., et al.
(2018). Crystal structures of a [NiFe] hydrogenase large subunit HyhL in an immature
state in complex with a Ni chaperone HypA. Proc. Natl. Acad. Sci. U.S.A. 115,
7045-7070. doi: 10.1073/pnas.1801955115

Lubitz, W., Ogata, H., Riidiger, O., and Reijerse, E. (2014). Hydrogenases. Chem.
Rev. 114, 4081-4148. doi: 10.1021/cr4005814

Lubitz, W., and Tumas, W. (2007). Hydrogen: an overview. Chem. Rev. 107,
3900-3903. doi: 10.1021/cr050200z

Morra, S., Giraudo, A., Di Nardo, G., King, P. W., Gilardi, G., and Valetti, F.
(2012). Site saturation mutagenesis demonstrates a central role for cysteine 298 as
proton donor to the catalytic site in CaHydA [FeFe]-hydrogenase. PloS ONE 7, e48400.
doi: 10.1371/journal.pone.0048400

Pagnier, A., Balci, B., Shepard, E. M., Broderick, W. E., and Broderick, J. B.
(2022). [FeFe]-hydrogenase in vitro maturation. Angew. Chem. Int. Ed. 61, €202212074.
doi: 10.1002/anie.202212074

Peters, J. W., Schut, G. J., Boyd, E. S., Mulder, D. W, Shepard, E. M., Broderick, J. B.,
et al. (2015). [FeFe]- and [NiFe]-hydrogenase diversity, mechanism, and maturation.
BBA - Mol. Cell Res. 1853, 1350-1369. doi: 10.1016/j.bbamcr.2014.11.021

Pinske, C. (2019). Bioenergetic aspects of archaeal and bacterial hydrogen
metabolism. Adv. Microb. Physiol. 74, 487-514. doi: 10.1016/bs.ampbs.2019.02.005

Rogner, M. (2015). Biohydrogen. Berlin, Boston: Walter de Gruyter GmbH and
Co. KG.

Schuchmann, K., Chowdhury, N. P., and Miiller, V. (2018). Complex multimeric
[FeFe] hydrogenases: biochemistry, physiology and new opportunities for the
Hydrogen Economy. Front. Microbiol. 9, 2911. doi: 10.3389/fmicb.2018.02911

Schulz, A.-C.,, Frielingsdorf, S., Pommerening, P., Lauterbach, L., Bistoni, G., Neese,
F., et al. (2020). Formyltetrahydrofolate decarbonylase synthesizes the active site
CO ligand of O,-tolerant [NiFe] Hydrogenase. J. Am. Chem. Soc. 142, 1457-1464.
doi: 10.1021/jacs.9b11506

Schwartz, E., Fritsch, J., and Friedrich, B. (2013). “H,-metabolizing prokaryotes,”
in The Prokaryotes, eds. E. Rosenberg, E. F. DeLong, S. Lory, E. Stackebrandt, and F.
Thompson (Berlin: Springer Berlin Heidelberg), 119-199.

Sendergaard, D., Pedersen, C. N. S., and Greening, C. (2016). HydDB: A web tool
for hydrogenase classification and analysis. Sci. Rep. 6, 34212. doi: 10.1038/srep34212

Stripp, S. T., Oltmanns, J., Miiller, C. S., Ehrenberg, D., Schlesinger, R., Heberle,
J., et al. (2021). Electron inventory of the iron-sulfur scaffold complex HypCD
essential in [NiFe]-hydrogenase cofactor assembly. Biochem. J. 478, 3281-3295.
doi: 10.1042/BCJ20210224

Winkler, M., Duan, J., Rutz, A., Felbek, C., Scholtysek, L., Lampret, O., et al.
(2021). A safety cap protects hydrogenase from oxygen attack. Nat. Commun. 12, 756.
doi: 10.1038/541467-020-20861-2

Xuan, J, He, L, Wen, W, and Feng, Y. (2023). Hydrogenase and
nitrogenase: key catalysts in biohydrogen production. Molecules 28, 31392.
doi: 10.3390/molecules28031392

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1284540
https://doi.org/10.1038/s41598-021-03900-w
https://doi.org/10.1002/cbic.202300330
https://doi.org/10.21203/rs.3.rs-77874/v1
https://doi.org/10.1128/MMBR.00092-19
https://doi.org/10.1016/S0022-2836(02)01070-7
https://doi.org/10.3390/ijms19103118
https://doi.org/10.1039/D0SC04216A
https://doi.org/10.1038/s41589-022-01226-w
https://doi.org/10.1039/D0SC01369B
https://doi.org/10.1074/jbc.M111.254664
https://doi.org/10.3389/fmicb.2018.02837
https://doi.org/10.1038/s41467-018-07140-x
https://doi.org/10.1111/j.1600-0889.2009.00416.x
https://doi.org/10.3390/microorganisms9061195
https://doi.org/10.1038/ismej.2015.153
https://doi.org/10.1038/s41396-019-0464-2
https://doi.org/10.1021/acs.biochem.8b00760
https://doi.org/10.1016/j.jechem.2023.06.018
https://doi.org/10.1073/pnas.1801955115
https://doi.org/10.1021/cr4005814
https://doi.org/10.1021/cr050200z
https://doi.org/10.1371/journal.pone.0048400
https://doi.org/10.1002/anie.202212074
https://doi.org/10.1016/j.bbamcr.2014.11.021
https://doi.org/10.1016/bs.ampbs.2019.02.005
https://doi.org/10.3389/fmicb.2018.02911
https://doi.org/10.1021/jacs.9b11506
https://doi.org/10.1038/srep34212
https://doi.org/10.1042/BCJ20210224
https://doi.org/10.1038/s41467-020-20861-2
https://doi.org/10.3390/molecules28031392
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

',\' frontiers
in Microbiology

MINI REVIEW
published: 02 March 2022
doi: 10.3389/fmicb.2022.853626

OPEN ACCESS

Edited by:

Stefan Frielingsdorf,
Technical University of Berlin,
Germany

Reviewed by:

Eric Stephen Boyd,

Montana State University,
United States

Myriam Brugna,

Aix-Marseille Université, France

*Correspondence:
Simone Morra
simone.morra@nottingham.ac.uk

Specialty section:

This article was submitted to
Microbiological Chemistry
and Geomicrobiology,

a section of the journal
Frontiers in Microbiology

Received: 12 January 2022
Accepted: 10 February 2022
Published: 02 March 2022

Citation:

Morra S (2022) Fantastic
[FeFe]-Hydrogenases and Where
to Find Them.

Front. Microbiol. 13:853626.

doi: 10.3389/fmicb.2022.853626

Check for
updates

Fantastic [FeFe]-Hydrogenases and
Where to Find Them

Simone Morra*

Faculty of Engineering, University of Nottingham, Nottingham, United Kingdom

[FeFe]-hydrogenases are complex metalloenzymes, key to microbial energy metabolism
in numerous organisms. During anaerobic metabolism, they dissipate excess reducing
equivalents by using protons from water as terminal electron acceptors, leading to
hydrogen production. This reaction is coupled to reoxidation of specific redox partners
[ferredoxins, NAD(P)H or cytochrome c3], that can be used either individually or
simultaneously (via flavin-based electron bifurcation). [FeFe]-hydrogenases also serve
additional physiological functions such as Hy uptake (oxidation), Ho sensing, and
CO» fixation. This broad functional spectrum is enabled by a modular architecture
and vast genetic diversity, which is not fully explored and understood. This Mini
Review summarises recent advancements in identifying and characterising novel [FeFe]-
hydrogenases, which has led to expanding our understanding of their multiple roles
in metabolism and functional mechanisms. For example, while numerous well-known
[FeFe]-hydrogenases are irreversibly damaged by oxygen, some newly discovered
enzymes display intrinsic tolerance. These findings demonstrate that oxygen sensitivity
varies between different [FeFe]-hydrogenases: in some cases, protection requires the
presence of exogenous compounds such as carbon monoxide or sulphide, while
in other cases it is a spontaneous built-in mechanism that relies on a reversible
conformational change. Overall, it emerges that additional research is needed to
characterise new [FeFe]-hydrogenases as this will reveal further details on the physiology
and mechanisms of these enzymes that will enable potential impactful applications.

Keywords: hydrogenase, energy metabolism, oxygen sensitivity, H-cluster, metalloenzymes

INTRODUCTION

Microbial hydrogen metabolism is thought to have appeared in the very early days of life on Earth,
before oxygen began to accumulate in the atmosphere 2.4 billion years ago (Lyons et al., 2014). It
has existed ever since, and it still plays a key role in numerous environments such as soil, wetlands,
marine sediments, freshwaters, oceans, geothermal springs, and animal guts (Boyd et al., 2010;
Greening et al., 2016; Piche-Choquette and Constant, 2019).

Hydrogenases are specialised metalloenzymes essential to microbial hydrogen metabolism. They
are classified in three classes based on the metals found at the active site: [FeFe]-hydrogenases,
[NiFe]-hydrogenases, and [Fe]-hydrogenases (also known as Hmd) (Vignais and Billoud, 2007).

[FeFe]-hydrogenases are found in the genome of numerous microorganisms, both Prokaryotes
and Eukaryotes but not in Archaea (Peters et al., 2015). Their enzymatic features depend on
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a biologically unusual iron sulphur centre, named H-cluster,
composed of a cubane [4Fe4S]-subcluster linked to a [FeFe]-
subcluster via a conserved cysteine residue. Concerted proton
and electron transfer steps lead to H, production, via a
mechanism that is under debate (Haumann and Stripp, 2018;
Birrell et al, 2021). The ability of [FeFe]-hydrogenases to
catalyse reversible H, production at high turnover rates and
low overpotential has put them under the spotlight for potential
exploitation in devices to produce green hydrogen (Morra
et al,, 2017; Evans et al., 2019; Brown and King, 2020). [FeFe]-
hydrogenases have also inspired the synthesis of artificial catalysts
that mimic their natural properties (Ahmed and Dey, 2019;
Karayilan et al., 2019). Synthetic biology has also explored the
potential of exploiting [FeFe]-hydrogenases in vivo, to improve
or to instal H, production in several microbial hosts (Klein et al.,
2010; Kelly et al., 2015; Noone et al., 2017; Kanygin et al., 2020;
Wegelius et al., 2021).

This Mini Review will focus on [FeFe]-hydrogenases
and highlight how recent research is revolutionising our
understanding of these enzymes.

[FeFe]-HYDROGENASES DIVERSITY: A
POORLY EXPLORED SPACE

In the post-genomic and multi-omics era, thousands of putative
[FeFe]-hydrogenase sequences can be retrieved from public
databases. The common factor to all [FeFe]-hydrogenases is the
H-domain, a ~40 kDa (350 amino acids) protein domain that
hosts the H-cluster. In addition to sequence variability within
this core domain, [FeFe]-hydrogenases display a highly modular
genetic organisation, featuring several additional domains and
subunits that lead to both monomeric and multi-subunit enzyme
complexes. Research in this field has identified massive diversity
and several classification schemes have been proposed (Meyer,
2007; Vignais and Billoud, 2007; Calusinska et al., 2010; Winkler
et al., 2013). In addition to studying the hydrogenase gene
phylogeny, recent studies have also included the analysis of
flanking genes. Poudel et al. (2016) compiled 714 sequences and
proposed three groups: (G1) monomeric HydA; (G2) trimeric
HydABC; (G3) tetrameric HydABCD. Greening et al. (2016)
curated 1,222 sequences and proposed a classification into three
groups (Figure 1): (A) prototypical and bifurcating; (B) putative
ancestral; (C) putative sensory; by analysing variations in the
domain organisation and probable quaternary structure, group
A can be further split into four subtypes.

However, only three model enzymes have been experimentally
characterised to a high level of detail using various techniques,
and they all belong to group A (subtype Al). These are:
CplI (from the anaerobic nitrogen-fixing bacterium Clostridium
pasteurianum) (Nakos and Mortenson, 1971; Peters et al., 1998;
Therien et al., 2017); DvH (from the sulphate-reducing bacterium
Desulfovibrio vulgaris) (Legall et al., 1971; Nicolet et al., 1999;
Pohorelic et al., 2002); and CrHydAl (from the eukaryotic
green alga Chlamydomonas reinhardtii) (Happe and Naber, 1993;
Happe and Kaminski, 2002; Mulder et al., 2010). DvH and DdH
(from Desulfovibrio desulfuricans) sequences have been claimed

to be identical (Nicolet et al., 1999), even if a closer inspection
at genomes denotes numerous differences. Despite this, the
nomenclature has been used interchangeably, and biophysical
characterisation has been carried out on DvH sequence under the
DdH name (Nicolet et al., 1999; Birrell et al., 2016; Rodriguez-
Macia et al., 2020).

From the late 1990s, research has expanded to more [FeFe]-
hydrogenases thanks to important technical advances, such as
recombinant overexpression (Girbal et al., 2005; King et al., 2006;
Kuchenreuther et al., 2010) and production of semi-synthetic
hydrogenases (Berggren et al., 2013; Esselborn et al., 2013).
Currently, approximately 40 [FeFe]-hydrogenases have been
studied experimentally (Figure 1 and Supplementary Table 1).
A simple comparison of these numbers with the count of putative
[FeFe]-hydrogenases makes it evident that only very little is
currently known about these enzymes’ diversity. Furthermore,
the level of characterisation is highly variable, and in most
cases only a very limited amount of information is available
(Supplementary Table 1).

BEYOND HYDROGEN PRODUCTION:
MULTIPLE FUNCTIONAL ROLES

[FeFe]-hydrogenases are well-known for their prototypical role
in hydrogen production (Figure 1): the enzyme acts as a sink for
reducing equivalents, allowing for dissipation of excess reducing
power from energy metabolism. This role is well-characterised
in some clostridial hydrogenases, such as CpI (Therien et al.,
2017), and in algal hydrogenases, such as CrHydA1 (Happe and
Kaminski, 2002). Other hydrogenases with very high sequence
similarity are believed to acts in a similar way both within
green algae (Florin et al., 2001; Winkler et al., 2002; Kamp
et al., 2008; Meuser et al., 2011; Cornish et al., 2015) and
Clostridia (Demuez et al., 2007; Morra et al., 2016b). However,
H;,-producing hydrogenases do not cluster together in the
phylogenetic tree, demonstrating that the function cannot simply
be predicted from the sequence alone, as previously noted
(Greening et al., 2016).

In addition to this flagship role, several new functions
have been identified. During hydrogen uptake (Figure 1), the
enzyme oxidises hydrogen and transfers the low potential
electrons to a suitable cellular acceptor. This function has
been proposed for relatively few [FeFe]-hydrogenases, such as
the cytoplasmic CplI (Therien et al, 2017) and periplasmic
DdH/DvH (Pohorelic et al., 2002).

Reactions of additional complexity are catalysed by multi-
subunit [FeFe]-hydrogenases. AwHydA2 (from Acetobacterium
woodii) (Schuchmann and Muller, 2013) and TkHydA2 (from
Thermoanaerobacter kivui) (Schwarz et al., 2018) have been
shown to form stable heterotetrameric complexes with two
FeS subunits and a formate dehydrogenase (FdhF) subunit.
These enzymes have been named HDCR (Hydrogen-Dependent
Carbon dioxide Reductase) after their unprecedented ability to
catalyse direct CO, reduction using H; as the sole reducing
agent, in a single and efficient step (Schuchmann et al., 2018;
Leo et al., 2021).
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Following the discovery of TmHydABC (from Thermotoga
maritima) (Schut and Adams, 2009), numerous other
heterotrimeric and heterotetrameric [FeFe]-hydrogenases have
been shown to perform flavin-based electron bifurcation (FBEB).
These enzymes couple the thermodynamically favourable
oxidation of ferredoxin to the unfavourable oxidation of NADH
leading to H, production. The coupling is synergistic and
provides a clear physiological advantage over “conventional”
hydrogen production from ferredoxin only, as it allows
simultaneous reoxidation of both NADH and ferredoxin from
glycolysis, thus facilitating ATP production in the absence of
aerobic respiration (Buckel and Thauer, 2018; Peters et al., 2018;
Schuchmann et al., 2018).

Two [FeFe]-hydrogenases SwHyd1ABC (from
Syntrophomonas wolfei) (Losey et al, 2017) and SaHydAB
(from Syntrophus aciditrophicus) (Losey et al., 2020) have

been discovered to catalyse H, production from NADH
without the requirement of reduced ferredoxin. Despite overall
sequence and predicted structural similarity to FBEB enzymes,
closer inspection of the flavin-containing HydB subunit revealed
differences that may explain the absence of synergistic bifurcation
(Losey et al., 2020).

A sensory role has been proposed for a number of group C
[FeFe]-hydrogenases, such as TmHydS (Chongdar et al., 2018)

and TamHydS (Land et al., 2020). This function has been
proposed based the presence of a PAS domain, that is known to
take part in signal transduction of other proteins. Furthermore,
the lack of a conserved cysteine near the H-cluster slows down
the turnover rate, thus making unlikely an active metabolic role.
Additional evidence supporting a sensory role has been reported
for RaHydS (from Ruminococcus albus) (Zheng et al., 2014) and
TsHfsB (from Thermoanaerobacterium saccharolyticum) (Shaw
et al, 2009). However, given the little direct physiological
evidence for such role, this assignment is considered putative.

Group B is currently much less characterised and a tentative
denomination as “ancestral” has been proposed, but due to lack
of evidence it is difficult to discuss further on their function. Some
data are available for CplII, showing that the gene is transcribed
(Therien et al., 2017) and that the enzyme is active and displays a
different catalytic bias to both CpI and CplI (Artz et al., 2020).

It is also notable that proteins with sequence similarity
to [FeFe]-hydrogenases can be found in higher eukaryotes,
including humans (HsNARE Figure 1), where they lost H,-
linked functionality and evolved to other roles (Barton and
Worman, 1999; Ding et al., 2020).

The impressive variety of functional roles for [FeFe]-
hydrogenases is not surprising given the large number of
organisms that rely on them, and their evolutionary history

Frontiers in Microbiology | www.frontiersin.org

March 2022 | Volume 13 | Article 853626


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Morra

Fantastic [FeFe]-Hydrogenases

Cys, cysteine residue.

Htrans (DdH) Hinact (DdH)
[4FE4S]2+ HS yS [4Fe4s]1+ NH HS Cys [4Feis]2+ NH HS Cys
ROS ©H -e ( SH
s S S >
Y s\ R o\ BV g
ocvy ™ A, ocvy®  Re 2
N/ /\’”CN NC/ /\”CN
" ) co co
+HS
+0 Hox
[4Fe4{S]2+ NH B Cys
+
s Lk 2H
Cys™ \ 2 H
— \'Fégc 12
NC/ \C/ 7eN
Hox-CO 4 \ 8_°0 J
. HS \
[4Fe4s] NH Cys e
S
oy N SS TE
Fe el %—0,
OC\\/ p\ \d»,/
N g OCN

FIGURE 2 | Oxygen tolerance strategies in [FeFe]-hydrogenases. Schematic representation of the H-cluster in the oxidised active state Hox (centre). In the absence
of any exogenous protectant, numerous [FeFe]-hydrogenases undergo irreversible inactivation due to H-cluster damage with loss of Fe atoms (red pathway); carbon
monoxide acts as a protective agent due to its ability to form Hox-CO, by binding reversibly to the H-cluster at the same site as O» (purple pathway); in DdH, a
similar mechanism occurs when sulphide binds to the H-cluster forming Hinact, via the Htrans intermediate (orange pathway); in CbASH, a conformational change in
the protein structure allows for a conserved cysteine to directly bind to the H-cluster, forming Hinact (green pathway). Fep, proximal iron atom; Fey, distal iron atom;

that allowed adaptation to numerous ecological niches. However,
such diversity does not only occur across different organisms,
but also within them: several species possess multiple [FeFe]-
hydrogenase genes annotated in the genome, often in addition
to other Hj-activating enzymes such as [NiFe]-hydrogenases and
nitrogenases (Calusinska et al., 2010; Baffert et al.,, 2019). The
apparent redundancy of hydrogen-related enzymes may provide
advantages by quickly adapting the metabolism in response
to the environmental changes. However, a comprehensive
investigation on multiple hydrogenases within an organism is
currently missing.

Thermoanaerobacterium saccharolyticum has four putative
[FeFe]-hydrogenases and a putative [NiFe]-hydrogenase genes.
A systematic knockout study revealed that the hifs genes encoding
for TsHfsB and TsHfsD [FeFe]-hydrogenases are essential for
H, production, while deletion of the other genes had no effect
on this function. Moreover, deletion of hfs genes downregulated
the expression of all the other genes (hyd and ech), suggesting
a regulatory or sensory role for TsHfsB. Consequently, group
B TsHfsD may be the main enzyme for H, production in this
organism (Shaw et al., 2009).

Within green algae, it is common to find two closely related
[FeFe]-hydrogenase genes that are likely originating from gene
duplication (Meuser et al., 2011). For example, Chlamydomonas
reinhardtii encodes for CrHydAl and CrHydA2, whose
expression profile is very similar (Forestier et al, 2003). The
two isoenzymes differ for their affinity for the ferredoxin PetF
and for catalytic bias, suggesting different functional roles
(Engelbrecht et al., 2021).

The well-known solvent producer Clostridium acetobutylicum
has two [FeFe]-hydrogenases (CaHydAl and CaHydA2), a
[NiFe]-hydrogenase and nitrogenase. It has been suggested
that CaHydA1l is the main enzyme for hydrogen production
during acidogenesis (Demuez et al., 2007), but more recently a
ACaHydAl mutant strain has shown abundant H, production
(Du et al, 2021) suggesting a significant contribution from
other enzymes. On the other hand, the [NiFe]-hydrogenase has
been shown to play a key role in hydrogen cycling during
solventogenesis (i.e., H, reoxidation to provide reducing power
for the acid-to-solvent conversion) (Germane et al., 2018).

In the case of Clostridium pasteurianum (three [FeFe]-
hydrogenases, a [NiFe]-hydrogenase and nitrogenase), it has
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been proposed that Cpl is the key H, producer under non-
nitrogen-fixing conditions (Adams, 1990), while CplI and the
[NiFe]-hydrogenase would act as H, uptake enzymes during
nitrogen fixation. This would allow for reducing equivalents to
be recovered from the highly uncoupled reaction of nitrogenase,
ultimately improving the efficiency of this energy-consuming
process (Therien et al., 2017).

Gene expression studies of multiple [FeFe]-hydrogenases in
Clostridium butyricum, Clostridium beijerinckii, and Clostridium
perfringens have shown that all genes are transcribed and
regulation is actively occurring, suggesting different functional
roles that have not yet been determined (Morra et al., 2014;
Calusinska et al., 2015; Arizzi et al., 2021).

OXYGEN SENSITIVITY: NOT AN
INSURMOUNTABLE PROBLEM

For long time it has been assumed that [FeFe]-hydrogenases
were extremely sensitive to O,, with their catalytic activity
disappearing irreversibly and very quickly, in contrast to [NiFe]-
hydrogenases that often display reversible inhibition or complete
tolerance (Goldet et al., 2009; Lautier et al., 2011; Kubas
et al., 2017). While this is certainly true for some of the most
studied model [FeFe]-hydrogenases, the characterisation of novel
enzymes has recently revealed that the phenomenon of oxygen
sensitivity is highly variable across the class, and several examples
of oxygen-stable enzymes exist (Figure 2).

Studies on model enzymes CrHydA1 and CpI have shown that
the H-cluster suffers severe and irreversible structural damage
when exposed to oxygen, resulting in loss of several Fe atoms and
their non-protein ligands (Stripp et al., 2009; Swanson et al., 2015;
Esselborn et al., 2019). The exact degradation mechanism is still
under debate, but there is agreement that this requires O, binding
to the distal iron atom (Fe,;) followed by electron and proton
transfer, leading to the formation of reactive oxygen species
(ROS) that in turn would cause the actual damage (Figure 2).
Protection from oxygen can occur in the presence of carbon
monoxide via competition, as CO is able to bind to Fe; faster
than oxygen, forming Hox-CO (Lemon and Peters, 1999; Goldet
et al., 2009).

Oxygen sensitivity of [FeFe]-hydrogenases is an obvious
practical limitation to working with such enzymes and raises
concerns over their prospective exploitation for potential
applications (Ghirardi, 2015; Karayilan et al., 2019). As such,
several attempts have been made to improve oxygen tolerance of
model [FeFe]-hydrogenases, adopting both rational and random
mutagenesis approaches but the improvements reported are
limited (Lautier et al., 2011; Bingham et al., 2012; King et al.,
2014).

More progress has been made by looking at other [FeFe]-
hydrogenases. For example, it has been known for decades
that DdH and DvH can be purified under air as an inactive
state (named Hinact) that can be reactivated by a reductive
treatment (Pierik et al., 1998; Roseboom et al., 2006). However,
the first attempts to generate Hinact in vitro were unsuccessful,
and the exact protection mechanism has been elusive for years.

Only recently it was shown that DdH requires the addition
of exogenous sulphide to form Hinact, via the intermediate
species Htrans. It has been demonstrated that Hinact in DdH
(Figure 2) is an overoxidized H-cluster with sulphide bound
to Fey, thus preventing O, binding by direct competition and
protecting the enzyme from damage. Given the importance
of sulphur metabolism in Desulfovibrio, it has been suggested
that this mechanism may play a physiological role in vivo.
Interestingly, sulphide dependent Hinact formation is not an
exclusive feature of DdH, as it occurs in CrHydAl as well;
however, this mechanism is not effective on Cpl, highlighting
variability between different [FeFe]-hydrogenases (Rodriguez-
Macia et al., 2018; Rodriguez-Macia et al., 2020).

Also recently, it has been shown that CbA5H from
C. beijerinckii is able to form Hinact in a fully reversible manner;
the enzyme can be inactivated and reactivated multiple times
without any loss of activity (Morra et al, 2016a). Further
characterisation showed that Hinact formation in CbA5H does
not require exogenous sulphide and spectro-electrochemical
titrations showed that the Hox/Hinact transition in CbA5H
is a l-electron process that occurs at an unusually low
potential, without forming Htrans (Corrigan et al., 2020). Xray
crystallography has recently confirmed that Hinact in CbA5H is
indeed independent of exogenous sulphide, as a sulphur atom
from a conserved cysteine can bind directly Fey, following a
conformational change within the enzyme (Figure 2). This is
particularly fascinating since the immediate surroundings of
the H-cluster in CbA5H are conserved and do not differ from
other [FeFe]-hydrogenases. Hence, it has been proposed that the
protection mechanism depends on three non-conserved amino
acids, situated far away from the H-cluster, that allow for the
local conformational change to occur. This finding highlights the
complexity of the interplay between the H-cluster and the protein
residues as a fundamental part of [FeFe]-hydrogenase function,
challenging the common assumption of [FeFe]-hydrogenases
being a rigid scaffold that simply hosts a metal cluster responsible
for their peculiar features (Winkler et al., 2021).

Protection from oxygen is not limited to few fortunate
cases, as it has been shown that two other [FeFe]-hydrogenases
are likely to display similar protection mechanisms: DfHnd,
the heterotetrameric bifurcating [FeFe]-hydrogenase from
Desulfovibrio fructosovorans forms Hinact and is protected from
oxygen damage (Kpebe et al., 2018); also CpIII can form a species
whose spectroscopy is reminiscent of Hinact (Artz et al., 2020).

Overall, recent research has highlighted that oxygen
sensitivity/tolerance in [FeFe]-hydrogenases is much more
complex than previously assumed. Different enzymes display
completely different reactivity toward oxygen, with a growing
number of them being able to tolerate it. It emerges that long
term protection from oxygen damage in [FeFe]-hydrogenases
invariably requires a nucleophilic species (CO, H,S or a
cysteine thiol) to directly bind Fe; thus competing for O,
binding (Figure 2). While carbon monoxide protection seems
to be a universal feature of all hydrogenases, sulphur-based
protection appears to vary significantly between different
enzymes. This clearly highlights that the protein environment
plays a crucial role in determining the enzyme’s fate when
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exposed to Oy, but the exact determinants for such a diversity
are not comprehensively understood. Also, the physiological
implications of oxygen tolerance in [FeFe]-hydrogenases have
not been fully addressed yet.

CONCLUSION AND FUTURE
PERSPECTIVES

Recent characterisation of novel [FeFe]-hydrogenases has
highlighted a broad functional spectrum that exceeds their
prototypical role in hydrogen production. Involvement in
hydrogen sensing, electron bifurcation and CO; reduction
demonstrate how diverse [FeFe]-hydrogenase functions are, and
how crucial they are to support cellular metabolism under
different conditions. It has also become clear that several [FeFe]-
hydrogenases have evolved strategies to cope with oxygen,
making them oxygen tolerant.

Despite the major advancements summarised here, the
current understanding of [FeFe]-hydrogenase diversity is still
limited because few enzymes have been characterised in detail
so far. Studying novel [FeFe]-hydrogenases and populating
the phylogenetic tree with experimental evidence from this
unexplored space will be essential to improve our understanding
of [FeFe]-hydrogenase function.

Research in this field has shown that relying mainly on few
model enzymes and extrapolating information, in the assumption
that they represent a vast enzyme class, inevitably leads to severe
biases. Providing accurate predictions purely based on primary
sequence data and phylogenetic positioning will always be a risky
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H,>-Activating [NiFe]-Hydrogenases
in Escherichia coli

Alexander Haase and R. Gary Sawers*

Institute of Microbiology, Martin-Luther-University Halle-Wittenberg, Halle, Germany

The biosynthesis of the NiFe(CN),CO organometallic cofactor of [NiFe]-hydrogenase
(Hyd) involves several discreet steps, including the synthesis of the Fe(CN)>CO group
on a HypD-HypC scaffold complex. HypC has an additional function in transferring
the Fe(CN)>CO group to the apo-precursor of the Hyd catalytic subunit. Bacteria that
synthesize more than one Hyd enzyme often have additional HypC-type chaperones
specific for each precursor. The specificity determinants of this large chaperone family
are not understood. Escherichia coli synthesizes two HypC paralogs, HypC and HybG.
HypC delivers the Fe(CN)oCO group to pre-HycE, the precursor of the Hs-evolving
Hyd-3 enzyme, while HybG transfers the group to the pre-HybC of the Hs-oxidizing
Hyd-2 enzyme. We could show that a conserved histidine residue around the amino
acid position 50 in both HypC and HybG, when exchanged for an alanine, resulted in a
severe reduction in the activity of its cognate Hyd enzyme. This reduction in enzyme
activity proved to be due to the impaired ability of the chaperones to interact with
HypD. Surprisingly, and only in the case of the HybGysoa variant, its co-synthesis
with HypD improved its interaction with pre-HycE, resulting in the maturation of Hyd-
3. This study demonstrates that the conserved histidine residue helps enhance the
interaction of the chaperone with HypD, but additionally, and in E. coli only for HybG,
acts as a determinant to prevent the inadvertent maturation of the wrong large-subunit
precursor. This study identifies a new level of control exerted by a bacterium synthesizing
multiple [NiFe]-Hyd to ensure the correct enzyme is matured only under the appropriate
physiological conditions.

Keywords: hydrogen evolution, hydrogen oxidation, HypC chaperone, HybG chaperone, HypD, maturation, NiFe-
hydrogenase

INTRODUCTION

During growth under anoxic conditions, Escherichia coli synthesizes three comparatively abundant
[NiFe]-hydrogenases (Hyd) (Pinske and Sawers, 2016; Sargent, 2016). Of these three enzymes, two,
Hyd-1 and Hyd-2, are principally functional in H, oxidation (Ballantine and Boxer, 1985; Sawers
et al., 1985), while the third, Hyd-3, is a component of the H;-evolving formate hydrogenlyase
(FHL) complex (McDowall et al., 2014). All three enzymes have the same organometallic cofactor
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[NiFe(CN),CO, or [NiFe]-cofactor] in their active site, which
is required for reversible catalytic dihydrogen (H;) activation
by the enzyme (Bock et al.,, 2006; Lacasse and Zamble, 2016).
The biosynthesis and insertion of this [NiFe]-cofactor into
the large-subunit precursors of the respective Hyd enzymes
requires the combined actions of six accessory proteins, the
functions of which have been described previously (Bock et al.,
2006). While the synthesis of this [NiFe]-cofactor is not the
focus of this study, it is nevertheless important to stress that
the Fe(CN),CO component of the cofactor is assembled on a
separate scaffold complex comprising the iron-sulfur protein
HypD and either of the two small ~10 kDa proteins called
HypC or HybG. These latter two paralogs, which are the
focus of this study, are structurally and functionally related
and appear to have multifarious functions, being required for
both biosynthesis and delivery of the Fe(CN),CO group to the
Hyd large-subunit precursors (Blokesch et al., 2001; Bock et al.,
2006). They concomitantly acquire the iron ion and a CO;
molecule, which potentially acts as a source of the CO ligand
(Soboh et al., 2013; Arlt et al., 2021); the cellular sources of
these are unknown. In complex with HypD, either HypC or
HybG is required to aid the synthesis of the Fe(CN),CO group
(Blokesch et al., 2002, 2004). Once the synthesis of this group
has been completed, the chaperones deliver Fe(CN),CO to their
designated large-subunit precursors (Arlt et al., 2021). The roles
of HypC and HybG are schematically summarized in Figure 1A.
Importantly, HypC specifically delivers the Fe(CN),CO group to
pre-HycE, the precursor of Hyd-3, and to a lesser extent to pre-
HyaB, the precursor of Hyd-1, while HybG delivers the group
specifically and preferentially to pre-HybC, and to pre-HyaB
(Blokesch et al., 2001). The aim of this study is, therefore, to
provide further insight into how the precursor specificity of the
chaperones is delimited.

A recent study has demonstrated that HybG interacts with
either HypD or pre-HybC, presumably shuttling Fe(CN),CO
from the HypD to pre-HybC (Arlt et al., 2021). These
findings corroborate earlier proposals that the distinct precursor
specificity shown by HybG and HypC for particular client
proteins, as well as a common specificity for HypD, signifies a
chaperone function for these small proteins (Drapal and Bock,
1998; Wolf et al., 1998; Jones et al., 2004). Because these proteins
are small, it remains unclear whether common determinants
on HypC and HybG govern their interaction with different
precursors and with HypD, or whether different motifs play a
role. Importantly, what prevents HybG from interacting with
pre-HycE and activating Hyd-3, but allows it to interact with
pre-HybC and pre-HyaB?

One answer to this question likely lies in the fact that the
gene encoding HybG is located within the hyb structural gene
operon, which encodes Hyd-2 (Menon et al., 1994). Typically,
genes encoding HypC family members are located adjacent to
those encoding HypD (Bock et al., 2006; Lacasse and Zamble,
2016), so the physical separation of the hybG gene from hypD
on the E. coli genome presumably helps to limit HybG’s ability
to compete with HypC for HypD interaction.

Due to the lack of structural information on the HybG-
pre-HybC or HypC-pre-HycE complexes, we must rely on the

knowledge gained from in vivo studies performed with E. coli
(Hartwig et al., 2015; Thomas et al., 2018), and from structural
analyses of HypC and HypD from Thermococcus kodakarensis
(Watanabe et al., 2007, 2012), to gain insight into potentially key
residues or motifs involved in distinguishing client proteins.

The structure of HypC has revealed that, along with the
essential N-terminal cysteine residue (C2), there is a highly
conserved histidine residue at amino acid position 51 (H51;
E. coli numbering) (Figure 1B), which is proximal to C2, and
consequently has been suggested to have a role in stabilizing the
binding of the Fe(CN),CO group (Watanabe et al., 2007). The
limited in vivo studies examining the role of this histidine residue
have reported that its exchange for arginine in HypC essentially
abolishes the Hyd-3-dependent H; evolution (Blokesch, 2004),
while an in vitro study performed with the same variant reported
that it was impaired in cofactor synthesis (Soboh et al., 2013).
The examination of the crystal structure of the HypCD complex
from T. kodakarensis located it to the interaction surface between
the proteins (Watanabe et al., 2012; Figure 1B), which might also
explain the biosynthesis-deficient phenotype observed when it is
exchanged for another residue (Soboh et al., 2013).

In an attempt to resolve the function of this residue in the
chaperone we have used HypC and HybG of E. coli as a model
system and made a new variant by exchanging this residue for
alanine in both proteins (position 52 in HybG). Using combined
in vitro and in vivo experimental approaches, we show that
this conserved histidine residue is indeed important to allow
HypC and HybG to interact effectively with HypD. Unexpectedly,
however, our studies also revealed that the HybGps,4 variant
gains the ability to interact with pre-HycE, thus identifying this
histidine residue as a key determinant in ensuring that HybG
normally does not mature Hyd-3 in vivo.

MATERIALS AND METHODS

Bacterial strains and plasmids. The E. coli strains used in this
study included MC4100 [ F-, araD139, A (argF-lac)U169, \~,
rpsL150, relAl, deoCl, flhD5301, A (fruK-yeiR)725(fruA25),
rbsR22, A (fimB-fimE) (Casadaban, 1976)], and its isogenic
mutant derivative SHH228 (like MC4100, but AhypC AhybG)
(Hartwig et al., 2015). All of the plasmids used in this study
are listed in Table 1 and were introduced individually into
strain SHH228 for either determination of Hyd-associated
enzyme activities or protein purification. To construct
plasmid phypCstrep carrying the native hypC gene with
an additional C-terminal Strep-tag II coding sequence,
genomic DNA isolated from E. coli strain MC4100 was
used as a template for the PCR-amplification of the hypC
gene using oligonucleotide primers hypC_Bsal IBA3_fwd
(5'-GCACACGGTCTCAAATGTGCATAGGCGTTCCCGG-

3) and hypC_Bsal_IBA3_rev (5-
GCACACGGTCTCAGCGCTGACATCCGGCTCAACGTCAAA-
3’). The PCR product was digested with Bsal and the
resulting DNA fragment was ligated into the Bsal-digested
pASK-IBA3plus  vector (IBA  Lifesciences, Gottingen,
Germany) to generate the plasmid phypCstrep. The
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FIGURE 1 | The HypC chaperones involved in the maturation of hydrogenases in E. coli. (A) Schematic overview of the roles of HypC and HybG and their respective
precursor specificities. The thickness of the arrow correlates with precursor preference. Dotted arrows indicate weak interaction, while double-headed arrows signify
a reversible interaction. (B) Close-up of the location of the conserved histidine at the interface between HypC and HypD in the structure of scaffold complex

retained in the structural analysis, so histidine 44 corresponds to H51 of Escherichia coli HypC, and threonine 151 and 152 of HypD7, correspond to threonine T149
and T150 in HypD from E. coli. The location of the conserved histidine is indicated in orange and the structural representation was determined using PyMOL (The

A
HybG
HypEF ----> HypD
’
’
’
HypC <
CN- Fe(CN),CO  Fe(CN),CO
delivery synthesis delivery
B
HypD
HypC
determined for Thermococcus kodakarensis (PDB structure 3VYR; Watanabe et al.,
PyMOL Molecular Graphics System, version 2.5, Schrodinger, LLC).

2012). Note that the original residue numbering of HypD7x and HypCr, was

plasmids phypC(H51A)strep, pT-hypDC(H51A)Strep,
phybG(H52A)strep, and  pT-hybG(H52A)-hypDEF  were
generated by PCR-based site-directed mutagenesis using
the Q5® Site-Directed Mutagenesis Kit (New England
Biolabs, United States). Plasmids phypC(H51A)strep and
pT-hypDC(H51A)Strep were generated by changing codon
51 in the hypC gene on the plasmids phypCstrep and pT7-
hypDCStrep (Blokesch et al., 2004), respectively, from CAC
to GCC employing the oligonucleotides hypC_H51A_fw
(5'-GGTACTGGTAGCCGTTGGCTTTGCCAT-3') and
hypC_H51A_rv (5'-CACTGGCCCACGCGCGGC-3').
Plasmids phybG(H52A)strep and pT7-hybG(H52A)-hypDEF
were generated by changing codon 52 in the hybG gene
on the plasmids phybGstrep (Soboh et al., 2014) and pT-
hybG-hypDEF (Soboh et al, 2014), respectively, from CAT
to GCC using the oligonucleotides hybG_H52A_fw (5'-
GGTGCTGGTAGCCGTCGGATTTGC-3") and hybG_H52A _rv
(5'- CACTGGCCCAGTAGATCG-3').

Growth Conditions

In preparation for routine microbiology and molecular biology
experiments, such as cloning, strains were grown on LB-agar
plates or in LB-broth at 37°C (Miller, 1972). Anaerobic growth

for Hyd enzyme assays and enzyme activity-staining after native
polyacrylamide gel electrophoresis (PAGE) was performed at
37°C as standing liquid cultures in the buffered rich medium
TGYEP (1% w/v tryptone, 0.5% w/v yeast extract, 0.8% w/v
glucose, 100 mM potassium phosphate, pH 6.5) (Begg et al.,
1977). The growth medium was supplemented with trace element
solution SLA (Hormann and Andreesen, 1989). When required,
the antibiotics ampicillin, chloramphenicol, or kanamycin were
added to a final concentration of 100, 25, or 50 ug ml~1,
respectively. Cells were harvested anaerobically when cultures
had reached an ODgypy nm of between 0.8 and 1.2 by
centrifugation at 5,000 g for 15 min at 4°C. Cell pellets were either
used immediately or stored at —20°C until use.

For anaerobic protein overproduction experiments, E. coli
strain SHH228 (AhypC AhybG) was transformed with the
indicated plasmids using standard procedures (Sambrook et al,,
1989). Cultivation of cells was performed in modified TB
medium (2.4% w/v yeast extract, 1.2% w/v peptone from
casein, 0.04% w/v glycerol, 0.4% w/v glucose and 0.003% w/v
magnesium sulfate heptahydrate) (Soboh et al., 2012). Depending
on the plasmid used, the medium also included either 100 g
ml~! ampicillin or 15 ug ml~! chloramphenicol to maintain
plasmid selection. Cultures were incubated anaerobically without
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shaking at 37°C until an optical density at 600 nm (ODggo)
of 0.4 was reached. To increase the amount of protein for
purification purposes, the expression of the plasmid pASK-IBA3-
borne hypC and hybG genes was induced by the addition of
0.2 g ml~! anhydrotetracycline (AHT), whereas for pT7-7- and
PACYC-Duetl-based plasmids, gene expression was induced by
the addition of 0.1 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG). Incubation of the cultures was continued at 30°C for
3 h, after which the cells were harvested by centrifugation
at 5000 x g for 15 min at 4°C. The filling of bottles and
tubes for the centrifugation of cultures and cell suspensions was
performed under anoxic conditions in an anaerobic chamber
(Coy Laboratories, Grass Lake, United States). Cell pellets,
derived by centrifugation, were either used immediately or stored
at - 20°C until use.

Measurement of Hydrogen Production

Two methods were used to determine H, production. One
involved measuring cumulative H, production after anaerobic
cultivation of strains, while the other determined continuous
H, production in cell suspensions. Cumulative H, content was
determined by growing strains in 15 ml Hungate tubes (initially
filled with N3) containing 8 ml of culture medium. The cultures
were incubated for 20 h at 30°C and the H, concentration
was measured by removing 200 pl aliquots from the headspace
and analyzing the gas-phase using gas chromatography with a
GC2010 Plus Gas Chromatograph (Shimadzu, Kyéto, Japan) as
described (Pinske et al., 2015). Pure nitrogen was used as the
carrier gas, and the amount of H, produced was calculated
based on a standard curve prepared with pure H, gas. The
experiment was repeated three times and each assay was
performed in triplicate.

Continuous H, production by whole cells was determined
using a modified Clark-type electrode equipped with an
OXY/ECU module (Oxytherm, Hansatech Instruments, Norfolk,
United Kingdom) to reverse the polarizing voltage to -0.7 V,

essentially as described (Lindenstrauf3 et al., 2017). Cells were
grown as described above, but only until the late-exponential
phase was attained, and after the anaerobic centrifugation of
cells to remove culture medium, the cell pellet was suspended
in degassed 50 mM Tris, pH 7.0 and the centrifugation step was
repeated. Subsequently, the cell pellet was suspended in 1 ml of
degassed 50 mM Tris, pH 7.0 and 50 pl aliquots were added
to the chamber of the electrode, which contained 1.95 ml of
degassed 50 mM Tris, pH 7.0, equilibrated at 30°C. The reaction
was started by adding 14 mM glucose, which was converted to
formate intracellularly to act as a substrate of the FHL reaction
and the amount of H, produced was determined using pure H,
gas as described (Sargent et al., 1999). The assay was performed in
triplicate using three biological replicates for each strain analyzed.

Preparation of Crude Extracts for

Determination of Hyd Enzyme Activity

Cell paste was suspended in 2 ml of 50 mM MOPS, pH 7,
including 5 jug DNase I ml~! and 0.2 mM phenylmethylsulfonyl
fluoride per 1 g wet weight. Cells were disrupted by sonication
(20 W for 2 min with 0.5 s pulses). Cell debris and unbroken
cells were removed by centrifugation for 20 min at 21,000 x g at
4°C. The supernatant (crude extract) was carefully decanted into
a fresh tube and was used immediately. Protein concentration was
determined as described before (Lowry et al., 1951).

Assay of Total H,-Oxidizing Hyd Enzyme
Activity

The total Hyd enzyme activity of the crude extracts was
determined as Hy-dependent reduction of benzyl viologen (BV)
as described (Ballantine and Boxer, 1985), except that the buffer
used was 50 mM MOPS, pH 7.0. The wavelength used for the
absorbance measurement was 600 nm and an ¢y, value of 7,400
M~! cm™! was assumed for reduced BV. One unit of enzyme
activity corresponded to the reduction of 1 pmol of substrate

TABLE 1 | Strains and plasmids used in this study.

Strain or plasmid Relevant genotype or characteristic(s) References
Strains

MC4100 F~ araD139 (argF-lac)U169 ptsF25 deoC1 relA1 flbB6301 rsplL150 Casadaban, 1976
SHH228 Like MC4100, but AhypC AhybG Hartwig et al., 2015
Plasmids

PASK-IBA3

phypCstrep PASK-IBA3, hypC with C-terminal Strep-tag Il, Amp” This study
phypC(H51A)strep Like phypCstrep, but codon 51 in hypC changed CAC — GCC, Amp© This study
pT-hypDCStrep pT7-7, hypD, hypCStrep, AmpF Blokesch et al., 2004
pT-hypDC(H51A)Strep Like pT-hypCDStrep, but codon 51 in hypC changed CAC — GCC, AmpF This study
phybGstrep PASK-IBA3, hybG with C-terminal Strep-tag Il, AmpF Soboh et al., 2014
phybG(H52A)strep Like phybGstrep, but codon 52 in hybG CAT — GCC, Amp” This study
apT-hybG-hypDEF pT7-7, hypD, hypE, hybGStrep, hypF, Ampf Soboh et al., 2014
pT-hybG(H52A)-hypDEF Like pT-hybG-hypDEF, but codon 52 in hybG CAT — GCC, Amp/? This study

bpHycEH

PACYC-Duet1, MCS1: ishycE (internal His-tag on HycE), MCS2; syephycH (N-terminal Strep-tag Il on HycH), Cmf  LindenstrauB et al., 2017

@Note that the presence of the hypE and hypF genes had no influence on the function of HybG.
bThe vector was used as a resource to purify His-tagged pre-HycE separately from Strep-tagged HycH.
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min~!. Enzyme assays were performed in triplicate using three
biological replicates.

Non-denaturing Polyacrylamide Gel
Electrophoresis and Hyd

Activity-Staining

Non-denaturing PAGE was performed according to Ballantine
and Boxer (1985) using crude extracts (25 pg of protein). Prior
to application onto the gel, crude extracts were incubated with a
final concentration of 4% (v/v) Triton X-100 at 4°C for 15 min.
Separating gels included 7.5% (w/v) polyacrylamide and 0.1%
(w/v) Triton X-100. To visualize the activity of Hyd-1, Hyd-2,
and Hyd-3, activity-staining after native PAGE was performed
according to Pinske et al. (2012) using 50 mM MOPS, pH 7 buffer,
which included 0.5 mM BV and 1 mM 2,3,5-triphenyltetrazolium
chloride. Gels were incubated overnight at 25°C in an atmosphere
of 9% Nj: 5% H,. Experiments were repeated several times with
the same results and a representative gel is shown.

Protein Purification
All steps for protein purification were carried out in an anaerobic
chamber (Coy Laboratories, Grass Lake, United States). Wet
cell paste was suspended in 2 ml buffer W (50 mM
Tris, pH 8, containing 150 mM NaCl) per 1 g cell paste.
Phenylmethylsulfonyl fluoride (PMSF) was added to a final
concentration of 0.8 mM and DNAse I to a final concentration
of 10 pg/ml to the cell suspension. Cells were disrupted by
sonication (Sonotrode, 35 W with 0.5 s pulses for 5 min) on ice.
Cell debris and unbroken cells were removed by centrifugation
at 21,000 x g for 20 min at 4°C. The supernatant obtained
after centrifugation was used immediately for anaerobic protein
purification. Strep-tag-II-tagged HypC and HybG were purified
individually or in complex with HypD, using Strep-tactin
sepharoseXT Sepharose (IBA Lifesciences, Gottingen), exactly
as described (Soboh et al., 2013; Arlt et al., 2021). His-tagged
pre-HycE was purified using cobalt-charged TALON Superflow
agarose (Cytiva), following the manufacturer’s instructions.
Purified proteins were buffer-exchanged into anaerobic
50 mM Tris, pH 8, using 5 ml PD-10 columns containing G-25
matrix (Cytiva). The resulting protein samples were concentrated
using Amicon centrifugal concentration filters (cut-off of 5 kDa
for HypC and HybG proteins and 50 kDa for pre-HycE samples).
Purified protein samples were stored at -80°C.

Protein Interaction Studies Using

Pull-Down Assays and Western Blotting

To examine the interaction between Strep-tagged HybGwr,
HybGps24, HypCwr, or HypChs14 with His-tagged pre-HycE
150 g of each protein (5:1 mol excess of chaperone) was mixed
and incubated at 30°C under anoxic conditions for 2 h. After
incubation, the mixture was loaded onto either a 0.5 ml Strep-
tactin sepharoseXT column or a 0.5 ml cobalt-charged TALON
Superflow agarose column for the enrichment of the interaction
partners. Columns were pre-equilibrated with buffer W (50 mM
Tris/HCl, pH 8, containing 150 mM NaCl). After loading of
sample, the columns were washed with 10 column volumes of

buffer W to remove unbound proteins. Bound proteins were
subsequently eluted with buffer W containing 50 mM biotin
(Strep-tactin sepharoseXT columns), or with buffer W containing
300 mM imidazole (cobalt-charged NTA columns). Fractions of
0.5 ml were collected and aliquots from these were analyzed
by electrophoresis on 12.5% (w/v) or 1% (w/v) denaturing
polyacrylamide sodium dodecylsulfate (SDS)-PAGE (Laemmli,
1970). After the separation of polypeptides, they were transferred
onto a nitrocellulose membrane as described (Towbin et al.,
1979). After blocking the membrane, interaction partners were
identified by challenging with polyclonal antiserum raised against
HypC, HybG, or HycE (Pinske et al., 2015; Arlt et al., 2021). The
detection was based on chemiluminescence using the Immuno-
detection kit SuperSignal West Pico PLUS (Thermo Scientific,
Brunswick, Germany) and an imager Amersham Imager 600 (GE
Healthcare Bio-Sciences AB, Solingen, Germany).

RESULTS

An H52A-Exchange in HybG Results in

Wild-Type Levels of Hs Production

The HypC chaperone preferentially matures pre-HycE, the Hyd-
3 large subunit precursor, while its paralogue HybG preferentially
introduces the Fe(CN),CO group of the [NiFe]-cofactor into pre-
HyaB and pre-HybC, the respective precursors of Hyd-1 and
Hyd-2 (Blokesch et al., 2001; Arlt et al., 2021). As the aim of
this study was to determine the significance of the conserved
His residue in HypC and HybG for their function, we decided
to exchange the large, charged histidine residue in both proteins
for a small, non-polar alanine residue. First, a series of eight
plasmids carrying either the native hypC gene, the native hybG
gene, or carrying hypC + hypD, or hybG + hypD together,
was constructed (Table 1). Derivatives of these four plasmids
were also constructed, in which codon 51 in hypC and codon
52 in hybG were mutated to decode as an alanine residue (see
section “Materials and Methods”). It is important to note that
in all experiments described in the current study, HypC and
HybG both carried a C-terminal Strep-tag II. The presence of
this StreplI-tag does not interfere with the functionality of either
protein with respect to Hyd precursor maturation (Blokesch et al.,
2004; Soboh et al., 2013; Thomas et al., 2018). Consequently, in
the interest of convenience, we will henceforth generally refer to
these proteins without mentioning the tag.

As the first experiment to examine the potential effects
of exchanging the conserved histidine residues in HypC and
HybG to alanine on the maturation of the Hyd-1, -2, and -3
enzymes, we first determined the total H-oxidizing Hyd enzyme
activity (Figure 2A). Therefore, strain SHH228 (see Table 1),
lacking genomic copies of both hypC and hybG, but retaining
hybD (Hartwig et al., 2015), was transformed with each of the
eight plasmids individually. After the anaerobic growth of the
strains and preparation of crude extracts (see section “Materials
and Methods” for details), the total Hyd enzyme activity was
determined for each (Figure 2A). An extract derived from the
parental strain MC4100 had a total Hyd activity of approximately
1.5 U mg~! and served as a positive control, while an extract
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FIGURE 2 | H,-oxidizing and Hx-evolving activities of E. coli strain SHH228
(AhypC AhybG) synthesizing different HypC and HybG variants. (A) Total
Hs-oxidizing hydrogenase enzyme activity, measured as Hp-dependent BV
reduction (see section “Materials and Methods”) was determined in crude
extracts derived from anaerobically grown SHH228 transformed with the
following plasmids: phypCstrep, (HypC); phypC(H51A)strep, (HypCrs14);
pT-hypDCStrep, (HypD + HypC); pT-hypDC(H51A)Strep, (HypD + HypCris14);
phybGstrep, (HybG); phybG(H52A)strep, (HybGs24); pT-hybG-hypDEF,
(HypD + HybG); pT-hybG(H52A)-hypDEF, (HypD + HybGrs24). MC4100 is the
isogenic parental wild-type strain of SHH228 (AhypC AhybG). One unit
of enzyme activity corresponded to the reduction of 1 wmol of substrate min~".
(Continued)

FIGURE 2 | (B) The total accumulated H» production after fermentative
growth of the same strains as shown in part (A) was determined after 20 h of
anaerobic growth in TGYEPR, pH 6.5 (see section “Materials and Methods” for
details). The amount of Hy in an aliquot of 200 pl of the gas phase was
determined. (C) Hz evolution rates in freshly harvested exponentially growing
cells were determined for the same strains as in parts (A,B) using whole cells
and glucose as reductants (see section “Materials and Methods” for details).
The data are presented as a percentage relative to the activity determined for
MC4100, which was 46.3 = 8.3 nmol H, min~" mg~" and represented the
100% value. All assays (A-C) show data as standard deviations from the
mean, determined using at least three independent biological replicates, each
assayed in duplicate or triplicate.

derived from SHH228 (hypC hybG) had no detectable activity
and acted as the negative control (Figure 2A). The introduction
of plasmid phypCstrep carrying the parental hypC gene restored
approximately 50% of the parental total Hyd enzyme activity
to the mutant. This is consistent with HypC being required for
the maturation of Hyd-3 and with the fact that under these
growth conditions, Hyd-3 constitutes the bulk of the total Hyd
activity (Sawers et al., 1985; Pinske et al., 2011). In contrast, the
isogenic plasmid phypC(H51A)strep with a mutation in codon
51 of hypC only restored the total Hyd activity to a level that was
less than 5% of that measured for the positive control MC4100
(Figure 2A). This indicates that the H51A amino acid exchange in
HypC severely compromised its ability to function in maturation
of Hyd-3, which is also consistent with the reduced amount of
Fe(CN),CO group detected after purification of HypD associated
with an HypCpys; g variant reported earlier (Soboh et al., 2013).

As the hypC gene is typically found located adjacent to hypD
in the genomes of microorganisms that synthesize [NiFe]-Hyd,
and because HypC and HypD form the central scaffold complex
during the maturation of these enzymes (Bock et al.,, 2006;
Lacasse and Zamble, 2016), we wished to determine whether
their multicopy co-expression might rescue the Hyd-deficient
phenotype exhibited by SHH228 synthesizing HypCpys1 4, despite
this strain already possessing a genomic copy of hypD. Therefore,
we determined the total Hyd enzyme activity of the strain co-
expressing both genes from the same plasmid. When the native
hypC gene was co-expressed with hypD, a similar total Hyd
enzyme activity was determined compared to when hypC was
expressed alone from plasmid phypCstrep (Figure 2A). When
the same experiment was repeated using a plasmid co-expressing
hypD (pT-hypDCstrep in Table 1) and the mutated hypC gene
synthesizing HypCpsi4 [pT-hypDC(H51A)strep, Table 1], the
total Hyd enzyme activity was recovered to a level close to
that measured for the wild-type strain. This result suggests that
HypChrsi14 is still functional in the maturation of Hyd-3, but
is less efficient at completing maturation unless HypD and the
HypC proteins are co-over-produced.

The hybG gene, encoding HybG, is located within the hyb
operon (Menon et al., 1994) and does not have its own associated
hypD gene. The introduction of a plasmid carrying only
hybG, encoding Strep-tagged native HybG, into strain SHH228
(AhypC AhybG) failed to result in restoration of wild-type total
Hyd activity to the mutant and activity was barely detectable
(Figure 2A). It should be noted that the percentage contribution
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of Hyd-1 plus Hyd-2 activity to the total Hj-oxidizing Hyd
activity under fermentative conditions is only between 10-
20% (Sawers et al., 1985; Pinske et al., 2011). This does not,
however, explain the poor complementation achieved by re-
introducing plasmid-borne native hybG. Therefore, to determine
whether the co-expression of hybG with hypD might improve
complementation and increase H,-oxidizing Hyd activity,
plasmid pT-hybG-hypDEF was tested. After fermentative growth,
crude extracts derived from SHH228/pT-hybG-hypDEF revealed
an increase in the total Hyd activity to around 10% of the
total activity measured for the wild-type MC4100 (Figure 2A),
which approximately represents an activity consistent with that
expected for Hyd-1 plus Hyd-2 under these growth conditions
(Pinske et al., 2011). Note that plasmid pT-hybG-hypDEF also
carries the hypE and hypF genes. The presence of these genes does
not affect the total Hyd enzyme activity determined compared to
when only hybG + hypD or only hypC + hypD is present on the
plasmid (Haase and Sawers, unpublished results).

The anticipated transformation of SHH288 with plasmid
phybG(H52A)strep, which has a mutation in codon 52 in the
hybG gene resulting in exchange of histidine for alanine and
delivering HybGps4, failed to yield measurable Hyd activity
(Figure 2A). Surprisingly, however, when hypD was co-expressed
with this mutated hybG gene on pT-hybG(H52A)-hypDEEF, the
total Hyd activity measured was similar to that measured for
hypC-hypD on pT-hypDCStrep in SHH228 (Figure 2A). This
result suggests that this approximate 10-fold increase in total Hyd
activity, relative to what was measured when pT-hybG-hypDEF
was introduced into SHH228, was either due to an unexpected
increase in the combined Hyd-1 and Hyd-2 activity, or because
Hyd-3 activity was activated by the variant HybGpys,4 protein
when it was co-over-produced with HypD.

An H52A Exchange in HybG Restores H»
Production to a hypC-hybG Escherichia

coli Mutant

In order to resolve this issue, we first tested the same set
of strains for their ability to produce H, during glucose
fermentation (Figures 2B,C). The amount of H, accumulated
in stationary-phase cells after batch cultivation revealed that the
positive control MC4100 accumulated approximately 25 pmol
H, ODgoo nm™!, while the negative control SHH228 (AhypC
AhybG) accumulated no detectable H; gas (Figure 2B). SHH228
transformed with pT-hybG(H52A)-hypDEF (synthesizing HypD
plus HybGpysz4) accumulated Hy to a level that was slightly
more than that of the parental MC4100 strain, indicating that
Hyd-3 was active. The same experiment performed with a
plasmid bearing hypD and the parental hybG genes (pT-hybG-
hypDEF) showed essentially no H, accumulation, as did SHH228
transformed with plasmids carrying only the parental hybG
or only the mutated hybG genes lacking the additional hypD
gene (Figure 2B). This supports the conclusion that the mutant
HybGps24 chaperone, synthesized at a high level together with
HypD, was capable of maturing Hyd-3 and thus accounted for
the Hy production by the strain. As further controls, when
SHH228 co-over-produced either HypC or HypCps14 together

with HypD, H; also accumulated to wild-type levels (Figure 2B).
However, when the strain only synthesized HypCps14, H»
accumulated to approximately 50% of parental levels.

To verify these results, the ability of the same set of strains
to evolve H; in cell suspensions derived from exponentially
grown cells was assessed using a hydrogen-electrode (Figure 2C).
The results essentially reflected those obtained by measuring
cumulative H, production, with the exception that SHH228
synthesizing HypCps14 from phypC(H51A)strep had an H,-
evolving activity that was only 10% of that of the wild-type
strain MC4100 (Figure 2C). These results confirmed the poor
complementation of the Hyd -deficient phenotype exhibited by
this strain when the total Hyd activity was measured in extracts
(compare Figure 2A). It is likely that in the cumulative H; assay,
the cells had sufficient time to accumulate H, in the stationary
phase, which probably accounts for the difference when the two
assay methods for Hy production by the strain are compared
(compare Figures 2B,C).

The HybGys504 Variant Is Able to Mature
Hyd 3
Bands corresponding to Hyd-1, Hyd-2, and Hyd-3 can be
readily distinguished after native PAGE followed by staining the
gel specifically for Hyd enzyme activity (Pinske et al., 2012).
Moreover, this technique also allows the identification of an
H,:benzyl viologen oxidoreductase activity associated with the
formate dehydrogenases (Fdh) N and O, which is a side-reaction
of these enzymes (Soboh et al.,, 2011), but is a useful control
for these experiments. As HybG typically cannot facilitate the
maturation of Hyd-3 (Blokesch et al., 2001; Bock et al., 2006), we
first looked at the extracts derived from both exponential-phase
(Figure 3A) and stationary-phase cells (Figure 3B) for evidence
of HybG-dependent synthesis of active Hyd-3. Regardless of
whether the native hybG gene was expressed alone, or co-
expressed with hypD from a plasmid, no manifestation of active
Hyd-3 after native PAGE and staining for Hyd enzyme activity
could be observed (Figure 3). In contrast, when HybGps,4 was
co-synthesized with HypD in strain SHH288 (AhypC AhybG),
and in the absence of any HypC, Hyd-3 activity could be
visualized (Figure 3B). Although the activity band was relatively
weak, it was clearly visible, especially in the crude extract derived
from stationary-phase cells. Moreover, the activity band had an
intensity comparable to that in exponential-phase cells when
the native hypC gene was expressed on its own from plasmid
phypCstrep (Figure 3A). This result indicates that HybGpysy4 can
mature the large subunit precursor (pre-HycE) of Hyd-3.
Hydrogenase-1 is more active in anaerobic stationary-phase
cells, while Hyd-2 is more active in exponential-phase cells
(Ballantine and Boxer, 1985; Sawers et al., 1985). The examination
of the activity-stained bands in the other extracts revealed that,
although Strep-tagged native HybG was capable of restoring
maturation of both Hyd-1 and Hyd-2 in exponential- and
stationary-phase cells (Figures 3A,B), the intensity of the
respective activity bands was low. This possibly explains the
poor phenotypic complementation by plasmid-borne hybG when
introduced into SHH228 and the very low total Hyd activity
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measured in Figure 2A. Strain SHH228, synthesizing the
HybGps24 variant, showed no activity bands corresponding to
either Hyd-1 or Hyd-2 when the cognate gene was expressed
on its own from plasmid phybG(H52A)strep (Figures 3A,B).
Notably, however, when either hybG allele was co-expressed with
hypD, extracts derived from the corresponding cells revealed
wild-type levels of activity-staining bands for Hyd-1 and Hyd-
2 (Figure 3). These results suggest that the co-synthesis of
HypD either resulted in the stabilization of the respective
HybG chaperones when the cognate genes were co-expressed or

facilitated interaction of the proteins to allow scaffold complex
formation, thus improving the efficiency of maturation of both
the large-subunit precursors, pre-HyaB and pre-HybC.

In this regard, crude extracts derived from stationary-phase
cells of SHH288/phypCstrep, which synthesized Strep-tagged
native HypC, revealed only a weak activity band that migrated
at the position of Hyd-1, but no such similar activity band was
observed in an extract derived from SHH288 co-expressing hypC
and hypD (Figure 3B); the levels of Hyd-3 remained similar
for both strains, providing an internal loading control. This
underscores the preferential maturation of pre-HycE over pre-
HyaB by HypC carrying Fe(CN),CO (see also Figure 1A).

HybGys524 Interacts Better With

Pre-HycE but Worse With HypD

HypC-HypD and HybG-HypD complexes can be readily isolated
from anaerobically cultivated cells (Blokesch et al., 2004; Soboh
et al., 2012) and it has been shown using structural analyses
(Watanabe et al., 2012) and by native mass spectrometry (Arlt
et al., 2021) that both sets of complexes form (1:1) heterodimers.
To determine whether the exchange of the conserved histidine
residue that is predicted to be important for the interaction
with HypD (see Figure 1A; Watanabe et al., 2012; Miki et al,,
2020) has an impact on this interaction, we enriched, by affinity
chromatography in a single step HybG-HypD, HybGpsza-
HypD, HypC-HypD, and HypCps14-HypD complexes from
anaerobically grown SHH228 cells. To do this, we took advantage
of the StreplI-tag on the chaperones (see section “Materials and
Methods”). The resulting complexes were separated by SDS-
PAGE and visualized using Coomassie Blue staining (Figure 4).
While the native HybG and HypC proteins each could be
enriched together with high amounts of HypD and minimal
contaminating polypeptides, the mutated chaperone proteins
clearly interacted more poorly with HypD. The complexes
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formed were less-well resolved, the affinity-enriched samples
included considerably more contaminating proteins, and, based
on densitometric analysis (ImageQuant TL program Cytiva),
the apparent stoichiometries were significantly lower than those
observed for the respective native chaperone (at least 50% lower
for HybGps524:HypD and ~85% lower for HypCpys1 4:HypD).

Next, we purified separately Strep-tagged native HybG and
HybGpgs24, as well as a His-tagged derivative of pre-HycE, the
precursor of the Hyd-3 large subunit. These were then used in
interactions experiments (see section “Materials and Methods”)
to test whether HybGpsy4 could form a complex with pre-
HycE (Figure 5). The results show that when complexes were
allowed to form between His-tagged pre-HycE and Strep-tagged
native HybG and the mixture was subsequently separated on
a cobalt-charged TALON Superflow agarose column, only low
amounts of HybG co-eluted with pre-HycE (Figure 5A). When
the same mixture was passed over a Strep-tactin sepharose
column, no pre-HycE could be identified to co-elute with
Strep-tagged HybG (Figure 5B). In contrast, when the same
experiment was repeated with Strep-tagged HybGpgsy4, more
of the chaperone was shown to co-elute with His-tagged pre-
HycE after cobalt-charged TALON agarose chromatography
(Figure 5C), and pre-HycE could clearly be identified to co-elute
with Strep-tagged HybGprs24 after Strep-tactin sepharose affinity
chromatography (Figure 5D).

In a similar experiment performed with Strep-tagged HypC,
Strep-tagged HypCpsia, and His-tagged pre-HycE, native
HypC co-eluted strongly with His-tagged pre-HycE (Figure 5E),
while HypCps14 interacted more poorly with pre-HycE
(Figure 5F).

DISCUSSION

In E. coli, the scaffold protein HypD interacts with two distinct
but related HypC-family chaperones, which in turn deliver the
synthesized Fe(CN),CO group to three separate large-subunit
precursors. Although both chaperones interact (with different
effectiveness) with pre-HyaB, the Hyd-1 large-subunit precursor,
only HypC delivers the iron group to pre-HycE, while pre-HybC
receives the group exclusively from HybG (Blokesch et al., 2001;
Arlt et al., 2021). Here, we have resolved two key discriminatory
functions associated with a conserved histidine residue within
the HypC-family chaperone member, HybG. Although only
semi-quantitative, the results of our interaction experiments
give a first clear indication that an H52A residue exchange in
HybG diminishes the ability of the chaperone to interact with
its scaffold partner HypD. This result was corroborated when
a similar exchange in HypC was made, which also resulted
in a diminished interaction with HypD when compared with
native HypC. An H-to-A residue exchange in either protein
thus appears to weaken the interaction with the scaffold protein
HypD, with which it functions to synthesize the Fe(CN),CO
group (Bock et al., 2006). This also provides a biochemical
explanation for the previous observation that an exchange of
H51 for an arginine residue in HypC impaired Hyd-3-dependent
H, evolution by E. coli (Blokesch, 2004; Soboh et al., 2013).
Based on the structural analysis of the HypC-HypD complex (see

Figure 1B), this histidine residue is predicted to form part of
the contact surface between HybG and HypD but has also been
suggested possibly to aid the coordination of the Fe(CN),CO
group when the chaperone delivers the group to the large-subunit
precursor (Watanabe et al.,, 2007, 2012). The findings made in
the current study are consistent with this residue being important
for the interaction with HypD but do not support a role for the
residue in coordinating the organometallic iron group, because
our experiments involving co-synthesis of either HypCps14 or
HybGpsy4 with HypD revealed that efficient maturation of
their cognate large-subunit precursors still occurred with both
chaperone variants. For example, the observed reduction in Hyd-
2 activity caused by the H52A exchange in HybG could be totally
restored if the gene encoding HybGps,4 was co-expressed with
hypD. This suggests that the interaction between HybGpsza
[bearing the Fe(CN),CO group] and the pre-HybC large-subunit
precursor is not strongly compromised by the exchange, and the
observed reduction in Hyd-2 activity might be due simply to the
poorer interaction of HybGps,4 with HypD. Nevertheless, future
quantitative assessment of binding affinities for these various
interaction partners will be needed to verify this proposal.

This contrasts sharply, however, with the demonstration of
improved interaction between HybGps,4 and pre-HycE, which
resulted in an unprecedented HybG-dependent maturation of
Hyd-3. This result suggests that the histidine residue functions to
prevent HybG from interacting with pre-HycE. When histidine
is substituted by the much smaller alanine residue, this inhibition
is relieved, allowing interaction and maturation to take place.
A similar residue exchange in HypC (H51A) did not have any
effect on Hyd-2 enzyme activity, only causing decreased H,
production, because pre-HycE is HypC’s principal interaction
partner (Drapal and Bock, 1998; Blokesch et al., 2004; Bock et al.,
2006). Thus, the HypCps14 variant does not become capable of
interacting with pre-HybC to generate active Hyd-2, suggesting
that pre-HycE has structural features at its chaperone interaction
surface that differ from those of both pre-HybC and pre-HyaB.
Future structural comparisons of these precursors will be highly
beneficial, coupled with a chemical cross-linking analysis, to
define these interacting residues.

Thus, two features of the HybG chaperone seem to be
important in ensuring it only matures the H;-oxidizing Hyd-
1 and Hyd-2 enzymes in vivo. Firstly, expression of the hybG
gene within the hyb operon, plus its physical separation from
the hypD gene, ensures that HybG and pre-HybC are synthesized
together. Nevertheless, HybG is produced in sufficient amounts
also to allow maturation of pre-HyaB (precursor of Hyd-1) as
well as pre-HybC, and it appears to be more effective at this
than HypC (see also Blokesch et al., 2001). The fact that co-
expressing the hypD gene with the mutated hybG gene improved
complementation ability may be due to a form of translational
coupling that compensates for the poorer HypD-HybGpsza
complex formation by improving their chances of interacting
in the cell. The consequence is that sufficient production of the
Fe(CN),CO group occurs to facilitate the maturation of all three
Hyd large subunit precursors.

Secondly, the H52 residue, as well as being required for
optimal interaction with HypD, acts to prevent HybG from
interacting with pre-HycE. Non-native co-overexpression of the
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FIGURE 5 | Identification of interaction partners: HybGpso4 forms a complex with pre-HycE. Purified Strep-tagged HypCyyr, HypCrs1a, HybGur, or HybGrsoa
was mixed with purified His-tagged pre-HycE and after affinity chromatography, aliquots of the original sample mixture (S), the unbound flow-through (Ft), the
material washed from the column (Wf) and the eluted material (fractions E1, E2, and E3) were separated by SDS PAGE followed by western blotting. Membranes
were treated with antiserum raised against HypC, HybG, or HycE, each diluted 1:4000. (A) Blot treated with anti-HybG antiserum after separation of a mixture of
Strep-tagged HybG and His-tagged pre-HycE on a cobalt-charged TALON agarose column. HybG monomers and dimers (dimers are occasionally observed after
SDS-PAGE; Arlt et al., 2021) are indicated on the right of the blot. Migration positions of molecular mass markers are shown on the left of the blot. (B) The same
experiment as shown in panel (A) was performed, but after the separation of the mixture on a Strep-tactin sepharose column, His-tagged pre-HycE was detected
with anti-HycE antiserum. (C) A mixture of purified Strep-tagged HybGps04 and pre-HycE was separated on a cobalt-charged TALON agarose column as described
in part (A). HybGs24 was detected with anti-HybG antiserum. (D) The same mixture as in part (C) was separated on a Strep-tactin sepharose column and
pre-HycE was detected with anti-HycE antiserum. (E) Western blot in which a mixture of Strep-tagged HypC and His-tagged pre-HycE was separated on a
cobalt-charged TALON agarose column and HypC was detected with anti-HypC antiserum. (F) Western blot in which a mixture of Strep-tagged HypCrs14 and
His-tagged pre-HycE was separated on a cobalt-charged TALON agarose column, with subsequent detection using anti-HypC antiserum.

native hybG and hypD genes still failed to result in inadvertent
maturation of pre-HycE, but not when codon 52 of hybG coded
for an alanine residue. The selective maintenance of H52 in HybG
thus assures effective HybG-HypD scaffold complex formation,
while at the same time guaranteeing that pre-HycE cannot be
matured by HybG. This study thus identifies a new layer of

control during Hyd maturation. Controlling which chaperone
(HypC or HybG) preferentially interacts with HypD determines
which Hyd precursor is matured in accordance with the demands
set by the physiological conditions. This ultimately results
in the balanced production of Hj-evolving and Hj;-oxidizing
enzyme activities.
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Catalytically Active Regulatory
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Oliver Lenz? and Matthias Gimpel*

" Chair of Bioprocess Engineering, Department of Biotechnology, Technische Universitét Berlin, Berlin, Germany,
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Hydrogenases are biotechnologically relevant metalloenzymes that catalyze the
reversible conversion of molecular hydrogen into protons and electrons. The O»-tolerant
[NiFe]-hydrogenases from Cupriavidus necator (formerly Ralstonia eutropha) are of
particular interest as they maintain catalysis even in the presence of molecular oxygen.
However, to meet the demands of biotechnological applications and scientific research,
a heterologous production strategy is required to overcome the low production yields
in their native host. We have previously used the regulatory hydrogenase (RH) from
C. necator as a model for the development of such a heterologous hydrogenase
production process in E. coli. Although high protein yields were obtained, the purified
enzyme was inactive due to the lack of the catalytic center, which contains an inorganic
nickel-iron cofactor. In the present study, we significantly improved the production
process to obtain catalytically active RH. We optimized important factors such as O,
content, metal availability, production temperature and time as well as the co-expression
of RH-specific maturase genes. The RH was successfully matured during aerobic
cultivation of E. coli by co-production of seven hydrogenase-specific maturases and
a nickel permease, which was confirmed by activity measurements and spectroscopic
investigations of the purified enzyme. The improved production conditions resulted in
a high yield of about 80 mg L= of catalytically active RH and an up to 160-fold
space-time yield in E. coli compared to that in the native host C. necator [<0.1 U (L
d) ~']. Our strategy has important implications for the use of E. coli K-12 and B strains
in the recombinant production of complex metalloenzymes, and provides a blueprint
for the production of catalytically active [NiFe]-hydrogenases in biotechnologically
relevant quantities.

Keywords: regulatory hydrogenase, difficult-to-express protein, Escherichia coli, [NiFe]-hydrogenase,
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INTRODUCTION

[NiFe]-hydrogenases are metalloenzymes that catalyze the
reversible oxidation of molecular hydrogen (H,) into protons
and electrons, which makes them very attractive from both
scientific and applied perspectives (Fontecilla-Camps et al., 2007;
Lubitz et al., 2014). Their core module is composed of a
large subunit harboring the catalytic nickel-iron [NiFe] center
and a small subunit hosting one to three iron-sulfur clusters
that mediates electron transfer between the active site and the
physiological electron acceptor/donor (Ogata et al., 2016). The
inorganic [NiFe] center is coordinated to the protein via four
cysteine-derived thiolates, two of which are terminal nickel
ligands whereas the other two serve as bridging ligands between
the nickel and the iron. The iron is further coordinated by
one carbonyl (CO) group and two cyanide (CNT) residues
(Fontecilla-Camps et al., 2007; Lubitz et al., 2014; Peters et al,,
2015). Synthesis and incorporation of the [NiFe] cofactor into the
apo-hydrogenase is a highly complex process that requires a set of
at least six maturation proteins, named HypABCDEF (Forzi and
Sawers, 2007; Lacasse and Zamble, 2016). The HypCD complex
serves as central scaffold for the assembly of the Fe(CN),CO
moiety (Blokesch et al., 2004a; Biirstel et al., 2012; Watanabe
etal., 2012). The cyanide ligands are synthesized from carbamoyl
phosphate by a concerted action of HypE and HypF (Casalot
and Rousset, 2001; Reissmann et al., 2003; Blokesch et al.,
2004b; Rangarajan et al., 2008; Lacasse and Zamble, 2016). The
source of the CO ligand in anaerobic hydrogenase biosynthesis
is still unknown (Birstel et al., 2011). Among others (Lenz
et al., 2007), acetate (Roseboom et al., 2005) and CO, (Soboh
et al., 2013) have been suggested as precursors, but compelling
evidence is lacking. Under aerobic conditions, however, formyl-
tetrahydrofolate serves as the CO precursor (Biirstel et al.,
2016). The preformed Fe(CN),CO fragment is then transferred
from the HypCD complex into the apo-form of the large
hydrogenase subunit (Arlt et al., 2021). Subsequently, the nickel is
incorporated by HypA and HypB complex (Lacasse and Zamble,
2016). In E. coli, the SlyD protein is also involved in nickel
insertion (Leach et al., 2007; Kaluarachchi et al., 2012; Pinske
et al., 2015). Upon insertion of the complete [NiFe] cofactor,
the hydrogenase large subunit usually undergoes proteolytic
cleavage, in which the C-terminal extension is cleaved off (Senger
et al.,, 2017; Pinske et al., 2019; Hartmann et al., 2020). This
cleavage step allows oligomerization of the cofactor-containing
large subunit with the small subunit, whose Fe-S clusters are
incorporated by the universal Isc/Suf machinery.

Due to the complex maturation process, recombinant
production of [NiFe]-hydrogenases is challenging, especially
in heterologous systems, and makes scalability difficult (Fan
et al,, 2020). We have chosen the regulatory [NiFe]-hydrogenase
(RH) from Cupriavidus necator (formerly Ralstonia eutropha)
as a model for the development of a heterologous hydrogenase
production system in E. coli. C. necator actually possesses four
different [NiFe]-hydrogenases, all of which are O;-tolerant, i.e.,
they perform H, conversion even in the presence of molecular
oxygen (Fritsch et al., 2013; Schwartz et al., 2013; Lenz et al,
2015). The RH functions as H, sensor in the context of
H,-dependent transcriptional regulation of the genes encoding

the two energy-conserving [NiFe]-hydrogenases of C. necator
(Lenz et al.,, 1997, 2010). Like typical [NiFe]-hydrogenases, the
RH consists of two subunits, a large subunit HoxC (52 kDa)
containing the NiFe(CN),CO center and a small subunit HoxB
(36 kDa) harboring three [4Fe-4S] clusters (Pierik et al., 1998;
Kleihues et al., 2000). Its Hj-oxidizing activity is absolutely
insensitive to O, (Buhrke et al., 2005a; Ash et al, 2015).
The maturation proteins required for cofactor assembly of
the RH are encoded by the hypl operon (hypA1BIFICDE) of
C. necator (Buhrke et al., 2001). In contrast to most other [NiFe]-
hydrogenases, the RH large subunit HoxC does not undergo
C-terminal processing, making RH a relatively simple [NiFe]-
hydrogenase model. Recently, we succeeded to produce the RH
heterologously in E. coli in a soluble form and purified the protein
by a single affinity chromatography step (Fan et al, 2021a).
By using an EnPresso B-based fed-batch-like growth mode, we
obtained up to 250 mg L~! of RH in shake flask cultures.
This RH yield was about 250-fold higher than that from the
native producer (Bernhard et al.,, 2001; Fan et al,, 2021a). The
productivity has been further improved using IPTG or lactose
autoinduction (Fan et al., 2021b). Regrettably, the purified RH
turned out to be inactive. While the small subunit appeared to
be fully equipped with Fe-S clusters, the large subunit lacked
the [NiFe] cofactor, indicating malfunctioning maturation in the
heterologous host.

In this study, we aimed at the heterologous production of
RH with catalytic activity by testing different E. coli strains
with various genetic backgrounds and by varying the process
conditions. By co-expression of the hyp1 operon from C. necator
and the supplementation of the growth medium with NiCl, we
obtained RH with catalytic activity. The successful incorporation
of the NiFe(CN),CO cofactor was confirmed by IR and
EPR spectroscopy. By co-expression of the hoxN and hypX
genes, encoding a nickel permease and a dedicated maturase,
respectively, catalytically active RH was also purified from
aerobically grown E. coli BL21.

MATERIALS AND METHODS

Bacterial Strains, Media and Growth

Conditions

While E. coli TG1 (Baer et al., 1984) was used for plasmid
maintenance, the E. coli B strain BL21 Gold (Stratagene,
Germany) and the K-12 strains W3110 (Bachmann, 1972)
and MC4100 (Casadaban and Cohen, 1979) were used
for RH production. Plasmid pQF8 (Fan et al, 2021a)
was used for overproduction of structural RH subunits,
HoxBsyrep and HoxC, under control of the IPTG inducible
Plac_cru promoter. All strains and plasmids are listed in
Supplementary Tables 1, 2.

Transformations and plasmid propagations were performed
on solid and liquid TY medium (16 g L™! tryptone, 10 g L™!
yeast extract, 5 g L~! NaCl, for solid medium 2% agar-agar). The
fed-batch-like EnPresso® B medium (EnPresso GmbH, Berlin,
Germany) was used for RH production. The EnPresso B medium
is based on a typical E. coli mineral salt medium supplemented
with trace elements and Na,;SeO3, Na,MoO4 and Ni(NO3), as
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described previously (Soini et al., 2008). In this medium, glucose
is enzymatically released from a non-metabolizable polymer
contained therein. For preparation of a pre-culture, E. coli cells
were inoculated from a single colony in 10 mL LB medium
(10 g L~! tryptone, 5 g L™! yeast extract, 10 g L~! NaCl) and
shaken for 6-8 h at 37°C, 250 rpm (Infors HT, 25 mm offset,
Switzerland). For main cultures, 50 mL EnPresso® B medium
was inoculated to an ODgpy of 0.2 in 250 mL baffled Ultra
Yield® shake flask (Thomson Instrument Company, Oceanside,
CA, United States) (20% v/v) supplemented with 25 pL of
reagent A (1.5 U L™!) for overnight cultivation at 30°C, 250 rpm
(Infor HT, Switzerland). At the induction point booster and
75 wl reagent A (4.5 U L7!) were added according to the
manufacturer’s instructions (EnPresso GmbH, Berlin, Germany)
and RH production triggered by addition of 50 pM IPTG.
The cells were cultivated under the same conditions for 24 h
at 30°C or for 48 h/72 h at 18°C. If required all media were
supplemented with 25 wg mL~! chloramphenicol and 25 g
mL~! kanamycin for selection.

For induction under O, limited conditions the cultivation
protocol was altered as follows. To ensure a high cell density
before, a first dose of booster and 75 pl reagent A (4.5 U L~1)
were added after overnight cultivation and growth continued for
12 h under the same conditions. After 12 h of boosted growth,
cultures were transferred into 125 mL baffled PreSens shake
flask (40% v/v) which was placed on an SFR shake flask reader
(PreSens Precision Sensing GmbH, Regensburg, Germany) in a
Kuhner LTX orbital shaker (50 mm offset, Adolf Kithner AG,
Basel, Switzerland) with online monitoring of dissolved oxygen
(DO) and pH. The oxygen level was controlled by manually
reducing the shaking speed from 250 rpm to 100 rpm until
a DO value almost close to 0% was reached to ensure O,-
limited (microaerobic) conditions. A 2nd dose of booster and
reagent A was added together with 50 wM IPTG to induce RH
production and cultivation continued at 30°C for 36 h or at 18°C
for 48 h/66 h/72 h as indicated. Finally, cells were harvested
by centrifugation at 8,000 x g, 4°C for 10 min. The cell pellets
were frozen in liquid nitrogen and stored at —80°C until further
use. To investigate an effect of metal ion addition on active
RH production, appropriate concentrations of NiCl, or FeSO4
were added to the cultures at the induction point and 8 mL
boosted cultures were distributed onto the Deep Well OxoDish®
OD24-DW deepwell plates with DO online monitoring and
cultivated in an SDR SensorDish® Reader (both from PreSens
Precision Sensing GmbH, Regensburg, Germany) which was
placed in a Duetz plate holder (EnzyScreen BV, Heemstede,
Netherlands) and placed and cultivated in the Kuhner LTX shaker
(50 mm offset, Adolf Kithner AG, Basel, Switzerland). After
24 h of induction under O,-limited cultivation conditions at
30°C cells were harvested from the 8 mL culture suspension as
described above.

RH Purification, Spectroscopic

Characterization and Activity Assay
RH purification has been described in detail previously (Fan
et al., 2021a,b). All elution fractions were concentrated by

ultra-filtration (14,000 x g, 4°C) using Amicon Ultra Ultracel
30 kDa cut-off concentrators (Merk Millipore, Germany). An
aliquot of the final concentrate was used for SDS-PAGE.
The gels were stained with colloidal Coomassie blue G250
solution and subsequently bands were quantified with Image]J for
determination of protein concentrations. A defined solution of
bovine serum albumin served as standard. H,-oxidizing activity
of RH was measured spectrophotometrically using a Cary50 UV-
vis spectrophotometer (Varian, Agilent, Santa Clara, California),
and the H, uptake assay using methylene blue as an electron
acceptor was used as described previously (Lenz et al., 2018).
Measurements were performed with two biological replicates
and the standard deviation was calculated from at least two
independent technical replicates. For screening experiments of
optimal nickel or iron concentrations, the H,-oxidation activity
was measured in soluble extract of the cell lysates separated from
solid cell debris and insoluble fraction after sonication (3 min,
30 s on/off, sonotrode with 3 mm diameter, 30% amplitude)
(UP200S, Hielscher GmbH, Germany). The reaction was started
by the addition of 200 pl soluble extract to 1.8 mL reaction buffer
followed by 100% H, gas saturation as described previously (Fan
et al., 2021a). The RH concentration in the soluble extract was
quantified in Western blot analysis using known concentration
of HoxC as a control. Infrared (IR) and electron paramagnetic
resonance (EPR) spectroscopy of RH were measured as described
previously (Fan et al,, 2021a).

Construction of Plasmids for hyp Gene

Expression

Plasmid pGK16, a derivative of the medium copy plasmid pGK14
(Brantl, 1994) carrying a kanamycin resistance gene instead of
the erythromycin resistance gene (Gimpel, unpublished) was
used as basis for the construction of the hyp gene expression
plasmids. First, the 267 bp Sall/BgIIl fragment from plasmid
pGW2 (Schollmeyer, 2020) harboring the P promoter, a
multiple cloning site and a transcription terminator was cloned
into the corresponding pGK14 vector, yielding plasmid pQF11.
Next, using Q5 DNA polymerase (New England Biolabs), PCR
amplification of the complete hypl operon from pRH-Hyp
(Lenz et al., 2007) and hypl (AF1) operon from pRH-Hyp(AF1)
(Lenz et al., 2007) was performed with oligonucleotides MG0164
(5'-TCATCTAGACGGAGTCTTTGGGAGATACTG-3')  and
MGO168 (5'-ACTGCGGCCGCTTAACAAATGCGCGGAAGCT
G-3'). The PCR products were digested with Xbal and NotI and
cloned into the pQF11 cut with the same enzymes yielding pQF12
and pQF13. The plasmid pQF12, which contains the complete
hyp1 operon, was used as the basis for the integration of further
maturation enzymes. The high-affinity nickel permease encoding
C. necator hoxN gene was PCR amplified using primers MG0226
(ATCGCGGCCGCACAGGAGACTTCCAGCATGTTCCA) and
MG0227 (ACTGCGGCCGCTTAACATGAACTTGTCGGCCAG
GA) and plasmid pCH231 (Wolfram et al., 1995) as template.
The resulting 0.9 kb fragment was digested with Notl
and subsequently ligated into the corresponding pQF12
vector yielding plasmid pQF17. The primer pair MG0243
(AGTTCTAGAGCGAGTCGGCTATGCGCATATTGC)/MG024
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4 (ATGTCTAGATCAAGATCGTTTCCCCGCAAGTGC) and
plasmid pGE771 (Lauterbach and Lenz, 2013) as template
were used to PCR-amplify a 1.8 kb fragment encoding the
C. necator aerobic maturase HypX. The resulting fragment
was digested with Xbal and ligated into the corresponding
PQF17 vector, resulting in plasmid pQF18. The correctness of
the amplified sequences was confirmed by sequencing (LGC
Genomics, Berlin). A schematic map of all plasmids can be
found in Supplementary Figure 1. Expression plasmids were
introduced sequentially.

RESULTS

Heterologous Production of Catalytically

Active RH in O,-Limited E. coli Cultures

In a previous study we showed that high RH yields can be
obtained with E. coli BL21 Gold carrying the RH overproduction
plasmid pQF8 (strain BQF8RH; Fan et al., 2021a). However, the
purified RH did not contain any [NiFe] cofactor (Fan et al,
2021a), which is consistent with major defects of E. coli BL21
in metal ion transport and metalloprotein biosynthesis (Pinske
et al, 2011). This phenotype has been attributed to a non-
sense mutation in the fnr gene whose gene product regulates
nickel transport and hyp gene expression. Global deficiencies
in anaerobic metabolism and metal ion transport seem to be
common for E. coli B derivatives (Pinske et al., 2011). To
overcome this obstacle, we transformed the two E. coli K-12
derivatives E. coli W3110 and E. coli MC4100 with plasmid
pQF8, resulting into the recombinant strains WQFS8RH and
MQEF8RH, respectively. All strains were cultivated under both
aerobic and O;-limiting conditions in shake-flasks containing
EnPresso B medium, as described in section “Materials and
Methods.” O, limitation (DO value close to 0%) was initiated by
reducing the shaking speed from 250 to 100 rpm after induction
(Supplementary Figure 3). After 24 h of IPTG induction, cells
were collected, disrupted, and the RH was purified by affinity
chromatography. Furthermore, the H,-oxidizing activity of all
RH samples was determined.

Regardless of the aeration, similar RH protein yields were
obtained (data not shown). However, considering the higher
final cell densities (Supplementary Figure 2A), the obtained
volumetric yields were 1.5-2.5-fold higher under aerobic
conditions (Figure 1A). Interestingly, among the three strains
tested, BQF8RH performed best under aerobic conditions
but worst under O,-limiting conditions (Figure 1A and
Supplementary Figure 2C), suggesting that anaerobic conditions
might be suboptimal for RH production in E. coli BL21.
Presumably, the lack of certain anaerobic respiration-related
proteins and/or enzymes in the B strains prevents rapid
adaptation to anaerobic stress (Pinske et al., 2011) and leads
to slower growth and lower protein production (Kim et al,
2014). However, the RH purified from BQF8RH showed no
activity regardless of the growth conditions (Figure 1B). In
contrast, RH preparations from both E. coli K-12 derivatives
grown under O;-limiting conditions exhibited a specific activity
of 0.02 U mg~!, while RH purified from aerobically grown
cells was inactive (Figure 1B). The latter could be due to

either the lack of the hydrogenase maturation apparatus or
insufficient uptake of nickel ions under aerobic cultivation,
both of which are modulated by the transcriptional regulator
FNR under anaerobic conditions (Wu et al., 1989; Lutz et al.,
1991; Messenger and Green, 2003). Thus, the lack of FNR in
E. coli B-strains, as well as the reduced FNR levels in the
presence of O, might prevent nickel uptake, [NiFe] cofactor
assembly, and consequently the synthesis of catalytically active
RH. Nevertheless, the RH activities obtained from both E. coli K-
12 derivatives were quite low and corresponded to only 0.5-1% of
those reported for the RH protein isolated from C. necator, which
is in the range of 1.6-4.5 U mg~! (Buhrke et al., 2005a,b; Caserta
et al., 2020). This indicates that the hydrogenase maturation
apparatus of E. coli K-12 is only able to mature C. necator RH
to a very limited extent.

Co-expression of the C. necator hyp
Genes Improves RH Maturation in E. coli

It has been reported previously that co-expression of the
C. necator hyp genes markedly improve the activity of
heterologously produced RH (Lenz et al, 2007). Thus, we
constructed plasmids pQF12 and pQF13 carrying the entire
C. necator hypl operon [hypA1BI(F1)CDE] with or without
hypF1, respectively, under control of the IPTG-inducible
Prac promoter. The plasmids were transferred into strains
BQF8RH, WQF8RH, and MQF8RH, resulting in BQF8RH2
and BQF8RH3, WQF8RH2 and WQF8RH3, MQF8RH2 and
MQF8RHS3, respectively. The strains were cultivated under O,-
limiting conditions, RH was purified, and its H;-oxidation
activity was measured. Co-expression of the maturase genes did
not significantly affect the RH yield, indicating that the cells
tolerate the higher metabolic load (Figures 1A,C). RH purified
from strains BQFSRH2 and BQF8RHS3 still showed no activity,
whereas co-expression of the maturase genes significantly
increased the RH activity in the K12 derivatives (Figure 1D).
RH purified from WQF8RH2 and MQF8RH2 displayed a specific
activity of 0.03 U mg™~! and 0.07 U mg~! (Figure 1D), which
corresponds to a 1.5 and 3.5-fold increase, respectively, compared
to the parental strains, which did not express the C. necator
hyp genes. Remarkably, the strains WQF8RH3 and MQF8RH3,
which co-express the hypl operon without hypFI, showed even
higher RH activities with a 2.5- and 6-fold increase, respectively
(Figure 1D). These data highlight the positive effect of the co-
expressed C. necator maturase genes on the catalytic activity
of RH and underscore the previously observed requirement of
the hypF gene of E. coli for RH maturation under anaerobic
conditions (Lenz et al., 2007). Furthermore, E. coli MQFS8RH3
was found to be most suitable for production of active RH as
it showed the highest specific RH activity among the strains
discussed so far. However, despite co-expression of the C. necator
hyp genes, the activity of the heterologously produced RH
remained very low.

Addition of Nickel Improves the RH
Activity in E. coli

The comparatively low activity of the heterologously produced
RH might result from an insufficient supply of nickel by the
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FIGURE 1 | Comparison of production strains, cultivation mode and hyp gene co-expression for heterologous RH production. E. coli strains BQF8RH, WQF8RH and
MQF8RH (derivatives of E. coli strains BL21 Gold, W3110 and MC4100, respectively) carry plasmid pQF8 encoding the two RH subunits were used. For
co-expression of the maturation genes of C. necator, strains BQF8RH, MQFS8RH and WQF8RH were transformed with either plasmid pQF12 (encoding the entire
hyp1 operon) or plasmid pQF13 (encoding the modified hyp1(AF1) operon lacking hypFT1) yielding strains BQF8RH2, WQF8RH2 or MQFS8RH2 and BQF8RHS,
WQF8RH3 or MQF8RH3, respectively. All strains were cultivated in 50 mL EnPresso B medium as described in section “Materials and Methods.” For aerobic
production, cultivation was performed in 250-mL Ultra Yield flasks (20% V/V) shaken at 250 rpm, whereas O»-limited production was performed in 125-mL PreSens
flasks (40% V/V) adjusted to a DO near 0% by manually decreasing the shaking speed. RH protein was purified by affinity chromatography (A,C) and specific

activities measured from the purified samples (B,D).
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EnPresso B medium used for strain cultivation. Similar to
LB, EnPresso B medium is a rich medium that most likely
has a chelating effect on metal ions, thereby reducing their
bioavailability (Rathnayake et al., 2013). To test this hypothesis,
we added 500 WM nickel to the medium and cultivated the
E. coli strains MQF8RH, MQF8RH2 and MQFS8RH3 under
microaerobic conditions. NiCl, supplementation did neither
affect the bacterial growth nor the yield of the purified RH
(Figure 2A), excluding toxic effects of the additional nickel.
In contrast, the extra nickel resulted in a significant increase
in RH activity when the C. necator hyp machinery was co-
expressed (Figure 2B). In fact, we observed an increase from
0.07 U mg™! to 028 U mg™! for the RH isolated from
MQF8RH2 and from 0.13 U mg~! to 0.34 U mg~! for the RH
isolated from strain MQF8RH3 cultivated at 30°C (Figure 2B).
An even higher activity of 0.5 U mg~! was obtained when
the same strains were cultured at 18°C for an extended time
period of 66 h after IPTG induction (see section “Materials

and Methods”), although the lower temperature decreased the
volumetric RH yield (Figure 2A). Remarkably, the RH proteins
isolated from strains MQF8RH2 and MQF8RH3 cultivated at
18°C had similar specific activities, suggesting that the presence
of the C. mecator hypFl gene no longer impacted enzyme
maturation (Figures 1D, 2B). The lower cultivation temperature
is accompanied by an increased oxygen concentration, which
could be the reason for the acquired functionality of HypFl.
In conclusion, lowering the cultivation temperature and nickel
supplementation markedly improved the specific activity of RH
isolated from E. coli MC4100.

Escherichia coli BL21 Gold is known to be deficient in nickel
uptake (Pinske et al., 2011). We thus tested whether the addition
of NiCl, improves the activity of the RH purified from strains
BQF8RH, BQF8RH2, and BQF8RH3 cultivated at 30°C. Indeed,
we detected a low activity of 0.09 U mg~! for the RH purified
from strain BQF8RH3 (Figure 2D). Thus, nickel availability
appears to be the major impediment to [NiFe] cofactor assembly
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FIGURE 2 | Effect of NiCl, addition and cultivation temperature on RH yield and activity. Strains E. coli MQF8RH, MQF8RH2, MQF8RH3, BQF8RH, BQF8RH2 and
BQF8RH3 were cultivated in 125 mL PreSens flask with 50 mL boosted EnPresso B medium under O-limited conditions. After induction, the temperature was
either maintained at 30°C or shifted to 18°C. NiCl, (0.5 mM) was supplemented at the time point of the induction of RH gene expression as indicated. RH protein
was purified by affinity chromatography (A,C) and specific activities measured from the purified samples (B,D).
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Bands are labeled according to the different redox states of the RH (Ash et al., 2015; Roncaroli et al., 2015; Caserta et al., 2020), i.e., Nig-S (2,081, 2,071,

1,943 cm™~1), Nir-B (2,097, 2,089, 1,963 cm~1), Nia-SR (2,073, 2,058, 1,948 cm~ 1), and Ni,-C (2,083, 2,071, 1,961 cm~"). The red asterisk most likely indicates
traces of Ni.-S species (1,931 cm~1). (B) EPR spectrum of sodium dithionite (NayS,04)-reduced RH. The spectrum was recorded at 10 K and a microwave power
of 1 mw.
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in E. coli BL21 Gold. However, the RH activity was approximately
fourfold lower than that of the K-12 strain MQF8RH3 cultivated
under the same conditions.

Heterologously Produced RH Contains

the Native NiFe (CO)(CN). Cofactor

Using E. coli MC4100 as host, we obtained RH activities that
were about half of those reported for the first RH preparations
from C. necator (Bernhard et al., 2001). This prompted us to
spectroscopically investigate the cofactor content of purified RH
from E. coli strain MQF8RH3, which was cultivated under O,-
limiting conditions at 30°C and elevated nickel concentrations.
By infrared spectroscopy, we monitored the CO and CN
stretching vibrations of the CO and CN~ ligands of the
NiFe(CN),(CO) cofactor, which appear in a spectral region,
in which no other protein-specific vibrations occur (De Lacey
et al., 2007; Lubitz et al, 2014). The IR spectrum of the as-
isolated, oxidized RH protein was dominated by the typical bands
of the so-called Ni,-S state, characterized by a CO stretching
band at 1,943 cm~! and two cyanide stretchings at 2,071 and
2,081 cm~!. The IR signal amplitudes suggested a cofactor
occupation of 5-10%. Treatment with H, gas resulted in reduced
RH, whose IR spectrum is dominated by the Ni,-C state with
a CO stretching band at 1,961 cm™! and two CN stretchings
at 2,071 and 2,083 cm™! (Figure 3A; Bernhard et al., 2001;
Buhrke et al., 2005b; Roncaroli et al., 2015; Caserta et al., 2020).
EPR spectroscopy, which allows the detection of paramagnetic
states, confirmed the presence of signals related to the Ni,-C-
state (g = 2.19, gy = 2.13, g, = 2.01) as well as [4Fe-4S]'*
cluster(s) signals in reduced RH treated with an excess of sodium
dithionite (Figure 3B), which is in line with previous results
obtained from RH isolated from C. necator (Roncaroli et al.,
2015). These results demonstrate that the RH isolated from E. coli
contains a canonical NiFe(CN),(CO) cofactor that shares the
same spectroscopic properties as the native RH isolated from
C. necator.

Optimal Metal lon Supplementation for
RH Activity in E. coli

The nickel supplementation experiments described above were
performed with a nickel concentration of 500 WM. To determine
the optimal metal content in the growth medium, we devised
a screening experiment with E. coli MQF8RH3 cultivated in
24-deepwell plates filled with EnPresso B medium containing
different concentrations of nickel and iron. The cells were
harvested, and the RH activity in crude cell extracts was
determined as described in material and methods. The addition
of up to 2 mM of either NiCl, or FeSO4 had no effect
on cell growth, as the final OD did not vary significantly
(Figure 4A). As expected, NiCl, addition led to an increase of
RH activity in the crude extracts. The highest activity of 0.5 U
mg~! was observed upon addition of 100 uM NiCl,, which
corresponds to an approximately threefold increase compared to
the sample without nickel addition (Figure 4B). Further increase
in nickel concentration diminished the RH activity (Figure 4B).
In contrast, the addition of up to 500 wM FeSO4 had only

a negligible effect on the RH activity in the crude extract.
A further increase even reduced the RH activity below 50% of the
level achieved without iron addition. Thus, metal concentrations
higher than 100 wM Ni and 500 .M Fe had a negative effect
on RH activity and were avoided in subsequent experiments.
Based on these screening experiments, we investigated the effect
of nickel and iron on RH production and activity in larger
medium volumes. E. coli MQF8RH3 was cultivated at 18°C in
EnPresso B supplemented with different nickel:iron ratios [0:0,
100:0, 0:100, 100:100 (uM:uM)]. RH was purified and its activity
was measured (Figure 5). The RH yield was the same under
all conditions (Figure 5A). An activity of approx. 0.13 U mg™~!
was observed without the addition of nickel or iron (Figure 5B),
which is consistent with our data at 30°C (Figure 2B). The
activity did not vary significantly upon addition of 100 uM
FeSOy, indicating that sufficient iron is present in the EnPresso
B medium. In contrast, the addition of 100 uM NiCl, resulted
in a fourfold increase of specific activity of 0.55 U mg~!, which
was similar to the value measured in the presence of 100 pM
NiCl,/100 wM FeSOy4 (0.57 U mg_l, Figure 5B). Based on these
results, we added 100 wM NiCl, but not further iron source to
the growth media.

Improved RH Maturation by
Co-production of HoxN and HypX From

C. necator
The results described above clearly show a significant activity
increase when the RH is isolated from O;-limited E. coli cultures.
Aerobic cultivation, by contrast, led to higher protein yields
(Figure 1A). Therefore, we aimed to improve RH activity
under aerobic conditions. Nickel supply is limited particularly
under aerobic conditions as the endogenous nickel uptake
system in E. coli in FNR-dependent and functional only under
anaerobic conditions (Wu et al., 1989). Thus, we considered the
gene encoding the high-affinity nickel permease HoxN, which
mediates nickel uptake in C. necator under aerobic conditions
(Eberz et al., 1989; Eitinger and Friedrich, 1991; Wolfram
et al, 1995). Consequently, we extended plasmid pQF12 by
adding hoxN gene from C. necator resulting into plasmid pQF17
(hypA1BI1F1CDE-hoxN) (Supplementary Figure 1).
Additionally, we also considered that under aerobic conditions
the formyltetrahydrofolate decarbonylase HypX from C. necator
is responsible for the biosynthesis of the CO ligand of the
NiFe(CN),(CO) site (Birstel et al., 2016; Schulz et al., 2020).
Thus, we further extended plasmid pQF17 by implementing
the hypX gene, yielding plasmid pQF18 (hypAlBIFICDEX-
hoxN). The plasmids pQF17 and pQF18 were transferred
to E. coli MQF8RH, resulting in strains MQF8RH7 and
MQF8RHS, respectively. The new strains were grown in addition
to strain MQF8RH2 in NiCl,-supplemented (100 pM) and
boosted EnPresso B medium under both aerobic and O,-limited
conditions. Cells were harvested after 48 h of IPTG induction,
proteins purified and their specific activities quantified. While
the presence of the new genes did not significantly affect the
RH yield in the new strains (Figure 6A), the introduction
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of HoxN led to a slight increase of RH activity under O,- high O, concentrations. The introduction of hypX did not
limited conditions and about 12-fold higher activity under improve the RH activity obtained from cells grown under
aerobic conditions (Figure 6B). These data clearly indicate O,-limiting conditions, in line with a so far elusive HypX-
that HoxN is functional in nickel uptake in the presence of independent CO ligand synthesis (Soboh et al., 2013; Arlt et al,,
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2021). In contrast, the RH isolated from the aerobically grown
strain MQF8RH8 showed a twofold higher specific activity
(0.7 U mg~!) than the RH purified from strain MQFSRH7
(Figure 6B). These data, surprisingly, evidenced the successful
implementation of HypX in E. coli strains able to synthesize
the active site CO ligand under aerobic conditions. Taken
together, these findings demonstrate that co-expression of HypX
and HoxN in addition to the C. necator hypl operon enables
biosynthesis of active RH even under aerobic conditions.
Additionally, we successfully increased the space-time yield of
catalytically active RH by a factor of about 27 compared to
strain MQF8RH2 cultivated under the same conditions (12.5
vs. 0.45 U (L d) ~1). The reported RH activity under aerobic
conditions represents the highest activity for a heterologous
produced RH so far.

Production of Catalytically Active RH in
E. coli BL21 Gold

The successful heterologous production of active RH through
co-expression of the hyp and hoxN genes under aerobic
conditions prompted us to revisit strain BQF8RH that so far
showed the highest RH yield, although inactive (Figure 1A).
Hence, we transformed strain BQF8RH with plasmid pQF18

and investigated the RH production in the resulting strain
BQF8RH8 using the MC4100 derivative MQF8RH8 for
comparison. Both strains were cultivated under aerobic
conditions with or without the addition of NiCl,. The added
NiCl, neither affected cell growth (Figure 7A) nor the RH
yield of the two strains (Figure 7B). As expected, the E. coli
BL21 derivative BQF8RHS8 showed an about 50% higher RH
yield compared to the K12 derivative MQF8RHS. However,
the prolongation of the aerobic induction period from 48 h to
72 h resulted in a twofold decrease in RH yield for both strains
(Figure 7B). Clearly, nickel supplementation is necessary for
production of catalytically active RH (Figure 7C) when the
strains are cultivated under aerobic conditions. After 48 h of
induction, the specific activities of the RH preparations from
both MQF8RH8 and BQF8RHS ranged similarly at about 0.6 U
mg~!. Despite the marked decrease in RH vyield (Figure 7B),
extension of the production period from 48 h to 72 h resulted in a
threefold and fivefold increase in the specific RH activities of the
samples isolated from strains MQF8RHS8 and BQF8RHS8 to 2 U
mg~! and even 3 U mg~!, respectively (Figure 7C). Accordingly,
the specific RH activity of strain BQF8RH8 was almost as high
as that of RH isolated from the native host C. necator (Caserta
et al., 2020). Considering protein yield and specific activity, the
yield of active RH was similar (40 U L= of culture) for both
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NiCl, was added at the time point of induction of gene expression as indicated. (A) Cell growth. The time point of induction is indicated by a red arrow, while the time
points of booster addition and cell harvest are indicated by black and gray arrows, respectively. Open and filled symbols represent growth of E. coli with or without
0.1 mM NiCly, respectively. (B) RH protein was purified by affinity chromatography, and the yield was quantified. (B) specific activities measured from the purified RH
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induction periods of MQF8RHS and for BQF8RHS after 48 h of
induction (Figure 7D). Remarkably, after an induction time of
72 h, we obtained an unprecedented yield of active RH of 120 U
Lt (Figure 7D) for strain BQFSRHS.

DISCUSSION

Here, we present a major improvement in the heterologous
hydrogenase production in E. coli exemplified by the
purification of catalytically active RH from C. necator. We
optimized important factors such as the cultivation mode
(anaerobic/aerobic), Ni and Fe content in the medium,
production temperature, and co-expression of specific
maturation genes, thereby systematically increasing the H;-
oxidizing activity. The RH activities as well as the protein yields
obtained from all experiments conducted are summarized in
Supplementary Table 3. Even though the RH is synthesized
in an active form in its native host, C. necator, under aerobic
conditions (Bernhard et al., 2001; Buhrke et al., 2005a; Ash
et al., 2015), no active RH could be purified from aerobically
grown E. coli strains without further genetic amendments.
Under microaerobic/anaerobic growth conditions, however,
little RH activity was observed, consistent with the fact that
the hydrogenase maturation apparatus of E. coli is functional
only under anaerobiosis (Messenger and Green, 2003; Forzi
and Sawers, 2007; Lenz et al., 2007). Nevertheless, the very low
activity suggests that the E. coli Hyp maturases are inefficient
in outfitting the RH with the NiFe(CN),CO cofactor. Indeed,
the co-expression of the hypl operon encoding the HypAl,
Bl, F1, C, D, and E proteins from C. necator further increased
RH activity in E. coli (Figure 1). Although the Hyp proteins of
E. coli and C. necator show an amino acid sequence identity
of 18-45% (Wolf et al, 1998; Bock et al., 2006; Vignais and
Billoud, 2007), this observation clearly demonstrates that they
are not generally interchangeable with each other. The HypF
protein plays an interesting role here. HypF1 from C. necator
seems to be inactive under anaerobic conditions, and the E. coli
HypF ortholog of E. coli takes over its function, consistent
with a previous report (Lenz et al, 2007). Moreover, both
HypF versions seem to compete with each other, as there is
an increase in RH activity under anaerobic conditions in the
absence of HypF1 of C. necator. The likely reason is that the
inactive version of C. necator interferes with the interaction of
the HypE protein with the E. coli HypF. Notably, the HypF1
of C. necator comprises only one of three domains present in
canonical HypF proteins, such as that from E. coli (Wolf et al.,
1998; Paschos et al., 2002). While canonical HypF proteins
synthesize cyanide (CN) residue from carbamoyl phosphate and
ATP, the truncated HypF likely requires carbamoyl adenylate for
CN synthesis (Reissmann et al., 2003; Blokesch et al., 2004b).
It is possible that carbamoyl adenylate is produced in sufficient
quantities in living cells only under aerobic conditions. This
assumption is supported by the higher RH activities obtained at
lower temperature (Figure 2) which can be explained by a higher
oxygenation of the medium compared to higher temperatures.
Furthermore, lower temperatures might prevent misfolding of
both the RH subunits and the maturases.

As nickel and iron are essential for RH activity, both metal
ions must be provided in sufficient quantities. The availability
of the metal ions depends both on their concentration in
the medium, their bioavailability and the presence of specific
cellular uptake systems. In E. coli, Fe? is predominantly
transported across the membrane by the Feo system under
microaerobic and anaerobic growth conditions, while Fe3 T,
occurring predominantly under aerobic conditions, is taken up
by the Fec system (Braun and Hantke, 2011; Kosman, 2013;
Lau et al, 2016). Thus, the versatile iron uptake systems in
E. coli allow for sufficient intracellular availability and iron
homeostasis under both aerobic and anaerobic conditions. Kim
et al. (2010, 2011) reported that iron rather than nickel needs
to be added for the production of active E. coli hydrogenase
1 and Hydrogenovibrio marinus [NiFe]-hydrogenase in E. coli
in a modified minimal medium. In the case of EnPresso B,
the addition of iron had a negligible effect on the RH activity
(Figures 4, 5), indicating that this medium already contains
sufficient iron. In contrast to iron, nickel is much less abundant
and might be limiting in case of the overproduction of nickel-
containing proteins such as [NiFe]-hydrogenase. In E. coli, nickel
is taken up via the specific Nik system, which is synthesized
only under anaerobic conditions. In Nik-deficient strains, such as
E. coli BL21, nickel can be taken up by the magnesium transport
system, which, however, has much lower specificity for nickel
than the Nik transporter (Eitinger and Mandrand-Berthelot,
2000). In line with previous results that a high concentration
(0.5 mM) of NiCl, added to the medium restores the activity
of E. coli hydrogenases in strains with defects in nickel uptake
(Waugh and Boxer, 1986; Wu et al., 1989), the activity of
the RH improves significantly in all tested strains upon nickel
addition (Figures 2-5). Interestingly, not only the Nik-deficient
BL21 derivatives but also the MC4100 derivatives showed nickel
dependence, indicating that the chelating properties of the
medium limit the availability of nickel. The co-production of
the high-affinity nickel permease HoxN from C. necator resulted
in a substantial increase in RH activity both under anaerobic
and aerobic growth conditions. Moreover, the presence of HoxN
enables RH maturation even in the presence of molecular oxygen
(Figure 6). Notably, the addition of up to 0.1 mM NiCl, to our
EnPresso B medium had no effect on cell growth, even in the
presence of HoxN.

It has been previously shown that under aerobic conditions
the availability of CO is limiting for maturation of the
NiFe(CN),CO cofactor of hydrogenase (Biirstel et al,
2011). To address this potential problem in case of the
production of hydrogenase in aerobically grown E. coli, we
co-expressed the auxiliary hypX gene from C. necator, which
is known to encode a CoA-dependent formyl-tetrahydrofolate
(THF) decarbonylase (Schulz et al., 2020). This strategy
improved the RH activity by threefold compared to a strain
producing the HoxN permease alone (Figure 6). Remarkably,
co-expression of hoxN and hypX genes in aerobically
grown cells resulted in RH activities that were above those
measured for RH isolated from anaerobically grown cells
(Figure 7). Here, prolonged cultivation time from 48 h to
72 h significantly improved the specific RH activity, suggesting
that the active site formation seems to be clearly dependent
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on post-induction time. It is possible that the biosynthesis and
incorporation of active site is a slow process, as it requires the
involvement of multiple active maturases. This assumption is
supported by the linear and continuous increase in specific RH
activities with increasing induction time upon induction from 6 h
to 72 h. Therefore, prolonging the induction time might serve as
a further alternative strategy to maximize the cofactor occupancy
in the active center and increase hydrogenase activity.

CONCLUSION

Commercial use of [NiFe]-hydrogenases is limited by the
difficulty of producing these biocatalysts in scalable quantities.
With some important exceptions, [NiFe]-hydrogenases are
usually isolated from their native hosts (Fan et al, 2020).
This is due to the fact that these complex metalloenzymes
require a sophisticated maturation machinery. With this study
we demonstrated that it is possible to produce a non-native
[NiFe]-hydrogenase recombinantly in E. coli with high yield
and a catalytic activity that—most importantly—is equivalent to
that of hydrogenase purified from the native host. We purified
the O;-tolerant regulatory hydrogenase from C. necator from
three E. coli derivatives with different genetic backgrounds
under various growth conditions. Whereas Bernhard et al.
and Caserta et al. obtained approx. 1 U L™! (1.1 mg L™}
of RH with an activity of 1 U mg™!) (Bernhard et al,
2001) and 0.4 U L7 (0.1 mg L1, 45U mg_l) (Caserta
et al, 2020), respectively, of purified RH from the native
host, C. necator, our heterologous production process achieved
120 U L7! (40 mg L=! with 3 U mg~!). This corresponds
to an 100-300-fold higher yield of catalytically active RH.
The highest yield was obtained from aerobically cultivated
of E. coli, which significantly shortens the process time
compared to the production in C. necator. Through strain
improvement, i.e., the co-expression of specific maturation genes,
and process optimization, we were even able to produce a
catalytically active metalloprotein in the metabolically deficient
E. coli BL21. Through optimally controlled expression of
the required genes and optimized production conditions, the
combinational strategy developed in this work offers a clear
advantage over the native producer. Our strategy provides a
useful roadmap for biotechnologically relevant production of
[NiFe]-hydrogenases and can be applied in scale-up studies
to achieve commercial feasibility of complex, difficult-to-
produce metalloenzymes.
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Hydrogen (H,) converted to reducing equivalents is used by acetogens to fix and metabolize
carbon dioxide (CO,) to acetate. The utilization of H, enables not only autotrophic growth,
but also mixotrophic metabolism in acetogens, enhancing carbon utilization. This feature
seems useful, especially when the carbon utilization efficiency of organic carbon sources
is lowered by metabolic engineering to produce reduced chemicals, such as ethanol. The
potential advantage was tested using engineered strains of Moorella thermoacetica that
produce ethanol. By adding H, to the fructose-supplied culture, the engineered strains
produced increased levels of acetate, and a slight increase in ethanol was observed. The
utilization of a knockout strain of the major acetate production pathway, aimed at increasing
the carbon flux to ethanol, was unexpectedly hindered by H,-mediated growth inhibition
in a dose-dependent manner. Metabolomic analysis showed a significant increase in
intracellular NADH levels due to H, in the ethanol-producing strain. Higher NADH level
was shown to be the cause of growth inhibition because the decrease in NADH level by
dimethyl sulfoxide (DMSO) reduction recovered the growth. When H, was not supplemented,
the intracellular NADH level was balanced by the reversible electron transfer from NADH
oxidation to H, production in the ethanol-producing strain. Therefore, reversible
hydrogenase activity confers the ability and flexibility to balance the intracellular redox
state of M. thermoacetica. Tuning of the redox balance is required in order to benefit from
H,-supplemented mixotrophy, which was confirmed by engineering to produce acetone.

Keywords: acetogen, metabolic engineering, ethanol production, hydrogen inhibition, hydrogen production, redox
balance, mixotrophy

INTRODUCTION

There is a growing interest in chemical production derived from sources other than fossil
fuels. Due to increasing levels of carbon dioxide (CO,) in the atmosphere, low-carbon emissions
are required to eliminate environmental threats, such as global warming. Technology to capture
and utilize CO, as a resource is in progress worldwide, and bioprocessing of renewable feedstocks
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is one promising candidate. However, economic cost is a
bottleneck in bioprocessing applications of bulk chemicals. A
means to reduce the cost is to maximize carbon conversion
of feedstock to the product.

Acetogens are a group of microorganisms capable of
autotrophic growth on CO, and hydrogen (H,) and are thus
promising chassis for utilizing CO, by bioprocesses (Ljungdhal,
1986; Wood, 1991; Drake, 1994; Drake et al., 2008). The main
product is acetate, but some acetogens produce other valuable
chemicals, such as ethanol. These by-products can be utilized
for industrial production from waste materials, such as off-gas
from steel mills. This process, called gas fermentation, has
attracted worldwide attention (Bengelsdorf et al,, 2016; Liew
et al., 2016; Bengelsdorf and Diirre, 2017; Teixeira et al., 2018;
Omar et al,, 2019; Jin et al., 2020; Kopke and Simpson, 2020;
Bourgade et al., 2021; Fackler et al., 2021). On the other hand,
acetogens are also capable of heterotrophic growth on various
carbohydrate substrates and are good candidates for bioconversion
of biomass to useful chemicals. Utilization of acetogens is
especially effective for carbon utilization because processing
by acetogens emits much less CO, due to the nature of their
CO, fixation pathway. When acetogens metabolize hexose to
acetate, two molecules of CO, are produced, then reassimilated
into the CO, fixation pathway by utilizing reducing equivalents
from glycolysis. Therefore, acetogens can theoretically convert
one hexose molecule to three acetate molecules (Fontaine et al.,
1942; Schuchmann and Miller, 2014, 2016).

Autotrophic and heterotrophic metabolism can be combined
for mixotrophic growth, which enables the enhancement of
carbon utilization and conversion of extra CO, using H, as
the source of reducing power (Fast et al., 2015; Maru et al,
2018). Mixotrophy is a general trait of acetogens and is effective
in fermentation, especially for products that are more reduced
than acetate. A previous report succeeded in increasing overall
metabolite yields by supplying H, to sugar-based cultures of
Clostridium ljungdahlii (Jones et al., 2016). In this case, a shift
in the metabolite profile was observed by providing H,, with
ethanol as the primary metabolite, over less-reduced products.
H, supply for the industrial applications of mixotrophic
fermentation would be supported by the development of
technology to provide CO,-free H, using renewable energy-
based approaches, such as water splitting, biomass gasification,
and ammonia reforming (Hosseini and Wahid, 2016; Aryal
et al., 2018). Thus, together with this technology development
to provide H,, mixotrophic fermentation would contribute to
the low-carbon emitting and economically feasible bioprocesses.

In addition to natural by-products, acetogens can also
be engineered to produce chemicals other than acetate. Genetic
engineering of acetogens is challenging because of their genetic
barrier, such as restriction-modification systems and physical
barriers by gram-positive cell walls; however, development of
engineering tools has substantially improved the efficiency of
engineering acetogens (Minton et al, 2016; Jin et al, 2020;
Bourgade et al., 2021). It is also possible to apply metabolic
engineering for pathway optimization to enhance the production
of target metabolites. Metabolic engineering has begun to highlight
the potential of acetogens for chemical production from CO,.

Moorella thermoacetica is a thermophilic acetogen (Drake
and Daniel, 2004; Pierce et al., 2008). Due to its thermophilic
nature, M. thermoacetica can be used to establish an advantageous
bioprocess for the recovery of products, especially volatile
chemicals (Taylor et al., 2009; Abdel-Banat et al., 2010; Basen
and Miiller, 2017; Redl et al., 2017). However, M. thermoacetica
is categorized as a homoacetogen that produces acetate exclusively.
Therefore, the metabolic pathway must be modified to produce
other chemicals for industrial applications (Iwasaki et al., 2013,
2017; Kita et al., 2013). We previously succeeded in engineering
M. thermoacetica to produce ethanol and acetone from sugars
and syngas, as well as to enhance yields, by adjusting the
carbon flux (Rahayu et al, 2017; Kato et al.,, 2021; Takemura
et al, 2021a). Disruption of the major acetate production
pathway enables near-exclusive ethanol production from sugars.

In this study, we attempted to apply H,-supplemented mixotrophy
to enhance ethanol yield. Unexpectedly, we found that H,
supplementation inhibited the growth of a high-ethanol-producing
strain. Metabolomic analysis revealed that the engineered strain
balanced the intracellular redox status by producing H, to oxidize
NADH during heterotrophic growth. Reversible hydrogenase activity,
which oxidizes H, in the wild-type strain under standard conditions,
plays a vital role in the redox maintenance of metabolically
engineered strains. It is necessary to avoid this reverse reaction
to fulfill H,-supplemented-mixotrophic bioproduction.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Moorella thermoacetica ATCC 39073 and its derivatives were
used in this study (Table 1). Modified ATCC1754 PETC medium
comprising 1.0g of NH,CI, 0.1g of KCl, 0.2g of MgSO,-7H,0,
0.8g of NaCl, 0.1g of KH,PO,, 0.02g of CaCl,-2H,0, 2.0g of
NaHCO;, 10ml of trace elements, 10ml of Wolfe’s vitamin
solution (Tanner, 1989), and 1.0mg of resazurin/L of deionized
water was used as the basal medium (Tanner et al.,, 1993). The
pH of the solution was adjusted to 6.9. The medium was prepared
anaerobically by boiling and cooling under an N,-CO, (80:20)
mixed-gas atmosphere. After cooling, the medium was dispensed
into 125ml glass culture vials (serum bottles) under an N,-CO,
mixed-gas atmosphere. The vials were crimp-sealed and autoclaved.
Before starting the culture, fructose, yeast extract, and
L-cysteine-HCI-H,0O were added to reach final concentrations
of 2.0, 1.0, and 1.2g/l, respectively. The final volume was
adjusted to 50ml with water. To provide H,, the headspace
pressure in the vials was adjusted to 0.12 MPa by using N,-CO,

TABLE 1 | Strains used in this studly.

Strain name Relevant characteristics References
Wild type ATCC 39073 ATCC
Mt-aldh pyrF::aldh Rahayu et al., 2017

Mt-Apdul2::aldh
Mt-Apdul 1 Apdul2::aldh
pdul.2::acetone

Apdul 2::aldh
Apdul1 Apdul2::aldh
Apdul2::ctfAB-thl-adc

Rahayu et al., 2017
Rahayu et al., 2017
Kato et al., 2021
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(80:20) mixed-gas. H, gas was then injected at the desired
pressure. For example, when 0.01 MPa of H, was tested, the
total pressure was adjusted to 0.13MPa by the H, gas injection.
Cells were grown at 55°C with shaking at 180rpm.

Analytical Methods

We sampled and analyzed 1ml of the culture medium at each
time point and calculated the dry cell weight using the optical
density (OD) at 600nm [ODgy; 1g (dry cell weight)/L=0.383
ODggq; Iwasaki et al., 2017]. The culture supernatant was analyzed
for the amount of fructose, formate, acetate, ethanol, and
acetone using high-performance liquid chromatography (HPLC;
LC-2000 Plus HPLC; Jasco, Tokyo, Japan) equipped with a
refractive index detector (RI-2031 Plus; Jasco), Shodex RSpak
KC-811 column (Showa Denko, Kanagawa, Japan), and Shodex
RSpak KC-G guard column (Showa Denko) at 60°C. Ultrapure
water containing 0.1% (v/v) phosphoric acid was used as the
mobile phase at a flow rate of 0.7ml/min, and crotonate was
used as the internal standard (Miura et al, 2014). The gas
composition in the headspace of the culture vials was analyzed
using GC-8A gas chromatograph (Shimadzu, Kyoto, Japan)
equipped with a thermal conductivity detector and a stainless
steel column packed with activated carbon at 70°C. Argon
was used as the carrier gas (Miura et al., 2014). The total gas
pressure in the headspace was measured using a differential
pressure gauge (DMC-104N11; Okano Works, Tokyo, Japan).

Metabolome Analysis

Strains were grown to reach the exponential phase between
0.5 and 0.7 ODgg,. The culture was immediately filtered to collect
cells equivalent to a total count of 20 ODgy (volume
[mL] X ODgy = 20). Filtration was performed using hydrophilic
PTFE, lpm pore size, and a 90-mm-diameter filter disk
(Omnipore; Merck KGaA, Darmstadt, Germany). Harvested cells
were immediately immersed in pre-chilled methanol containing
100 puM ribitol and 100puM (+)-10-camphorsulfonate to quench
the metabolic activity. This procedure was quickly performed,
within 45s after opening culture vials, to avoid metabolites
from artifacts, such as those caused by oxygenation, degradation,
and other modifications. Subsequently, intracellular metabolites
were extracted using the chloroform-water-methanol method
(Bolten et al., 2007). The supernatant was then concentrated
using a centrifugal concentrator (CC-105; Tomy, Tokyo, Japan).
According to a previous study, pre-treatment and analysis of
the dried samples were performed (Wada et al, 2022).

RESULTS

H, Supplementation Increases Carbon
Utilization in Mixotrophic Growth by
Producing Acetate, Not Ethanol, in
Engineered Strains

Moorella thermoacetica can convert one hexose molecule to
three acetate molecules in theory (Figure 1A; Fontaine et al,,
1942; Schuchmann and Miiller, 2014, 2016). The engineered

strains were designed to produce ethanol from acetyl-CoA
in two steps (reducing reactions; Rahayu et al., 2017; Table 1).
The reducing equivalents provided by glycolysis were assumed
to be properly consumed (Figures 1A,B). In a model, the
Ech complex, HydABC complex, and NfnAB complex would
convert the reducing equivalents to NADH and NADPH. These
NADH and NADPH would be consumed by the Wood-
Ljungdahl pathway to convert CO, to acetate in the wild-type
strain, whereas reduction of acetyl-CoA would consume the
NADH and NADPH in the ethanol-producing strains. Therefore,
the redox conditions in the engineered strains producing
ethanol should be balanced. In fact, we previously observed
that all engineered strains (Table 1) grew and produced
ethanol on hexose sugars. However, one molecule of CO, is
released to produce one molecule of ethanol because of the
requirement for extra reducing equivalents (approximately
33% of the carbon is released from hexose sugars in theory).
Therefore we supplied H, to increase carbon utilization
by mixotrophy.

We used a culture containing fructose as the carbohydrate
substrate. H, was added to the headspace of the culture vial
at a partial pressure of 0.08 MPa (equivalent to 40% of the
gas phase). The gas phase also contained CO,, and therefore
extra CO, could be incorporated in addition to the released
CO,. Of the injected gas, CO, was 12% of the total, and the
medium contained NaHCO; to supply CO,. First, we tested
the effect of H, on the wild-type strain. Acetate was produced
as the end product and the carbon molar yield improved
from 0.74 to 0.82, as expected (Figures 2A,B). The optical
density increased similarly while fructose was consumed, and
decreased after the complete consumption of fructose in both
conditions, indicating no significant effect on the growth
(Figure 2C). We then tested an ethanol-producing strain,
Mt-aldh, in which the aldh gene encoding aldehyde
dehydrogenase was expressed by a constitutive promoter. The
main product was acetate, accompanied by a small amount
of ethanol. This trend was similar in the H,-supplied culture,
and yield improvement was only observed for acetate production
from 0.78 to 0.88 (Figure 2A). The change in ethanol production
was not significant (0.02 and 0.03; Figure 2B). No significant
effect on the growth was observed (Figure 2D). Although
we expected to enhance the yield of reduced products,
we reasoned that the abundant activity of the acetate production
pathway in the Mt-aldh strain decreased the effect of H,.
We then tested another ethanol-producing  strain,
Mt-ApduL2::aldh, which showed less acetate production due
to deletion of one of the two genes (pduL2) encoding
phosphoacetyl transferase in the acetate production pathway.
Despite the dominant production of ethanol over acetate,
product yield enhancement was observed with only acetate
from 0.19 to 0.25 (Figures 2A,B). The carbon molar yield
for ethanol did not change (0.37). The rest was released as
CO,. The strain grew similarly in both conditions (Figure 2E).
The effect of H, was in contrast to the results of a previous
study, in which the supplementation of reducing power with
H, was reflected in the production of more-reduced chemicals
(Jones et al., 2016).

Frontiers in Microbiology | www.frontiersin.org

May 2022 | Volume 13 | Article 897066


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Kobayashi et al.

Hydrogen Inhibition of Engineered Acetogen

A B
Hexose Hexose
2ATP 2ATP
2 NADH 2 NADPH 2 NADH 2 NADPH
A A
2Pyruvate 0.5 ATP Hyd i Nfn 2Pyruvate ., 0.5ATP Hyd i Nf
2 Fdz-....d....; 2 H2 ..... » NADH+Fd? 2 Fd2- === D H2 ..... » NADH+Fd2
2 CO; N\~ ATP, 2 NADH, 2 NADPH 2C0,
3 Acetyl-CoA 2 Acetyl-CoA
/- 2 NADH
v v
3 Acetyl phosphate 2 Acetaldehyde
N 3 ATP ,~— 2 NADPH
v v
3 Acetate 2 Ethanol
C
Hexose
2 ATP
2 NADH 2 NADPH
A
0.5ATP HENT
2 Pyruvate Ech Hyd E Nfn
2 Ff2-eemuned 2 H, enee » NADH+Fd?
2CO; N\~ ATP, 2 NADH, 2 NADPH
3 Acetyl-CoA T 1 5 Acetyl phosphate
1.5 Acetoacetyl-CoA 1.5ATP
1.5 Acetate
1.5 Acetoacetate
t\> 1.5 CO,
1.5 Acetone
FIGURE 1 | Redox-balanced pathways for acetogenesis (A), ethanol production (B), and acetone production (C) from hexose in wild-type and engineered strains
for ethanol production. NADH (shown in blue) and the reduced forms of ferredoxin are produced during glycolysis and the conversion of pyruvate to acetyl-CoA. The
reduced ferredoxin is converted to NADPH (shown in green) via hydrogenases and electron-bifurcating enzymes, that is, the Ech complex, HydABC, and NfnAB
complexes (shown in orange).

H, Supplementation Causes Growth
Inhibition of the Engineered Strain, Which
Exclusively Produces Ethanol

We tested the Mt-ApduL1ApduL2::aldh strain, which produces
almost exclusively ethanol, because of the complete knockout
of both two genes (pduLI and pduL2) encoding phosphoacetyl
transferase. In this case, we observed an enhancement in the
ethanol yield. The carbon molar yield for ethanol was increased
from 0.47 to 0.54 (Figure 2B). Approximately 50% of the
carbon from fructose was released as CO, in the absence of
H,, and H, supplementation supported capture and conversion
of CO,. However, the supplemented fructose was not completely

consumed in the H,-supplied condition after 60 h of cultivation,
whereas the same strain in the H,-unsupplied condition, or
the other strains in both conditions, consumed fructose
completely (Figures 2C-F). Only 40.2% of the supplemented
fructose was consumed in the H,-supplied condition, and
the growth was significantly reduced in a correlated manner
(Figure 2F). The volumetric amount of ethanol was also
significantly less in the H,-supplied condition, showing only
45.5% against the no-H, condition (17.6mM in the absence
of H, and 8.0mM in the presence of H,), reflecting the
amount of consumed fructose. Therefore, although the
Mt-ApduL1ApdulL2::aldh strain showed increased carbon molar
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FIGURE 2 | Effect of H, supplementation on the wild-type strain and the engineered strains for ethanol production in mixotrophic conditions. (A,B) Product profiles
shown as carbon molar yields (Cy Crructose ' Cietanoite Crrucioss )+ Fructose was used as the carbohydrate substrate. The amount of acetate and ethanol production
was compared with and without supplementation of H, (0.08 MPa partial pressure, 40% in the headspace) after 60h when all the supplied fructose was consumed
in the no H,-supplied condition. t-test was performed to evaluate the significance. N.S., not significant; value of *p<0.05; value of **p<0.01. (C-F) Profiles for cell
growth and fructose consumption. The culture was same as in (A,B). Cell density was shown as ODgq, (Optical density at 600nm) by solid lines. Fructose
concentration was shown by dotted lines. Black, no H,-supplied condition; red, Hy-supplied condition. (G) Growth profiles of the Mt-Apdul 1 Apdul2::aldh strain
with various H, partial pressures. The profiles of the exponential phase were compared. The standard deviation (SD) of three biological replicates is shown by error
bars. Some error bars are smaller than the symbols. (H) Specific growth rate plotted against H, partial pressure. All data shown were obtained in the culture for (G).

yield for ethanol under H,-supplemented mixotrophic and 0.01 MPa, because the pressure of H, is correlated with
conditions, growth inhibition emerged as an unexpected dissolved H, in the culture medium. All cases with H, at
bottleneck. any concentration showed growth inhibition effects.

We also tested the addition of different amounts of H, Interestingly, the effect of growth inhibition was dose-dependent,
to the Mt-ApduLlApdul2::aldh strain. In addition to the showing more potent inhibition by a higher concentration
condition of partial pressure 0.08 MPa, we tested 0.04, 0.02, of H, in the culture medium, rather than by a certain threshold.
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This tendency was clear when the growth rate was plotted
against the H, pressure, showing a linear correlation
(Figure 2H).

Metabolome Analysis Identifies Specific
and Significant Enhancement of
Intracellular NADH Level by H,
Supplementation in the Ethanol-Producing
Strain

To investigate the H,-dependent growth inhibition mechanism
of the ethanol-producing strain, we assessed intracellular
metabolism by metabolome analysis. We used H, at 0.02 MPa,
because a high dose of H, (such as 0.08 MPa) inhibited the
growth almost completely, and hence might have significant
effects on multiple metabolic pathways. We sampled the cells
from the exponential phase and analyzed intracellular metabolites
using GC-MS and LC-MS following the sample preparation
method we developed. We succeeded in quantifying 19
intracellular ~ metabolites,  including seven  cofactors
(Figures 3A,B).

We then compared the Mt-ApduLlApduL2::aldh strain and
the wild-type strain, with or without H, supplementation.
Among all analyzed metabolites, NADH levels were striking
in the Mt-ApduLIApduL2:aldh strain under H,-supplied
conditions. The NADH level increased by approximately four
times compared to that in the no H, condition, whereas H,
supplementation did not affect the NADH level in the wild-
type strain. There was no such significant difference specific
to H, supplementation in the other metabolites in the
Mt-ApduL1ApduL2::aldh strain or metabolites in the wild-type
strain (Figure 3B).

When the overall metabolite profiles were compared in the
Mt-ApduL1ApduL2::aldh and wild-type strains in the no H,
condition, the levels of glucose-6-phosphate, fructose-6-
phosphate, fructose-1,6-bisphosphate, 3-phosphoglyceric acid,
glutamate, and ATP were lower, and the levels of acetyl-CoA,
AMP, and NADPH were higher in the Mt-ApduL1ApduL2::aldh
strain. The ATP level was lowered in the Mt-ApduL1ApduL2::aldh
due to the knockout of acetate production coupled with substrate-
level phosphorylation, but the ATP level was enough to maintain
the growth (Figure 2F). In contrast, the AMP level was higher
in the Mt-ApduLlApduL2::aldh, and this may be related with
the change of ATP level. The higher level of acetyl-CoA probably
reflects a difference of conversion rate of acetyl-CoA to ethanol
and acetate. The higher level of NADPH in the
Mt-ApduL1ApduL2::aldh strain suggests that the redox balance
in this strain was altered by metabolic engineering. Metabolome
analysis indicated that the Mt-ApduLlApdul2::aldh strain
suffered redox imbalances due to both metabolic engineering
and H, supplementation.

Hydrogen Production by the
Ethanol-Producing Strain

Metabolomic analysis suggested a strong relationship between
growth inhibition by H, and increased levels of intracellular
NADH. In M. thermoacetica, NAD" is reduced to NADH by

the electron-bifurcating hydrogenase HydABC complex (Wang
etal, 2013). The HydABC complex reduces NAD* and ferredoxin
using electrons from H,. This reaction is reversible and produces
H, from NADH and reduced ferredoxin in vitro. Therefore,
we measured the amount of H, in the headspace of culture
vials (Figure 4). The amount of H, in the headspace was traced
in conditions with or without H, supplementation, and the wild-
type strain and the Mt-ApduL1Apdul2::aldh strain were compared.
H, was supplied at 0.02MPa of a partial pressure, in addition
to fructose as a carbohydrate substrate, which was the same
condition for our metabolome analysis. There was almost no
H, production by the wild-type strain, and the supplied H, was
consumed over time (Figure 4A). In contrast, the
Mt-ApduL1ApduL2::aldh strain apparently did not consume H,
under the same conditions (Figure 4B). Moreover, when H,
was not supplied, the H, level increased in the culture vial of
the Mt-ApduLlApduL2::aldh strain, in contrast to that in the
wild-type strain. H, production is usually attributed to the disposal
of excess electrons from metabolism. In this case, this was most
likely due to the increased level of NADH. However, H, formation
would require a sufficiently low level of H, as the product.
Therefore, the Mt-ApduLIApdul2:aldh strain would have
produced H, for the clearance of the excess electrons from
catabolizing fructose, and H, supplementation would inhibit the
H, production, causing the growth inhibition due to the
redox imbalance.

NADH Consumption by DMSO Reduction
Prevents the Growth Inhibition by H,

The results of the H, measurement strongly indicated that
the Mt-ApduL1ApduL2::aldh strain produced H, using excess
reducing equivalents and balanced the intracellular redox.
Our metabolome analysis showed imbalanced redox in the
Mt-ApduLl1ApduL2::aldh strain, manifested as an increased
level of intracellular NADH. If a high level of intracellular
NADH is the direct cause of growth inhibition, the
Mt-ApduLlApduL2::aldh strain should recover its growth
in the presence of H, by lowering the intracellular NADH
level. M. thermoacetica uses dimethyl sulfoxide (DMSO) as
an electron acceptor, and the reported cases of bacterial
DMSO reduction are NADH-dependent reactions (Zinder
and Brock, 1978; De Bont et al., 1981; Drake and Daniel,
2004; Takemura et al.,, 2021b; Rosenbaum et al., 2022).
We attempted to oxidize intracellular NADH via DMSO
reduction by supplementing the culture medium with
DMSO. We set up a culture of the Mt-ApduL1ApdulL2::aldh
strain with H, supplied at 0.08 MPa of partial pressure in
addition to fructose, which showed strong growth inhibition
(Figures 2F-H). At 24h, the culture was supplied with
10mM DMSO. The Mt-ApduLlApdul2::aldh strain showed
very slow growth with H, supplementation, but the growth
rate dramatically increased upon DMSO supplementation
(Figure 5A). The fructose supplied was completely consumed
after 55h (Figure 5B). The supplied DMSO was readily
consumed within 20h after the DMSO addition, consistent
with the recovery of growth and fructose consumption
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FIGURE 3 | Metabolome analysis of the Mt-Apdul. 1 Apdul2::aldh strain and the wild-type strain with and without H, supplementation. (A) Metabolic pathways for the
Moorella thermoacetica strains based on KEGG database (https://www.genome.jp/kegg-bin/show_organism?org=mta) and a previous study on a metabolic model
(Islam et al., 2015). Metabolites quantified except for cofactors are shown by red squares. EMP, Embden-Meyerhof-Parnas pathway; PPP, pentose phosphate
pathway; Fru, fructose; F1P, fructose 1-phosphate; G6P, glucose-6-phosphate; FBP, fructose 6-phosphate; FBP, fructose-1,6-bisphosphate; GAP, glyceraldehyde
3-phosphate; DHAP, dihydroxyacetone phosphate; 1,3BPG, 1,3-bisphosphoglyceric acid; 3PG, 3-phosphoglyceric acid; PEP, phosphoenolpyruvic acid; PYR, pyruvate;
X5P, xylulose 5-phosphate; RUSP, ribulose 5-phosphate; RSP, ribose 5-phosphate; S7P, sedoheptulose 7-phosphate; E4P, erythrose 4-phosphate; Ac-CoA, Acetyl-
CoA; Ac-P, acetyl phosphate; Acal, acetaldehyde; CIT, citrate; ICIT, isocitrate; aKG, alpha-ketoglutarate; SUC-CoA, succinyl-CoA; SUC, succinate; Glu, glutamate; OAA,
oxaloacetic acid; MAL, malate; FUM, fumarate; ASP, aspartate; GAP, glyceraldehyde 3-phosphate. (B) Relative concentrations of intracellular metabolites for the Mt-
Apdul.1Apdul2::aldh strain and the wild-type strain in the absence (black) and presence of H, (0.02MPa, red) on fructose as the carbohydrate substrate. The
experiment with DMSO supplementation in addition to H, is shown in orange. All the cell samples were collected at around 0.6 of ODgo. DMSO was added at 0.4 of
ODgo. For each sample, values were normalized to the Mt-Apdul 1 Apdul 2::aldh strain without H, supplementation. The vertical axis represents a unitless ratio of
metabolite concentrations. Error bars represent the SD of at least two biological replicates. Red. Equiv. represents reducing equivalents. t-test was performed to
evaluate the significance between data sets 1 and 2, data sets 3 and 4, and data sets 1 and 3. Significant differences are shown. value of *p<0.05; value of *p<0.01.

(Figure 5C). The addition of DMSO also improved total We analyzed the effect of DMSO on the intracellular
ethanol production, whereas acetate production remained metabolome in the presence of H, (Figure 3B). We used the
minor (Figures 5D,E). same culture conditions as in the metabolome analysis (H,
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FIGURE 5 | Effect of DMSO supplementation on the culture profile in the H,-supplemented mixotrophic condition of the Mt-Apdul 1 Apdul2::aldh strain. H,

(0.08 MPa) was supplied to the fructose-supplemented culture, and DMSO (10 mM) was added to one group of the culture medium after 24 h (shown by arrows).
The DMSO-supplied condition is shown in blue, whereas the no-DMSO condition is shown in red. Each graph shows the culture profiles for (A), ODgu; (B), Fructose
concentration; (C), DMSO concentration; (D), Ethanol production; (E), Acetate production. Error bars represent the SD of three biological replicates.

partial pressure =0.02 MPa), except for DMSO supplementation,
which was provided when the cells entered the exponential
phase. As expected, the intracellular level of NADH was lower
than that in the H, condition. Therefore, growth recovery
correlated with intracellular NADH levels.

H, Enhances Target Metabolite Production
by a Metabolically Engineered Strain With
Balanced Redox

We found that the ethanol production pathway designed to
balance the redox reaction requires tuning the imbalanced
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redox by producing H,. This means that our ethanol-producing
strains need to be re-engineered to balance the redox reaction
to benefit from H,-supplemented mixotrophy. However, it is
possible that artificial modifications in the genome can affect
metabolic activities in an unpredictable manner. We previously
succeeded in engineering M. thermoacetica to produce acetone
(Kato et al., 2021; Table 1). The acetone synthesis pathway
does not require any oxidoreductases to convert acetyl-CoA
to acetone, which has the same redox balance as that of the
native acetate pathway (Figure 1C). Therefore, acetone production
has completely the same redox balance as acetate production,
and the redox balance should not be affected. On the other
hand, the pdul2:acetone strain has the same elements of
genetic modification as an ethanol-producing strain,
Mt-ApduL2::aldh, using a pyrF marker for selection and a
constitutive G3PD (glyceraldehyde 3-phosphate dehydrogenase)
promoter to express aldh, disrupting the acetate pathway.
Therefore, we examined whether the introduction of an
oxidoreductase affected the redox balance by testing the H,-
supplemented mixotrophic acetone production of the
pdul2::acetone strain.

We set up cultures of the pdul2::acetone strain with fructose
as the carbohydrate substrate and tested the effect of H,
supplementation, as was performed for ethanol-producing strains.
H, was supplied at 0.08 MPa of partial pressure, the highest
dose used for the ethanol-producing strains. The pduL2::acetone
strain grew in the presence of H, in the same manner as in
its absence (Figure 6A). The optical density increased while
fructose was consumed, and decreased after the complete
consumption of fructose in both cases. Furthermore, the produced

was enhanced by 13%, and the total carbon molar yield (the
sum of acetate and acetone) was greater than one, indicating
that extra CO, was converted to these metabolites. CO, was
externally provided in the headspace gas and from NaHCO; in
the medium, in addition to CO, released from metabolism.
Engineering to introduce a non-reductive pathway did not erase
the effect of mixotrophy. Therefore, we concluded that introducing
oxidoreductase reactions to convert acetyl-CoA to ethanol caused
H, production by extra electrons and H, inhibition.

DISCUSSION

Metabolic engineering to divert acetate to more reduced chemicals
lowers carbon utilization and releases more CO, in acetogens
due to the loss of the reducing power to fix and convert CO,
for oxidoreductase reactions. One strategy for overcoming this
issue is H,-supplemented mixotrophy. However, our engineered
strains, Mt-aldh and Mt-Apdul2:aldh, produced an increased
amount of acetate instead of ethanol. Growth inhibition was
observed in the Mt-ApduL1ApduL2::aldh strain. Therefore, the
strategy for enhancing carbon utilization by H, is not effective
for metabolically engineered strains in terms of ethanol production.

Growth inhibition due to H, supplementation has been
reported in several studies. For example, one classical case
involves Clostridium cellobioparum, an H, producer. When H,
was added to the culture, C. cellobioparum growth was inhibited
in an H, dose-dependent manner (Chung, 1976). This trend
was similar to that of our ethanol-producing strain,
Mt-ApduL1ApduL2::aldh. The study also reported that the

acetone and acetate increased wi , supplementation removal of H, recovere e growth using a catalyst, gassin:
t d tat d with H ppl tat 1 of H d the growth g talyst, g g
igure , in contrast to ethanol production. Acetone production  out, or co-culture wi methanogenic microorganisms.
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FIGURE 6 | Culture profiles of the metabolically engineered strain of Moorella thermoacetica for acetone production in the H,-supplemented mixotrophic condition.
(A) shows cell growth (solid lines) and fructose consumption (dotted lines) in the absence (black) and presence (red) of H,. (B) shows carbon molar yields for acetate
and acetone production. Error bars represent the SD of three biological replicates, some of which are smaller than symbols.
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C. cellobioparum is a resident of the bovine rumen, living
together with methanogens; therefore, the H, level remains
low and does not affect their growth in situ (Hungate, 1967;
Hungate et al., 1970). Another example was observed in the
case of a thermophilic microorganism for H, bioproduction,
Caldicellulosiruptor saccharolyticus (Willquist et al,, 2011). A
high level of H, produced by C. saccharolyticus inhibits its
own growth, demanding continuous stripping of the produced
H, from fermentation. Interestingly, the desired by-product for
high H, yields is acetate, because more-reduced products, such
as ethanol, drain electrons from H, production. When H, levels
increase, C. saccharolyticus produces lactate and ethanol instead
of H, to oxidize NADH and maintain the NADH/NAD ratio.
In contrast, our metabolically engineered ethanol-producing
strain of M. thermoacetica produced H, instead of ethanol to
oxidize NADH. M. thermoacetica has been reported to evolve
H, under certain conditions, such as in a CO-supplemented
culture with glucose (Martin et al., 1983). The intracellular
activity level of hydrogenases is significantly enhanced by CO,
but not by other gas phases, including H, (Kellum and Drake,
1984). M. thermoacetica does not evolve H, in a standard
culture under heterotrophic conditions, as seen in our experiment.

Metabolomic analysis revealed that the Mt-ApduL1Apdul2::aldh
strain could maintain NADH levels in the absence of H,. This
was due to H, production for NADH oxidation, and might
also be due to NADPH production using the NfnAB complex.
The NfnAB complex transfers electrons from reduced ferredoxin
and NADH to NADP* (Huang et al, 2012). However, because
the Mt-ApduLlApdul2:aldh strain possesses a high NADPH
level, the conversion of reduced ferredoxin and NADH to NADPH
would be inhibited or difficult. It is unclear why the basal level
of NADPH in the Mt-ApduLlApdul2:aldh strain was higher
than that in the wild-type strain. One possibility is the slow
conversion of acetyl-CoA to ethanol, because metabolome analysis
showed that the intracellular level of acetyl-CoA was higher in
the Mt-ApduLIApdul2:aldh strain (Figure 3B). The reaction
speed may have limited the consumption of cofactors NADH
and NADPH, and the cofactors of the reduced forms accumulated.
Although NADH production can be balanced by H,
formation, NADPH production cannot be balanced. The
Mt-ApduL1ApduL2::aldh strain could grow and produce ethanol
in non-H,-supplemented conditions, but NADH could not
be balanced upon H, supplementation due to the blockage of
H, production. Another possibility is unregulated NADPH
production by the pentose phosphate pathway caused by unknown
mechanisms due to metabolic engineering. Although a high
level of NADPH remained, even in the presence of DMSO to
consume NADH under H,-supplemented conditions (Figure 3B),
the NADPH level did not inhibit growth. Growth inhibition
was caused by high NADH levels. We assume that the target
reaction influenced by NADH level is glyceraldehyde 3-phosphate
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Synechocystis sp. PCC 6803
Requires the Bidirectional
Hydrogenase to Metabolize Glucose
and Arginine Under Oxic Conditions

Heinrich Burgstaller’, Yingying Wang', Johanna Caliebe "2, Vanessa Hueren’,
Jens Appel 2, Marko Boehm "2, Sinje Leitzke ', Marius Theune ™2, Paul W. King?® and
Kirstin Gutekunst *

" Plant Cell Physiology and Biotechnology, Botanical Institute, University of Kiel, Kiel, Germany,  Molecular Plant Physiology,
Bioenergetics in Photoautotrophs, University of Kassel, Kassel, Germany, ° National Renewable Energy Laboratory,
Biosciences Center, Golden, CO, United States

The cyanobacterium Synechocystis sp.PCC 6803 possesses a bidirectional
NiFe-hydrogenase, HoxEFUYH. It functions to produce hydrogen under dark,
fermentative conditions and photoproduces hydrogen when dark-adapted cells
are illuminated. Unexpectedly, we found that the deletion of the large subunit of
the hydrogenase (HoxH) in Synechocystis leads to an inability to grow on arginine
and glucose under continuous light in the presence of oxygen. This is surprising,
as the hydrogenase is an oxygen-sensitive enzyme. In wild-type (WT) cells, thylakoid
membranes largely disappeared, cyanophycin accumulated, and the plastoquinone (PQ)
pool was highly reduced, whereas AhoxH cells entered a dormant-like state and neither
consumed glucose nor arginine at comparable rates to the WT. Hydrogen production
was not traceable in the WT under these conditions. We tested and could show that
the hydrogenase does not work as an oxidase on arginine and glucose but has an
impact on the redox states of photosynthetic complexes in the presence of oxygen.
It acts as an electron valve as an immediate response to the supply of arginine and
glucose but supports the input of electrons from arginine and glucose oxidation into the
photosynthetic electron chain in the long run, possibly via the NDH-1 complex. Despite
the data presented in this study, the latter scenario requires further proof. The exact
role of the hydrogenase in the presence of arginine and glucose remains unresolved.
In addition, a unique feature of the hydrogenase is its ability to shift electrons between
NAD(H), NADP(H), ferredoxin, and flavodoxin, which was recently shown in vitro and
might be required for fine-tuning. Taken together, our data show that Synechocystis
depends on the hydrogenase to metabolize organic carbon and nitrogen in the presence
of oxygen, which might be an explanation for its prevalence in aerobic cyanobacteria.

Keywords: hydrogenase, diaphorase, photosynthetic complex | (NDH-1), photosynthesis, respiration, arginine,
photomixotrophy
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INTRODUCTION

The bidirectional NiFe-hydrogenase of the cyanobacterium
Synechocystis is composed of a diaphorase sub-complex
(HoxEFU), which reacts with its redox partners NAD(P)(H),
ferredoxin, and flavodoxin and a hydrogenase sub-complex
(HoxYH), which catalyzes the production and consumption
of hydrogen (H;) (Gutekunst et al, 2014; Artz et al.,, 2020).
HoxEFUYH is the only hydrogenase encoded in this organism.
It is localized in the cytoplasm and is found to associate
dynamically with thylakoid membranes (Burroughs et al,
2014). The production of H, occurs under fermentative growth
conditions as a means for balancing redox poise. Furthermore,
at the onset of photosynthesis in dark-adapted cells, HoxEFUYH
catalyzes hydrogen production (photohydrogen) during the
brief anaerobic phase of growth. Under these conditions, surplus
electrons from the photosynthetic electron chain that are not
accepted by the Calvin-Benson-Bassham (CBB) cycle are
transferred to the hydrogenase and utilized for H, production. In
this situation, the enzyme works as an electron valve to protect
the photosynthetic electron chain from over reduction (Appel
et al., 2000; Cournac et al., 2004). Photohydrogen is subsequently
oxidized by HoxEFUYH, and the electrons are most likely
transferred to the photosynthetic electron chain via PQ (Dutta
and Vermaas, 2016). As soon as oxygen accumulates due to HO
splitting at photosystem II (PSII), hydrogen is neither produced
nor oxidized. The current model assumes that exposure to
oxygen blocks the active site of the NiFe-hydrogenase via a
hydroxy (OH™) group that bridges Ni and Fe in the active
site of HoxH and thereby prevents Hj-turnover (Pandelia
et al., 2010; McIntosh et al., 2011; Caserta et al., 2020). Due
to its susceptibility to inactivation, the enzyme is considered
oxygen sensitive. Therefore, it is remarkable that the enzyme is
widespread in cyanobacteria, which seldomly encounter anoxic
conditions in their natural environment. It is also worthy to
note that the enzyme is constitutively expressed in Synechocystis
under standard laboratory conditions, i.e., continuous light
and constant O, supersaturation. Distinct subcomplexes of the
enzyme (HoxEFU, HoxFUYH, and HoxFU) have been detected
in addition to the complete HoxEFUYH pentameric enzyme in
vivo (Eckert et al., 2012). However, it is still unknown whether
these subcomplexes fulfill specific functions.

Synechocystis can grow on a variety of different nitrogen
sources. For example, cells can consume either inorganic
nitrogen in the form of nitrate and ammonium or organic
nitrogen such as urea or arginine and glutamine (Flores and
Herrero, 1994). Nitrate is reduced intracellularly to nitrite and
ammonium, which is subsequently incorporated into biomass
(Forchhammer and Selim, 2020). It has previously been shown
that the hydrogenase is essential for growth in a dark-light
cycle under mixotrophic conditions when nitrate is replaced
by arginine as the nitrogen source (Gutekunst et al,, 2014).
The replacement of nitrate with arginine has a dramatic effect
on the metabolism and phenotype of Synechocystis. Arginine
can readily be taken up by the cells and metabolized as a
cellular nitrogen source and in the production of cyanophycin
(Stephan et al., 2000; Schriek et al., 2007). Cyanophycin consists

of equimolar amounts of aspartic acid and arginine and can be
quickly metabolized when required. Besides the accumulation
of cyanophycin, cells cultivated on arginine also disassemble
and restructure the thylakoid membranes, have reduced
photosynthetic activity, and appear yellow due to a reduced
chlorophyll content (Stephan et al., 2000). The addition of nitrate
in combination with arginine partly rescues this phenotype
(Stephan et al., 2000). The ApsbO mutant has a compromised
water-splitting apparatus at PSII and displays reduced H,O
oxidizing capacities. It grows better than the wild-type (WT)
on arginine, stays green, and displays only minor morphological
changes (Stephan et al., 2000). The difference between the WT
and the ApsbO mutant strain is even more pronounced at higher
light intensities. While nitrate needs to be reduced by ferredoxin
and is an important electron sink of the photosynthetic
electron chain, arginine needs to be oxidized to be utilized for
biosynthetic reactions. Synechocystis encodes enzymes for two
distinct arginine oxidation pathways: the arginine deiminase
pathway and the arginine dehydrogenase pathway (Schriek et al.,
2007, 2009). The arginine deiminase pathway yields NH;,
NADH, and ATP, whereas the arginine dehydrogenase pathway
yields NH, NAD(P)H, and succinate. The arginine deiminase
in Synechocystis contains predicted transmembrane helices
which implies that the enzyme could be membrane attached
(Schriek et al., 2007). Arginine dehydrogenase has been clearly
demonstrated to attach to the thylakoid membrane (Schriek
et al., 2009). Electrons from arginine oxidation can either be
fed directly into the plastoquinone (PQ)-pool via the arginine
dehydrogenase or indirectly via succinate and the succinate
dehydrogenase, which likewise transfers electrons into the PQ-
pool (refer to photosynthetic electron transfer chain of Figure 8)
(Schriek et al., 2009; Mullineaux, 2014). In contrast to nitrate,
which accepts electrons from the photosynthetic electron chain,
arginine reduces the PQ-pool. However, nitrate has the potential
to relieve surplus electrons from photosynthesis, and arginine has
the potential to overload the PQ pool and cause oxidative stress.
This could be an explanation for the observation that the ApsbO
mutant with reduced H,0 splitting capacities is superior to the
WT in metabolizing arginine especially in high light (Stephan
et al., 2000; Schriek et al., 2009). The addition of glucose to cells
cultured on arginine should enhance the supply of electrons by
the activity of respiratory dehydrogenases that reduce the PQ
pool (refer to photosynthetic electron transfer chain of Figure 8)
(Lea-Smith et al., 2016; Wang et al., 2022). Photomixotrophic
conditions on arginine should, therefore, lead to highly reducing
conditions in the cells. The observation that AhoxH strain
is unable to grow on arginine under mixotrophic dark-light
conditions was interpreted as HoxEFUYH being required for
electron dissipation via hydrogen production (Gutekunst et al.,
2014). This interpretation appeared most obvious in cells during
dark, fermentative H, production, or during transient hydrogen
production at the onset of illumination (photohydrogen
production). However, surprisingly, we found in this study that
the AhoxH strain was unable to grow under photomixotrophic
conditions on arginine, even under continuous illumination and
O, saturating conditions. This is especially remarkable, as HoxH
is known to be inactived in the presence of oxygen (McIntosh
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et al., 2011). To address this conundrum, investigations were
undertaken to ensure the growth phenotype arose from the
absence of HoxH and to elucidate the physiological function of
the enzyme under these growth conditions. Our results provide
strong evidence that under oxic conditions, the hydrogenase has
a physiological function beyond hydrogen cycling and is required
for photomixotrophic growth on organic carbon and nitrogen.

MATERIALS AND METHODS

Construction of Mutants and Utilized

Strains

All mutants that were constructed or utilized in this study are
listed in Supplementary Table 1. All the primers used in this
study are listed in Supplementary Table 2. All mutants were
constructed in the non-motile GT WT of Synechocystis sp. PCC
6803 (Trautmann et al.,, 2012). Constructs for the deletion of
the genes were generated by Gibson cloning (Gibson et al.,
2009) assembling three fragments into the pBluescript SK(+)
in a single step. After examination by sequencing, the plasmids
were transformed into Synechocystis sp. PCC 6803 cells as
described (Williams, 1988). In short, genes were replaced with
antibiotic resistance cassettes via homologous recombination.
The transformation efficiency is especially high in the exponential
growth phase. Therefore, 250 ml Synechocystis cultures were
inoculated in glass tubes (diameter of 3.5 cm) from a preculture
with an OD7s5g of 0,15 on the day prior to transformation. On the
day of transformation, the cells were harvested and resuspended
in 600 pl BG11. A volume of 300 1 of the cell suspension was
mixed with 6-18 pg plasmid DNA and incubated for 6h at 30°C
in darkness. Cells were plated on agar plates without antibiotics
and kept in a climate chamber at 28°C and 50 WE m?s!. On the
third day, antibiotics were added for selection pressure. After 2
weeks, single colonies appeared that were streaked on new BG11
agar plates with antibiotics for segregation six to eight times.
Resulting transformants were either checked by PCR or Southern
hybridization (Supplementary Figures 3-7).

Growth Conditions

Strains were either cultivated in BG11 medium which contains
17.6 mM nitrate or alternatively in BG110 medium without
nitrate that was supplemented with 5mM arginine. Notably,
10 mM glucose was added as indicated. DCMU was added at a
concentration of 10 mM. For precultures, 50 ml of BG11 medium
were inoculated with cells and antibiotics in the case of mutants
in 100 ml Erlenmeyer flasks on a rotary at 28°C, 50 wE/m?/s, and
100 rpm. After several days of growth, cultures were pelleted and
washed twice in the medium of choice without antibiotics for
growth experiments. Cells were inoculated into 200 ml BG-11 at
an OD750 of 0.05 and placed into glass tubes with a diameter of
3.5 cm bubbled with air at 50 wE/m?/s at 28°C, and growth was
monitored every 24 h by measuring the optical density at 750 nm
as described earlier (Makowka et al., 2020). The optical density
(OD) of the culture was determined by photometrical analysis
(UV 2501 PC Photometer, Shimadzu, Kyoto, Japan) at 750 nm,
and its data were recorded and analyzed using the affiliated
software UVProbe 2.33 (Shimadzu, Kyoto, Japan). Samples were

diluted with BG11 medium by 1:10 when samples showed an
ODj7s5¢ value above 0.5.

Oxygen and Hydrogen Measurements

To measure the concentration of dissolved oxygen and hydrogen
in the cultures, oxygen and hydrogen sensors from Unisense
(Unisense, Aarhus, Denmark) were used according to the
manufacturer’s instructions. After a two-point calibration of
the sensors, they were placed in the respective culture in glass
tubes, and the measurement was started. Photosynthetic and
respiratory activities were monitored via the oxygen evolution
rate in the light and oxygen uptake rate in darkness. For this,
calibrated sensors were put in a 25ml culture (one sensor per
culture, 3 repeats), which was illuminated for 15 min at 100 pmol
photons m~2 s~! followed by another 15 min in the darkness.
For monitoring of oxygen and hydrogen concentrations during
growth experiments, one hydrogen and one oxygen sensor
were placed into the glass tubes with a diameter of 3.5cm
(Makowka et al, 2020). For the experiments shown in
Supplementary Figure 1, one oxygen and one hydrogen sensor
were placed into the glass tubes with cultures. The cultures with
the sensors were incubated in dark and anoxic conditions from 0
to 0.73 h in order to prove their ability to produce fermentative
hydrogen. As soon as the cells were illuminated, fermentative
hydrogen was consumed. The cultures were purged with ambient
air until they were saturated with O, The aeration was turned off,
and the cultures were left under continuous light.

Hydrogenase Activity Measurements via
Methyl Viologen

Hydrogenase activity was determined via methyl viologen (MV)
as described before (Appel et al., 2020).

Expression of HoxH mRNA
After purification, 1 pg of RNA was subjected to a DNase
digest. To check if the digest was complete, a test PCR with
primers specific for rnpB was performed. If no PCR product
was found, the RNA was reverse transcribed using the High
Capacity RNA-to-cDNA Kit with the MuLV reverse transcriptase
(Applied Biosystems, Warrington, UK). Subsequently, equal
amounts of cDNA were used for the real-time PCR with the
Power SYBR® Green PCR Master Mix (Applied Biosystems,
Warrington, UK). In this case, the temperature program was step
1 95°C 10 min, step 2 95°C 15, step 3 60 °C 60 s, and additional
39 cycles between steps 2 and 3 in the PCR Cycler Rotor-
Gene Q (Qiagen, Hilden, Germany). For the quantification,
the 2744CT method was used to analyze relative changes in
transcript abundance (Livak and Schmittgen, 2001). The Cr
value was determined for each sample. DNA was diluted 1:30,
1:300, and 1:3,000. The threshold was set for all samples to
the normalized fluorescence 10~!. A typical serial dilution is
shown in Supplementary Figure 8. Data were analyzed using
Rotor-Gene Q Software (version 2.0.2).

The Cr value was determined and normalized to the reference
gene 16S rRNA under two different conditions (in BG11 and
BGl11y with arginine and glucose). From the Cr values, the
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following ratio was determined:

ZCT(gene of intest condition 1)— Cr(gene of interest condition 2)

ratio =
2Cr (refernence gene condition 1)— Cr(reference gene condition 2)

and is given in the different figures.

Protein Preparation, Protein Analysis, and

Immunoblotting

Soluble protein extracts of various Synechocystis sp. PCC
6803 strains were generated by glass bead breakage and
differential centrifugation as described (Appel et al, 2020).
Protein concentrations were determined by Bradford assay
(Carl Roth). Soluble protein samples were either separated on
10% (w/v) denaturing 1-D SDS-PAGE Bis/Tris gels using an
MES running buffer or on 0.75mm thick 12% (w/v) native
1-D BN-PAGE gels (Boechm et al., 2009). Prior to 1-D BN-
PAGE, f3-dodecyl-D-maltoside (3-DM) was added to a final
concentration of 0.5% (w/v) from a 10% (w/v) stock to solubilize
any remaining thylakoid membrane fragments and as a last step,
5% (v/v) Coomassie loading solution [750 mM e-aminocaproic
acid, 5% (w/v) Coomassie-G] was added. 2-D BN/SDS-PAGE
and immunoblotting were performed as described by Appel
et al. (2020). Primary antibodies used in this study were kindly
provided by Prof. Peter Nixon (Imperial College, UK; purified,
polyclonal antisera from rabbit against HoxE, HoxF, HoxU,
HoxY, and HoxH).

Determination of Total Protein Amount
Based on the ODy5¢

To determine if Synechocystis cells can be disrupted with similar
efficiency, the protein concentration was measured in relation
to the ODys5¢. Therefore, liquid cultures were cultivated in glass
tubes for 4 days. Then, the ODy5¢ of the cultures was measured,
and the culture volume that corresponded to an OD759 of 0.1 and
0.3 was calculated, respectively. After centrifugation for 5 min at
room temperature (RT), the pellet was resuspended in 500 pl
ACA buffer (750 mM e-aminocaproic acid, 50 mM Tris-HCI pH
7.5, and 0.5 mM EDTA), and the suspension was transferred to
a new 2ml reaction tube. In the next step, precisely 0.25g of
glass beads (0.17-0.18 mm, Sigma Aldrich, Germany) was added
to the cell suspension. The mixture was vortexed at 4°C for 2 min
using the following program: 12 cycles: 10s “ON” followed by
10s “OFF.” The speed was set to maximum. Later, the glass
beads were pelleted at 5,000 x g and 4°C for ~1 min. To pellet
the membrane fraction, the supernatant was transferred to a
new 1.5ml reaction tube and was centrifuged again at 12,000
x g and 4°C for 20 min. Then, the protein concentration was
determined using the Bradford assay. To calculate the number of
cells that were not broken up during the method described, the
samples were examined under a light microscope. To simplify
the counting, a Neubauer counting chamber was used. These
chambers are divided into nine large squares, each with a I mm?
area. The large squares are divided into 25 medium squares,
and these are again divided into 16 small squares. Each of the
smallest squares has an area of 0.0025 mm?. Four of the medium
squares were counted, and the total number of intact cells was

extrapolated. The counting was repeated in triplicates, and the
mean value was calculated. We found that it was possible to break
cells quantitatively at low OD7s59 between 0.1 and 0.3. Therefore,
total protein contents were determined at these cell densities.

Dual-KLAS/NIR

To measure the electron transfer around PSI (from plastocyanin
to P700 to ferredoxin), cell suspensions were adjusted to an
OD750 of 5.7 and illuminated for 600 ms with 1,350 wE/m?/s.
This illumination was repeated 20 times with an intermittent
dark period of 30s, and the average of the 20 measurements
was calculated. Deconvolution of PC, P700", and ferredoxin
from the original traces of the Dual-KLAS/NIR was performed
as described (Theune et al., 2021). The Dual-KLAS/NIR
measures at six different wavelengths in the near-infrared. From
these wavelengths, four different signals are calculated. Since
the absorption of the three components (ie., plastocyanin,
P7007, and ferredoxin) contributes to a different extent to the
four signals, the proportions of oxidized plastocyanin, P7007T,
and reduced ferredoxin can be calculated by deconvolution
(Klughammer and Schreiber, 2016).

Photochemical Quenching

Photochemical quenching (qP) measurements were conducted
using a Multi-Color-PAM (Multiple Excitation Wavelength,
Chlorophyll Fluorescence Analyzer, Heinz Walz, Effeltrich, DE).
All cultures were brought to a chlorophyll concentration of
2.5 ng/ml and independently measured at least three times each
day. A volume of 2 ml of each culture were measured in a cuvette.
The actinic light was adjusted to 58 LE/m?/s, and there were five
repetitions of a sequence of 120 s of actinic light, a saturation flash
(SAT), and then a dark phase of 30 s in one measurement. qP was
calculated from Fv/(Fp-Fg) (van Kooten and Snel, 1990).

Chlorophyll Content
To measure the chlorophyll a content, 3 x 100 pl of culture
was centrifuged at 14,000 rpm (Centrifuge 5424, Eppendorf) for
5min at RT. The cell pellet was resuspended in 1ml of 100%
methanol, vortexed for 3 min, and centrifuged again at 14,000
rpm (Centrifuge 5424, Eppendorf) for 5 min at RT to spin down
cell debris. Using a spectrophotometer, the wavelengths 665, 666,
and 750 nm were measured since chlorophyll a absorbs at the
wavelengths 440-450 nm and 650-700 nm.

According to the following formula (Lichtenthaler, 1987), the
chlorophyll a content was calculated as follows:

Chl a content (pug/ml) =

(maximum of OD665 to OD666) —OD750

0.0809 . dilution

Glucose Quantification

Glucose was quantified enzymatically by measuring the evolution
of NADPH photometrically as a change of absorption at 340 nm
in a sample volume of 5 pl (containing <5mM glucose) in the
presence of 0.5 units hexokinase, 0.5 units glucose-6-phosphate
dehydrogenase, 2mM ATP, 2mM NADP™, and 3 mM MgCl, in
91.3 mM Tris-HCI buffer in a total volume of 50 pl. Absorption
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measurements were performed using a 96-well plate reader (Plate
Reader Infinite M200Pro, Tecan, Austria).

Arginine or Cyanophycin Extraction and

Quantification

One molecule of cyanophycin contains one molecule of arginine.
Therefore, the concentration of cyanophycin equals the amount
of arginine. Cyanophycin quantification was modified according
to the study by Elbahloul et al. (2005) (Messineo, 1966). Step 1:
cyanophycin extraction: 25 ml culture (OD750:1.0) was collected
by centrifugation (10 min, 4,000 g, RT), and 1 ml acetone was
added to the pellet and incubated in a shaker at 1,400 g for
30 min. The sample was centrifuged at 13,000 g for 10 min, the
supernatant was discarded, and the pellet was resuspended in
1.2ml of 0.1 M HCI and incubated for 1h at 60°C at 1,400 g.
The sample was centrifuged at 13,000 g for 10 min at 4°C, the
supernatant was transferred to a new reaction cup, and 300 pl
of 0.1 M Tris-HCI, pH 9.0 was added. The sample was incubated
at 4°C for 40 min, centrifuged at 18,000 g for 15min, and the
supernatant was discarded. The pellet was resuspended in 1 ml
of 0.1 M HCl and used for the quantification. Arginine standards
with concentrations of 0, 10, 20, 30, 40, 50, 60, and 70 g were
prepared. Step 2: cyanophycin quantification using the Sakaguchi
reaction: 166 pl reagent A [300 mg KI (potassium iodide) in
100ml distilled H,O] was added to 166 pl sample/standard
containing between 10 and 100 pg arginine (0.057-0.5 uM, 0.1 M
HCI). A volume of 500 pl of reagent B (100ml of 5M KOH,
2g potassium sodium tartrate, 0.1g 2,4-dichloro-1-naphthol,
180 ml absolute ethanol, and 0.2 ml NaClO) was added, and the
reaction was incubated for 1h at RT. A volume of 166 jl of
reagent C [5%(v/v) NaClO with distilled H,O] was added, and
the sample was incubated for exactly 10 min. The absorption
at 520nm was read immediately against a blank without
arginine/cyanophycin.

Transmission Electron Microscopy

A volume of 30 ml of each Synechocystis culture were harvested at
8,000 g for 3 min and resuspended in 2 ml of the corresponding
growth medium. The concentrated cells were fixed by adding
2ml of a solution containing 5% glutaraldehyde (GA) and
2% paraformaldehyde (FA) in 0.2M cacodylate buffer (pH
7.3). Samples were either stored at 4°C or directly observed
with a transmission electron microscope (TEM, Tecnai G2
Spirit BioTWIN, Fei Company, Thermo Fisher Scientific,
MS, USA).

Photosynthesis and Respiration Rate

Measurements

The respiration and photosynthesis rates of Synechocystis cultures
were determined as the oxygen uptake rate in darkness and
oxygen evolution rate in the light, which was determined using
a Unisense oxygen microsensor (Unisense, Denmark) according
to the manufacturer’s instruction.

RESULTS

Growth Behavior of Synechocystis WT and
the AhoxH Mutant Strain Under
Photomixotrophic Conditions on Arginine

in the Presence of Oxygen

When WT and AhoxH were cultivated on arginine and
glucose under continuous light, AhoxH displayed no
growth, whereas the growth rate was similar to WT when
cultured on nitrate, on arginine, or on glucose plus nitrate
(Figures 1A-D).

Oxygen and hydrogen concentrations and OD7sq were
monitored in WT cells cultured on arginine and glucose
for 96h. Oxygen concentrations were close to saturation
throughout the experiment, whereas, no hydrogen was
detected (Figure 1E). As the cultures were purged with
ambient air, in this setting, hydrogen might have been
gassed out from the cultures. Therefore, hydrogen and
oxygen concentrations in WT cultures on arginine and
glucose were monitored during growth under continuous
light without purging (Supplementary Figure1). Again,
no hydrogen was detected, whereas oxygen accumulated.
These results show that oxygen is present, but no hydrogen
is detected under conditions where HoxH is required
for growth.

Morphology and Metabolic State of WT

and AhoxH on Arginine and Glucose
Wild-type and  AhoxH  reduced their  chlorophyll
content relative to ODy5 on arginine and glucose.
WT cultures appeared vyellow, and AhoxH cultures
appeared colorless due to their low optical densities
(Figure 2).

Quantification of glucose and arginine in the medium of WT
and AhoxH cultures revealed that WT cells consumed both
compounds, whereas consumption by AhoxH was negligible
(Figures 3A,B). In agreement with this, the WT produced and
stored large amounts of cyanophycin, which is composed of
arginine and aspartic acid, whereas AhoxH did not (Figure 3C).
Microscopic images confirmed that cyanophycin granules
accumulated in WT cells only. Furthermore, they revealed that
WT cells underwent dramatic morphological changes as they
degraded their thylakoid membranes in contrast to AhoxH
(Figure 3D). The morphological changes observed in WT cells
are well in line with earlier observations that were made on
WT cells cultivated on arginine (Stephan et al, 2000). In
contrast, AhoxH cells cultured on arginine and glucose looked
similar to AhoxH cells cultured on nitrate. The photosynthetic
activities of WT and AhoxH cells were similar on nitrate and
were strongly reduced in both when cultivated on arginine
and glucose (Figures 3E,F). Dark respiration in AhoxH was
decreased compared with the WT, which is in line with its
lower glucose and arginine consumption rates under the growth
in continuous light (Figure 3G). It is remarkable that AhoxH
reduces its photosynthesis and respiratory activity even though
the cells look normal and healthy with thylakoid membranes and
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only small amounts of cyanophycin granules. In view of the fact ~ changes, it is assumed that AhoxH cells entered a dormant-
that AhoxH cells neither consumed glucose nor arginine in large  like state and were unable to adapt in the same manner as
quantities, were unable to grow and showed no morphological =~ WT cells.
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Importance of Diaphorase (HoxEFU) and complexes that are visible in the second dimension are

Hydrogenase (HoxYH) Moiety on Arginine HoxEFUYH and HoxFUYH (Figure4B). These complexes
and Glucose are missing in hoxH and hoxW deletion strains. However,

. lexes that contain the diaphorase subunits only, namely
As no hydrogen was detected and hydrogenase is known comp . .
to be oxygen-sensitive, one explanation for the function HoxEFU and HoxFU, are present in the WT and in both

of Hox may be that the diaphorase is critical to growth mutants. )

under oxic Zonditions on arginrine and glucose. To teft this, As the diaphorase was apparently Present and assen.lb%ed
levels of HoxEFU in AhoxH cell extracts were monitored by '™ AhoxW, we tested the. growth Of. tl.ns mutant.on arginine
immunoblot. We also constructed a mutant strain AhoxWw  and glucose and found it to be similar but slightly better
that is defective in the maturase HoxW that activates HoxH  than the growth of AhoxH cells (Figure4C). In addition,
(Eckert et al., 2012). This mutant should in principle contain a when a Ahox mutant, in which hoxEFUYH was deleted, was

fully assembled and functional HoxEFU diaphorase but lack a complemented with hoxYH, growth improved considerably,
functional HoxH. but not to WT levels (Figure 4D). These results indicate that

Immunoblots and 2D Blue Native PAGE revealed the the hydrogenase (HoxYH) is the critical component and that
presence and assembly of the diaphorase HoxEFU in  the diaphorase (HoxEFU) alone cannot support the growth
both the AhoxH and AhoxW cells (Figures4A,B). HoxE of arginine and glucose. However, we cannot rule out that
levels were slightly reduced in the AhoxH background the holoenzyme of HoxEFUYH is required for the proper
but were fully present in AhoxW cells. HoxY levels were functioning of the diaphorase in vivo. The fact that the
very low in both mutants, whereas HoxH was absent diminished growth of Ahox (AhoxEFUYH) could be partly
in AhoxH and only present in its unprocessed form in rescued by the introduction of hoxYH, furthermore, indicates

AhoxW cells (Figure4A). In the WT the most prominent that the hydrogenase indeed fulfills an important function
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wE/m?/s) in the absence and presence of the inhibitor DCMU, which blocks electron transfer from PSI to the plastoquinone (PQ) pool.

without the diaphorase under these conditions but that, in
contrast, the holoenzyme HoxEFUYH is required for WT-like
growth on arginine and glucose.

Transcription and Expression of the
Hydrogenase Under Mixotrophic

Conditions on Arginine

As the growth of the WT and AhoxH strains deviates from
each other within the first day of cultivation, mRNA was
isolated from cells cultured on nitrate (BG11) as control
and on arginine and glucose (BG11pAG) at 12, 24, 36, 48,
and 72h after inoculation. In cells cultured on arginine
and glucose, the transcription of hoxH was upregulated
2-fold after 24h and 5-fold after 36h from inoculation
(Supplementary Figure 2A). The expression levels of the
hoxEFUYH operon 24h after inoculation on arginine and
glucose revealed that the entire hox operon was upregulated
(Supplementary Figure 2B). Despite increased transcription,
protein levels of Hox subunits (HoxE, F, U, Y, H) appeared to be
unaffected (Supplementary Figures 2C,D).

Does the Hydrogenase Work as an
Electron Valve for Photosynthesis on

Arginine and Glucose?

Three main sources feed electrons into the PQ pool of the
photosynthetic electron transport chain in cultures that are
cultivated on arginine and glucose as follows: water splitting
at PSII, the oxidation of the carbon skeleton of arginine, and
the oxidation of glucose. This might lead to an over-reduced
photosynthetic electron transfer chain with a highly reduced
PQ pool. Therefore, the hydrogenase might work as an electron

valve under these conditions. To test this, WT and AhoxH cells
were cultivated on arginine and glucose under high light (200
wE/m?/s) and under low light (20 wE/m?/s) in order to determine
if low light relieves the reductive stress to improve the growth of
AhoxH. The WT strain grew well under both light intensities,
whereas AhoxH which did not grow at all at 200 pwE/m?/s but
was able to grow under low light at 20 WE/m?/s (Figure 5A).

The addition of DCMU, which blocks electron transfer from
PSII to the PQ pool, enhanced the growth of WT under medium
light intensities (60 WE/m?/s), and the growth of AhoxH was
completely rescued to WT levels (Figure 6B). These data show
that the requirement for the hydrogenase on arginine and glucose
is related to electron transport during photosynthesis.

To test if the hydrogenase has a direct and immediate impact
on the photosynthetic electron transfer chain, the reduction
and oxidation of plastocyanin (PC), P700, and ferredoxin were
monitored upon the addition of arginine and glucose in WT
and AhoxH via Dual-KLAS/NIR (Figure 6). PC and P700 are
oxidized in WT and AhoxH at the onset of illumination
(Figures 6A-D). Under photoautotrophic conditions, the first
oxidation peak is reached ~100ms into the light pulse and
is followed by a transient phase of stronger reduction of PC
and P700 (Figure 6A). The reduction is caused by electrons
coming in from PSII due to the reduced electron acceptor pool
(Fdx and NADP™) of PSI. After another 200 ms, this reduction
phase reverts, and oxidation predominates again before the light
is turned off after 600 ms (Theune et al., 2021). This second
oxidation phase is governed by the activity of the flavodiiron
proteins (mainly Flv1/3) that catalyze oxygen reduction at the
acceptor side of PSI. In the absence of the flavodiiron proteins,
this phase is missing (refer to Figure 7B) (SEtif et al., 2020). In
AhoxH, the reduction phase is faster and deeper for PC and
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FIGURE 6 | Oxidation of PC and P700 and reduction of ferredoxin and NADPH of WT and AhoxH cultures as measured by the Dual-KLAS/NIR. On the left (A, C, E,
G), curves of cultures grown photoautotrophically are shown and on the right (B, D, F, H), the same cultures are shown that were measured a few minutes after the
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P700 in contrast to the WT. This effect is more pronounced
in the presence of arginine and glucose (Figures 6B,D). The
first peak of oxidation becomes narrower and is reached after
only 35ms before reduction becomes stronger. AhoxH shows
a deeper reduction trough in the light phase and a faster
reduction in the dark phase. The mutant obviously suffers from
a stronger acceptor side limitation. This is noticeable when
comparing the reduction curves of NAD(P)H (Figures 6G,H).
Under autotrophic conditions, NAD(P)H fluorescence shows a
large increase in illumination, but in the presence of arginine
and glucose, this peak is negligible. This indicates that the
NAD(P)H pool is already mainly reduced on arginine and
glucose. The same was observed for the ferredoxin pool, which
was instantly fully reduced upon illumination on arginine and
glucose (Figures 6E,F). Taken together, these data show that the
hydrogenase works as a transient electron valve in an immediate
response to the addition of organic carbon and nitrogen in the
presence of oxygen.

However, as no hydrogen was traceable, the hypothesis was
put forward that the hydrogenase might release electrons from
the photosynthetic electron transport chain by reducing oxygen
instead of protons. According to the current understanding, Ni
and Fe in the active site of the hydrogenase are inactivated
in the presence of oxygen by the formation of a bridging
hydroxy group which prevents Hj-turnover (Pandelia et al.,
2010; McIntosh et al., 2011; Caserta et al., 2020). The oxygen
tolerance of the soluble NiFe-hydrogenase of Ralstonia eutropha
is based on its oxidase activity which reactivates the enzyme
by reducing the bound hydroxyl group to water (Lauterbach
and Lenz, 2013). Based on this finding, the hypothesis was
put forward that the oxygen-sensitive NiFe-hydrogenase of
Synechocystis might also function as an oxidase and switch
between H, production under anaerobic conditions and oxygen
reduction under aerobic conditions. To test this hypothesis, two
mutants were constructed. The first one lacked all of the terminal
oxidases that are associated with the thylakoid membrane,
namely, the respiratory terminal oxidase cytochrome C oxidase
(cyd) and quinol oxidase (cox) but retained the alternative
respiratory oxidase (arto; ctall). In addition, flavodiiron proteins,
namely, Flv2, Flv4, and Flv3, which have the potential to reduce
oxygen, were deleted (Shimakawa et al, 2014; Brown et al,
2019). This resulted in the mutant strain Aflv24Aflv3AcoxAcyd.
The second mutant was the same as the first but also lacked
the hox operon (hoxEFUYH), yielding the mutant strain
Aflv24Aflv3AcoxAcyd Ahox (note that in this strain, the entire
hox operon instead of hoxH was deleted). The redox status
of photosynthetic components [plastocyanin (PC), P700 in
PSI, and ferredoxin] were measured in these mutants and
compared with the WT strain cultured on arginine and glucose
on the second day after inoculation in the absence and in
the presence of oxygen via Dual-KLAS/NIR (Figure 7). If the
hydrogenase is functioning as an oxidase and transferring
surplus electrons to oxygen, it was expected that the deletion
of hoxEFUYH would result in more reduced photosynthetic
components in the presence of oxygen. However, the ferredoxin
pool and P700 were more reduced in Aflv24Aflv3AcoxAcyd
in comparison to Aflv24Aflv3AcoxAcydAhox indicating that

acceptor side limitation at PSI was more severe in the
presence of the hydrogenase (Figures7A-D). Thus, our
measurements show that the hydrogenase does not function as
an oxidase.

We then examined the PSII fluorescence properties of WT
and AhoxH cells cultured over a 5-day period on nitrate, or
on arginine plus glucose, in order to monitor the redox state
of the PQ pool. Both strains exhibited a similar PQ pool redox
poise when cultivated on nitrate. When cultured on arginine
plus glucose, the PQ pools of both strains were more reduced
than in cells cultured on nitrate, becoming more pronounced
in WT cells later in growth (Figure 7G). These data are well in
line with the Dual-KLAS/NIR measurements during the growth
on organic carbon and nitrogen in WT, Aflv24Aflv3AcoxAcyd,
and Aflv24Aflv3AcoxAcydAhox (Figures 7A-F). The fact that
components of the photosynthetic electron transfer chain were
more reduced in the WT in comparison to AhoxH on arginine
and glucose (Figure7G) is comprehensible considering that
AhoxH did neither metabolize arginine nor glucose in large
amounts and furthermore paused growth (Figure 3). Taken
together, the results indicate that in the immediate response to
the growth on arginine and glucose, the hydrogenase functions
to dissipate electrons (Figure 6), however, in the long run for
hours and days, hydrogenase supports feeding electrons into the
PQ pool under these conditions, suggesting it has a dual function.

Significance of Components of the
Respiratory Electron Chain for Growth on

Arginine and Glucose

To evaluate the significance of components of the respiratory
electron transfer chain for the growth on arginine and glucose,
additional deletion mutants were constructed and tested.
Synechocystis possesses three respiratory terminal oxidases: the
quinol oxidase (cox) is localized in thylakoid membranes,
cytochrome C oxidase (cyd) is localized in the thylakoid and
cytoplasmic membranes, and the alternative respiratory oxidase
(arto) is restricted to the cytoplasmic membranes (Figure 8A).
Deletion of both thylakoid-associated oxidases (AcydAcox) or
all three of the terminal oxidases (AcydAcoxAarto) resulted in
mutants that were still able to grow on arginine and glucose albeit
at impaired rates (Figure 8B).

Three main respiratory dehydrogenases feed -electrons
from glucose oxidation into the PQ pool in Synechocystis:
photosynthetic complex I (NDH-1) accepts electrons from
reduced ferredoxin (Schuller et al, 2019), NDH-2 accepts
electrons from NADH, and the succinate dehydrogenase (SDH)
catalyzes the oxidation from succinate to fumarate. In the
Andh2 mutant strain, all three homologs ndbA/ndbB/ndbC
of the NADH dehydrogenase-like complex 2 (NDH2; slr0851,
slr1743, and sll1484) were deleted. In the Asdh mutant, the two
subunits sdhl and sdh2 of the succinate dehydrogenase (SDH;
sll1625, and sl10823)) were deleted. Additionally, in the Andhl
mutant, the subunits ndh-DI and ndh-D2 of complex 1 (NDHI;
slr0331, and slr1291) were deleted. Growth of all three mutant
strains was impaired on arginine and glucose (Figure 8C), where
the severest impairment was observed for Andhl followed by
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Asdh. Thus, the terminal oxidases appeared to be dispensable for  in fact, encounter anoxic conditions at night due to intense
growth on arginine and glucose, whereas SDH has a significant  respiration within the microbial mat community and produce

role, and hydrogenase and NDH-1 are essential. fermentative hydrogen in darkness and photohydrogen on
illumination (Burow et al., 2012a,b; Bolhuis et al., 2014; Nielsen
DISCUSSION et al,, 2015). The function of the cyanobacterial bidirectional

NiFe-hydrogenase is thus well-understood in microbial mats.

An obvious question that suggests itself is why the bidirectional ~ However, the enzyme is also widespread in cyanobacteria from
NiFe-hydrogenase, which is an oxygen-sensitive enzyme, is  surface waters that stay oxygenated also at night (Barz et al,
widespread in organisms that produce oxygen and rarely — 2010; Beimgraben etal, 2014; Greening etal., 2015). Remarkably,
encounter anoxic conditions. Its presence has been regarded it is absent from oligotrophic habitats as the open ocean but
as a leftover from ancient times. However, the ancestors of is found in freshwater and coastal waters that have a higher
cyanobacteria possessed several NiFe- and FeFe-hydrogenases load of nutrients and occasionally encounter phytoplankton
(types 2a, 3b, 3c, 3d, and 4), whereas cyanobacteria kept  blooms (Barz et al., 2010). Excretion and lysis of organisms in
only two NiFe-hydrogenases: the uptake NiFe-hydrogenase senescent phytoplankton blooms and the bacterial breakdown of
(type 2a) in association with N fixation and the bidirectional ~ organic carbon to shorter sugars create mixotrophic conditions
NiFe-hydrogenase (type 3d) (Vignais and Billoud, 2007). The in these habitats that are typically accompanied by increased
advantage for the uptake of hydrogenase, which consumes H,,  levels of dissolved organic nitrogen as arginine (Wetz and
which is a by-product of N, fixation, is apparent. But why was ~ Wheeler, 2003, 2004; Teeling et al., 2012). The replacement of
the bidirectional enzyme kept? Cyanobacteria in microbial mats, ~ nitrate with arginine and addition of glucose in this study thus

Frontiers in Microbiology | www.frontiersin.org 65 May 2022 | Volume 13 | Article 896190


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Burgstaller et al.

Cyanobacterial NiFe-Hydrogenase Under Oxic Conditions

somewhat mimics the situation of a senescent phytoplankton
bloom in habitats where cyanobacterial NiFe-hydrogenases are
found. The presented data indicate strongly that the hydrogenase
has a function under oxic conditions which are most likely
not based on hydrogen turnover but linked to photosynthesis
and respiration to support a metabolic switch for growth in
the presence of organic carbon and nitrogen. Please note that
the concentrations of glucose and arginine that were utilized
in this study are above those levels found in nature. We thus
created artificial laboratory conditions so that the comparison
with natural conditions must be performed cautiously. We did
not find any evidence for the hypothesis that the hydrogenase
works as an oxidase or functions as an electron valve during long-
term growth. Rather, our results indicate that the hydrogenase
supports to feed electrons into the photosynthetic electron
transport chain. Since the AhoxH mutant does not consume
significant amounts of glucose and arginine, it is not clear
whether the hydrogenase is actively involved in feeding electrons
into the photosynthetic electron transport chain in the WT, or
if its absence in AhoxH rather prevents a metabolic switch and
thereby results in less reduced photosynthetic components. The
functional significance of hydrogenase is most likely linked to
the tuning of the light reactions of photosynthesis (Figure 5).
For example, Synechocystis possesses various complexes that
fine-tune the intersystem electron transport chain including
flavodiiron proteins, respiratory dehydrogenases, and terminal
oxidases. Our results in this study demonstrate that most of these
were dispensable for the growth on arginine and glucose and raise
the question as to why hydrogenase is essential.

In-vitro experiments have revealed that the hydrogenase
HoxEFU diaphorase sub-complex is able to exchange electrons
between NAD(H), NAD(P)H, several ferredoxins and flavodoxin
(Artz et al, 2020). This is a unique property of HoxEFU
in having reactivity with more than four redox carriers.
In contrast, FNR shuttles electrons between NADPH and
ferredoxin, and the transhydrogenase (PntAB) transfers electrons
from NADH to NADP* (Kimiriinen et al., 2016). Although
the hydrogenase catalytic subunits, HoxYH, were not required
for the HoxEFU activity with redox carriers in vitro, it cannot
be ruled out that this function requires the presence of the
HoxYH subunits in vivo. The data presented in this study
add another dimension to Hox function by demonstrating
that the hydrogenase subunit HoxH, but not the hydrogen
reactivity of HoxH, is required for electron exchange with
the PQ pool in cells grown on arginine and glucose. As the
photosynthetic complex I was likewise required for growth on
organic carbon and nitrogen, it is possible that the hydrogenase
transfers electrons via NDH-1 into the PQ pool. This idea is
further supported by the fact that respiration was diminished
in AhoxH cells in comparison to the WT cells (Figure 3F).
It has been shown that the cyanobacterial NDH-1 complex
accepts electrons exclusively from reduced ferredoxin (Schuller
et al, 2019). It is conceivable that the Hox hydrogenase
complex might mediate an input of electrons via the NDH-1
complex into the photosynthetic electron transport chain and
thereby tune photosynthesis and respiration in the presence of

organic carbon and nitrogen. However, this idea requires further
experimental support.

CONCLUSION

The cyanobacterial bidirectional ~NiFe-hydrogenase of
Synechocystis is required for growth on organic carbon and
nitrogen in the presence of oxygen and fulfills a function
apart from hydrogen turnover. Its presence has an impact
on the redox states of photosynthetic components in the
presence of oxygen. It acts as an electron valve as an
immediate response to the supply of arginine and glucose.
The enzyme does not work as an oxidase and it does not
have the role to dissipate electrons during long-term growth.
Rather, hydrogenase supports the input of electrons into
the photosynthetic electron transport chain. In the presence
of the hydrogenase, Synechocystis performs a metabolic
switch, which allows cells to grow on arginine and glucose
but enters a dormant-like state in its absence. The exact
manner by which hydrogenase influences the thylakoid
membrane’s electron transport chain remains unresolved. Our
observations support a model for the more global occurrence
of a bidirectional NiFe-hydrogenase in cyanobacteria that were
found predominantly in oxygenated surface waters of nutrient-
rich habitats. Its unique ability to shuttle electrons between
NAD(H), NADP(H), ferredoxins, and flavodoxin might help
to mediate an input of electrons via the NDH-1 complex into
the photosynthetic electron chain. However, this view requires
further experimental evidence.
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Nitrogenase-dependent H, production by photosynthetic bacteria, such as
Rhodobacter capsulatus, has been extensively investigated. An important
limitation to increase H, production using genetic manipulation is the scarcity
of high-throughput screening methods to detect possible overproducing
mutants. Previously, we engineered R. capsulatus strains that emitted
fluorescence in response to H, and used them to identify mutations in the
nitrogenase Fe protein leading to H, overproduction. Here, we used ultraviolet
light to induce random mutations in the genome of the engineered H,-
sensing strain, and fluorescent-activated cell sorting to detect and isolate the
H,-overproducing cells from libraries containing 5x10° mutants. Three rounds
of mutagenesis and strain selection gradually increased H, production up to
3-fold. The whole genomes of five H, overproducing strains were sequenced
and compared to that of the parental sensor strain to determine the basis
for H, overproduction. No mutations were present in well-characterized
functions related to nitrogen fixation, except for the transcriptional activator
nifA2. However, several mutations mapped to energy-generating systems and
to carbon metabolism-related functions, which could feed reducing power
or ATP to nitrogenase. Time-course experiments of nitrogenase depression in
batch cultures exposed mismatches between nitrogenase protein levels and
their H, and ethylene production activities that suggested energy limitation.
Consistently, cultivating in a chemostat produced up to 19-fold more H,
than the corresponding batch cultures, revealing the potential of selected H,
overproducing strains.

KEYWORDS

nitrogenase, flow cytometry, hydrogenase, biological hydrogen production, hupA,
mutagenesis
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Introduction

The nitrogen-fixing and photosynthetic purple non-sulfur
bacterium (PNSB) Rhodobacter capsulatus evolves H, using two
genetically distinct nitrogenases, a Mo-nitrogenase and an Fe-only
nitrogenase, when cultured under anaerobic, illuminated
conditions with organic compounds and in the total absence of
nitrogen or in the presence of a poor nitrogen source (Scolnik and
Haselkorn, 1984; Strnad et al., 2010). Nitrogenases are
two-component enzymes (Bulen and LeComte, 1966) formed by
a dinitrogenase (called MoFe protein in the Mo-nitrogenase and
FeFe protein in the Fe-only nitrogenase) and a dinitrogenase
reductase (called the Fe protein), which catalyze the reduction of
N, into NH; in a reaction that also produces, at a minimum, one
mol of H, per mol of reduced N, (Seefeldt et al., 2020).

N,+8H"+8e +16 MgATP +16 H,O — H,+2NH; + 16 Mg
ADP+16P,.

The specific substrate-reducing activities of the R. capsulatus
nitrogenases have been described (Schneider et al., 1991, 1997).
The relative H, to NH; production varies with the component
ratio and nitrogenase type, being much higher in lower electron
fluxes and for the Fe-only nitrogenase compared to the
Mo-nitrogenase, making potential H, production much higher
than predicted from the above equation.

Rhodobacter capsulatus also expresses two hydrogenases: a
cytosolic H,-sensing [Ni-Fe] hydrogenase encoded by hupU and
hupV (Vignais and Billoud, 2007), and a membrane-bound uptake
[Ni-Fe] hydrogenase that catalyzes the reversible reaction
2H"+2e” < H, (Colbeau et al., 1993; Vignais et al., 2005). This
latter enzyme is a heterodimer of the hupA and hupB gene
products. The hupC gene product is a cytochrome b-type protein
that anchors HupAB to the membrane and receives electrons from
HupA (Vignais and Billoud, 2007). Transcription of hupABC is
controlled by a promoter in response to H, and involves a HupUV
H,-sensor and a two-component regulatory system consisting of
a histidine kinase HupT and a response regulator HupR. In the
absence of H,, HupT and HupUYV interact to form a complex in
which  HupT has
Autophosphorylated HupT transfers a phosphate group to HupR,

increased auto kinase activity.
which in this state is unable to activate transcription. In the
presence of H,, HupUV binds H, and HupT is released. Although
trans-phosphorylation between HupT and HupR can occur, in
this state HupT appears to function rather in a phosphatase mode,
leaving HupR in the active, unphosphorylated state, which can
now activate transcription (Vignais et al., 2005).

Diverse approaches have been used to increase H, production
by genetic manipulation of microorganisms. Increase of H,
production by hydrogenase obtained by directed mutagenesis or
by removing genes related to their synthesis, regulation or
assembly has been reported (Jahn et al., 1994; Masukawa et al.,
2002; Liu et al., 2010). Nitrogenases are also excellent H,-
producing enzymes, and H, production via nitrogenase has also
been improved, mainly in cyanobacteria (Bandyopadhyay et al.,
2010; Masukawa et al., 2010; Skizim et al., 2012) and PNSB (Rey
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et al., 2007; Kim et al., 2008; Liu et al., 2010; Wang et al., 2010;
Barahona etal., 2016; Zhang et al., 2016). An important limitation
to improve H,-producing enzymes is the scarcity of high-
H,
microorganisms. In this context, a combination of fluorescence-

throughput screening methods for overproducing
activated cell sorting (FACS), an engineered R. capsulatus strain
that generates fluorescein in response to H,, and the in vivo
expression of random variants of the nitrogenase NifH protein in
the engineered strain, has been used previously to detect and
separate H, overproducing cells in screenings involving over a
million variants per experiment (Barahona et al., 2016).

Here, we subjected R. capsulatus to directed genome evolution
to increase H, production. Random UV mutagenesis of engineered
H,-sensing strains was combined with FACS to detect and isolate
the resulting H,-overproducing cells. Three rounds of
mutagenesis/selection were performed to achieve 2- to 3-fold
increase in H, production over the parental H,-sensing strain. The
effect of removing H, from the gas phase of R. capsulatus cultures
to accelerate H, evolution was also investigated.

Materials and methods

Bacterial strains, growth media, and
growth conditions

Bacterial strains used in this study are listed in
Supplementary Table S1. R. capsulatus strains were cultivated
either in rich YPS medium or RCV minimal medium (Weaver
et al., 1975). RCV medium contained 30mM DL-malate and
10mM (NH,),SO, as sole carbon and nitrogen source, respectively.
When required for nitrogenase derepression, ammonium was
omitted (RCV,) and, when indicated, RCV was supplemented
with 10 mM L-serine (in this work, called RCVS). For Petri dishes
medium was solidified with 1.5% agar. The medium was
supplemented with kanamycin (Km; 50 pg/ml) or rifampicin (Rif;
25 pg/ml) when required. Cultures were incubated at 30°C either
under chemotrophic (aerobic) or phototrophic (anaerobic)
conditions. Petri dishes were incubated at 30°C inside illuminated
(300 lux) anaerobic jars in the presence of anaerobic gas generator
bags (AnaeroGen™, Thermo Scientific, United States).

To determine growth curves of R. capsulatus-derived strains,
precultures in RCV medium were diluted to an ODy, of 0.15 and
transferred in triplicate to 24-multiwell plates. Cultures were
grown at 30°C in presence of oxygen with shaking (700 rpm) using
a SPECTROstar Nano instrument (BMG LABTECH, Germany)
to determine the ODg, and growth was recorded every hour
for 44 h.

To derepress nitrogenase in batch cultures, R. capsulatus cells
precultured in RCV were transferred to 100-ml capped vials
containing 60 ml of RCV,; medium and adjusted to an initial ODj
of 0.18. Vials were sparged with N, to completely remove air.
Cultures were grown at 30°C phototrophically (six 60 W light
bulbs providing 300 lux at 25 cm of the vials) for 22 h.
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Nitrogenase was also derepressed in continuous cultures. The
system consisted of an illuminated 300 ml bioreactor containing
150 ml of RCV,. The bioreactor was inoculated with anaerobically
grown R. capsulatus cells to an initial ODg, of 0.3 and the reactor
was made anaerobic by sparging N, for 1h (t=0h). After 16h of
diazotrophic growth, the gas phase was renewed by sparging N,
for 1h. Then, a peristaltic pump was used to replace fresh medium
for reactor contents at a flow of 2.5ml/min until the end of the
experiment. At =39.5h, the bioreactor was opened again both to
release any H, produced and to renew the N, atmosphere by
sparging. H, measurements were taken at 0, 16, 17, 22.5, 25.5, 39.5,
40, 46, 49, and 63 h.

Ultraviolet light mutagenesis

Ultraviolet light (UV light) mutagenesis was performed on
R. capsulatus wild-type, S1, and S2 strains to generate random
mutations along the genome. Each strain was cultured for 48 h on
two Petri dishes containing solid YPS medium. One of the two
Petri dishes was exposed to UV light while the second plate was
used as control. The procedure was carried out in the dark to
prevent photoreactivation. After UV light exposure, a loop of cells
from each Petri dish was resuspended in 1 ml YPS and vortexed
vigorously. Serial dilutions (from 10~ to 10~°) were plated onto
solid YPS to give 30-300 colonies/plate and incubated at 30°C for
48h. Colony counts were performed to estimate survival rates.
Nine UV treatment times were tested. At 30s, and at 1, 3, 5, 6, and
8min, there were no survival differences between UV-treated
plates and non-treated controls. At 10min, the survival rate in
UV-treated plates was 90% of the control. At 13 min, the survival
rate was 8% for R. capsulatus wild type and 10% for the S2 strain.
No survivors were obtained after 15min of UV illumination.
Therefore, a 13-min exposure to UV light was used to generate
libraries of random mutants. Each library contained ca. 3x10°
colony-forming units.

Flow cytometry

Rhodobacter capsulatus cells grown under diazotrophic
conditions in 100-ml capped vials, containing 60 ml of RCVS
medium, were collected by centrifugation in Falcon tubes for
15min at 4°C, 4,500xg, resuspended in 5ml PBS supplemented
with 10% glycerol, and incubated for 30 min at 4°C. Cells were
then collected, resuspended in 1 ml of an 8:1:1 mixture of PBS,
fluorescein di-B-D-galactopyranoside (FDG) and propidium
iodide (PI), and incubated at 37°C for 30 min to facilitate FDG
entrance into the cells. When cleaved by -galactosidase, FDG
releases fluorescein, which cannot diffuse across the cytoplasmic
membrane (Plovins et al, 1994). Cells were collected by
centrifugation, resuspended in RCV medium, and analyzed in a
FACSVantage (sorter) flow cytometer using an argon ion laser to
excite the fluorochrome (488 nm) and a 0.5 pm filament filter to
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separate very small particles. About 5x 10° cells were analyzed in
each experiment. The cell sorter was programmed with very
stringent parameters to separate individual cells leading to clonal
populations. Only a few cells from a subpopulation exhibiting
10-100-fold more fluorescence than the population average were
sorted and recovered in 96-well microplates containing RCV
medium. These stringent sorting conditions were chosen to ensure
that just one highly fluorescent cell, or none, went into the
receiving well. As a result, only a single microplate was filled in a
2-h experiment, and about one-half of the wells produced no
growth when their contents were used as inoculum. Grown
cultures were then diluted to normalize their OD and transferred
to RCVS medium in 96-well microplates to derepress nitrogenase
overnight and prepare for 4-methylumbelliferone p-D-
galactopyranoside (MUG) assays.

4-Methylumbelliferone
p-D-galactopyranoside activity assays

4-Methylumbelliferone f-D-galactopyranoside p-galactosidase
activity assays were carried out as described in (Barahona et al.,
2016). R. capsulatus cultures were incubated overnight under
diazotrophic conditions inside a glove box in a 96-well plate (black/
clear Optilux™ flat bottom; BD Biosciences) covered with a
transparent adhesive sealer. Portions of 120 pl from each culture
were transferred to a 96-well microplate containing 100 pl of
Z-Buffer (Miller, 1972) in each well, then supplemented with 25 pl
MUG solution (1mg/ml solution in dimethyl sulfoxide) and
incubated at room temperature for 2h in darkness. MUG
hydrolysis by p-galactosidase was quantified by fluorescence
emission at 445 nm (372 nm excitation wavelength) in a Genios Pro
(Tecan) microplate fluorometer.

In vivo nitrogenase acetylene reduction
assay

To determine acetylene reduction activity in R. capsulatus,
1 ml portions of cultures grown under diazotrophic conditions
were transferred to 9-ml sealed vials with a 94% N,/6% acetylene
gas phase and incubated at 30°C in presence of light for 30 min.
Ethylene formation was detected in 50 pl samples withdrawn from
the gas phase by using a Shimadzu GC-2014 gas chromatograph
equipped with a 9-ft long, 1/8-in diameter Porapak R column. In
vivo nitrogenase activity units are defined as nmol ethylene
formed per min per ml of culture at an ODg, equal to 1 (nmol
C,H, min™" ODgy,").

H, production measurements

To determine H, production in R. capsulatus cultures grown
under diazotrophic conditions, 250 pl samples were withdrawn at
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the indicated times from the gas phase of 100 ml capped vials. H,
production in R. capsulatus continuous cultures was also
determined in 250 pl gas phase samples withdrawn at the indicated
times. Samples were injected in a Shimadzu GC-8A gas
chromatograph equipped with a 6-ft long, 1/8-in diameter
Molecular Sieve column 5A. Each measurement had two technical
replicates per biological replicate. H, production activity is
presented either as total H, released or as H, released per hour and
ml of culture (ODgpy=1).

Immunoblot detection of NifH and NifDK
proteins

For SDS-PAGE, cells from 1-ml culture samples were
collected by centrifugation, resuspended in 2x Laemmli
sample buffer supplemented with 0.1 M dithiothreitol (to a
concentration equivalent to an ODg, of 4), and electrophoresed
in 12% acrylamide/bisacrylamide (29:1) gels. For immunoblot
analysis, proteins were transferred to nitrocellulose membranes
for 40 min at 20 V using a Transfer-Blot® Semi Dry system
(Bio-Rad). Immunoblot analyses were carried out with
antibodies raised against a 1:1 mixture of Azotobacter
vinelandii and Rhodospirillum rubrum NifH proteins (1:2,500
dilution) or with antibodies raised against R. capsulatus NifDK
(1:2,000 dilution; antibody kindly donated by Yves Jouanneau,
CNRS, Grenoble). Secondary HRP-conjugated anti-rabbit
United States)

antibody (Invitrogen, used at

1:15,000 dilution.

was

Whole-genome DNA sequencing and
data analysis

For second-generation genome sequencing, total DNA
from bacterial cultures was isolated using the NZY Tissue
gDNA isolation kit (NZYTech), following the manufacturer’s
instructions, and eluted in a final volume of 100 pl. A negative
control that contained no sample was included in the DNA
isolation process to check for cross-contamination during the
experiments. DNA samples were quantified using the Qubit
dsDNA HS Assay kit (Thermo Fisher Scientific) and sequenced
by an external service provider (AllGenetics & Biology SL).
Briefly, libraries were constructed using the Nextera XT DNA
Library Prep kit (Illumina) according to the manufacturer’s
instructions, and they were dual indexed for post-sequencing
demultiplexing. The fragment size distribution of the libraries
was checked with an Agilent 2,100 Bioanalyzer using the
Agilent DNA 1000 Kit. Libraries were quantified with the Qubit
dsDNA HS Assay Kit and pooled in equimolar amounts. Pooled
libraries were then sequenced with an Illumina MiSeq (2 x PE,
300bp) sequencer.

For third-generation genome sequencing, total DNA
extraction from S2- R. capsulatus culture was performed using
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DNeasy Blood & Tissue Kit (QIAGEN) according to PacBio
guidelines for handling high-molecular-weight DNA for
successful constructions of SMRTbell™ libraries. Quick
Ampure XP bead clean-up was then performed to remove RNA
contamination. DNA quality (i.e., integrity, purity, and
concentration) necessary for library preparations was evaluated
from gel images of DNA samples and by Qubit® fluorimetry.
Barcoded libraries were prepared, and the size was selected by
performing one 0.45 x (sample volume to beads volume ratio)
clean followed by another 0.4 x clean using Ampure beads to
remove DNA fragments smaller than 3-5kb. Sequence data
were demultiplexed and genomes assembled using PacBio’s
Microbial Assembly Tool.

Raw genome sequencing reads were processed to correct or
eliminate erroneous reads. Error correction algorithms, from
simple trimming processes using base quality scores to complex
error correction approaches based on the frequency of
erroneous reads in the set being assembled, were carried out.
Subsequently, single-nucleotide polymorphisms (SNV) were
mapped to the S2— R. capsulatus genome used as reference.
Initial DNA sequence comparisons detected more than a
thousand differences between the reference genome and
UV-mutated derivatives, but most of those laid in regions of
lower sequence coverage and were considered population
polymorphisms. Thus, only SNVs present in more than 65% of
the reads, and that were also present in subsequent strain
derivatives (3 rounds of mutagenesis were performed), were
considered for further analysis. All procedures were performed
using Geneious version 6.1.8 software. SNVs were confirmed
by performing Basic Local Alignment Search Tool (BLAST)
against the reference genome.

Statistical analysis

Statistical analyses were carried out using Prism software.
One-way ANOVA tests were performed to compare the means of
multiple sets of data (p <0.05). Adjusted p values were determined
by the Bonferroni test.

Results

We sought to develop a method to generate and in vivo
identify H, overproducing PNSB variants that could be easily
implemented in the set-up of an academic R&D laboratory.
This method starts by generating a huge library of random
mutants that is subsequently screened in groups of half a
million at a time by FACS using a fluorescence signal as proxy
for H, production. The selection procedure favors speed and
standardization, and balances, on one hand, a significant
increase in fluorescence signal with, on the other hand,
obtaining a manageable number of selected overproducing
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strains. We found out that about 1% of the mutant population
emitted 10-100-fold higher signal than average, and that a
2-3-h FACS experiment could sort out and collect 96 of them
in a single plate. Because the number of isolated clones was
relatively small, a growth test and secondary H, production
proxy screening were then performed to validate the FACS
selection before real H, production was determined. To “fix”
advantageous mutations for H, production, we decided to
pursue stepwise increments rather than performing a deeper—
and much longer-screening of an individual mutagenic library.
Thus, the 2-3 highest H, overproducing mutants were used in
subsequent cycles of mutagenesis and screening. At the end, a
collection of H, overproducing R. capsulatus mutants was
analyzed by whole genome sequencing to gain insights into the
genetic basis of their phenotypes and to establish the
mutation genealogy.

First round of UV mutagenesis and
screening for H,-overproducing strains

Rhodobacter capsulatus S1 and S2 sensor strains contain a
copy of lacZ (PhupA::lacZ) integrated in the chromosome
between hypF and hupA (Supplementary Table S1). They
express LacZ and catalyze the formation of fluorescein from
fluorescein di-p-D-galactopyranoside (FDG) in response to
endogenously produced H, (Barahona et al, 2016). In
addition, S2 lacks the hupAB structural genes for the uptake-
hydrogenase and is unable to consume H,. Random genome-
wide mutagenesis of S2 was performed as starting point to
generate strains with enhanced in vivo H, production. S2 cells
growing on solid YPS medium were exposed to UV light,
serially diluted, and plated again to assess survival. About
3x10° colony-forming units (10% survival rate) were
recovered after mutagenesis. Mutagenized cells (UV-S2) were
pooled, derepressed for nitrogenase in RCVS medium,
incubated with FDG, and analyzed by FACS flow cytometry
(Figure 1A). Wild-type, SI1, and S2 cells derepressed for
nitrogenase and treated with FDG were used as controls.
About 5x 10° mutagenic events were processed per FACS
sample. UV-S2 cells emitting 10 to 100-fold more fluorescence
than the main population (1.4% of the total population in the
P2 areas of Figure 1A) were sorted by the flow cytometer and
some of them were collected into a 96-well microplate
containing RCV medium. After incubation, growth was
observed in 52% of the inoculated wells. Grown cultures were
then transferred to RCVS medium inside an anaerobic
glovebox for nitrogenase derepression and secondary
MUG-based p-galactosidase activity determinations. Fourteen
mutants exhibited at least 2.5-fold higher MUG-derived
fluorescence than S2 (Figure 1B). Derepressed cultures showed
statistically significant increases in H, production rates
compared to S1 and S2 (see Round 1 box in Figure 2).
S2-derived strains 2G, 11F, and 11G were selected as the
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highest H, producers and further analyzed in time-course H,-
production experiments (Figure 3A).

Additional rounds of mutagenesis and
screening to further increase H,
production

2G, 11F, and 11G strains were separately subjected to a
second round of UV mutagenesis and FACS screening. The
percentage of cells in selective P2 areas of FACS was 0.027, 0.5,
and 0.01%, for UV-11F, UV-11G, and UV-2G, respectively
(Figure 1A). As in round 1, cultures presenting over twice the
p-galactosidase activity of their parental strains were monitored
for H, production, and the highest H, producers were selected
(Figure 1B). Selected strains were used in subsequent rounds
of UV mutagenesis and screening while statistically significant
increases in H, production rates were observed. Significant
differences were observed between SI1, S2, and mutants
generated in mutagenic rounds 1 and round 2, but not between
round 2 and round 3 mutants (Figure 2). Therefore, no further
rounds of mutagenesis were performed after round 3.
Supplementary Figure S1 shows the genealogy of R. capsulatus
strains generated in this work.

The H, production rates of selected strains subject to
subsequent rounds of UV mutagenesis are shown in Figure 3A. H,
production rates of additional derivative strains can be found in
Supplementary Figure S2. Rates were determined in time-course
experiments after nitrogenase derepression, and statistically
significant differences between S2 and derivative strains were
observed at all investigated times. Strains 124, 8D, and 12C stood
out as the highest overproducers, with average production rates of
3,056, 2,830, and 3,180nmol H, ml™" h™" ODg, ', respectively
(compared to average S2 production of 1,388 nmol H, ml™" h™!
ODgy ™).

Mo-nitrogenase is the enzyme responsible for H,
production in R. capsulatus growing photoheterotrophically in
the absence of fixed N and when the growth medium contains
Mo. In vivo nitrogenase activity in S2 and derivative strains was
estimated by the acetylene-to-ethylene reduction method.
Ethylene production was lower in S2 than in the derivative
strains at all analyzed times, although differences were only
statistically significant 22h after derepression (Figure 3B).
Correlations between H, and ethylene production activities
were observed for all strains, indicating that H, overproduction
phenotypes were not due to changes in nitrogenase substrate
specificity (i. e. preference of H" over acetylene), as reported
previously for nifH mutant experiments (Barahona et al., 2016).
On the contrary, nitrogenase activities did not correlate with
the accumulation of the NifH and NifDK components of
Mo-nitrogenase, as S2 accumulated more Nif polypeptides
than most of its derivative strains (Figure 3C). 8D, 3D, and 12C
had slightly altered NifH and NifDK accumulation profiles
compared to the other strains.
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FIGURE 1
High-throughput selection of Rhodobacter capsulatus cells emitting fluorescence in response to H,. (A) Fluorescence activated cell sorting. Dot-
plot showing side-scattered light (SSC) versus fluorescence generated by fluorescein isothiocyanate (FITC) in R. capsulatus populations of wild
type, S1, S2, UV-S2 (pool of S2 cells after UV treatment), and derivative strains obtained by further rounds of UV mutagenesis. P2 indicates areas
used for cell sorting into 96-well plates. Strains analyzed in depth in this study (e. g. 11F, 11G, and 2G) are shown in the P2 area from which they
were isolated. (B) Examples of beta-galactosidase activity (MUG hydrolysis in 96-well plate format) of clones sorted by FACS. Left, UV-S2. Right,
UV-2G, UV-11F, and UV-11G sorted populations. Green and blue bars show wild-type and S1 and S2 activities, respectively. Red bars show activities
of strain subject to each mutagenic treatment. Black bars represent activities of clones selected for further rounds of mutagenesis.

Improving H, production under activities were lower at 39h than at 22h after nitrogenase
continuous culture conditions with derepression (data not shown). The slight decrease of NifH and
intermittent gas exchange NifDK accumulation over time (Figure 3C) cannot entirely account
for the magnitude of this effect, and therefore, additional factors

After maximum accumulation of nitrogenase polypeptides must be involved. One possibility is the limitation of electrons and
occurred, the rates of H, production decelerated over time in all ATP supply to nitrogenase. However, because aerobic
strains and, finally, decreased between 38 and 39h non-diazotrophic growth also stopped at similar culture OD
(Supplementary Figure S3). Consistently, acetylene reduction (Supplementary Figure S4), it appears that the observed decrease
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was caused by more general, physiological causes. Typically,
substrate limitation or waste accumulation are responsible for batch
cultures entering the stationary growth phase. Therefore, continuous
culture experiments were undertaken.

Continuous culture conditions were established that
maintained culture density at ODgy=1.6 (Figure 4A), and H,
production by S2, 8D, and 12C strains was determined during
63-h experiments (Figures 4B,C). Periodic atmosphere changes to
replenish N, and to remove accumulated H, were also
implemented. Figure 4B shows that all accumulated H,
disappeared after atmosphere regeneration at 17 and 40h. H,
production rates increased during the experiment and were always
higher in 12C and 8D than S2 (Figure 4). At 63h, strains 12C and
8D produced 63+ 1 pumol H, h™ ml™ ODy, ™" and 52+ 2 pmol H,
h™ ml™" ODgy, ", respectively, compared to 12+ 1 pmol H, h™' ml™
ODgo ! in the S2 strain. Comparison with their maximum H,
production rates in batch cultures (ca. 1-3pmol H, h™' ml™
ODy !, see Figure 3A) indicated that continuous culture
conditions effectively removed some limitations to H, production.
The total volume of H, produced in 63 h by strains 8D and 12C
was 4 and 51 H, per L of culture, respectively (Figure 4C).

Identification of mutations in
Rhodobacter capsulatus H,
overproducing strains

Mutations present in 11F 124, 12C, 3D, and 8D strains were
identified by whole genome sequencing (Illumina MiSeq, PE 2x
300bp, 100x coverage) and mapped to the R. capsulatus S2
chromosomal DNA sequence. Due to the large number of
differences in the DNA sequences of the mutants and S2, only SNV
that were present in more than 65% of the mutant reads, and that
were also present in subsequent strain derivatives, were considered.
These stringent criteria represent a conservative approach. Therefore,
the chosen mutations might not encompass all possible changes but
rather represent the minimum relevant changes caused by UV that,
altogether, affect H, production phenotype. Mutations identified in
the selected H, overproducing strains are listed in Table 1 and
Supplementary Table S2. SNVs were identified that resulted in
amino acid changes within functional gene sequences or changes in
promoters and terminator regions. Point mutations leading to
nucleotide deletions that create frameshifts were also observed. A
total of 35 genomic changes, uniformly and randomly distributed
the
(Supplementary Table S2). These changes included two deletions

across genome, were identified among = strains
and 31 SNVs, 21 of which resulted in amino acid changes. In seven
cases, two mutations were localized very close in the same ORFs. As
expected, parental variations were maintained in second- and third-
round mutants (except for eda mutation in 11F).

Table 1 lists mutations in genes that could be relevant to H,-
overproducing phenotypes. Deletion of structural uptake
hydrogenase genes (hupAB) was confirmed in S2 and all derivatives

were sequenced in this study. Obviously, the absence of HupAB
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FIGURE 2

In vivo H, production in batch cultures of clones that had high
p-galactosidase activity in previous MUG assays. Measurements
were taken after each round of UV mutagenesis. In vivo H,
production of S1 and S2 are shown as reference. Boxes show
25th to 75th percentiles, the median (line), and the mean (+).
Whiskers show from minimum to maximum values. Each dot
represents H, production of a different clone. Different letters
indicate statistically significant differences (p<0.05 for S1vs. S2,
and p<0.0001 for the rest of group comparisons).

prevented consumption of H, produced by nitrogenase. 8D had a
mutation in ackA2, encoding acetate kinase, which possibly affects
carbon metabolism. 11F had a mutation in rcc02232, a gene linked
to a nitrogen fixation gene cluster that encodes a FAD-dependent
oxidoreductase, and possibly affects electron donation to
nitrogenase. Importantly, this mutation was carried over to 12A,
12C, and 3D derivative strains. 12A had additional mutations in
rcc01477 (encoding another FAD-dependent oxidoreductase) and
araB (encoding a ribulokinase involved in arabinose catabolism),
with implications in carbohydrate metabolism and electron transfer.
In addition to mutations carried over from 11F and 12A, 3D has a
mutation in a ndh gene encoding a subunit of an NADH
dehydrogenase, and thus involved in energy production. Most
importantly, strain 12C has mutations in metH3, encoding a
methionine synthase necessary for S-adenosylmethionine (SAM)
biosynthesis, and in nifA2, a second, initially redundant, nif-specific
transcriptional regulator located in nif cluster B (Demtroder et al.,
2019). SAM is required for the biosynthesis of the iron-molybdenum
cofactor of nitrogenase by NifB (Curatti et al., 2006). Notably, NifH
and NifDK accumulation in 12C was not much lower than in the
other analyzed strains (Figure 3C).

Discussion

Biohydrogen generation by photosynthetic bacteria, such as
PNSB, exhibits low productivity making them unsuitable to
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FIGURE 3
Time course of H, production in batch cultures of selected strains isolated after each round of UV mutagenesis. In vivo H, (A) and ethylene
(B) production of S2 and the highest H, overproducing variants. The three bars of each strain represent activities at 15, 18, and 22h after the start of
nitrogenase depression. Data represent the mean+SD of biological replicates (n=6 for H,, n=4 for ethylene). Each biological replicate had 2
technical replicates. Statistically significant differences in H, production between S2 and H, overproducers existed at all measured times
(p<0.0001). Differences in ethylene production between S2 and H, overproducers were statistically significant at 22h (p<0.05). (C) Immunoblot
detection of nitrogenase NifH and NifDK components in cell-free soluble extracts from cultures shown in panel B. Normalized quantification of
band intensity is indicated above each band. Ponceau staining of membranes is shown as loading control. Full uncropped gels are available as
Supplementary Figure S5.

generate H, for large-scale applications (Chandrasekhar et al.,
2015). However, their production has been insufficiently explored,
being underdeveloped, and remains a promising renewable source
of H, considering the energy input (sunlight) and purity of
product output (Gupta et al., 2013; Chandrasekhar et al., 2015;
Jiménez-Llanos et al.,, 2020; Chai et al., 2021). Several strategies to
enhance photo-fermentative biohydrogen production have been
described, such as immobilization of bacteria for continuous H,
production (Fifler et al., 1995; Elkahlout et al., 2019), modification
of carbon substrates, nitrogen source, and micronutrients
contained in the H, production medium (Liu et al., 2009;
Laocharoen and Reungsang, 2014; Chen et al., 2017), and genetic
modifications (Barahona et al., 2016; Feng et al., 2018b; Ma et al.,
2021), among others.

Previously, we were able to increase H, production by
R. capsulatus 10-fold through the development of a biotechnological
tool for the detection of H,-overproducing mutants expressing
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randomly generated nitrogenase variants (Barahona et al., 2016).
The tool was based on the sensing hydrogenase of R. capsulatus and
produced a fluorescent signal proportional to the amount of H,
produced by each variant. Here, we have used it for genome-wide
screening of mutations leading to enhanced H, production, thus
expanding the impact of this tool.

This work focuses on methodology for non-designed
enhancement of H, production activity through the detection of
rare overproducers within a very large population of cells. One
outcome from this work is that this method did not accumulate
mutations on nitrogenase or hydrogenase genes, which would
be obvious targets for a designed mutant strategy. It appears that
a panoply of mutations, probably resulting in small production
increments, underly the H, overproducing phenotype. As a result,
the proposed methodology does not allow to unequivocally
assign specific genotypes as responsible for the observed H,
overproducing phenotype, and the putative contribution of each
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TABLE 1 Mutations accumulated in Rhodobacter capsulatus H,
overproducing strains.

Strain Accumulated Relevant  Proposed
mutations genes function
affected
S2 1 mutation hupAB Uptake hydrogenase
(H, consumption)
11F S2+7 mutations rcc02232 FAD dependent
oxidoreductase
(Energy production)
12A 11F +5 mutations  rcc01477 FAD-dependent
oxidoreductase
(Energy production)
araB Ribulokinase
(Carbohydrate
metabolism)
8D $2+5 mutations ackA2 Acetate kinase
(Carbon
metabolism)
3D 12A +5 mutations  ndh NADH
dehydrogenase
(Energy production)
12C 12A + 6 mutations ~ metH3 Methionine
synthase (SAM
biosynthesis)
nifA2 Nif transcriptional

regulator (Nitrogen

fixation)

one of the identified mutations towards this phenotype will
require further experimentation.

To identify genes and pathways involved in H, metabolism,
we performed random DNA mutagenesis of R. capsulatus S2
using UV mutagenesis. Random mutagenesis of bacteria and
algae using both physical (UV) and chemical (e.g. ethyl methane
sulfonate) mutagens has been used extensively to improve
microorganism activities useful at industrial scale (Joshi et al.,
2013; Lee et al., 2014; Perin et al., 2015). UV radiation
(250-290 nm) induces either formation of thymine dimers that
cause transition of G and C to adenine A and thymine T and/or
deletion of A-T base pairs in the DNA. R. capsulatus has an
efficient photoreactivation system that repairs DNA damage
induced by UV (Barbe et al., 1987). Thus, in this work, UV
mutagenesis was performed in absence of visible light. Point
mutations in R. capsulatus regulatory sequences and other key
genes could result in enhanced H, production. The possibility
of mutation bias resulting from the UV treatment cannot
be ruled out as no other chemical random mutagenesis was
performed in parallel. The survivors of mutagenic treatment
were screened in groups of 5x 10° CFU. About 0.01 to 1% of
them exhibited enhanced fluorescence compared to the
population average and the parental strain. The effectiveness of
FACS high-throughput screening was confirmed by secondary
f-galactosidase and H, production activities.
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FIGURE 4

H, production in continuous cultures of S2, 8D, and 12C strains.
(A) Stability of culture OD during the experiment. Continuous
culture conditions were established once the ODgq, reached 1.6.
(B) Time course of in vivo H, accumulation. Note the
disappearance of accumulated H, at times 17 and 40h due to
complete regeneration of the gas phase. (C). The total amount of
H, produced. Statistically significant differences in H, production
between S2 and H, overproducers existed at all measured times.
Different letters (a, b, or ¢) indicate statistically significant
differences (p<0.05). In all panels, data represent the mean+SD of
biological replicates (n=4 for S2, n=2 for 8D and 12C) with two
technical replicates each.
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The greatest differences in H, production were observed at 22,
where all selected strains produced higher levels than S2. The highest
H,-overproducing strains were subject to subsequent rounds of UV
mutagenesis and FACS to continue improving H, production. Thus,
accumulation of mutations after each round could be closely linked
to the enhancement of H, production. Differences in H, production
rates were lower at 39 than 22h, probably due to depletion of
nutrients in batch cultures, as previously reported (Bianchi et al.,
2010; Boran et al., 2010; Feng et al., 2018a). Overall, H, production
was enhanced 6-fold by deleting the hupAB genes (uptake
hydrogenase) and by performing random mutagenesis. In addition,
continuous cultures of selected mutant strains were shown to
produce 19-fold more H, than the corresponding batch cultures.

Nitrogenase variants greatly enhancing H, production have
been previously obtained. The most active H, producers lost the
ability to reduce acetylene into ethylene (Barahona et al., 2016;
Zheng and Harwood, 2019). In contrast to the nitrogenase-
focused approach, all variants analyzed by genome-wide screening
exhibited higher acetylene reduction activities than the S2 parental
strain, although nitrogenase structural proteins, NifH and NifDK,
were expressed at similar levels. This observation suggests that
changes selected in the genome of variants do not affect
nitrogenase substrate specificity and could be altering either (i)
other nitrogenase-related proteins, or proteins that are involved in
nitrogen fixation-related pathways, or (ii) regulatory regions or
factors. One aspect not investigated here was the possible
contribution of the Fe-only nitrogenase to the H, overproduction
phenotype. A comparative characterization of H, production by
Mo- and Fe-only nitrogenases in a hupB~ mutant of R. capsulatus
indicated higher production from the Fe-only nitrogenase
operating under N, atmosphere (Krahn et al., 1996). However, in
our experiments, the Fe-only nitrogenase is repressed because the
culture medium contains molybdate. Thus, mutations derepressing
its expression in presence of molybdate would be required.

Regarding regulatory mutations, it is noteworthy that round 2
mutant 12C, one of the strongest H, overproducers, contains a
mutation in nifA2. R. capsulatus contains two copies of the nifA
transcriptional activator gene, nifAl and nifA2, and their gene
products equally activate both nif and anf promoters (Demtroder
etal, 2019). However, the regulation of nifA2 differs from that of
nifA1 in that it is subject not only to NtrC nitrogen control, but also
to the general, redox-responding RegAB regulatory system (Elsen
et al,, 2000).

Regarding mutations in nitrogenase-related functions or
pathways, none of the mutations accumulated in selected H,
overproducers targeted well-characterized functions related to
nitrogen fixation. However, some of them affect genes with
proposed functions that could be relevant to nitrogen fixation.
Strain 11F —and hence 12A and its derivatives— contained a
mutation in rcc02232, a proposed FAD oxidoreductase, while 12A
and its derivatives accumulated an additional mutation in
rcc01477, another proposed FAD oxidoreductase. FAD-dependent
oxidoreductases play a role in energy-generating systems and here
they may be part of an ancillary system, unknown until now, that
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can feed reducing power or ATP to the nitrogenase system. This
possibility is further substantiated by the presence of a ndh
mutation in 3D, 12A-derived strain. Although many NADH
oxidases have been linked to oxidative stress control, regeneration
of NAD" is also critical for cellular energy generation.

Another set of selected mutations is that of C metabolism-
related functions. In strain 12A and derivatives, a mutation in
araB, a ribulokinase, was selected, while strain 8D showed a
mutation in ackA2, an acetate kinase. Gene ackA2 has been
implicated in a 1,2-propanediol degradation pathway that is
overexpressed in mutants in the RegAB general redox regulatory
system (Schindel and Bauer, 2016). AraB, on the other hand,
catalyzes the conversion of ribulose to ribulose-5-phosphate
(Agarwal et al,, 2012). Ribulose-5-phosphate, besides constituting
an energy vector, can feed into the pentose phosphate pathway. It
has been reported that polysaccharide production substantially
increases in R. capsulatus mutants lacking nitrogenase activity
(Klein et al., 1991). This suggests that nitrogen fixation and
polysaccharide production pathways may be competing for
metabolites or reducing power. Were this the case, it is possible
that a mutation in araB could result in higher energy availability
to nitrogenase, thus explaining its higher H, production.

Finally, one of the mutations in the overproducing strain 12C is
located within the metH3 gene that codes for a methionine synthase.
Methionine is a precursor of S-adenosyl-methionine (SAM), and
SAM is required for NifB activity in the synthesis of the NifB-co
cofactor, a precursor to the nitrogenase catalytic cofactor, FeMo-co
(Buren et al., 2020). However, in the absence of data regarding
alteration of SAM levels in strain 12C, the effect of this mutation is
difficult to rationalize. This gene could simply be involved in the
relative availability of sulfur that might affect the relative NH; vs. H,
produced. Or its mutation might alter the relative expression of
Mo- vs. Fe- only nitrogenase affecting H, produced.

At present it is difficult to rationalize the role of the above
mutations that result in a nitrogenase able to efficiently evolve H,
while not being affected in its ability to reduce N,, within a specific
framework. Further investigation of the phenotypes of these
mutations will probably clarify some of the complex metabolic
interactions that the proposed functions of the genes implicated
suggest. This will probably unearth subtle redox and energy
interactions in the nitrogen fixation process that have so far escaped
detection but that are, nonetheless, important to determine the fate
of electrons through nitrogenase. In this respect, it is important to
keep in mind that alterations in the electron flux through
nitrogenase can alter its preference for different substrates (e. g
protons or N,). Purified nitrogenase allocates 25% of the electrons
fed to it to proton reduction (Simpson and Burris, 1984), and this
has been mechanistically explained (Seefeldt et al., 2020). However,
in vivo, higher ratios of proton reduction have been observed,
especially in symbiotic systems under stressful conditions for the
legume symbiont (Schubert and Evans, 1976), an observation that
is also commonly explained by the complexities of the nitrogenase
catalytic mechanism: given that nitrogenase needs to store six
electrons for the stepwise reduction of N, to NHj, it is expected that
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when the electron flux is suboptimal, electrons can leak out to
protons and be lost as H,. Hence, any mutations that negatively
affect the efficiency of the flux of electrons through nitrogenase
would probably result in a higher proportion of electrons allocated
to protons, and thus a higher production of H,. The selected
mutations would fit within this category.

It is surprising that no nitrogenase mutations were identified
in this screening. Future developments should include combining
mutations identified in (Barahona et al., 2016) and this study, as
well as exploiting the Fe-only nitrogenase activity by deregulating
it or by changing culture conditions to express it.
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The [FeFe]-hydrogenases are enzymes that catalyze the reversible activation of H, coupled
to the reduction—oxidation of electron carriers. Members of the different taxonomic groups
of [FeFe]-hydrogenases display a wide range of preference, or bias, for H, oxidation or
H, production reactions, despite sharing a common catalytic cofactor, or H-cluster.
Identifying the properties that control reactivity remains an active area of investigation,
and models have emerged that include diversity in the catalytic site coordination
environments and compositions of electron transfer chains. The kinetics of proton-coupled
electron transfer at the H-cluster might be expected to be a point of control of reactivity.
To test this hypothesis, systematic changes were made to the conserved cysteine residue
that functions in proton exchange with the H-cluster in the three model enzymes: Cal,
Cpll, and CrHydA1. Cal and Cpll both employ electron transfer accessory clusters but
differ in bias, whereas CrHydA1 lacks accessory clusters having only the H-cluster.
Changing from cysteine to either serine (more basic) or aspartate (more acidic) modifies
the sidechain pKa and thus the barrier for the proton exchange step. The reaction rates
for H, oxidation or H, evolution were surveyed and measured for model [FeFe]-
hydrogenases, and the results show that the initial proton-transfer step in [FeFe]-
hydrogenase is tightly coupled to the control of reactivity; a change from cysteine to more
basic serine favored H, oxidation in all enzymes, whereas a change to more acidic
aspartate caused a shift in preference toward H, evolution. Overall, the changes in reactivity
profiles were profound, spanning 10° in ratio of the H, oxidation-to-H, evolution rates.
The fact that the change in reactivity follows a common trend implies that the effect of
changing the proton-transfer residue pKa may also be framed as an effect on the scaling
relationship between the H-cluster di(thiolmethyl)amine (DTMA) ligand pKa and E,, values
of the H-cluster. Experimental observations that support this relationship, and how it
relates to catalytic function in [FeFe]-hydrogenases, are discussed.

Keywords: [FeFe]-hydrogenase, proton-coupled electron transfer, enzymatic reactivity, H-cluster, pKa and proton
transfer, catalytic bias
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Proton-Donor pKa and [FeFe]-hydrogenase Reactivity

INTRODUCTION

The [FeFe]-hydrogenase class of enzymes fulfill significant
roles in H, metabolism and energy transduction. They catalyze
the reversible reaction, Hy<>2H"+2e- by performing either
H, gas evolution (i.e., proton reduction) or H, oxidation.
This is mediated by a complex metallocofactor, or H-cluster,
consisting of a diiron site ([2Fe]y) coordinated by a conserved
cysteine to a [4Fe-4S] cubane ([4Fe-4S]y; Figure 1). To
achieve this reversibility, the enzyme must couple dynamic
fluxes in both PT and ET to catalytic H, activation. As a
result, the catalytic function of the H-cluster must be adapted
to a changing energy landscape. [FeFe]-hydrogenases therefore
represent an ideal model system for understanding the
mechanisms that enzymes employ to control proton-coupled
electron transfer (PCET) at metal sites to accomplish chemical
transformation reactions. While most [FeFe]-hydrogenases
possess neutral reactivity profiles, i.e., similar rates for both
H, evolution and H, oxidation, there are instances where
reactivity for either one or the other is favored. For example,
the overall catalytic preference across the diversity of [FeFe]-
hydrogenase from Clostridium pasteurianum spans an
impressive seven orders of magnitude from Cpl (neutral
reactivity) to Cpll (biased toward H, oxidation) and CpIII
(biased toward H, evolution; Adams, 1990; Poudel et al.,
2016; Artz et al., 2020b). The wide range in reactivity stands
in contrast to the fact that all [FeFe]-hydrogenases studied
so far share a common H-cluster cofactor.

Diversity in the amino acids that comprise the catalytic
site environments, differential stabilization of catalytic
intermediates, amino acid composition of proton transfer
pathways, and differences in thermodynamic profiles of electron
transfer relays have all been proposed to account for the
observed differences in reactivity profiles of [FeFe]-hydrogenases
(Cornish et al., 2011; Hexter et al., 2012; Ginovska-Pangovska
et al., 2014; Artz et al., 2017; Caserta et al., 2018; Duan et al,,
2018; Gauquelin et al, 2018; Rodriguez-Macid et al., 2019;
Senger et al., 2019; Lampret et al., 2020). It is conceivable
these properties converge to control PCET chemistry at the
H-cluster, and changes in the coupling of protons and electrons
at the H-cluster may also have a role in the control of reactivity.
Computational and experimental studies have shown that PT
flux to the H-cluster involves defined, well-conserved structural
elements (Long et al., 2014; Duan et al, 2018; Lampret et al.,
2020) including a strictly conserved cysteine residue that forms
an H-bonding network with the di(thiolmethyl)amine ligand
(DTMA) and distal Fe (Fep) of [2Fe]y in catalytically active
enzymes (Figure 1). Cysteine is a relatively basic residue (free
cysteine pKa ~8) and mediates the proton exchange step with
the H-cluster during catalysis. Electron transfer can also be a
control point of catalytic reactivity due to variability in midpoint-
potentials of accessory iron-sulfur clusters (referred to as
F-clusters) and/or their electronic interactions with the H-cluster
(Adams et al., 1989; Mulder et al.,, 2013; Artz et al, 2017;

Abbreviations: PT, Proton transfer; ET, Electron transfer; H-bonding, hydrogen-bonding.

Rodriguez-Macia et al., 2017, 2019, 2020; Caserta et al., 2018).
Together these mechanisms exert control over the PT and ET
fluxes in the enzyme and contribute to the control of the
PCET Kkinetics at the H-cluster. For example, the fine-tuning
of the thermodynamic equilibria between reaction intermediates
(Artz et al,, 2017), H-bonding effects on the electronic structure
of the H-cluster (Mulder et al., 2014; Pham et al., 2018), or
matching of proton transfer pKa values to the H-cluster DTMA
ligand pKa (Lampret et al.,, 2020; Birrell et al.,, 2021) are all
mechanisms that have been demonstrated to influence the
catalytic cycle and overall reactivity profile of the
[FeFe]-hydrogenases.

To address understanding of the PCET mechanism in [FeFe]-
hydrogenases, this work summarizes the results on testing the
hypothesis that the pKa of the conserved residue that mediates
the coupling of PT to ET (or PCET) at the H-cluster can
be tuned to control reactivity in [FeFe]-hydrogenases. Using
[FeFe]-hydrogenases that differ in their intrinsic reactivity,
we applied reverse engineering to replace the conserved cysteine
with either a more basic (serine) or acidic (aspartate) residue
(Figure 1). The enzymes examined include Cal from Clostridium
acetobutylicum (neutral reactivity) and CpllI from C. pasteurianum
(H, oxidation bias), both of which have accessory F-clusters
with different thermodynamic profiles (Adams et al., 1989),
and HydA1 from Chlamydomonas reinhardtii (CrHydA1, neutral
reactivity), which possesses only the catalytic H-cluster.
Computational modeling was used to evaluate the pKa’s of
the native and enzyme variants, and the H, oxidation and
evolution rates were measured to assess the reactivity profiles.
The results of this work, in the context of previous biophysical
studies of the reaction intermediates and redox profiles of
related variants, are integrated into an overall thermodynamic
model of reactivity control in [FeFe]-hydrogenase.

MATERIALS AND METHODS

Expression, Purification, and Activity
Measurements of [FeFe]-hydrogenases
Cal, CpIl, and CrHydAlI [FeFe]-hydrogenases were expressed
and purified as previously described (King et al., 2006; Mulder
et al., 2014; Ratzloff et al., 2018; Artz et al., 2020b) and assayed
for both H, evolution and H, oxidation (uptake) using standard
biochemical assays (Duan et al., 2018; Artz et al., 2020b).

H, production was measured by gas chromatography (Agilent
Technologies) using methyl viologen (MV) as the electron
donor. The 2ml reactions were set up in 13 ml anaerobic vials
containing 1pg to 1mg of enzyme in 50mM Tris (pH 8-8.3),
200-300mM NaCl, 5% glycerol, and 10-100mM sodium
dithionite (DT); enzyme concentrations were varied as needed
to measure kinetic parameters. Reactions were carried out at
37°C and initiated by the addition of MV to a final concentration
of 5-80mM. The reported rates were measured in the initial
linear phase (varying from 5 to 40min for the native enzymes
and enzyme variants) of the reaction.

H, oxidation was monitored by UV-Vis using either
methylene blue (MB) monitored at 664 nm (e =95,000M™" cm™)
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>

Effect on activity profile (?)

(basic)

3C8Y, with substitution of Ser or Asp by alignment to PDB 6GLZ.

Terminal proton donor residue pKa

FIGURE 1 | Structural depiction of the [FeFe]-hydrogenase H-cluster active-site where coordination of orthogonal electron transfer (ET) and proton transfer (PT)
pathways by proton-coupled electron transfer (PCET) at the distal Fe atom (Fep) of [2Fe], results in catalytic activation of H,. In this work, the conserved Cys residue
(middle panel), which functions in proton exchange with the H-cluster di(thiolmethyl)lamine (DTMA) ligand, was changed to either Ser (more basic pKa, left) or Asp
(more acidic pKa, right). The activity profile of enzyme variants was measured to ascertain the extent that engineered variations to the pKa of the exchange step alter
reactivity of [FeFe]-hydrogenases. Blue arrows indicate relative changes in the proton transfer direction bias for the variants. Structural representation from PDB

(acidic)

or benzyl viologen (BV) monitored at 600nm
(e=10,000M™" cm™) as the electron acceptor (Cenens et al.,
1988; Dorner and Boll, 2002; Duan et al.,, 2018). The 2ml
reactions were set up in 4ml, septa-sealed cuvettes, with 1ug
to 1mg of enzyme at various concentrations in 50mM Tris
pH 8-8.3, 300mM NaCl, and 5% glycerol. The cuvettes were
then either sparged continuously under H, for 5min, or
subjected to 10 vacuum/refill cycles with H, on a Schlenk
line, and allowed to incubate under an overpressure of H,
at room temperature for 5-10min. The reaction was then
initiated with the addition of the redox dye, to a final
concentration of 38pM (MB) or 10mM (BV). No reduction
of either dye was observed when added to cuvettes containing
only buffer. The V,,, values for Cal, Cpl, and CrHydAl are
similar when either MV or MB is used as the acceptor (Adams
and Mortenson, 1984; Artz et al., 2020b). The values for CplI
are maximal using MB as the acceptor (Adams and Mortenson,
1984); therefore, MB was used for all CpII H, oxidation assays.
Maximal rates were calculated over the initial 1-5min of
the reaction.

Structural Models and pKa Calculations of
[FeFe]-hydrogenase Variants

Since experimentally characterized and holo-structures of
CrHydA1, Cpll, and Cal are not yet available, the open-source
neural-network-based protein prediction tool AlphaFold2 was
used for their structure prediction (Jumper et al., 2021). For
each protein, only the amino acid sequence was used as input
to AlphaFold2 and five models were generated. Since Alphafold2
does not incorporate ligands into its structure predictions, the
top-ranked AlphaFold2 predicted structure for each [FeFe]-
hydrogenase was aligned with the experimental X-ray crystal

structure for Cpl (PDB ID: 3C8Y) for the incorporation of
the H-cluster into the predicted structures. The H-cluster-bound
top-ranked models for each [FeFe]-hydrogenase were then used
for pKa estimations for its titratable residues using the Propka
ver. 3.1 software package (Bas et al., 2008; Sondergaard et al.,
2011). Of particular interest are the pKa predictions for the
conserved cysteine residue (and aspartic acid for the C—D
variant) that functions in proton exchange with the H-cluster.
Since Propka does not consider residues with bulk pKa values
>10 as titratable, values for the serine residue in the C—S$
variants were not predicted in this study, and experimental
values from related model systems were used (Bruice et al,
1962; Liepinsh and Otting, 1996). It may be noted that these
pKa calculations are intended as estimates and not exact
determinations of the pKa values. This will require more
computationally intensive techniques such as constant pH
molecular dynamics simulations which are not undertaken in
this study.

RESULTS

pKa Calculations and Activity Profiles of
Native [FeFe]-hydrogenases

The strictly conserved cysteine residue of catalytically active
[FeFe]-hydrogenases (protein sequence number C298 Cal, C169
Cpll, and C169 CrHydAl) is known to function in mediating
the exchange of protons between the conserved proton transfer
pathway and the H-cluster during catalysis (Cornish et al,
2011; Ginovska-Pangovska et al., 2014; Mulder et al., 2014;
Lampret et al., 2020). The free-energy of proton transfer, AG™,
is related to the pKa of the exchange site by Equation 1;
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AGPT =2.303-RT-pKa (1)

To examine the extent that the proton-transfer residue pKa
controls H-cluster protonation and enzyme reactivity (Figure 1),
we first evaluated the cysteine pKa values using computational
approaches and established a baseline of activity values for
the model [FeFe]-hydrogenases, Cal, Cpll, and CrHydAl
(Table 1). Proton-transfer residue pKa values were calculated
using Propka (Olsson et al., 2011; Sendergaard et al., 2011),
a computational treatment for the empirical prediction of pKa
values which also takes into account the influences of the
protein environment (vide infra). For the [FeFe]-hydrogenases
listed in Table 1, the determined cysteine pKa values ranged
11.5-12. It may be noted that the calculated values are more
basic compared to the pKa value for a cysteine residue in
bulk solution. This can be attributed to the fact that Propka
considers the contributions from desolvation energies, H-bonding
energies, electrostatic reorganization energies, and coulombic
interactions that are all cumulatively added to the bulk pKa
value of a given titratable residue. A greater degree of H-bonding
shifts the pKa to be more basic, while a greater degree of
desolvation makes conjugate bases more basic and conjugate
acids more acidic (Bas et al., 2008). For the conserved cysteine
in [FeFe]-hydrogenases, these collective effects contribute to
an overall more basic pKa value.

Table 1 also shows H, evolution and H, oxidation rates
for the model [FeFe]-hydrogenases. The corresponding reactivity
preference, also referred to as catalytic bias (Abou Hamdan
et al., 2012; Artz et al., 2020b; Fourmond et al., 2021; Mulder
et al., 2021), can be discerned from the ratio of H, oxidation
activity to H, evolution activity. A ratio approaching 1 is
representative of the energy landscapes of the enzyme being
leveled so that it no longer catalytically favors one direction

or another. In such a case, the enzyme is described as having
a “neutral” catalytic bias. As shown in Table 1, the dye-assays
show that Cal, Cpl, and CrHydAl each have an H, oxidation-
to-H, evolution ratio of <18, with Cal and Cpl being slightly
more neutral in bias than CrHydAl.

In contrast, and as shown previously (Adams and Mortenson,
1984; Chen and Blanchard, 1984; Adams, 1990; Artz et al., 2020b),
CplII has a large bias toward H, oxidation, with an H, oxidation-
to-H, evolution ratio that is two orders of magnitude greater
than for Cal, Cpl, or CrHydAl (Table 1). It is noted that the
calculated cysteine pKa values for all the enzymes examined
here are generally basic and that all the catalytic [FeFe]-hydrogenases
incorporate cysteine at the exchange site (an exception to cysteine
occurs in the sensory [FeFe]-hydrogenases, see Poudel et al,
2016; Chongdar et al,, 2018; Fasano et al., 2021). Thus, it does
not appear that the pKa of the exchange step is used to control
the reactivity or catalytic bias. The fact that the relative oxidation/
evolution reaction profiles differ by as much as 10°, with cysteines
having similar pKa values, implies other factors, such as F-cluster
reduction potentials, dynamic secondary interactions, and local
electrostatics around the H-cluster (Adams et al., 1989; Caserta
et al,, 2018; Artz et al,, 2020b), might be critical to the control
of reactivity between enzyme types. It is also noted that the E,
of the H,/H,4 transition is similar in value for Cpl, CpIl, and
CrHydAl (Adams et al, 1989; Silakov et al., 2009) and near
the value of the H*/H, couple (—413mV vs. SHE at pH 7, latm
H,), which is consistent with the minimal overpotential requirement
of these enzymes for catalysis.

Cys—Ser Variant pKa and Activity Profiles

To probe how differences in reactivity of Cal, Cpll, and CrHydA1
are influenced by the pKa of the nearby proton donor residue,
we examined enzyme variants where the cysteine residue is

TABLE 1 | Overview of WT [FeFe]-hydrogenase activity? profiles.

Enzyme PH, oxidation °H, evolution Oxidation/ Calc. Cysteine 9, (mV) References

Activity Activity Evolution ratio pKa Hou/Hieaps

110,000M8) 16 6,900 Artz et al., 2020b
Cpll 34,000M8) 10 3,400 1.7 —-410 Adams, 1990

17,6008 3.5 5,000 Chen and Blanchard, 1984

24,0008 5,500 4 Adams, 1990
Col 14,000M 4,000 4 s —400 Adams and Mortenson, 1984
cal 10,057 2234214 5 1.6 NA Girbal et al., 2005

This work

CrHydA1 18,375 1,000 18 12,0 400 (-3 _uenetel. 2018

Yacoby et al., 2012

aActivity reported as umol H»/min/mg enzyme for either H, oxidation or evolution.

bThe V.. values for Cpll H, oxidation assays are measured using 38 M methylene blue (MB, E,,=+11mV) as the acceptor (Adams, 1990). The V. value of 10,057 for Cal was
measured with methyl viologen (MV) E,,=—440mV (Girbal et al., 2005), and the value of 18,357 for CrHydA1 (Duan et al., 2018) was measured with benzyl viologen (BV)

E,=-350mV and at pH 10.

°H, evolution rates obtained using reduced MV (5-10mM) as the electron acceptor. The Cal value of 2,234 £214 is from this work; the CrHydA1 value of 1,000 is from (Yacoby et al.,
2012). The K, values for MV are: Cpll, 0.3mM (Adams, 1990); Cpl, 6mM (Adams and Mortenson, 1984, Adams, 1990); Cal, 0.6-1mM (Girbal et al., 2005); and CrHydA1, 0.8—

0.9mM (Von Abendroth et al., 2008).

9E,, is defined as the Hu/Heq OF Ho/H,eaH+ redox couples, which are not experimentally distinguished. Cpl/Cpll E,, values at pH 8 (Adams, 1990); CrHydAl E,, —400mV at pH 8

(Silakov et al., 2009), or—362mV at pH 8 (Sommer et al., 2017).
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either altered to a more basic serine (C—S) or more acidic
aspartate (C—D) residue. Previous site-saturation studies at the
cysteine position have shown that these two mutations retain
H-cluster cofactor incorporation with decreased H, evolution
activity (Knorzer et al., 2012; Morra et al., 2012; Mulder et al.,
2014; Duan et al., 2018); however, the effects on H, oxidation
and full activity profiles in the variants are less understood.
The Propka method used to calculate cysteine pKa values is
not configured to calculate serine pKa values (see the section
Materials and Methods for a detailed discussion). However,
experimental measurements of the pKa of -OH moieties in
mimics of the catalytic triad in chymotrypsin assign the pKa
of serine to be ~13.6 (Bruice et al., 1962). In this enzyme, the
serine-OH group is deprotonated by the Ne atom of a nearby
histidine during catalytic esterification of aromatic amino acids
(Bruice et al, 1962; Frey, 2001). The basicity of the histidine
Ne atom, with a pKa of 12, is within the pKa range of the
H-cluster DTMA ligand that was determined from the modeling
of FTIR spectro-electrochemical data from CrHydAl collected
at different pH values (H.s/H,H' pKa=7.2 and, Hgea/HgeaH"
pKa=11.6; Sommer et al.,, 2017; Birrell et al, 2021). Based on
these similarities to [FeFe]-hydrogenase, we have tentatively
assigned the serine residue as having a pKa of >13.6. Other
experimental studies have measured the pKa of the hydroxyl
group on a serine amino acid to be >16 using NMR (Liepinsh
and Otting, 1996), further indicating its highly basic nature.

Using redox-dye mediated assays on the purified CrHydA1l
C169S variant, H, oxidation and evolution activities were
determined and compared to Cal C298S (Cornish et al., 2011)
and Cpll C169S (Artz et al., 2020a; Table 2). The reactivity
results show a collective shift toward H, oxidation reactivity
for all the enzymes. Whereas CpII C169S maintained the highest
H, oxidation preference among the C—S variants, the reactivity
preference of Cal C298S likewise shifted over 100-fold toward
H, oxidation compared to WT Cal. It is also noted that while
all C—S variants exhibit a decrease in the absolute reactivity
rates compared to WT counterparts, this decrease is consistently
more pronounced for the H, evolution rates (Table 2), as has
been observed for CpI (Cornish et al., 2011). This can be viewed
as consistent with the basic pKa shift in relation to native
Cys for the PT exchange step, and the transfer of protons
from the H-cluster being more favored (discussed in more
detail below).

Cys—Asp Variant pKa and Activity Profiles
The effect of introducing a more acidic proton donor residue
near the H-cluster in Cal, CplI, and CrHydA1 was also examined
using the C—D variant (Table 3). In contrast to the C—S
variant, it could be expected that the more acidic pKa of the
carboxyl group (pKaz4-6, Table 3) would cause a shift in
the reactivity profile toward H, evolution, resulting in oxidation/

TABLE 2 | Activity® profiles of [FeFe]-hydrogenase C—S variants.

Enzyme H, oxidation % of WT °H, evolution % of WT Oxidation/ Serine pKa® References
activity activity Evolution
Cpll C169S 15,000 14% 0.2 1.3% 75,000 >13.6 Artz et al., 2020a
(BY) [¢) o, H
Cal C298S 1,600 16% 1.2+0.2 0.05% 1,300 >13.6 qumsh etal., 2011,
This work
Cpl C299S ND ND 1.05 0.03% - >13.6 Duan et al., 2018
0.80+0.16% 0.004% 0.02+0.01 0.002% 40 This work
>13.
CrHydA1 C1698 ND ND 0.92 0.1% - 2136 Duan et al., 2018

2Activity reported as umol H/min/mg enzyme for either H, oxidation or evolution.

bH, oxidation rates obtained at pH 8-8.3 using the redox dyes indicated in superscripts as electron acceptors: MB=methylene blue (38 uM), or BV =benzyl viologen (10mM,). Cal
C298S H, oxidation with BV, extrapolated from value of 16% measured for Cpl C299S compared to WT (Cornish et al., 2011).
°H, evolution rates obtained using 10-80mM reduced MV as the electron donor. The value for Cal C298S is from this work.

9Estimated based on Bruice et al. (1962).

TABLE 3 | Activity? profiles of [FeFe]-hydrogenase C—D variants.

Enzyme H, oxidation % of WT °H, evolution % of WT Oxidation/ Calc. Aspartate References
Activity Activity Evolution pKa

Cpll C169D 19.5+3.6M 0.02% 1.8+0.4 11% 11 41 This work

Cal C298D 433M 4% 230 10% 2 4.3 Morra et al., 2012
411789 0.2% 151+41 15% 0.3 This work

CrHyaat C169D 2050Y 1.2% 582 58% 0.4 6.6 Duan et al., 2018

aActivity reported as umol H»/min/mg enzyme for either H, oxidation or evolution.

bH, oxidation rates were measured at pH 8-8.3 using the redox dyes indicated in superscripts; MB=methylene blue (38 uM), MV =methyl viologen, BV =benzyl viologen (10mM,).

°H, evolution rates were obtained using 5-10mM MV as the electron donor.
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evolution ratios below 1. CrHydAl C169D displayed a ratio
<1 (oxidation/evolution ratio=0.3) although this still falls within
the definition for neutral bias given above, while Cal C298D
also retains a neutral bias (Morra et al., 2012). Remarkably,
CplII C169D had neutral reactivity, with an oxidation/evolution
ratio of 11 (Table 3).

Although the WT activity profiles of Cal and CrHydAlI are
also considered neutral, the H, oxidation/evolution values for
their C—D variants decreased relative to the WT, indicating
a skewing toward H, evolution that was not present before.
This is much more striking in the case of Cpll, where the
H, oxidation/evolution ratio for the C169D variant is shifted
three orders of magnitude from WT in the direction of H,
evolution, effectively neutralizing the Cpll bias toward H,
oxidation. As observed for the C—S§ variants, there is an overall
decrease in the absolute H, reactivity rates of the C—D variants
compared to WT counterparts, with the decrease now consistently
more pronounced for the H, oxidation rates. From this, it
appears that the pKa shift of the C—D substitution provides
an overall leveling of the catalytic bias (oxidation/evolution
ratio approaching 1).

DISCUSSION

Here, we have tested the prediction that reactivity in [FeFe]-
hydrogenases can be tuned through perturbing the pKa value
of the amino acid in the secondary coordination sphere that
mediates the proton exchange step with the H-cluster. Modulation
of the proton exchange site pKa was achieved by mutation of
Cys and led to pronounced shifts in the reactivity profiles of
all the [FeFe]-hydrogenases that were tested, regardless of the
presence of F-clusters or the intrinsic bias (Table 4; Figure 1).
The native [FeFe]-hydrogenases establish a common baseline
for comparison between the different enzymes as they exhibit
similar properties, such as the pKa of the conserved cysteine
residue (pKa=11.5-12) and the E, for the H,/H,q4 couple,
which is relevant to the initial step for proton binding or H,
activation (Cpll, —410mV; Cpl, —400mV; and CrHydAl,
—400mV; Adams, 1990; Silakov et al., 2009). The observed
trends can be summarized as follows: the C—S substitution
resulted in a more basic pKa that shifted reactivity toward H,
oxidation, while the C—D substitution resulted in a more
acidic pKa that shifted the reactivity toward that of H, evolution,
resulting in an overall neutralization of the catalytic bias.

[FeFe]-hydrogenase Reactivity and the
pKa, E,, Scaling Relationship

The selection of either Cys, Ser, or Asp as the proton exchange
site residue imparts a profound control over reactivity, which
we propose in part results from perturbing the balance between
exchange site pKa (Tables 1-3) and the pKa of the DTMA
ligand of the H-cluster (Figure 2), and changes to H-bonding
at the DTMA in the variants (Duan et al., 2018; Pham et al,,
2018). The change from Cys to Ser also coincides with previous
observations (Mulder et al., 2017) of a positive shift in the
measured H-cluster reduction potentials, consistent with changes

TABLE 4 | Summary of exchange site pKa on [FeFe]-hydrogenase activity?

profiles.
Enzyme pKa® Oxidation/ °Fold- 9E,, (mV)
Evolution Change Hou/Hieas
Reactivity Ratio Versus WT
Cpll C169S >13.6 75,000 110 NA
Cal C298S >13.6 1,300 2609 NA
CrHydA1 C169S >13.6 40 2,29 —-283
Cpll 1.7 6,900 1 -410
Cal 11.6 5 1 NA
CrHydAl 12.0 18 1 —400 (-362)
Cpll C169D 41 11 627w NA
Cal C298D 4.3 2 2.5 NA
CrHydA1 C169D 6.6 0.3 60D NA

aActivity reported as umol Hx/min/mg enzyme for either H, oxidation or evolution.

bThe pKa of the Serine -O(H) is estimated from values for Serine -O(H) in chymotrypsin
analogues (Bruice et al., 1962, Frey, 2001).

°The amount (or fold) change in the variant oxidation/evolution reactivity ratios when
compared to the corresponding WT ratio, the direction of the shift (either toward H,
oxidation or H, evolution) is indicated in superscripts.

9E,, is defined as the redox couple between H,, and H.y or H,eH+. CrHydA1 C169S E,,
value at pH 8 (Mulder et al., 2017). CrHydA1 -400mV (Silakov et al., 2009) and
—-362mV (Sommer et al., 2017) determined from separate studies.

to the H-cluster electronic structure. The values for CrHydAl
C169S compared to WT are —283 and —400mV vs. NHE for
reduction of H, to H,y and —431 and —460mV vs. NHE
for reduction of H,q to Hyqg or H, respectively (Silakov
et al, 2009; Mulder et al, 2017; Table 4). Conversely, it has
been shown that Cal C298D has a proportionately higher
population of H,, under reduction with either H, or sodium
dithionite compared to WT Cal (Morra et al., 2016). This
difference is consistent with a negative shift in the E, value,
and presumably a shift toward a more basic pKa value of the
H-cluster DTMA ligand.

The differential stabilization of H-cluster oxidation states and
E,, shifts can be explained within the framework of the linear-
scaling relationships between the pKa and E, of a transition
metal catalyst (Figure 2; Bullock et al, 2014; Brereton et al,
2020; Puthenkalathil and Ensing, 2021). In this relationship, there
is a direct correlation of the metal site pKa to the E, value of
the reduction potential, where a more acidic pKa is matched by
a more positive reduction potential. For the serine variant of
CrHydAl1, substitution of the more basic serine would be predicted
to induce a relative acidic shift in the H-cluster DTMA pKa
value, and the E,, values of the H-cluster would be predicted to
shift to more positive values. This is in fact the case (Table 4),
which explains in part why the serine variants of CrHydA1l and
Cal exhibit higher populations of the reduced states, predominantly
Hyeq and Hyyg, compared to the native enzyme under the same
reducing conditions (Mulder et al., 2014, 2017; Pham et al., 2018;
Ratzloff et al., 2018). The corresponding effect is also observed
for the Cal aspartate variant, which maintains a high population
of H,, under reducing conditions (Morra et al., 2016). Thus, the
effect of the cysteine variants on [FeFe]-hydrogenase reactivity
can be modeled as a manifestation of combined changes to the
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A
Acid pKa Base pKa Relationship
Asp is more acidic than DTIVA
Asp-COGH: 4-6 Asp-COO~
The DTMA pKa values for CrHydAt1

S( 7.2,11.6 Hred (7.2) and Hsred (11.6)

CyS SH % Cys -S° Cys is neutral to basic relative to

Ser-OH >14 Ser-O- Ser is more basic than DTIMA

B
pKa, Em, and Reactivity Relationships
H2 Oxidation
Acid v
Ser induces a positive shift in H-cluster Em,
Ser[] > and acidic shift in the DTIVA pKa,
Cys D S reactivity shifts towards H2 oxidation
> =
= ’ ; Asp induces a negative shift in H-cluster Em,
o 3 and basic shift in DTVIA pKa,
ASB,D reactivity shifts towards H2 evolution
Base|
= H-cluster Em + H2 Evolution

FIGURE 2 | (A) Summary of the relationship between the exchange site pKa (Asp, green; Cys, black; and Ser, orange) and pKa of the H-cluster DTMA ligand
(blue). The preferred proton transfer direction is indicated with red arrows. The pKa values for Asp, Cys, and Ser were calculated in this study, and the measured
pKa values for the bridging ligand di(thiolmethyl)lamine (DTMA, blue) were taken from (Sommer et al., 2017; Birrell et al., 2021) for CrHydA1. The scaling model
predicts that Asp induces a basic shift whereas Ser induces an acidic shift in DTMA pKa, this would create an even more favorable direction bias than indicated in
the Figure. (B) Summary of the model of the pKa, E,,, and reactivity relationships based on the results of this work.

pKa relationship with DTMA, and to the E,, values of the H-cluster,
which are summarized in Figure 2. The collective effect leads to
a change in reactivity of [FeFe]-hydrogenase for H, oxidation
(e.g., acidic H-cluster pKa and positive E,, shift) or H, evolution
(e.g., basic H-cluster pKa and negative E,, shift; Artz et al., 2020b).
The relationship between the exchange site pKa and the H-cluster
DTMA pKa modeled in Figure 2 predicts that there should be a
corresponding negative shift in the value of E,, for C—D variants.
This prediction is supported by IR spectra of the H, and dithionite
reduced Cal C298D that clearly shows a high population of H,,
and only minor populations of reduced states compared to the
spectra of WT Cal, prepared under the same conditions (Morra
et al, 2016).

Expanding the Model for Exchange Site
Influence on Reactivity and the Special
Case of Cpli

It is also possible that the differences in reactivity arise from
contributions other than pKa effects. In agreement with this,
there are changes in the H-cluster electronic structures of Cys
variants evidenced by changes in the FTIR and EPR spectra
of catalytic intermediates compared to native enzymes (Mulder

et al, 2013, 2014, 2017; Morra et al., 2016), that may occur
from secondary sphere effects in the variants. Examples of
these effects include the hydrophobicity, charge, electrostatics,
and H-bonding networks that can control FeS cluster electronic
structures and reduction potentials (Zuris et al, 2010;
Hosseinzadeh and Lu, 2016). Indeed, the Hyy, state of the
CrHydAl C—S variant has been modeled as having a more
contracted H-bonding network between the H-cluster Fep, and
the serine O-atom, when compared to the distance from Fep
and the S-atom of cysteine in the native enzyme (Pham et al,,
2018). The shorter N-H-O bond lengths vs. N-H-S accounted
for shifts in the Fe-H/D frequencies in the NRVS spectra of
Hyye and likely account for frequency shifts in vCO modes
of redox intermediates in the FTIR spectra of the Cys-to-Ser
variant versus wild-type (see Mulder et al, 2014, 2017).
Furthermore, whereas the model we set forth in Figure 2
correlates trends in reactivity to changes in pKa, it does not
completely account for differences in intrinsic reactivity between
the different types of [FeFe]-hydrogenases we tested. Specifically,
the fact that the cysteine variants of Cpll have comparatively
low H, evolution rates indicates that control of reactivity is
not entirely embodied within the pKa relationship. The fact
that cysteine has a basic pKa in all [FeFe]-hydrogenases, yet
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CplI is strongly biased toward H, oxidation, implies that the
H-cluster may be tuned differently compared to Cpl/Cal, or
CrHydA1. This could include effects such as dynamic secondary
interactions and local electrostatics around the H-cluster, or
differential stabilization of catalytic intermediates (Artz et al,
2020b). Mechanisms such as long-range potential effects from
F-clusters may also contribute to the differences in reactivity
of CpII vs. Cpl/Cal and CrHydAl. These details indicate there
are additional layers of control of H-cluster reactivity, for
example, from the surrounding dielectric (Artz et al., 2020b),
spin (de)localization, and other aspects of the electronic structure,
the effects of which are being currently investigated by our group.

CONCLUSION

The outcome of these results identifies that the exchange site
residue in proton transfer at the H-cluster can be used to
control the reaction equilibria of [FeFe]-hydrogenases for H,
activation. Together, the interplay of pKa and electronic effects
integrate as a framework for rationalizing the overall free energy
landscape surrounding the H-cluster in terms of a scaling
relationship, useful for understanding how [FeFe]-hydrogenase
control reactivity (Figure 2). Fine-tuning the H-cluster electronic
structure by other outer non-coordinating residues is emerging
from biophysical and structural studies of [FeFe]-hydrogenase
diversity (Poudel et al.,, 2016; Caserta et al., 2018; Chongdar
et al., 2018; Rodriguez-Macia et al.,, 2019; Artz et al., 2020b;
Lampret et al., 2020; Fasano et al, 2021) and informed by
decades of studies on iron-sulfur clusters (Beinert et al., 1997;
Bominaar et al., 1997; Brereton et al., 1998, 1999; Ye et al,
2019). Combining mutational studies with biochemical and
biophysical analysis in the context of these findings will likely
contribute to further insights into the exquisite control of
catalysis and reactivity in [FeFe]-hydrogenases.
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Conformational and mechanical
stability of the isolated large
subunit of membrane-bound
[NiFe]-hydrogenase from
Cupriavidus necator

Jovan Dragelj!, Chara Karafoulidi-Retsou?, Sagie Katz?,
Oliver Lenz?, Ingo Zebger?, Giorgio Caserta’,
Sophie Sacquin-Mora®?3 and Maria Andrea Mroginski*

HInstitut fur Chemie, Technische Universitat Berlin, Berlin, Germany, 2CNRS, UPR, Laboratoire de
Biochimie Théorique, Université de Paris Cité, Paris, France, *Institut de Biologie Physico-
Chimique-Fondation Edmond de Rotschild, PSL Research University, Paris, France

Comprising at least a bipartite architecture, the large subunit of [NiFe]-
hydrogenase harbors the catalytic nickel-iron site while the small subunit
houses an array of electron-transferring Fe-S clusters. Recently, some [NiFe]-
hydrogenase large subunits have been isolated showing an intact and redox
active catalytic cofactor. In this computational study we have investigated one
of these metalloproteins, namely the large subunit HoxG of the membrane-
bound hydrogenase from Cupriavidus necator (CnMBH), targeting its
conformational and mechanical stability using molecular modelling and long
all-atom Gaussian accelerated molecular dynamics (GaMD). Our simulations
predict that isolated HoxG is stable in aqueous solution and preserves a large
portion of its mechanical properties, but loses rigidity in regions around the
active site, in contrast to the MBH heterodimer. Inspired by biochemical data
showing dimerization of the HoxG protein and IR measurements revealing an
increased stability of the [NiFe] cofactor in protein preparations with higher
dimer content, corresponding simulations of homodimeric forms were also
undertaken. While the monomeric subunit contains several flexible regions,
our data predicts a regained rigidity in homodimer models. Furthermore,
we computed the electrostatic properties of models obtained by enhanced
sampling with GaMD, which displays a significant amount of positive charge
at the protein surface, especially in solvent-exposed former dimer interfaces.
These data offer novel insights on the way the [NiFe] core is protected from
de-assembly and provide hints for enzyme anchoring to surfaces, which is
essential information for further investigations on these minimal enzymes.

KEYWORDS

hydrogenase, molecular modelling, Gaussian accelerated molecular dynamics,
rigidity profile, electrostatic potential, dipole moment, IR spectroscopy, size
exclusion chromatography
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Introduction

Dihydrogen (H,) is an important energy carrier that is
extensively investigated in view of its potential interconnection
with renewable energy sources. The development of affordable and
efficient hydrogen-based technologies for energy storage and
conversion (e.g., biofuel cells) took inspiration from the natural
machinery involved in the H, activation, namely the hydrogenase
enzymes, which use earth-abundant transition metals for H,
production/oxidation (Ruff et al., 2018). Among them, [NiFe]-
hydrogenases contain a heterobimetallic [NiFe] active site bound
to the protein scaffold via four cysteine residues (Shafaat et al.,
2013; Sickerman and Hu, 2019). Two of these cysteines bridge the
Ni and Fe, the remaining two are bound terminally to the Ni while
the coordination sphere of the Fe is completed by one CO and two
CN-ligands (Rippers et al., 2012). Albeit the majority of [NiFe]-
hydrogenases are strongly inhibited by molecular oxygen (O,), a
few organisms have been shown to host O,tolerant enzymes
enabling catalysis under oxic conditions. In our groups we have
thoroughly investigated the membrane-bound hydrogenase
(MBH) from Cupriavidus necator (Cn), formerly known as
Ralstonia eutropha (Saggu et al., 2009; Goris et al., 2011) which
belongs to the biotechnologically relevant subclass of O,-tolerant
[NiFe]-hydrogenases (Lenz et al., 2015; Caserta et al., 2022b). The
MBH catalytic architecture comprises the HoxG large subunit,
which harbors the NiFe(CN),(CO) catalytic site, and the small
subunit HoxK containing three different electron-transferring
[FeS]-clusters (Caserta et al., 2022b). Given the rare trait of being
O,-tolerant, the MBH has been utilized for the development of
various immobilization procedures on electrode surfaces to
facilitate its applicability (Vincent et al., 2005; Utesch et al., 2013;
Heidary et al., 2015; Harris et al., 2018). These procedures demand
a detailed understanding of the structural, physical and chemical
properties of the enzyme to ensure an efficient coupling between
the biocatalyst and electrode surface (Utesch et al., 2013; Oteri
et al., 2014b; Hitaishi, 2018).

More recently, [NiFe]-hydrogenase catalytic subunits have
been successfully isolated independently of the small protein
subunits (Hartmann et al., 2018; Kwon et al., 2018; Caserta
etal., 2021, 2022a; Wang et al., 2021) and two of them from the
model organism C. necator have been shown to host a redox-
active O,-stable NiFe(CN),(CO) active site (Caserta et al., 2021,
2022a). These are the HoxC subunit from the regulatory
hydrogenase (RH) and the HoxG from MBH, and both could
activate molecular hydrogen to a little extent (Hartmann et al.,
2018; Caserta et al., 2020a). While several crystal structures of
heterodimeric [NiFe]-hydrogenases (CnMBH included) have
been reported (Fontecilla-camps et al., 2007; Fritsch et al., 2011;
Frielingsdorf et al., 2014) and detailed information on the
substrate/product routes are available (Kalms et al., 2016, 2018),
the structure of an isolated catalytic subunit of such [NiFe]-
hydrogenase that solely harbors the active [NiFe] site, has not
been experimentally determined. Additionally, despite
spectroscopy having provided detailed insights on the
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electronic and ligands arrangements of the [NiFe] cofactor
(Caserta et al., 2020a, 2021, 2022a), little is known about the
protein arrangement and the conformational changes of the
catalytic subunit upon removal of the small protein subunit
(Kwon et al., 2018). Several computational studies have been
already performed on the heterodimeric hydrogenases [for data
on CnMBH see, e.g. (Teixeira et al., 2006; Utesch et al., 2013;
Oteri et al., 2014a,b; Heidary et al., 2015; Kalms et al., 2018;
Albareda et al., 2019)], however, only very few of them have
focused on the isolated hydrogenase catalytic subunits
(Albareda et al., 2019). In this work we focus on the
conformational stability of the MBH catalytic subunit, the
HoxG protein, which was investigated using molecular
modeling and extensive Gaussian accelerated molecular
dynamics (GaMD) (Miao et al., 2015). Accelerated MD is a
computational approach used to enhance sampling of the
conformational space of large molecular systems by artificially
decreasing energy barriers of the potential energy surface that
surpass a certain energy threshold. This allows the population
of conformational states, which are inaccessible with
conventional classical MD (cMD) simulations in the same time
span (Hamelberg et al., 2004). In GaMD, the boost potential
follows a near-Gaussian distribution that ensures simultaneous
energetic noise reduction and free energy computations (Miao
et al., 2015). These approaches can be used for investigating
structural, mechanical, and electrostatic properties of large
(bio)molecular  systems in complex heterogeneous
environments such as proteins attached to membranes
(Tillmann, 2018) or immobilized on electrodes (Utesch et al.,
2013; Heidary et al., 2015). By combining GaMD with Coarse-
grained Brownian Dynamics (BD) simulations (Sacquin-Mora,
2014, 2016, 2018), we targeted the conformational space and
predicted the mechanical properties as well as the structural
stability of HoxG protein. Our computational work shows the
consequences of reducing a whole enzyme to its catalytic unit.
Finally, supported by biochemical and infrared spectroscopic
data, we revealed a direct correlation between the HoxG
oligomerization states and their influence on the active site
stability. The atomistic information gained within this
combined computational/experimental approach is essential
not only for understanding the consequences of reducing an
enzyme architecture to its catalytic unit but also for rationally
designing new “smaller” constructs with comparable stability

and, in turn, biological activity to the native system.

Materials and methods

In the following, models of the large subunit HoxG will
be labelled as follows: HoxG,,: thermodynamically equilibrated
monomeric form, HoxGy thermodynamically equilibrated
homodimeric form, HoxG.: isolated HoxG in crystallographic
arrangement; HoxGypy: HoxG complexed with HoxK (small
subunit) in crystallographic arrangement.
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Structure preparation and modelling of
the large subunit of MBH (HoxG,)

The X-ray crystal structure of the heterodimeric MBH from
C. necator (MBH; PDB code: 3RGW (Fritsch et al., 2011; Figure 1)
was used to extract coordinates of the large subunit (HoxG) as a
starting model. During the natural maturation of MBH, the HoxG
subunit forms a heterodimer with HoxK only after insertion of the
[NiFe] cofactor and cleavage of its C-terminal tail (Hartmann
et al., 2018, 2020; Caserta et al., 2022a).

Therefore, this C-terminal peptide is not found in the
heterodimeric crystal structure, and it is not present in our model
targeting a fully mature HoxG subunit.

The HoxG protein is equipped with a Strep-tag II at its N
terminus (Caserta et al., 2022a); therefore, we have used
CHARMM software (Brooks et al., 2009) and CHARMM 36
Force-Field (MacKerell, 1998; Best et al., 2012) to model the
affinity tag. After prediction using i-Tasser (Zhang, 2008; Roy
etal, 2010; Yang et al., 2014), the Strep-tag II sequence has been
modelled in a random coil conformation, followed by a geometry
optimization in the dielectric medium (e=4) for 4,000 steps.
Additionally, a short geometry optimization of Strep-tag II while
keeping the coordinates of HoxG fixed was done with NAMD
(Phillips et al., 2005) in vacuum for 10 ns. The protonation pattern
has been computed with Karlsberg2" software (Rabenstein and
Knapp, 2001; Kieseritzky and Knapp, 2008; Meyer and Knapp,
2015) at pH 7.0 and applied to titratable groups in all MD
simulations (see SI; Supplementary Table S1). The resulting
structure with modelled cofactors has been used as a basis for all

Strep-tag Il

FIGURE 1

[NiFe]-hydrogenase from C. necator (PDB code: 3RGW (Fritsch
et al,, 2011)). Left: Heterodimer consisting of the small subunit
(HoxK, colored cyan) and large subunit (HoxG, colored magenta).
Right: Isolated large subunit (HoxG) with its Strep-tag Il sequence
located at the N terminus (Caserta et al,, 2022a). [NiFe]-active site
and [FeS]-clusters are shown as spheres and depicted with the
following color code: Fe in pink, Ni in green, S (from Cys) in
yellow, CN-and CO groups, cyan-blue and cyan-red,
respectively.
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further MD simulations, both conventional (cMD) and Gaussian
accelerated (GaMD; Miao et al.,, 2015). Amino-acid numbering
has been kept following that of the MBH crystal structure. Where
necessary, the amino acid numbering of the Strep-tag II sequence
has been included with the prefix “tag”

Atomic partial charges and modelling of
the [NiFe]-active site

The [NiFe] active site of MBH has been trapped in several
redox states of the catalytic cycle (Sickerman and Hu, 2019; Apfel
etal., 2020). For simplicity, we have chosen an EPR silent state, the
Ni,-S state (Ilina et al., 2019; Sickerman and Hu, 2019), which
represents the presumed state accepting and releasing H,. In the
Ni,-S state, both Ni and Fe are in a + 2 redox state, coordinated to
four cysteine residues. The atomic partial charges have been taken
from early works on similar enzymes (Teixeira et al., 2006), where
electrostatic potential was computed quantumchemically with
Gaussian (Frisch, 2016) and fitted with RESP (Cornell et al., 1993).
During preparatory steps and MD simulations, the [NiFe] active
site has been kept rigid with coordinates as in the crystal structure
but with corrected ligand orientation [Rippers et al., 2012; PDB
code: 3RGW (Fritsch et al., 2011)] by applying conformational
restraints on bonds (force constant of 500kcal), angles (force
constant of 100kcal) and dihedral angles (barrier of 1.0kcal) with
NAMD (Phillips et al., 2005), as in previous applications (Utesch
etal, 2013; Heidary et al,, 2015). Considering that the main goal
of this study is to investigate the global dynamic properties of the
large subunit, constraints on the [NiFe] active site will have little
to no influence.

Molecular dynamics (MD) simulations

The prepared structure of the large subunit with the
N-terminal Strep-tag II and crystal water molecules were solvated
using a TIP3P (Jorgensen et al., 1983) water box with periodic
boundary conditions via a PSFGEN VMD plugin (Humphrey
et al., 1996) with an addition of NaCl ions (150 mM). A water box
with slightly larger dimensions 102 A x 121 A x 93 A was used to
accommodate conformational changes stemming from Strep-tag
IT flexibility or other protein regions. All MD simulations
(conventional and Gaussian accelerated) were performed with
software NAMD (Phillips et al., 2005) with 2fs time step using
SHAKE (Ryckaert et al., 1977) fixing bond lengths of hydrogen
atoms, Langevin dynamics at 300 K with small friction constant of
B=1ps avoiding slowing down of dynamics (Blumhagen et al.,
1996) and particle-mesh Ewald method (Darden et al., 1993) for
electrostatic interactions.

The solvated model system described above was energy
minimized, then heated to 300K for 20 ps while restraining the
positions of all protein heavy atoms. During the 60 ps-long
preequilibration step, the conformational restraints on the protein
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atoms were gradually lifted except for the atoms constituting the
[NiFe] active site including the three inorganic ligands and the
side chains atoms (up to Cp) of the coordinating cysteine residues.
Finally, the entire system was thermally equilibrated for 45ns via
cMD. The preparatory steps before GaMD included a 2ns
extension of the cMD in order to collect potential statistics for the
estimation of the GaMD (double boost) acceleration parameters
and a 2ns GaMD equilibration considering the previously
calculated boost potential (Miao et al., 2015). GaMDs were run for
250ns. During these simulations the upper limits of the standard
deviation of the total boost potential and the dihedral boost
potential were set to 5kcal/mol. To enlarge the statistical sampling,
both ¢cMD and GaMD were repeated twice. Further in text, these
simulations are referred to as simulation 1 and simulation 2.

Electrostatic energy and pK,
computations

The initial protonation pattern (Supplementary Table S1; SI)
was determined based on the initial model [HoxG from the crystal
structure 3RGW (Fritsch et al., 2011) with modelled N-terminal
Strep-tag I as a random coil, Figure 1], by computing pK, values
with Karlsberg2* (KB2*; Rabenstein and Knapp, 2001; Kieseritzky
and Knapp, 2008; Meyer and Knapp, 2015), as in previous
applications (Wolf et al., 2020; Dragelj et al., 2021a,b; Batebi et al.,
2018). The pK, values have been computed in the range from
—10.00 to 20.00, not only for the starting model but also for the
structures from GaMD trajectories obtained every 2ns. The
conformational stability of predicted structures was evaluated
considering conformational energies from the time frames of
GaMDs. Conformational energies were computed by solving the
linearized PoissonBoltzmann (LPB) equation with the program
“Adaptive Poisson-Boltzmann Solver” (APBS) (Baker et al., 2001).
Water molecules and electrolytes were removed and replaced by
an implicit ion concentration of 150 mM. The region out of the
solvent accessible surface area was treated as a dielectric
continuum with £¢=80 and protein volume was treated as a
dielectric continuum with e =4. These conformational energies
were computed using a grid resolution of 0.3 A for frames taken
every 4ns from the resulting trajectories.

Computation of mechanical properties
via coarse-grain simulations

Coarse-grained Brownian Dynamics (BD) simulations were
run using the ProPHet (Probing Protein Heterogeneity, available
online at https://bioserv.rpbs.univ-paris-diderot.fr/services/
ProPHet/) program (Sacquin-Mora, 2014, 2016, 2018). In this
approach, the protein is represented using an elastic network
model (ENM). Unlike most common coarse-grained models
where each residue is described by a single pseudo atom (Tozzini,
2005) ProPHet uses a more detailed representation (Zacharias,
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2003) that involves up to 3 pseudo atoms per residue and enables
different amino acids to be distinguished. Pseudo atoms closer
than the cutoff parameter R, =9 A are joined by Gaussian springs
which all have identical spring constants of y,=0. 422N.m™
(0.6 kcal.mol™A2). The springs are taken to be relaxed for the
initial conformation of the protein. The simulations use an implicit
solvent representation via the diffusion and random displacement
terms in the equation of motion, (Ermak and McCammon, 1978)
and hydrodynamic interactions are included through the diffusion
tensor (Pastor et al., 1988).

Mechanical properties are obtained from 200,000 BD steps at
an interval of 10fs and a temperature of 300 K. The simulations
lead to deformations of roughly 1.5 A root-mean-square deviation
with respect to the protein starting conformation (which by
construction corresponds to the system’s equilibrium state). The
trajectories are analyzed in terms of the fluctuations of the mean
distance between each pseudo atom belonging to a given amino
acid and the pseudo atoms belonging to the remaining protein
residues. The inverse of these fluctuations yields an effective force
constant k; describing the ease of moving a pseudo atom with
respect to the overall protein structure:

3kpT

((di ~¢d)*)’

ki =

where () denotes an average taken over the whole simulation
and d; = (d;)j* is the average distance from particle i to the other
particles j in the protein (the sum over j* implies the exclusion of
the pseudo atoms belonging to residue 7). The distance between
the C, pseudo atom of residue i and the C, pseudo atoms of the
adjacent residues i-1 and i + I are excluded since the corresponding
distances are virtually constant. The force constant for each
residue is the average of the force constants for all its constituent
pseudo atoms i. We will use the term rigidity profile to describe the
ordered set of force constants for all the residues of the protein.

Modelling and MD simulations of the
homodimeric large subunit of MBH
(HoxGy)

Despite the experimental evidence that isolated preHoxG (i.e., a
HoxG protein precursor equipped with an [NiFe] active site but still
containing its C-terminal extension tail) can be found in different
oligomerization states with a prevalent homodimeric fraction, no
detailed structural information was available (Hartmann et al.,
2018). The three-dimensional structure of the HoxG homodimer
was constructed using the cartesian coordinates of the monomeric
structure predicted with the lowest conformational energy during
20ns of GaMD simulation. We used SymmDock Webserver
(Schneidman-Duhovny et al., 2005a,b) to investigate the relative
orientation of two HoxG,, subunits. The SymmDock algorithm
predicts protein complexes by geometry-based rigid docking,
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whereby the scoring function considers both geometric fit and
atomic desolvation energy of resulting constructs. In our protocol
we requested the docking of two isolated HoxG units without
distance constraints, nor the prior definition of a binding interface.
Interestingly, out of the resulting top 10 suggested complexes more
than half of them form dimer structures in which both HoxG
monomers interact with each other via the HoxG-HoxK interface of
the functional MBH heterodimer as seen in Figure 2. For simplicity,
we have chosen a HoxG, model with the highest overall score as a
starting model, as the prediction of reliable dimer poses can
be computationally very demanding, and it is not the main objective
of this work. The HoxG,4 model was prepared for MD simulations
following the same protocols and conditions as described above for
the HoxG,, with an unchanged protonation pattern [determined by
Karlsberg2* software (Rabenstein and Knapp, 2001; Kieseritzky and
Knapp, 2008; Meyer and Knapp, 2015). HoxG4 was solvated in a
water box with dimensions of 121 A x 114A x 114A. After 45ns
thermal equilibration at 300K with cMD, boost parameters for
GaMD were estimated for a 150 ns long GaMD of the HoxGy model.

Size exclusion chromatography

For the size exclusion chromatography experiments, the
as-purified HoxG protein was investigated in various
concentration ranges (0.5, 2.5, 12.5 and 60 mg/ml) in 50 mM
KiPO,, 150 mM NaCl pH 7.4 (purification buffer). Measurements

were run on an AKTA pure 25 using a Superdex 200 Increase

10.3389/fmicb.2022.1073315

10/300 GL (Cytiva) column equilibrated with the purification
buffer at 4 °C. A calibration curve was made by measuring six
protein standards with known molecular weights between 12 and
670 kDa: Thyroglobulin (669 kDa, 9.34 ml), Apoferritin (443 kDa,
10.49 ml), p-Amylase (200 kDa, 11.8 ml), Bovine serum albumin
(66 kDa, 14.1 ml), Carbonic anhydrase (29 kDa, 16.8 ml) and
cytochrome C (12.3 kDa, 18.24 ml). Additionally, HoxC (the large
subunit of the regulatory hydrogenase from C. necator) was
included in the calibration series as its oligomerization profile was
recently elucidated (Caserta et al., 2020a).

IR spectroscopy

HoxG protein solutions were transferred into a homemade,
gas-tight, and temperaturecontrolled (10°C) transmission cell
equipped with two sandwiched CaF, windows separated by a
Teflon spacer with an optical pathlength of 50 um. Spectra with a

! were recorded on a Tensor 27 Fourier-

resolution of 2cm~
Transform spectrometer (Bruker) equipped with an MCT (liquid
nitrogen-cooled mercury-cadmium-telluride) detector. The cell
compartment was purged with dried air. For a single spectrum 200
individual scans were averaged. A buffer spectrum was used as
reference for calculating the corresponding absorbance spectra.
OPUS software version 7.5 from Bruker was used for data analysis.
For the cofactor-stability experiments, IR spectra of as-isolated
HoxG protein solution 35 mg/ml (500 pM) and a threefold higher
concentrated sample were recorded consecutively for 7h.

monomer

heterodimer

FIGURE 2

Residues of HoxG with highest rigidity constants (100kcalmol-t-A-?): in the crystal structure of CnMBH, HoxGygy; (A, red), in a HoxG,, structure
taken from GaMD simulation 2 at 200ns (B, magenta) and in one monomer of the HoxGy structure taken from GaMD simulation at 150ns (C, gold).
The structures of the entire CnMBH heterodimer and the entire HoxGy are also displayed (A,C, bottom). The [NiFe] active site is shown in green.
The protein backbone of residues with force constants less than 100kcal:mol™-A-2 is shown in grey.

homodimer
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Results

Conformation of the isolated large
subunit HoxG,,

The structures obtained from Gaussian accelerated
molecular dynamics simulations were analyzed in order to get
a deeper insight into the dynamics and stability of the HoxG,,
subunit. Special attention has been given to the quaternary
structure, as well as the preservation of secondary structure
elements. Root-meansquare deviation (RMSD), root-mean-
square fluctuation (RMSF) of backbone atoms of protein,
electrostatic conformational energy, and rigidity profile of the
structure were computed.

The RMSF values of backbone Ca atoms from two GaMD
simulations (shown in Supplementary Figure S1) are mostly low
(below 2 A), indicating a stable structure with some flexible loops.
The highest flexibility is observed for the Strep-tag II affinity tag
(Supplementary Figure S1), in line with the fact that this peptide
fragment is seldom resolved in X-ray protein structures. In all
simulations, no secondary structure elements could be assigned
for Step-tag II, which exhibited multiple conformations relative to
the HoxG structure (Supplementary Figure S2). Furthermore, the
flexibility of the affinity tag may cause destabilization of the
terminal B-sheet as seen in Figure 3 (residues 213, yellow). A
reliable indicator of the structural stability is the root-mean-
square deviation or RMSD value of the protein backbone, which
was computed in all cases by excluding the mobile.

Strep-tag II (both from the alignment and the calculations).
The RMSD values in cMD (Supplementary Figure S3) show a
steady rise to about 2.0 A. This was also observed for GaMD
simulations, where RMSD values reached 3.0 A (Figure 3B1).
Moreover, when several flexible loops, identified based on RMSF
values (residues 24-28, 171-191, 373-386, and 244-250), were
excluded, the RMSD value was reduced to about 0.5A. The
flexibility of loop regions is commonly observed in molecular
dynamics simulations but it is noteworthy that residues from these
loop regions form interactions with the small subunit (HoxK) in
the heterodimeric MBH enzyme (Fritsch et al., 2011; Albareda
et al,, 2019). In contrast, these loops are solvent exposed in the
HoxG,, Interestingly, the loop containing residues 24-28
(Figure 3A3) hosts Glu27, which plays an important proton gate
role and it is located in the center of the interface of the two
subunits in MBH (Tombolelli and Mroginski, 2019).

Analysis with VMD (Humphrey et al., 1996) showed that the
majority of the secondary structures are preserved during both
GaMD simulations, supported by a relatively low reduced RMSD,
hinting at the stability of HoxG even in the absence of the small
subunit. Furthermore, the relative conformational energies of time
frames extracted from GaMD simulations yield average values of
345kJ/mol and 331kJ/mol above the 28,000kJ/mol baseline
(Supplementary Figure 54) for simulations 1 and 2, respectively,
with fluctuations up to 400kJ/mol. Despite these large fluctuations
of the conformational energy, there is no indication of either
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protein unfolding or large conformational changes in the
structures derived from GaMD simulations.

Structural properties of the homodimer
HoxGy

HoxGy structure, predicted by SymmDock Webserver
(Schneidman-Duhovny et al., 2005a,b) was subjected to cMD
and GaMD simulations (see Materials and methods for details)
in order to obtain a thermally equilibrated moiety for the
analysis of structural features. RMSD and RMSF values
(Supplementary Figures S5, S6) computed for backbone atoms
indicate a high structural stability comprising a “closed”
conformation and a preserved orientation of the two subunits.
Computed relative conformational energies of time frames
extracted from GaMD simulations yield and average value of
382kJ/mol above the baseline value (Supplementary Figure S7),
of around 350k]J/mol,
confirming the integrity of the predicted
HoxG The
(Supplementary Figure S8) contains 52 residues (3,382 A?) and
49 residues (3,366 A?) belonging to HoxG-I and HoxG-II,
respectively via 6 salt-bridges, 28 hydrogen bonds and 260
non-bonded contacts, as identified with PDBSum (Laskowski,
2009). Salt-bridges found in the thermally equilibrated HoxGy
after 150ns are: Arg62(I)-Glu21(Il), Arg73(I)Glu27(II),
Glu21(I)-Arg62(II), Glu27(I)-Arg73(II), Arg267(I)- Asp211(II)
and Glu371(I)Arg384(II). Several important residues have
been observed to play a role at the interface between two HoxG

with fluctuations furthermore
structural
interface

homodimer. homodimer

subunits. Residue Glu27 that plays an important role in proton
transfer in MBH is involved in the formation of a stable salt-
bridge with Arg62 in both HoxG subunits in the HoxGq
structure (Dementin et al., 2004; Tombolelli and Mroginski,
2019). Cysteines 597 and 75, coordinating the Ni ion, are
involved in interface interactions as well, albeit only observed
in one subunit (HoxG-I; Supplementary Figure S8) in
the HoxGy.

Mechanical properties and rigidity profile
of HoxG

Computation of mechanical properties and rigidity profiles
may help identify the location of the active sites in proteins
(Lavery and Sacquin-Mora, 2007; Sacquin-Mora, 2016) and were
utilized in this work in order to identify stable regions of the
catalytic (large) subunit of MBH (HoxG) in the absence of its
small counterpart HoxK. Rigidity profiles were computed for both
HoxG,, and HoxGy models based on time frames from GaMD
simulations, as well as, for the entire MBH structure [PDB code:
3RGW (Fritsch et al., 2011)] and its HoxG subunit extracted from
3RGW without further processing (HoxG., HoxGyy; Figure 4;
Supplementary Figures S9, S10).
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FIGURE 3
mobility of Strep-tag Il and loops with residues 24-28 and 244-250, shown

were excluded from the calculation.

Conformations of the isolated large subunit, HoxG,, from GaMD simulations: (A1) — initial modelled structure with N-terminal Strep-tag Il. Flexible
loops and structure elements that were excluded from RMSD calculation in (B2) are shown in green; (A2) — representation of mobility of Strep-tag
Il and loops with residues 171-191, 373-386, and 244-250, shown in time frame taken from simulation 2 after 199ns; (A3) — representation of

adjacent to the Strep-tag Il is shown in yellow in all structures. [NiFe] active site is in vdW representation in all structures. Root-mean-square
deviation (RMSD) of backbone atoms relative to the crystal structure [PDB code: 3RGW (Fritsch et al., 2011)] in GaMD simulations (blue —
simulation 1, purple — simulation 2): (B1) — Strep-tag Il was excluded from the calculation; (B2) — Strep-tag Il and all flexible loops shown in (A1)
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The  rigidity obtained  for  HoxGypu
(Supplementary Figure S10) is qualitatively similar to those

reported in an earlier study (Oteri et al., 2014a) for the soluble and

profile

membrane-bound [NiFe]-hydrogenases from D. fructosovorans and
A. aeolicus, respectively. The highest force constant peaks obtained
for the MBH structure are observed for residues coordinating the
active site, i.e., Cys75, Cys78, Cys597 and Cys600 (Figure 4, red
line), which is a common feature in proteins with cofactors (Yang
and Bahar, 2005; Sacquin-Mora and Lavery, 2006; Sacquin-Mora
et al., 2007). Despite the absence of HoxK, a similar trend is
observed for HoxG, (Figure 4, black line) as well as in structures
extracted from GaMD simulations (Figure 4, purple line), where
peaks have different intensities. In the region of Cys75 and Cys78,
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the intensities of peaks decrease from about 700kcal-mol™"-A~* to
just below 100kcal-mol™-A~* and in the region of Cys597 and
Cys600 the magnitude of the force constants is significantly reduced
from ca. 300 kcal-mol™"-A2 to half when comparing HoxG,, to the
HoxGypn. The loss of rigidity around active site cysteines is
compensated by an increase in peak intensities around residues
Gly412, Argd76 and Arg530. The highest peak (at 373 kcal-mol"-A~
in Figure 4, purple line) from GaMD simulations is assigned to
Arg530, which is also very pronounced in the rigidity profile of
HoxGypy. Arg530 forms a stable salt-bridge with Asp117 in several
structures of ChMBH [PDB codes: 3RGW (Fritsch et al.,, 2011),
4IUC, 41UB, 4I1UD (Frielingsdorf et al., 2014)] and it is maintained
in cMD and GaMD simulations (Supplementary Figure S11).
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Left: Rigidity profiles of HoxG,,, and HoxGy (upper purple and yellow line, respectively) and HoxG., HoxGygy [PDB code: 3RGW (Fritsch et al., 2011);
black and red line, respectively]. Force constants (in units kcal:mol=A-2) of HoxG,, and HoxG4 models were obtained using frames extracted after
200ns GaMD simulation (simulation 2 in case of HoxG,,). Right: Residues predicted with force constants of 100kcalmol™-A~? or higher in the

Generally, residues featured as peak-representatives are within
12A of the [NiFe] active site (Figure 4), thereby reflecting the
stability of the protein core in the isolated HoxG (Figure 2).
However, the [NiFe] active site in the HoxG,, is somewhat less rigid
than that in HoxGyy with force constants of all cysteines below
100kcal-mol~"-A~. Loss of rigidity around the active site may be the
consequence of the solvent exposure of Ni**, Cys597 and Cys75 and
the increased flexibility of the adjacent loop with residues 24-28
(Figure 3A3). These sites are located at the HoxG-HoxK interface in
MBH that becomes solvent exposed when isolating the HoxG unit.

Interestingly, the rigidity encompassing the [NiFe] active site,
which was lost in the HoxG,, is partially regained in the HoxGq
model (Figures 2, 4). Furthermore, the rigidity of Glu27 seems to
be recovered as reflected by a force constant peak of approx.
108kcal-mol™"-A~?, which is similar to that observed in
HoxGyy. His229, which interacts with the HoxK subunit in
MBH, also contributes to the rigidity of the HoxG, with a force
constant peak of approx. 209 kcal-mol~"-A=2, Notably, the region
encompassing the Arg530 and Phe594 appears less rigid. The
change of mechanical properties in this region may also have
consequences on the efficiency of substrate channeling and
binding to the active site.

Electrostatic properties of HoxG,,

The electrostatic properties of proteins are crucial for
understanding their interactions with other molecules and/or
surfaces, e.g., of electrodes (Oteri et al., 2014b; Heidary et al.,
2015). After separation from the HoxK subunit of MBH, the
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electrostatic properties of the HoxG,, exhibit some differences
compared to the HoxGyy. The pK, values (protonation states)
initially determined with Karlsberg2*® (Rabenstein and Knapp,
2001; Kieseritzky and Knapp, 2008; Meyer and Knapp, 2015),
remain unchanged inall MD simulations (Supplementary Table S1).
Remarkable is the significant change in the pK, value of Glu27
upon isolation of the HoxG subunit. This residue is located in the
proximity of the [NiFe] center and is immersed in the protein
matrix at the HoxG-HoxK interface. A very high pK, value (> 20)
is predicted, indicating a neutral charge state. Upon removal of
HoxK, Glu27 becomes solvent exposed and its pK, drops
significantly down to ca. 4, suggesting the prevalence of its anionic
form. Therefore, we propose that the mechanism by which protons
are supplied to the active site is altered when the HoxK unit is
detached from the MBH.

In order to better identify changes in the electrostatic
properties arising from the removal of the small HoxK subunit,
we also computed the electrostatic potential surface (EPS) of the
HoxG,. and that of HoxG,, using APBS (Baker et al, 2001;
Figure 5). The EPS of thermally equilibrated HoxG,, (Figure 5B)
shows a considerable number of positive charges at the solvent
exposed interface (occupied by the HoxK subunit in MBH), where
several Arg, Lys and His residues are present. A comparison of the
computed EPS for CnMBH and its HoxG subunit is shown in
Supplementary Figure S12. In regions different from the former
heterodimer interface we observed similar charge localizations
patterns, with important exceptions in regions containing flexible
loops and the Strep-tag IT tag (Figure 6; Supplementary Figure S12).
Here, the differences in charge distribution significantly depend
on their local conformations and interactions.
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FIGURE 5

Structure and the electrostatic potential surface of the HoxG structures, showing the former dimer interface (other orientations are shown in
Supplementary Figure S13). (A): HoxG subunit from the MBH crystal structure 3RGW (Fritsch et al., 2011), with HoxGugy (A1) and without HoxG,
(A2) the small subunit HoxK. (B): HoxG,, structure taken from simulation 2 after 100ns. The upper panels show the secondary structure elements.
The representation and color codes are taken from Figure 1. The electrostatic potential surface calculated with the APBS (Baker et al.,, 2001; grid
resolution 0.3A) is qualitatively displayed (range: —4 KT/e to 4 KT/e), where red and blue indicate negatively and positively charged regions,
respectively. The grey arrows indicate the direction of the dipole moment in monomers HoxG. and HoxG,,, ca. 644 Debye (A2) and ca. 740 Debye
(B), respectively. Charges and radii were used as defined in the CHARMM Force-Field (MacKerell, 1998; Best et al., 2012). Comparison to the
CnMBH heterodimer is shown in the S| (Supplementary Figure S12).

The direction and magnitude of the dipole moment in 3RGW (Fritsch et al., 2011) oscillates between 5° and 40° when
HoxG,, were evaluated over the course of GaMD simulations the Strep Tag-II is taken into account and between 0° and 30°
using VMD (Humphrey et al., 1996), with charges and atomic if the tag is absent (the related HoxG. does not contain a
radii from CHARMM ForceField (MacKerell, 1998; Best et al., Strep-tag II; Fritsch et al, 2011). Thus, our calculations
2012). The dipole moment of the HoxG gy oriented along the demonstrate that the presence of a flexible tag region, carrying
y axis, which was defined from Ca of Asn311 to Ca of Pro22 as charged Glu, His" and Lys residues, has a significant influence
reference (Figure 5A). In the course of the GaMD simulation, on the orientation and strength of the total dipole moment of
the total dipole moment of HoxG,, rotates 25° with respect to HoxG protein and consequently, on the stability of the
its initial position. This is shown in Figure 5B as representative electrostatic interactions with potential reactions partners (e.g.,
conformation, taken from simulation 2 after 100 ns. Thereby, proteins and surfaces).

HoxG,, adopts an orientation similar to that in the heterodimer
MBH (Supplementary Figure S12; Utesch et al., 2013; Heidary
et al, 2015). Furthermore, moderate fluctuations of the Size exclusion chromatography
magnitude and orientation of the dipole moment are predicted

during the simulations (Supplementary Figure S14) like The oligomerization state of HoxG was investigated
previously reported for other [NiFe]-hydrogenases (Oteri utilizing size exclusion chromatography. The protein was
et al., 2014b). measured in various concentrations between 0.5 and 60 mg/ml.
During the GaMD simulations, the magnitude of the dipole We observed that at concentrations below 12.5mg/ml, the
moment of the HoxG,, fluctuates moderately around 800 +250 chromatographic profile of HoxG comprises mainly a
Debye (Supplementary Figure S14) and decreases to around monomeric form (Ry 15.34ml). At higher protein
677+100 Debye upon exclusion of the Strep-tag II concentrations, a significant amount of a dimeric form (Ry
(Supplementary Table S2). Moreover, also the orientation of the 14.1 ml) was detected (Figure 7).
dipole moment in HoxG shows some fluctuations, as the The computational work predicted a stable HoxG, homodimer
formed angle of the dipole moment computed for HoxG, in at the former HoxK interface. This structural arrangement is
Frontiers in Microbiology frontiersin.org
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supposed to contribute to the cofactor stability, protecting the
solvent exposed NiFe(CN),(CO) site from degradation. To
elucidate whether the dimeric arrangement might confer stability
to the active site, we used IR spectroscopy. Given that the CO and
CN-diatomic ligands of the [NiFe] cofactor have specific
spectroscopic signatures that vary with respect to changes in
electron density at the active site, IR spectroscopy can provide
detailed information on the hydrogenase cofactor monitoring
redox changes, hydrogen bonding, protonation state of
neighboring residues as well as stability of the [NiFe] site in the
protein scaffold (Ash et al., 2017; Tai et al., 2021).

FIGURE 6

Structure of the HoxG homodimer (HoxG,) taken from GaMD
simulation at 150ns. 232 [NiFe]-active sites are depicted as
spheres following the color code: Fe in pink, Niin green 233
CN-and CO groups, cyan-blue and cyan-red, respectively.

10.3389/fmicb.2022.1073315

For this purpose, IR spectra of two HoxG samples (ca 30 mg/
ml and 100 mg/ml, respectively) were recorded continuously for
7h. These two protein concentrations were chosen such that, the
first sample (between 12.5 and 60 mg/ml) has a higher monomer
content, while the 100 mg/ml sample has a higher dimer content.
Furthermore, the comparable high protein concentrations enable
a clear detection of the active site absorption bands suitable for
cofactor quantitation. The spectra were first normalized to the
intensity of the amide II band (at ca. 1,551cm™) and then the
integral of the CO stretching bands region was calculated and
plotted as a function of time (Figure 8A). The fully mature HoxG
protein has been recently characterized (Caserta et al., 2022a) and
its spectrum shows two main CO absorptions at 1,929 and
1,939cm™, and a weaker band at 1953 cm™" that was assigned to
an unmatured portion of the protein still containing its
C-terminal peptide extension (Hartmann et al., 2018; Caserta
et al., 2022a).

By comparing the first (£,) and last IR spectrum (t;,) of the two
HoxG samples (Figures 8A,B) and their time dependence
(Figure 8C), we observed a more pronounced loss of the active site
signals in the sample with higher monomer content. Given a
strong correlation between the amount of dimeric HoxG and the
increased stability of the active site signals, we propose that the
dimerization occurs at the interface freed by the HoxK subunit.
This is in line with the computational predictions, suggesting a
recovery of the active site rigidity for the HoxG protein upon
(homo)-dimerization.

Discussion

Biochemical, theoretical, and spectroscopic studies on
[NiFe]-hydrogenases have focused on a small subset of these
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FIGURE 7
Size-exclusion chromatography measurements of HoxG in different protein concentrations (A) were performed in 50mM KPO4, 150mM NaCl,
pH=74, T=4°C. Monomeric and dimeric forms were calculated based on reference proteins (B).
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IR spectroscopy measurements. (A) Baseline-corrected

IR spectra for HoxG sample (34mg/ml) at t, and after

7h accumulation. (B) Baseline-corrected IR spectra

for HoxG sample (102mg/ml) at t, and after 7h
accumulation. The spectral region in (A,B) displays

bands related to the CO stretching vibrations of the active
site. Shown spectra have been normalized to the

intensity of the amide Il band (see figure insets in A,B).

(C) Time evolution of the integral of the [NiFe] active

site CO absorption bands for the HoxG sample at 30 (black
squares) and 100mg/ml (red squares), respectively. For an
adequate comparison of the time evolution of the active site
signals in A,B, we have chosen 120min (t,=120min) as
starting point for plotting the integral intensity of the CO
absorptions.
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enzymes, assuming that the knowledge gained herein would
apply to all [NiFe]-hydrogenases (Sickerman and Hu, 2019).
Recently, we have shown that it is possible to isolate
hydrogenase catalytic subunits equipped with an intact and
redox-active NiFe(CN),(CO) active site (HoxC and HoxG
proteins from CnRH and CnMBH, respectively). This grants
an exclusive spectral view on the hydrogenase active site
without the interference from Fe-S cluster relay (Hartmann
et al.,, 2018; Caserta et al., 2020a,b, 2021, 2022a). Albeit
we suggest that these biophysical properties apply to all [NiFe]
hydrogenases, the premature large subunit from Thermococcus
kodakarensis, TkHyhL (Kwon et al., 2018), was isolated
exclusively in its apo-form while the catalytic subunit Pf, from
the cytoplasmic soluble [NiFe]-hydrogenase from Pyrococcus
furiosus (PfSHI) did not exhibit any biological and
electrochemical properties (Chandrayan et al., 2015; Wang
et al., 2021). Considering these recent observations and the
fact that the HoxG protein has been isolated even at different
stages of the biosynthetic maturation of the [NiFe] cofactor
(Caserta et al., 2022a), we have undertaken an investigation of
the structural and mechanical properties of this protein.

Upon removal of the small subunit HoxK from the
heterodimeric MBH, the former dimer interface in the HoxG
subunit becomes solvent accessible and with it, a small fraction of
the catalytic site becomes exposed (Figure 2A). Alterations in the
polarity of the protein environment may cause significant
structural reorganization, specifically at the previous interface site.
To verify this assumption, a series of classical MD simulations
were performed. The changes in mechanical and electrostatic
properties were evaluated using a coarse-grained Brownian
dynamics approach and Poisson Boltzmann electrostatic
calculations. An initial model structure for the HoxG subunit was
extracted from the available crystallographic data on the
heterodimeric MBH (3RGW; Fritsch et al.,, 2011), which was
equipped with a Strep-tag II affinity tag at the N-terminus in line
with the recent biochemical data (Caserta et al., 2022a). These
models were thermally equilibrated with classical MD simulations
and then subjected to Gaussian-Accelerated molecular dynamics
GaMD (Miao et al., 2015).

Rigid docking approaches favored the formation of a HoxG
homodimer (HoxGy), built at the interface freed by the HoxK
subunit. Such protein arrangement stabilizes/protects the active
site by limiting solvent accessibility. Analysis of the thermally
equilibrated structures derived from GaMD simulations
demonstrate that the overall HoxG,, structure remains stable over
the course of simulations, substantiated by the relatively low
RMSD (below 2.5 A, after excluding the mobile Strep-tag IT) and
RMSF values (Figure 3; Supplementary Figure S1). Indeed, the
core of the HoxG,, protein matrix with its secondary structural
elements are largely preserved in our MD simulations. To shed
light on the structural stability and mechanical properties, rigidity
profiles of the MBH heterodimer as well as HoxG structures
extracted from GaMD simulations were computed (Figure 4). The
rigidity profiles of HoxG,, structures identified the residues
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Gly412, Arg476, and Arg530 in the protein core as those with the
largest force constants (Figure 4). In contrast, rigidity peaks in
HoxGypy are localized around active site cysteines (Cys75, Cys78,
Cys597, and Cys600) consistent with those reported in earlier
studies on hydrogenases (Oteri et al., 2014a). Our calculations
suggest that the loss of rigidity at the [NiFe] active site of HoxG,,
upon detachment of the HoxK subunit was most likely caused by
an increased solvent accessibility around the active site.
Nonetheless, biochemical and spectroscopic data revealed a stable
and redox active [NiFe] active site in isolated HoxC and HoxG
proteins from C. necator (Hartmann et al., 2018; Caserta et al.,
2020a,b, 2021, 2022a). Interestingly, our computational work
predicts that the rigidity around the [NiFe] site is recovered in the
HoxGq model, suggesting that a change in the oligomerization
state of the HoxG subunit may be relevant to restore stability.
These predictions were corroborated by experimental data.
Indeed, size exclusion chromatography showed a concentration-
dependent homodimerization of the HoxG protein and IR
measurements revealed a strong correlation between the integrity
of the active site and the aggregation state of the isolated HoxG
(i.e., samples with higher dimer content exhibit longer remaining
active absorptions as compared to the monomer counterpart). It
is worth emphasizing that also other hydrogenase large subunits
contain a certain amount of homodimer forms, which have not
been rationalized so far (Sasaki et al., 2012; Hartmann et al., 2018;
Kwon et al., 2018; Caserta et al.,, 2020a). Notable are in this
context studies of the large subunit HyhL from Thermococcus
kodakarensis, which was shown to form a complex at the active
site interface with the Ni-inserting accessory protein HypA only
upon enrichment of the large subunit monomeric form. These
data suggest that the dimeric interface might be in proximity of
the [NiFe] site also in TkHyhL protein.

A closer look at the active site area in both HoxG,, and HoxGy
models revealed a salt-bridge between Arg530 and Asp117 that is
conserved also in multiple MBH crystal structures (Fritsch et al.,
2011; Frielingsdorf et al., 2014). The Arg530 has been shown to
play a relevant functional and structural role in [NiFe]
hydrogenases. Indeed, this Arg residue located above the free
coordination site of the [NiFe]center (Supplementary Figure S11)
has been proposed to act as general base triggering H, activation
according to a frustrated Lewis pair mechanism (Evans et al.,
2016). The Arg530 in HoxG,, is associated with the highest peak
in the rigidity profile, indicating that this residue plays a significant
role in stabilizing the surrounding protein matrix.

In previous works done on the MBH heterodimer (Smith
et al., 2012; Utesch et al., 2013; Heidary et al., 2015; Kalms et al.,
2018), no large conformational changes of HoxG (or HoxK) were
observed and our new simulations reveal preservation of the
mechanical properties in HoxG,,. This statement is supported by
the steady temporal evolution of the conformational energies of
HoxG,, structures obtained over the course of the GaMD
simulations (Supplementary Figure 54). These data do not show
drastic conformational changes in HoxG,, which could
eventually lead to protein unfolding. Moreover, the former
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heterodimer interface of HoxG,, is largely hydrophilic as can
be seen in the map of electrostatic potential (Figure 5). Herein,
the positive charges from Lys, His" and Arg residues support the
overall stability of the protein in aqueous solution.

addition the Strep-tag 1T
(Supplementary Figure S1), several flexible loop regions

In to highly ~dynamic
(Figure 6A1) were identified on the edges of the new solvent-
exposed interface. In the HoxGyy, residues from these flexible
regions form non-covalent interactions with the small subunit
HoxK (Albareda et al., 2019). Herein, we propose that the flexible
regions could be relevant for interactions of the HoxG,, with other
molecular species such as maturase proteins involved in the
biosynthesis of the [NiFe] cofactor (Lacasse and Zamble, 2016;
Kwon et al,, 2018) and may be used to facilitate the protein
immobilization on electrode surfaces (Utesch et al., 2013). In the
latter case, detailed information on the electrostatic potential
surface can guide the optimization of protein immobilization
strategies assuring an efficient electrochemical control. In this
regard, early work on MBH heterodimer using (spectro)
electrochemical techniques showed that immobilization of the
enzyme can be controlled by changing the protonation of the self-
assembled monolayer (SAM) of functionalized n-alkanethiols
attached to the gold surface (Utesch et al., 2013).

In summary we have clearly shown that a Strep-tag II
sequence, often included to enhance protein purity and
homogeneity (Johar and Talbert, 2017), has a substantial effect on
the electrostatic behavior of a macromolecule (Oteri et al., 2014b).
In the case of the HoxG,, this highly flexible positively charged
sequence of amino acids is responsible for destabilizing the dipole
moment and reducing its strength. However, the affinity tag does
not control the dipole moment direction as much as the rest of the
protein (Supplementary Figure S14). Generally, the direction of
the dipole moment in HoxG,, (avg. value ca. 833 Debye;
Supplementary Table S2) as depicted in Supplementary Figure S12,
is steady throughout the MD simulations.

Finally, our combined computational/experimental data
revealed that the artificial isolation of the large subunit of MBH
does not result in protein unfolding and the key mechanical
properties are preserved. Various oligomers could be observed in
HoxG,, depending on the protein concentration, and we propose
that homodimers are formed via the former HoxG-HoxK interface
of the MBH. This arrangement confers mechanical stability to the
active site and we hypothesize that the active site rigidity may
be regained also through a specific and oriented immobilization
of HoxG,, on a functionalized surface, as previously observed in
the case of similar enzymes (Oteri et al., 2014b). More importantly,
we used thermally equilibrated structures from GaMD simulations
to determine formerly unknown properties of HoxG,,, such as
surface charge distribution and dipole moment strength and
orientation. This information is essential for understanding the
details of the hydrogenase maturation (Lacasse and Zamble, 2016;
Hartmann et al., 2018; Caserta et al., 2020a, 2022a), achieving
electrostatic control of these enzymes and more importantly
boosting their applications.
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Production of organic molecules is largely depending on fossil fuels. A sustainable
alternative would be the synthesis of these compounds from CO, and a cheap
energy source, such as H,, CH,, NHs;, CO, sulfur compounds or iron(ll). Volcanic
and geothermal areas are rich in CO, and reduced inorganic gasses and therefore
habitats where novel chemolithoautotrophic microorganisms for the synthesis
of organic compounds could be discovered. Here we describe "Candidatus
Hydrogenisulfobacillus filiaventi” R50 gen. nov., sp. nov. a thermoacidophilic,
autotrophic H,-oxidizing microorganism, that fixed CO, and excreted no less than
0.54mol organic carbon per mole fixed CO,. Extensive metabolomics and NMR
analyses revealed that Val, Ala and lle are the most dominant form of excreted
organic carbon while the aromatic amino acids Tyr and Phe, and Glu and Lys were
present at much lower concentrations. In addition to these proteinogenic amino
acids, the excreted carbon consisted of homoserine lactone, homoserine and an
unidentified amino acid. The biological role of the excretion remains uncertain. In the
laboratory, we noticed the production under high growth rates (0.034h, doubling
time of 20h) in combination with O,-limitation, which will most likely not occur in
the natural habitat of this strain. Nevertheless, this large production of extracellular
organic molecules from CO, may open possibilities to use chemolithoautotrophic
microorganisms for the sustainable production of important biomolecules.

acidophilic, autotroph, hydrogenase, amino acids, volcanic soil, Hydrogenisulfobacillus

Introduction

Fossil fuels, such as coal, natural gas and oil, are used in energy generation, transportation
and for the production of chemicals and this contributes to more greenhouse gas emissions,
global warming and an imbalanced global carbon cycle (SEI, 2021). To reduce global warming,
usage of fossil fuels should be replaced by more sustainable resources, such as solar and wind
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power. However, the production of chemicals still largely depends on
fossil fuels. Alternatively, chemicals can be produced by fixing CO,
into organic compounds. Methods to fix CO, are currently being
explored and involve the chemical and biological fixation of CO, into
larger molecules (Appel et al., 2013; Hepburn et al., 2019; Ullah
etal., 2019).

Plants and several prokaryotic microorganisms can fix CO, for the
production of organic compounds (biomass). Using plants for the
production of chemicals will require massive amounts of land,
ultimately resulting in competition between biomass production,
agriculture and nature. Therefore, microorganisms, and more
specifically photosynthetic microalgae, can be used for the production
of starch, carotenoids, fatty acids, proteins, antioxidants and pigments
(Mooij et al., 2013; Gangl et al., 2015). Fixing CO, to produce larger
biomolecules requires energy. Photoautotrophic microorganisms use
light as energy source for this activation. Chemolithoautotrophic
microorganisms, can use reduced inorganic compounds, such as H,,
CH,, NH;, CO, sulfur compounds or iron(II) for activation of CO,
(Friedrich and Schwartz, 1993; Khadem et al., 2011).

Volcanic and geothermal terrestrial soils are hot, acidic and emit
several gasses, including high amounts of CO, and the reduced gasses
H,, CH,, CO and H,S (D'Alessandro et al., 2009; Magro et al., 2013;
Bergfield et al., 2014; Gagliano et al., 2016). Despite the harsh
conditions, these soils are home to a unique microbial community that
can use the geothermal CO, for carbon fixation and the reduced gasses
as energy source (Picone et al, 2020). Metagenomic studies of
Yellowstone National Park hot springs have shown the presence of a
microbial community, which is enriched in genes encoding for H,
oxidation and CO, fixation (Lindsay et al., 2019). Metagenomics of the
geothermal soils of Pantelleria Island identified a high variety of
hydrogenase genes and H, consumption has already been observed in
the top layers of geothermal soils (Gagliano et al., 2016; Picone
et al., 2020).

Oxidation of H, is catalyzed by the enzyme hydrogenase, whereby
H, is converted into two protons and two electrons. These enzymes
are classified as [NiFe]-, [FeFe]- or [Fe]-hydrogenases depending on
the metal ion in the active site (Lubitz et al., 2014). These hydrogenases
can be further categorized into eight groups and 38 subgroups based
on amino acid-based phylogenetic analyzes, metal-binding motifs,
predicted genetic organization and reported biochemical
characteristics (Greening et al., 2016). Uptake hydrogenases are
involved in the oxidation of H,, whereby the generated energy can
be used to fix inorganic carbon.

So far, seven CO, fixation pathways have been discovered
(Gong et al., 2016; Sanchez-Andrea et al., 2020). Three of these
are involved in CO, fixation under mostly anaerobic conditions,
including the Wood-Ljungdahl pathway, the dicarboxylate/4-
hydroxybutyrate cycle and the reductive TCA cycle. The three
more predominant aerobic CO, fixation pathways are the
3-hydroxypropionate  cycle, the 3-hydroxypropionate-4-
hydroxybutyrate cycle and the Calvin-Benson-Bassham (CBB)
cycle. The widespread CBB cycle can be found among plants,
algae, photosynthetic prokaryotes and many
chemolithoautotrophic microorganisms. The key enzyme of the
CBB cycle is the ribulose-1,5- bisphosphate carboxylase (cbb)
composed of a large and a small subunit. In this pathway, three
molecules of CO, are converted to glyceraldehyde 3-phosphate at

the expense of nine ATP molecules and six NAD(P)H molecules,
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which makes it the highest energy-consuming pathway for CO,
fixation (Berg, 2011; Erb and Zarzycki, 2018).

The aim of the present study was to enrich and isolate new
thermoacidophilic, autotrophic microorganisms that serve as primary
producers for the establishment of a microbial community and
potentially produce extracellular compounds. To this end, we used
aerobic chemostat cultivation with H, as limiting substrate and CO,
as carbon source. A pure culture was obtained by serial dilution to
extinction and resulted in the isolation of a novel bacterium of the
phylum Bacillota, which we tentatively named “Candidatus
Hydrogenisulfobacillus filiaventi” strain R50. “Ca. H. filiaventi” R50
is a chemolithotrophic microorganism that grows on H,, CO, and O,
and produces large amounts of extracellular organic compounds,
mainly amino acids.

Materials and methods
Geological setting

Pantelleria Island is the largest volcanic satellite island of Sicily,
characterized by phenomena related to hydrothermal activities as
fumaroles and passive degassing from geothermal soils. The main
active area is called Favara Grande, with soil temperatures up to 115°C
at 5cm of depth and soil pH values as low as 3. The geothermal field
passively degasses CO,, CH, and H, in order of magnitude of percent
per volume unit. Soil samples were taken in June 2017 at Favara
Grande from two sites, FAV1 (FAV1, 36°50°80”N; 11°57"170”E) and
FAV2 (FAV2, 36°50'77”N; 11°57'160”E) (Gagliano et al., 2016), using
a core sampler (diameter 1.5 cm), divided into subsections of 5cm and
stored in sterile 50 ml tubes.

Enrichment and isolation

Soil (top 10 cm composite sample of site FAV1) was mixed with
sterile medium of pH 3, using a volume ratio of 1:1. The medium was
composed of 0.5mM MgCl,, 0.5mM CaCl,, Il mM Na,SO,, 2mM
K,SO,, 1 mM (NH,),SO,, and 1 mM NaH,PO,. The final trace element
concentrations were 1 pM for CoCl,6H,0, NaMoO,, Na,SeO;, CeCl,,
and ZnSO,, 5pM for MnCl, and FeSO,, and 10 uM for CuSO, and
NiCl,. The pH was set to 3.0 by adding 1 M H,SO,. 4ml of soil slurry
was added to a bioreactor.

The bioreactor of 500 ml had a working volume of 325 ml and
was stirred using a 4 cm stirring bar at 500 rpm. The reactor was
operated at 75°C, pH 3.3 and supplied with a mixture of 80%
CO,(v/v), 10% CH, (v/v), 10% H, at a flow rate of 5ml/min. The CH,
flow was switched off after 4 weeks when it came apparent that CH,
was not consumed by the microbial community. Air was supplied to
the reactor to reach a dissolved oxygen concentration of 4% air
saturation. Two days after inoculation, the air supply was controlled
to maintain a dissolved O, concentration between 0.2 and 5% air
saturation. After 12 days, the reactor was operated as chemostat with
a dilution rate of 0.018h™". After steady state was reached, the
temperature was gradually increased to 85°C. After the temperature
had reached 85°C, the microbial culture became inactive and the
bioreactor was re-inoculated with effluent and the temperature of
the chemostat was stepwise decreased to 65°C. This resulted in a
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shift in population, as could be seen from microscopy. Coccoid cells
disappeared and rod-shaped microorganisms started to appear.
These microorganisms were further enriched and isolated using
serial dilutions to extinction using 9 consecutive rounds. In the first
six rounds, the reactor medium was used for the serial dilutions.
From round seven onward, the medium was supplemented with
0.05mM Na,S,0; as a source of sulfur. 10 ml of medium was added
to a 120 ml bottle containing 10% H, (v/v), 10% CO, (v/v), 3% O,
(v/v), and 77% N, (v/v) in the headspace. These bottles were
incubated at 55°C and 200 rpm shaking.

Batch cultivation

Growth experiments were performed in 120 ml flasks with 20 ml
medium. The headspace contained 10% (v/v) H,, 5% (v/v) O,, 5%
(v/v) CO,, and 80% (v/v) N,. Bottles were incubated at 55°C, unless
stated otherwise, in a shaking incubator operating at 200 rpm. To test
the growth on organic substrates, H, was replaced by 25mM of
organic substrate (formate, acetate, butyrate, methanol, ethanol,
propanol, butanol, glucose, galactose, fructose, maltose, and succinate)
or yeast extract (1g/l). To test nitrogen fixation, medium without
ammonium was used. To test for growth on urea as nitrogen source,
ammonium was replaced by 2mM urea.

Batch and continuous cultivation in a
bioreactor

Cultivation was performed in a 500 ml bioreactor (Applikon,
Delft, Netherlands) with a working volume of 350 ml and the medium
described above. The temperature was maintained at 55°C using a
Peltier element. The pH was set to 3.0, measured by a pH electrode
and maintained at pH 3.0+ 0.1 by adding 0.2 M NaOH. The dissolved
oxygen (DO) concentration was measured using a DO electrode, but
remained 0% since the reactor was operated at O,-limiting conditions,
while supplied with 2 ml/min air. Temperature and pH were controlled
using the My-Control process controller (Applikon, Delft,
Netherlands). The reactor was stirred at 2,000 rpm using a stirrer with
two Rushton impellers. The reactor was supplied with 10 ml/min CO,:
Argon (5%: 95%, v/v) and 3 ml/min H,. The O,-limited continuous
cultivation was operated at a dilution rate of 0.034h™".To determine to
growth rate at different dissolved oxygen concentrations, the DO was
set to 0.2, 0.5, 3.5, or 7.5% dissolved air saturation and the reactor was
operated as batch.

Gas analysis

H, in the headspace of the bottles and the in- and outflow of the
chemostat cultures was measured using a HP 5890 gas chromatograph
(Agilent, Santa Clara, California) equipped with a Porapak Q column
(1.8m, ID 2mm) and a thermal conductivity detector. For this
analysis, 50-100 pl gas samples were injected. To determine the CO,
and O, consumption, 25pl gas was injected and measured on an
Agilent series 6,890 GC-MS (Agilent, Santa Clara, California) and
analyzed as described before (Ettwig et al., 2008).
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Optical density, dry weight, total organic
carbon, and total nitrogen

The optical density was measured using a Cary 50 UV-VIS
spectrophotometer at a wavelength of 600 nm (Agilent, Santa Clara,
California). Dry weight was determined by filtering 25 ml of culture
over a pre-weighted 0.45 pm filter, drying at 60°C under vacuum and
weight measurement. The total organic carbon and total nitrogen in
the supernatant and in cell suspensions was determined using a
TOC-L analyzer (Shimadzu, Kyoto, Japan) as described before
(Mohammadi et al., 2017).

Untargeted metabolomics

Supernatant and blank culture medium were diluted five-fold in
methanol:acetonitrile (1:1, v/v) and analyzed in triplicate on an
Agilent 1,290 LC system coupled to a 6,546 Q-ToF high-resolution
mass spectrometer (Agilent) as described (Jansen et al., 2020). In brief,
2l sample was injected onto a Diamond Hydride Type C column
(Cogent) and subjected to a 0.4 ml/min gradient of water with 0.2%
formic acid (A) in acetonitrile with 0.2% formic acid (B) (0-2 min:
85% B, 3-5min: 80% B, 6-7 min: 75% B, 8-9min: 70% B, 10-11 min:
50% B, 11-14: 20% B, 14-24: 5% B, followed by 10 min re-equilibration
at 85% B). Detection was performed from m/z 50-1,200 in the positive
ionization mode, using a continuously infused solution of purine,
trifluoroacetic acid, and hexakis for reference mass calibration. The
resulting data were converted to mzXML format using ProteoWizard
software (Chambers et al., 2012) and the two sample groups were
compared using XCMS online (Tautenhahn et al., 2012) using
centWave feature detection (15 ppm, 10-60s peak width, SN threshold
6, integration method 2), and obiwarp retention time correction
(profStep 0.5). The resulting peak table was filtered for features that
were more abundant in the culture supernatant compared to blank
medium (fold-change >5, value of p <0.05) and present at a high level
(max intensity >10°). From the resulting list of 12 features, 5 features
representing isotopes or in-source fragments were manually removed,
whereas the presence of one feature was not reproducible in
subsequent analyzes. To identify the remaining 6 features, their
accurate masses were queried in the metabolite database METLIN
(Guijas et al., 2018).

NMR analysis

All spectra were recorded on a Bruker AVANCE III 500 MHz
spectrometer equipped with a Prodigy BB probe. Samples were
collected as either 10x or 50x freeze-dried concentrates and dissolved
in D,0 containing TMSP as reference. 'H spectra were acquired with
composite-pulse presaturation water suppression, 32 scans and a
relaxation of 3 s. Multiplicity-edited HSQC spectra were acquired with
1,024 t1 increments using 25% NUS (256 real FIDs) and 8 scans per
increment. HMBC spectra were acquired with 1,024 t1 increments
using 50% NUS (512 real FIDs), 32 scans per increment and a nJCH
of 8Hz. 1H-1H DQF-COSY spectra were acquired with 512 tl
increments using 25% NUS (128 real FIDs) and 16 scans per
increment. '"H-"H presaturated TOCSY spectra were acquired with
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1,024 t1 increments using 25% NUS (256 real FIDs), 32 scans per
increment and 80 ms of spin-lock mix time.

Quantification of amino acids

An amino acid standard mixture containing 17 different L-amino
acids at 1.25 and 2.5 pmoles/mL was obtained from Sigma Aldrich
(AAS18-5ml) and used to prepare calibration curves in blank culture
medium for the Q-ToF LC-MS system described above. These
calibration curves were used to calculate the concentration of the
different amino acids in the supernatant of the R50 reactor. To this
end, reactor supernatant was diluted 30x in culture medium. Of this
solution 100 pl was diluted with 900 pl acetonitrile:methanol:water
(40:40:20).

Membrane inlet mass spectroscopy

The kinetics of hydrogen consumption were determined by
membrane inlet mass spectrometry MIMS (Hiden HPR-40, Hiden
Analytical, Warrington, United Kingdom). Detection took place by
pulsed ion counting (PIC). For highest sensitivity the emission current
was set between 250 and 450 pA. As an inlet probe a 1/8 inch stainless
steel (SS) tube was used. The inlet probe (tube 1/8 inch, internal
diameter 2.8 mm) was perforated at the end over 2 cm. The holes were
covered with a piece of Dow Corning Q7-4750 silicon tubing (1.96
outer diameter, 0.25 mm wall thickness; Freudenberg Medical, VWR
International, Amsterdam, NL). To apply the silicon on the probe
tube, isopropanol was used as a lubricant. The probe was connected
to a water trap, consisting of a 10 cm diameter coil (1/4 inch stainless
steel tube) that was cooled inside a Dewar flask with solid carbon
dioxide. Connections were made by Swagelok Unions with Vespel
(85%)/Graphite (15%) ferrules. After connecting the probe to the
vacuum inlet, the MIMS system was operated for a few days to reach
a low and stable background signal, after which the chamber
experiments were started.

A 500 ml glass vessel with a water-jacket was used as incubation
chamber. The stainless steel head plate of the chamber was clamped to
the chamber with a Viton O-ring in between. The head plate had three
ports with Omni-Lok inverted cone fittings for pieces of 1/16 inch
capillary peek tubes (0.76mm inner diameter). After filling the
chamber completely with medium, gassing was done at 40 ml/min
with a long stainless steel capillary tube (0.7 mm diameter) through
one of the ports, while the central port was open, for at least 30 min
with a mixture of Ar and CO, (95/5%) gas, and stirring with a stirrer
bar (4cm long) at 1000rpm. Another port was used for adding
deoxygenated medium, after the flushing procedure, by means of a
20ml syringe. In this way all gas introduced during the gassing
procedure was removed from the chamber. This port for gassing was
later used as a capillary outlet for the medium when additions were
done via the central tube by means of gastight glass syringes
(Hamilton) fitted with 3 inch long needles (0.74 mm diameter). For
calibrations and calculations, known amounts of hydrogen
gas-saturated water were administered to the incubation chamber
from 50 ml serum bottles containing 10 ml of water.

For measuring oxygen concentration in the chamber, an optical
oxygen probe (DP-PST3) was used (PreSens - Precision Sensing,
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Regensburg, Germany). The probe was inserted through a 4 mm port
that was sealed with a Viton O-ring. The sensor was connected to a
Fibox 4 trace meter (PreSens). To adjust the initial oxygen
concentration, oxygenated medium was added. For higher
concentrations, pure oxygen gas was introduced. In the latter case,
when the desired concentration was reached, the remaining gas was
pushed out with medium from the 20 ml syringe. During the chamber
incubations, the oxygen concentrations were maintained constant by
adding oxygen saturated medium. Cells used for these experiments
(250 pl) were obtained from a H,-limited chemostat culture (5% AS;
ODgp=1.6).

Cryo EM

Cells were harvested from the O,-limited bioreactor and kept at
55°C until freezing. For each sample, 2 pl cell suspension was mixed
with 0.5pl 10nm Protein A gold solution (CMC, UMC Utrecht) on a
glow discharged Quantifoil R2/2 grid (Cu, 200#, Quantifoil Gmbh)
and plunge frozen in liquid ethane using a Vitrobot Mk4 (FEI/Thermo
Fisher) with controlled humidity (100%) at blot-force 1 with a blot
time of 2.5s. Frozen grinds were imaged in low dose in a JEOL-
JEM2100 operating at 200kV using a Gatan high-tilt cryo-holder.

DNA sequencing and genome assembly

For DNA isolation, 2ml cell suspension (ODgy, 0.5-1.0) from the
continuous culture was harvested by centrifugation (2 min, 14,000 x
g) and resuspended in 100 pl sterile MQ water. DNA was extracted
with the PowerSoil DNA isolation kit or the DNeasy Blood and Tissue
kit according to the manufacturer’s instructions (Qiagen Benelux B.V,
Venlo, The Netherlands). The quality and quantity of the DNA were
analyzed using the Qubit (Thermo Fisher, Waltham, Massachusetts)
and the Agilent 2,100 Bioanalyzer (Thermo Fisher, Waltham,
Massachusetts). The genome was reconstructed using a combination
of short-read paired-end Illumina sequencing and long-read
Nanopore sequencing. For Illumina library preparation, the Nextera
XT kit (Ilumina, San Diego, California) was used according to the
manufacturer’s instructions. Enzymatic tagmentation was performed
starting with 1ng of DNA, followed by incorporation of the indexed
adapters and amplification of the library. After purification of the
amplified library using AMPure XP beads (Beckman Coulter,
Indianapolis, Indiana), libraries were checked for quality and size
distribution using the Agilent 2,100 Bioanalyzer and the High
sensitivity DNA kit. Quantitation of the library was performed by
Qubit using the Qubit dsSDNA HS Assay Kit (Thermo Fisher Scientific,
Waltham, Massachusetts). The libraries were pooled, denatured, and
sequenced with the Illumina MiSeq sequence machine (San Diego,
California). Paired end sequencing of 2 x 301 base pairs was
performed using the MiSeq Reagent Kit v3 (Illumina, San Diego,
California) according to the manufacturer’s protocol. For Nanopore
library preparation, 1-1.5 pg of DNA was used. The input DNA was
checked for high molecular DNA and absence of degradation by
agarose (0.5%) gel electrophoresis. For Nanopore sequencing, the
DNA Library construction was performed using the Ligation
Sequencing Kit 1D (SQK-LSK108) in combination the Native
barcoding Expansion Kit (EXP-NBD103 or EXP-NBD104) according
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to the manufacturer’s protocol (Oxford Nanopore Technologies,
Oxford, United Kingdom). The libraries were loaded and sequenced
on a Flow Cell (R9.4.1) and run on a MinION device (Oxford
Nanopore Technologies, Oxford, United Kingdom), according to the
manufacturer’s instructions. Base calling after sequencing was done
using the guppy_basecaller in combination with guppy_barcoder
(Oxford Nanopore Technologies, Limited Version 2.3.7). The genome
was assembled from Nanopore reads using Canu (v1.8) (Koren et al.,
2017). Assembled contigs were first polished with Racon (v1.3.1)
(Vaser etal., 2017) followed by two iterations of Pilon (v1.23) polishing
with Illumina reads (Walker et al., 2014). The genome was annotated
using the MicroScope platform (Vallenet et al., 2013) and annotations
were checked manually. The genome of this strain is available from
GenBank under accession number GCA_902809825.

RNA sequencing and RNA-seq analysis

For transcriptome analysis, triplicate samples of 10ml cell
suspension (OD4,=0.5) from the continuous culture (55°C, pH 3.0
with 0.2% AS, 7.5% AS or O,-limiting conditions) were harvested by
centrifugation and mRNA was isolated using the RiboPure™-Bacteria
kit according to the manufacturer’s protocol (Thermo Fisher,
Waltham, Massachusetts). The quality and quantity of the RNA were
analyzed using the Qubit (Thermo Fisher, Waltham, Massachusetts)
and the Agilent 2,100 Bioanalyzer (Thermo Fisher, Waltham,
Massachusetts). The transcriptome libraries were constructed using
the TruSeq® Stranded mRNA Library Prep protocol (Illumina, San
Diego, California) according to the manufacturer’s instructions. Total
mRNA was used for library preparation and obtained libraries were
checked qualitatively and quantitatively as described above. Pooled
libraries were sequenced using the Illumina MiSeq sequence machine
(Illumina, San Diego, California United States). For sequencing, the
151 bp sequence chemistry was performed using the MiSeq Reagent
Kit v3 (Illumina, San Diego, California) according to the
manufacturer’s protocol in one direction. CLCBio software (version
10.1.1, Qiagen, Aarhus, Denmark) was used to perform RNA-seq
analysis. Gene expression levels were compared by calculating the
reads per kilobase per million reads (RPKM) values for the CDSs and
calculating the log2-fold to median (Mundinger et al., 2019). The raw
reads are available via project number PRINA616204.

16S rRNA gene analysis

The 16S rRNA gene of bacteria was PCR amplified from isolated
DNA using the primers 616F (5-AGAGTTTGATYMTGGCTCAG-3")
and 1492R (5-GGTTACCTTGTTACGACTT-3’) using the PCR
program; 5min 94°C, 30 cycles 40s at 96°C, 40s 55°C, 40s 72°C and
finally 10min 72°C. The 16S rRNA gene of the Archaea was PCR
amplified from isolated DNA wusing the primers Arch21F
(5-TTCCGGTTGATCCYGCCGG-3') and Arch915R
(5-GTGCTCCCCCGCCAATTCCT-3") using the PCR program;
5min 94°C, 30 cycles 40s at 96°C, 40s 54°C, 900s 72°C and finally
10min 72°C. The amplicons were cloned into the pGEM-T Easy
cloning vector (Promega) and transformed into competent E. coli
cells. After growth of the cells, the 16S rRNA amplicon in the vector
was PCR amplified, cleaned (GeneJET PCR purification kit, Thermo
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Fisher, Waltham, United States) and sequenced using the Sanger
sequencing platform (BaseClear B.V., Leiden, The Netherlands).

Results
Enrichment and isolation

Geochemical analyzes and a metagenomic survey indicated the
presence of high amounts of geothermal H, and many genes encoding
hydrogenases (Gagliano et al., 2016; Picone et al., 2020) in volcanic
soils of Pantelleria Island. Therefore, we set out to enrich and isolate
novel aerobic H,-oxidizing microorganisms using a continuous
bioreactor with H, as limiting substrate. As inoculum, soil from the
geothermal active area Favara Grande on the island of Pantelleria, Italy,
was used. The primary growth temperature was 75°C. Under these
growth conditions, microscopic analysis showed that this microbial
culture was dominated by a coccoid-shaped microorganism
(Supplementary Figure S1). Analysis of the microbial culture indicated
that the 16S rRNA gene of this microorganism had a high identity with
Acidianus sp. (97-99%) (Supplementary Figure S2). The enriched
Acidianus sp. could be isolated in pure culture by serial dilution but
grew poorly in bottles despite additions of sulfide, cysteine, thiosulfate,
sulfur, or yeast extract. The temperature optimum of 70-75°C of the
Acidianus sp. dominated enrichment culture was determined by
stepwise increasing the temperature with 5°C steps and measuring the
maximum growth rate. However, after the temperature had reached
85°C, the culture became inactive and the bioreactor was re-inoculated
using the collected effluent. Then, the temperature was stepwise
decreased, but after the temperature had reached 65°C, the microbial
culture changed. The coccoid-shaped Acidianus sp. disappeared and
now rod-shaped bacteria started to dominate the culture (Figure 1).
Some cells were more elongated. These bacteria were isolated by means
of serial dilution to extinction. Serial dilutions up to six rounds did not
result in a pure culture. Only after adding thiosulfate as a sulfur source,
three more serial dilutions series resulted in the isolation of strain R50.

Phylogeny

The genome of strain R50 was sequenced and assembled resulting
in a closed genome of 2.6 Mb. The general features of this genome are
compiled in Table 1. The four complete rRNA operons were highly
similar. A total of 22 different tRNAs were identified, with 1 to 5 copies
per tRNA type.

According to the GTDB classification (Chaumeil et al., 2019),
strain R50 belongs to the phylum of Bacillota and to a new family
R501
genome?gid=GCA_902809825.1)], but no genus or species could

[provisional family  (https://gtdb.ecogenomic.org/
be attributed to this strain. Phylogenomic analysis of this strain shows
that it falls outside of the genus Sulfobacillus (Figure 2). This is also
supported by the Type (strain) Genome Server at DSMZ (Meier-
Kolthoft and Goker, 2019; Supplementary Figure S3). The closest
Sulfobacillus relative, Sulfobacillus acidophilus DSM 10332, shows 87%
identity to the 16S rRNA gene of strain R50. No genomes or
metagenome assembled genomes (MAGs) were found that are
phylogenetically closer to strain R50 than members of the genus
Sulfobacillus. To investigate if close relatives of this isolate can be found
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FIGURE 1
Cryo electron microscopy images of strain R50 (scale bar, 250nm).

TABLE 1 Genomic features of Strain R50.

Feature Value

Genome size (bp) 2,570,337
DNA coding (bp) 2,273,977
DNA G+C (%) 70.55
Total genes 3,013
Protein coding genes 2,756
rRNA genes (4 operons) 12
tRNA genes 55
Genes assigned to COGs 15

in other environments, the 16S rRNA gene (4 copies in the genome)
was compared to prokaryotic 16S rRNA gene amplicon datasets
retrieved using the integrated microbial NGS (IMNGS; Lagkouvardos
et al,, 2016) platform. The retrieved 16S rRNA amplicon sequences
that showed a high identity with the 16S rRNA gene of strain R50
could be found in metagenomes of acid copper mines and hot springs
(Figure 3). Based on the extended phylogenetic analysis, our isolate is
a representative of a novel genus within the Bacillota for which
we propose the name “Candidatus Hydrogenisulfobacillus filiaventi”
R50 gen. nov., sp. nov.

Description of “Ca. Hydrogenisulfobacillus”
gen. nov.

“Ca. Hydrogenisulfobacillus® (Hydrogenisulfobacillus. N.L. n.
Hydrogeni, Hydrogen; N.L. n. bacillus a small staff or rod;
Hydrogenisulfobacillus, Hydrogen using microbe that is rod shaped
and related to Sulfobacillus sp.).

Description of “Ca. Hydrogenisulfobacillus
filiaventi” sp. nov.

“Ca. Hydrogenisulfobacillus filiaventi” [fili.a.ven.ti. N.L. n. filia,
daughter (from L. filiae, daughter); N.L. n. venti, wind (from
L. ventum, wind); N.L. n filiaventi, daughter of the wind. “Ca.
Hydrogenisulfobacillus filiaventi] R50 is isolated from the geothermal
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soils of the island of Pantelleria. The name of the island originates
from Arab name Bint al-Riyah, which means “daughter of the winds”

Physiology

The optimal temperature and pH of “Ca. H. filiaventi” R50 were
determined during batch experiments with H, as electron donor and
CO, as carbon source. The strain had an optimal growth temperature
of 55°C (Supplementary Figure S4A) and grew only in a narrow pH
range, namely between pH 2.5 and 4.0, with an optimum pH of 3.0
(Supplementary Figure S4B). No growth at pH 3 on any of the
following organic substrates was observed; formate, acetate, butyrate,
methanol, ethanol, propanol, butanol, glucose, galactose, fructose,
maltose, succinate, and yeast extract. It was tested whether amino
acids could serve as energy and nitrogen source, but no growth was
observed on the amino acids such as alanine, arginine, aspartic acid,
cysteine, glycine, glutamic acid, leucine, lysine, methionine,
phenylalanine, proline, threonine, tyrosine, or valine. Only NH,*
could be used as nitrogen source and no growth was observed using
nitrite, nitrate, urea or N, as N-source. As S-source, sulfide, thiosulfate,
tetrathionate, and cysteine could be used, but not sulfate. Cysteine
could only be used as sulfur source, not as energy source. Spore
formation was not observed.

To determine the stoichiometry of “Ca. H. filiaventi” R50, an O,-
limited chemostat (D=0.043h"") was started. Based on dry weight,
1.4g DW was produced per mole H, consumed. Under these
conditions, 0.12mol CO, per mol H, was fixed. Analysis of the total
organic carbon showed that 0.54 mole organic carbon was excreted
per mole CO, consumed. This means that only 0.46 moles of carbon
were assimilated into cellular biomass per mole CO, consumed.
Besides organic carbon, the total nitrogen could be determined. The
N: C ratio of these organic compounds was 0.4. This narrows down
the search of organic compounds that consists of carbon, nitrogen and
most likely oxygen and hydrogen.

Excretion of organic compounds

To identify the dominant organic metabolites excreted into the
supernatant, we performed LC-MS untargeted metabolomics on culture
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FIGURE 2

Tree scale: 0.1

|

Up-to-date Bacterial Core Gene (UBCG) phylogenetic tree of strain R50 and members of the genus Sulfobacillus. Hyphomicrobium denitrificans was
used to root the tree, but removed from the tree for clarity. The tree was constructed using RAXML. Bootstrap analysis was carried using 100
replications and percentage bootstrap values >95% are indicated by a black dot at the nodes.

Ca. Hydrogenisulfobacillus filiaventi R50

Sulfobacillus acidophilus AMDSBA3 (PXYV01000000)
Sulfobacillus acidophilus DSM 10332 (CP003179)

Sulfobacillus acidophilus TPY (CP002901)

Sulfobacillus benefaciens AMDSBA4 (PXYW01000000)
Sulfobacillus thermosulfidooxidans AMDSBA2 (PXYU01000000)
Sulfobacillus sp. hg2 (NZNWUL01000000)

Sulfobacillus benefaciens AMDSBA1 (PXYT01000000)
Sulfobacillus thermosulfidooxidans strain CBAR-13 (NZLGRO01000000)
Sulfobacillus thermosulfidooxidans strain DX (NZMDZD01000000)
Sulfobacillus thermosulfidooxidans strain ZBY (NZMDZE01000000)
Sulfobacillus thermosulfidooxidans strain ZJ (NZMDZF01000000)
Sulfobacillus thermosulfidooxidans AMDSBAS (PXYD01000000)
Sulfobacillus thermosulfidooxidans Cutipay (NZALWJ01000000)
Sulfobacillus thermosulfidooxidans strain DSM9293 (AB089844)

Sulfobacillus thermosulfidooxidans strain (NZKI547112)

82| Clone K55 Cobaltiferous pyrite bioreactor (AF460984)

51 Clone BU138 Iron mountain acid mine drainage (AF226671)
89 Sulfobacillus benefaciens strain MT606 (EU495236)
100 Sulfobacillus benefaciens strain BRGM2 (EF679212)
55 —— Clone A70 Copper mine bioleaching (X72853)
] Sulfobacillus sibiricus (AY079150)
100 %9 Sulfobacillus thermosulfidooxidans strain BC1 (U75648)

61 Sulfobacillus thermosulfidooxidans strain G2 (AY140233)
Sulfobacillus thermosulfidooxidans strain DSM9293 (AB089844)
Sulfobacillus thermotolerans strain Kr1 (NR_043568)
[ Sulfobacillus acidophilus strain DSM 10332 (CP003179)

100 L Sulfobacillus acidophilus strain NC (AY121610)
Yuhu hot spring, water/biofilm, Japan (DRR066288.25686) 1 read

0.010

FIGURE 3

16S rRNA gene-based phylogenetic tree of Strain R50, representative Sulfobacillus species and environmental sequences. The evolutionary history was
inferred using the Neighbor-Joining method. Bootstrap values above 50% (500 replicates) are shown next to the branches. Evolutionary distances
were computed using the Jukes-Cantor method and the analysis was performed in MEGA7 (Kumar et al., 2016).

Clone OTU 865 Bioleaching system, Dexing copper mine, China (KT068773)
‘[‘; Yuhu hot spring, water/biofilm, Japan (DRR066291.168650) 1 read
100

Tengchong hot springs, China (SRR1531592.675) 1 read
Yuhu hot spring, water/biofilm, Japan (DRR066293.165776) 1 read
Nakabusa hot springs, Japan (SRR6364434.101541) 1 read
“Ca. Hydrogenisulfobacillus autotrophicus R50” 16s rRNA_1 (1415636:1417152 reverse)
Tengchong hot springs, China (SRR1531593.4239) 1 read

“Ca. Hydrogenisulfobacillus autotrophicus R50” 16s rRNA_2 (2288171:2286649)

“Ca. Hydrogenisulfobacillus autotrophicus R50” 16s rRNA_3 (2439528:2438007)
“Ca. Hydrogenisufoobacillus autotrophicus R50” 16s rRNA_4 (1739851:1738329)
Yellowstone hot spring (SRR3181942.161136) 1 read
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supernatant and blank culture medium. After filtering for abundance
and presence in culture supernatant, the six most abundant features were
selected for further identification. Using accurate mass searches in the
metabolite database METLIN, we found that five of these features had
masses matching amino acids (Phe, Tyr, Ile/Leu, Val, Hse/Thr), while one
feature matched the mass of an amino acid derivative (Hse-lactone).

To corroborate these findings and extent the spectrum of excreted
organic compounds, 'H as well as '"H-'H and "H-"’C correlation 2D
NMR spectra were recorded from the culture supernatant (Figures 4,
5). From the 1D 'H spectrum, methyl-containing amino acids such as
Val, Ala and Ile were immediately obvious. Similarly clear was the
observation of the aromatic amino acids Tyr and Phe, albeit in much
lower concentrations. Additionally, Lys and Glu/GIln were identified
through their COSY and TOCSY 'H-'H correlations. While Lys was
barely visible, Glu/Gln was relatively abundant. The assignment of
Glu/Gln was complicated by the fact that they have very similar "H
and “C chemical shifts but based on the LC-MS data, however,
we assign the signal to Glu. Surprisingly, a large portion of the spectra
could be assigned to the above proteinogenic amino acids. However,
there were several sets of large resonances (Unk1-3) that appeared to
have the structure of an amino acid but did not match the 20
proteinogenic amino acids. For Unk1-2, the large downfield chemical
shifts for the y 'Hs and “Cs (Unkl: 3.85ppm/60.4 ppm, Unk2:
4.4-4.6 ppm/70 ppm) suggested a structure with a directly attached
O-atom, similar to Ser. Indeed, when comparing these sets of
resonances to literature references for serine analogs and our LC-MS
data, it could be concluded that Unkl and Unk2 were homoserine
(Hse) and homoserine lactone (Hse-lactone), respectively. This
confirmed our LC-MS untargeted metabolomics results. The presence
of Hse-lactone was intriguing because one would expect it to
be unstable in the highly acidic growth medium, yet it was quite
abundant. The hydrolysis product of Hse-lactone would be Hse, which
could explain its presence. Together, Hse-lactone and Hse represent a
major part of the excreted material. Another substantial species
present was Unk3. HSQC and HMBC data revealed an amino acid
backbone, however the side chain was revealed via COSY and TOCSY

10.3389/fmicb.2023.1151097

to be a simple ethyl group like homo-alanine (hAla) (Inada et al,,
2019). Its presence could not be detected by LC-MS, so this metabolite
remains unknown. Together, the LC-MS and NMR results thus
provide a detailed overview, which shows that amino acids and their
derivatives are the major excreted organic compounds.

To compare the identified excreted compounds with the total
organic carbon, we quantified the excreted compounds using LC-MS
(Table 2). Lysine, homoserine, homoserine lactone and unknown 3
were not quantified by LC-MS, but by comparison of NMR signals.
Taken together, the amino acids detected by LC-MS and NMR
represented 6.58 mM total carbon, which corresponds to 120% of the
total excreted carbon determined by total organic carbon analysis.

Hydrogenases

The assembled genome was analyzed for hydrogenase genes.
Genes encoding two [NiFe]-hydrogenases were found, one belonging
to group 1b (hynA and hynB) and one belonging to group 1h/5
hydrogenases (hhyS and hhyL) (Figure 6). Phylogenetic analysis
revealed that these [NiFe]-hydrogenases cluster with hydrogenases of
Bacillota, with Sulfobacillus species as closest relatives (66-89%
identity). The hydrogenases are closely related (~50% identity) to the
of Wolinella
succinogenes, Helicobacter pylori, Campylobacter, and Sulfurospirillum

characterized Campylobacterota hydrogenases
multivorans. The large subunit of the 1b hydrogenase, hynB, contains
the active site motifs L1 (QRxCGVTxxH) and L2 (DPCxGCxVH).
This L1 motif is typical for group 1b hydrogenases; however, the L2
motif contains a glycine where often an alanine is found (Greening
etal., 2016). The large subunit of the 1 h/5 hydrogenase, hhyL, contains
the L1 motif (TSRICGICGDNH) and 1.2 motif (SEDPCLPCGVH),
which are conserved in group 1h/5 hydrogenases (Greening et al.,
2016). The group 1b hydrogenase operon shows besides the two
catalytic subunits’ genes encoding HynC (cytochrome b subunit),
HupD, HypC, a 4Fe-4S ferredoxin iron-sulfur-binding domain-
containing protein, a conserved protein of unknown function, and

AA methyl side
chains
AAH,
Ser/Hse/Hse-lac
Aromatic AA side chains AAHg
PR N | J V.
T b T T T T T T T T T T T T T
.5 7.0 6.5 6.0 25 5.0 4.5 4.0 - 1 3.0 2.5 2.0 : - 1.0
1H (ppm)
FIGURE 4
'H spectrum of 50x concentrated bioreactor supernatant.
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FIGURE 5
H-3C multiplicity-edited HSQC spectrum highlighting the Ha-Ca
correlations for the amino acids and the Hy-Cy correlations for Hse
and Hse-lactone. Red corresponds to CH/CHss and Blue to CH,s.

TABLE 2 Quantification of excreted compounds in culture supernatant.

Compound Concentration (uM)

Ala 264*
Glu 15.0°
Ile 327¢
Lys 23.4°
Phe 36.0°
Tyr 39.6°
Val 239*
Hse 93.3
Hse-lactone 222°
Unknown 3 119°

“Determined by LC-MS, ® Determined by NMR.

HypA. Upstream of the operon separate HypC, HypE, and a TatA
proteins are encoded. The cytochrome b subunit (HynC) shows five
transmembrane helices. The group 1 h hydrogenase operon starts with
the two catalytic subunits followed by genes encoding a small
unknown protein, HypC, HypD, HypE, HypA, HYpB, a Rieske
domain-containing protein, and eight additional conserved proteins
of unknown function. All genes in both operons are constitutively
expressed (Supplementary Table S1). The small subunits of the 1b- and
1 h-type hydrogenases show C-terminal motifs for FeS cluster binding,
H-x(2)-C-x(19)-C-x(5)-C-x(19)-C-P-x(5)-C-x(2)-C and H-x(2)-C-
x(24)-C-x(5)-C-x(8)-C-P-x(17)-C-x(2)-C, respectively. The 1b-type
small subunit does not have a tat signal at the N-terminus pointing to
a cytoplasmic location.

Group 1b hydrogenases are classified as oxygen sensitive, whereas
group 1h/5 hydrogenases are oxygen tolerant (Greening et al., 2014;
Mohammadi et al., 2017; Schmitz et al., 2020). It was tested if the
expression of the group 1b hydrogenase was affected by the dissolved
O, concentration and if, in turn, this would have an impact on the
growth rate. The effect of O, on growth rate was tested in a bioreactor,
whereby the dissolved oxygen concentration was controlled. Growing
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“Ca. H. filiaventi” R50 at low dissolved O, concentration (0.2% or 0.5%
AS) resulted in a lower growth rate compared to the growth rate
obtained at higher dissolved O, concentrations (3% or 7.5% AS),
whereby a maximal growth rate of 0.14h™" (doubling time 5.0h) was
obtained (Figure 7). To test whether both hydrogenases were expressed
and to see if the expression levels were influenced by the dissolved O,
concentration, a transcriptome analysis was performed. This analysis
showed that both hydrogenases (1b and 1h/5) were constitutively
expressed during growth in batch with 0.2 and 7.5% air saturation and
during growth in a chemostat with O, as limiting substrate (DO 0%).
No increase in the expression levels of the oxygen sensitive group 1b
hydrogenase was observed with decreasing O, concentration.

Kinetics of H, consumption

“Ca. H. filiaventi” R50 possesses a high affinity group 1h/5
hydrogenase, which are known for their extreme high affinity for H,
(Schmitz et al., 2020). The test if “Ca. H. filiaventi” R50 cells have a
high affinity for H,, the kinetic parameters for H, consumption were
measured using Membrane-Inlet Mass Spectrometry (MIMS) with
cells from a H,-limited chemostat (5% AS). Addition of H, resulted in
immediate H, consumption. The V,,, could only be determined
accurately if H, was not consumed completely and oxygen
concentrations were 0.3-0.4% AS (Figure 8). After the biomass had
been without H,, the V(pm. Was reduced, but the K, was not
affected. Therefore, the Vypmix and the K, could be determined
after each other in the same experiment (Figure 8). The H, depletion
followed Michaelis-Menten kinetics and resulted in a Vpm.x of
953 +3nM H,/min/mg dry weight (#=4) and strain R50 has a high
affinity for H,, since a Ky, of 353 £4nM (n=4) was found.

Carbon fixation

“Ca. H. filiaventi” R50 uses the Calvin-Benson-Bassham (CBB)
cycle for carbon fixation. The first enzyme of the CBB cycle is the
ribulose-1,5- bisphosphate carboxylase (cbb) composed of a large
chain (CbbL) and a small chain (CbbS). The genome encodes for three
cbbL genes and two cbbS genes (Supplementary Table S1). Phylogenetic
analysis of the genes encoding the large subunit (cbbL) showed that
these genes cluster within the group I cbbL 70-84% identity, but might
represent novel subgroups together with other thermophiles
(Figure 9). Especially R50_v2_1596 even may belong to a different
subgroup outside of Form IC/D, Transcriptomic analysis showed that
only two ¢bbL genes (R50_v2_0264 and R50_v2_1688) and one cbbS
gene (R50_v2_1687) were expressed during batch growth and growth
under O, limitation in a chemostat (Table 2). The expression values of
R50_v2_1596 (cbbL) and R50_v2_1595 (cbbS) are low under these
conditions. All other CBB cycle genes were expressed, whereby
glyceraldehyde-3-phosphate dehydrogenase (gapA, R50_v2_2224)
fructose-bisphosphate aldolase (fba, R50_v2_1401), ribulose-5-
phosphate 3-epimerase, (rpe, R50_v2_1689), and phosphoribulokinase
(prk, R50_v2_1690) showed high expression values (Table 3).

CO, fixation through the CBB-cycle is the first step in the
production of the excreted organic compounds. Extensive analysis
with LC-MS and NMR demonstrates that these excreted compounds
consist of amino acids, with Ile, Val and Ala being the most dominant.
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Actinobacteria

Methylacidiphilum fumariolicum SolV (CCG92937.1)
Solibacter usitatus (WP 011688202.1)

Ralstonia eutropha (WP 011153987.1)
Alphaproteobacteria

Nitrolancea hollandica Lb (WP 008474746.1)
Actinobacteria

Strain R50 (hhyL, R50_v2_2282)

52 100l Sulfobacillus thermosulfidooxidans AT-1 (WP 053960297.1)
Conexibacter woesei ID131577 (WP 012934014.1)
Robiginitalea biformata (WP 012813797.1)

Acidianus copahuensis ALE1 (WP 048100378.1)

Deltaproteobacteria

1001 Sulfobacillus acidophilus DSM 10332 (WP 014353799.1)
1004{ Sulfobacillus thermosulfidooxidans AT-1 (WP 020374232.1)
54 L Strain R50 (hynB, R50_v2_1065)

o Desulfurella acetivorans (WP 025391229.1)

> { Hippea alviniae (WP 022670762.1)

— Sulfurimonas autotrophica (WP 013327110.1)
Hydrogenovibrio crunogenus TH-55 (WP 011371454.1)
% Sulfuricurvum kujiense (WP 013460913.1)

Proteobacteria

Phylogenetic analysis of the large subunits from group 1b and 1h/5 hydrogenases. The tree was constructed using the Maximum Likelihood method
(Saitou and Nei, 1987). Bootstrap percentage values above 50% (1,000 replicates) are given at each node. Evolutionary distances were calculated using
the Poisson correction method (Zuckerkandl and Pauling, 1965). The analysis was performed using MEGAX (Kumar et al.,, 2018). The amino acid
sequence of the [Fe]-hydrogenase of Methanothermococcus thermolithotrophicus (WP_018153721.1) was used to root the tree, but the branch was

1h/5 hydrogenase

1b hydrogenase

All three amino acids are synthesized from pyruvate and their
production share enzymatic conversions. The genome of H. filiaventi
R50 encodes the whole valine, leucine, and isoleucine biosynthesis
pathway (Supplementary Table S1). The valine, leucine, and isoleucine
biosynthesis pathways were expressed under all tested conditions and
the expression values of this pathway are comparable under all three
different conditions (Table 3).
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Metabolic potential

The substrate range that can be used by “Ca. H. filiaventi” R50
seems to be very narrow. Growth on sugars was not observed. Genome
analysis revealed that sugar transporters are absent and the glycolysis
and gluconeogenesis pathways are incomplete. Glucose-6-phosphate
isomerase is missing, which catalyzes the reversible conversion of
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The effect of dissolved O, concentration on the growth rate.
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FIGURE 8

H, uptake by "Ca. H. filiaventi” R50 in the MIMS-system. The raw data
are shown by the black lines. After each addition of new substrate
(hydrogen) iterative curve fitting (1s time intervals) was performed
(red lines). The substrate drop per second was calculated based on
Michaelis—Menten kinetics. Each time interval (second) represents a
new rate and will provide the substrate consumption over that
period. The first part of each red line is virtual linear and as such
represents Vipomax. Viappimax aNd Kipg)s in the kinetic formula were
adapted to obtain the best fit through the raw data. The first four
rounds of H, consumption were used to determine the Vppmax
whereas the last four rounds of H, consumption were used to
calculate the Kpps.

glucose-6-P into fructose-6-P. No genes were detected that encode for
an enzyme that transfers fructose-6-P into fructose-1,6-P. The gene for
the enzyme that catalyzes the reverse reaction, fructose-1,6-
bisphosphatase could be detected (Supplementary Table SI).
Transcriptome analysis showed that the expression values of the genes
of the glycolysis and gluconeogenesis are low, unless these genes are
shared with the CBB cycle (Table 3). The TCA cycle is complete and
expressed under all tested growth conditions (Supplementary Tables S1).
Genes encoding the enzymes of the glyoxylate shunt are not present in
strain R50. The genes for pentose phosphate pathway enzymes were
detected in strain R50 and expressed under all conditions tested
(Supplementary Tables S1).

"Ca. Hydrogenisulfobacillus filiaventi" R50 used ammonium as
nitrogen source. The genome contained three ammonium transporters
of which all were expressed under the tested growth conditions.
Glutamate dehydrogenase (R50_v2_0919) and glutamine synthetase
(R50_v2_1125, R50_v2_2306) are used for primary ammonium
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assimilation. Nitrate, nitrite, urea and N, could not be used as nitrogen
source during growth in batch, despite the presence of genes that
should support growth on these compounds. The genome contains
urease genes (ureABCDG, R50_v2_2255, R50_v2_2256, R50_v2_2259-
2,261) and nitrogenase genes (nifCDEHKXZ, R50_v2_0452, R50_
v2_0454-0459, R50_v2_0464). Genes for partial denitrification were
detected, including a nitrate/nitrite transporter (R50_v2_1496), nitrate
reductase (narGHIJK, R50_v2_1497, R50_v2_1497-1,501), nitrite
reductase (nirK, R50_v2_1317), and nitric oxide reductase (norB,
R50_v2_0576; Supplementary Table S1). However, no anaerobic
growth on nitrate or nitrite was observed under the tested conditions,
nor was there any physiological evidence for partial denitrification.

“Ca. H. filiaventi” R50 could not use sulfate as sulfur source, since
the sulfate assimilation pathway is absent. Instead, the genome
encodes for thiosulfate reductase (prsABC, R50_v2_1049-1,051),
tetrathionate hydrolase (tth, R50_v2_2562), thiosulfate dehydrogenase
(R50_v2_2558, R50_v2_2559), sulfur oxygenase/reductase (sor, R50_
v2_0249, R50_v2_1684), and sulfite dehydrogenase (soeAB, R50_
v2_0555, R50_v2_0556, R50_v2_1810, R50_v2_1811) to support the
growth on thiosulfate, tetrathionate, and sulfur. Cysteine kinase (cysK,
R50_v2_1277, R50_v2_1328) assimilates sulfide into cysteine
(Supplementary Table S1). Also, cysteine can function as sulfur
source, but not as energy source. Thiosulfate, tetrathionate, and sulfide
could not be used as electron donor either.

Discussion

In this study, a novel aerobic, thermoacidophilic H,-oxididizing
bacterium “Ca. Hydrogenisulfobacillus filiaventi” R50 gen. nov., sp.,
nov., was isolated from the geothermal soil of the Favara Grande on
Pantelleria Island, Italy. This strain was isolated using a continuous
culture with H, as limiting substrate followed by serial dilution to
extinction. “Ca. H. filiaventi” R50 used CO, as carbon source and
converted half of the fixed CO, into biomass, whereas the other half
was excreted as various amino acids. As a consequence of this
excretion, the biomass yield on H, is much lower (1.4g DW/mol H,)
compared to other “Knallgas” bacteria, such as Ralstonia eutropha
(4.6g DW/mol H,) or Methylacidiphilum fumariolicum SolV (3.4g
DW/mol H,), (Morinaga et al., 1978, Mohammadi et al., 2017). In all
cases biomass yields were determined under oxygen-limited
conditions but it should be considered that some variability may
be caused by availability of H, and inorganic nutrients.

“Ca. H. filiaventi” R50 has an optimal growth temperature of 55°C
and only grows between pH 2.5 and 4.0. These extreme conditions are
observed in the soil where “Ca. H. filiaventi” R50 was isolated from
(Gagliano et al., 2014). Interestingly, despite the fact that many
“Knallgas” bacteria can grow on a variety of organic substrates
(Bowien and Schlegel, 1981; Bonjour and Aragno, 1984; Friedrich and
Schwartz, 1993; Reiner et al., 2018; Hogendoorn et al., 2020), “Ca.
H. filiaventi” R50 cannot grow on sugar, volatile fatty acids or alcohols
under the tested conditions. These organic substrates might not
be available in great access in the natural habitat of “Ca. H. filiaventi”
R50, which could have resulted in loss of the genetic blueprint to grow
on these compounds. Despite having the genes that indicate that strain
R50 could use N, and urea for growth, and is capable of partial
denitrification, this could not be confirmed in batch cultivation
experiments. Nitrogenases are O, sensitive and might only be active
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Phylogenetic analysis of the RubisCO large subunit (CbbL) using the classification as proposed by Tabita et al. (2007). The amino acid-based tree was
constructed using the Maximum Likelihood method (Saitou and Nei, 1987). Bootstrap percentage values above 50% (1,000 replicates) are given at each
node. Evolutionary distances were calculated using the Poisson correction method (Zuckerkandl and Pauling, 1965). The analysis was performed using

IC/ID

at very low O, concentration, as was observed in Methylacidiphilum
fumariolicum SolV (Khadem et al., 2011). Denitrification is often
hampered at low pH and it might require a long time before the
expression of denitrification genes is started (van den Heuvel
etal., 2010).

The genome “Ca. H. filiaventi” R50 encodes for two hydrogenases,
one classified as oxygen-sensitive group 1b hydrogenase and one as
oxygen tolerant, high affinity, group 1h/5 hydrogenase (Greening
et al,, 2016). Despite that the 1b hydrogenase is classified as oxygen
sensitive, this hydrogenase was expressed under O,-limited
conditions, at 0.2% air saturation and 7.5% air saturation. This
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indicates that the expression of this hydrogenase is not controlled by
oxygen concentration. The same was reported for transcription and
translation of NiFe hydrogenases from Sulfurospirillum multivorans
(Kruse et al., 2017). Furthermore, there is no physiological evidence
that supports the oxygen sensitive character of this 1b hydrogenase.
The growth rate of “Ca. H. filiaventi” R50 does not increase when the
oxygen concentration is reduced. This is
Methylacidiphilum fumariolicum SolV that possesses besides a 1h/5
hydrogenase, an

in contrast to

oxygen-sensitive 1d  hydrogenase. For
M. fumariolicum SolV, the growth rate increased at lower oxygen

concentration due to the increased activity of its oxygen-sensitive 1d

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1151097
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Hogendoorn et al. 10.3389/fmicb.2023.1151097

TABLE 3 Expression levels of the genes involved in H, oxidation and CO; fixation in strain R50.

Pathway Product Gene Identifier Expression level (RPKM)
name  MicroScope

Batch 0.2% Batch Chemostat
AS

1b H2ase Hydrogenase formation chaperone hypC R50_v2_1061 297 + 106 484 + 146 452 + 65

Carbamoyltransferase, hydrogen maturation

protein hypE R50_v2_1062 117 £45 205£110 265+ 77
Hydrogenase small subunit hynA R50_v2_1064 101 £ 61 285 +201 402 + 187
Hydrogenase large subunit-group 1b hynB R50_v2_1065 125+ 76 328 +231 413 + 188
Cytochrome b subunit hynC R50_v2_1066 233 +100 475 +219 531 +228
Hydrogenase maturation protein hupD R50_v2_1067 279 £ 114 448 + 196 466 + 186
Hydrogenase accessory protein hypC R50_v2_1068 107 £ 42 214 £129 166 + 72
Hydrogenase maturation factor hypA R50_v2_1072 177 £ 63 22875 287 +58
Hydrogenase maturation factor hypB R50_v2_1,073 50 £ 17 66 + 19 84+13
1h/5 H2ase Hydrogen maturation factor hypB R50_v2_2276 34+13 57 £49 46 £ 12
Hydrogen maturation factor hypA R50_v2_2277 0.5+0.5 0.25+0.43 1+0

Carbamoyltransferase, hydrogen maturation

protein hypE R50_v2_2278 18+9 21+16 26+9
Hydrogenase maturation factor hypD R50_v2_2279 61 +31 81 +63 85+ 25
Hydrogenase accessory protein hypC R50_v2_2280 124 + 87 118 +75 164 +37
Hydrogenase large subunit - group 1h/d hhyL R50_v2_2282 462 + 165 605 + 427 696 + 148
Hydrogenase small subunit hhyS R50_v2_2283 3,432 110 386 + 130 550 + 69
CBB cycle Ribulose bisphosphate carboxylase large chain cbbL R50_v2_0264 214+ 25 314+ 31 183 £24
Ribulose bisphosphate carboxylase small chain cbbS R50_v2_1595 8+7 25+ 16 3+1
Ribulose bisphosphate carboxylase large chain cbbL R50_v2_1596 9+3 35+25 5+3
Ribulose bisphosphate carboxylase small chain cbbS R50_v2_1687 245+ 53 340 + 87 193+8
Ribulose bisphosphate carboxylase large chain cbbL R50_v2_1688 48£16 58 £28 48+9
Phosphoglycerate kinase pgk R50_v2_2223 8+1 8+2 12+3
Glyceraldehyde-3-phosphate dehydrogenase gapA R50_v2_2224 117 £10 120 +45 131 £17
Triose phosphate isomerase tpiA R50_v2_2222 51 5+2 9+2
Fructose-bisphosphate aldolase fba R50_v2_1401 92£20 118 +42 127 £ 18
Fructose-bisphosphate aldolase fba R50_v2_1599 0.25+£0.43 0+0 0+0
Fructose 1,6-bisphosphatase class IT gpX R50_v2_0617 47 £23 29+11 32+6
Transketolase tktA R50_v2_1691 24+6 29+ 11 42+10
Triose phosphate isomerase rpiB R50_v2_0628 97 £24 66+ 13 81+15
Ribulose-5-phosphate 3-epimerase rpe R50_v2_1689 239 +85 137 +24 175 + 36
Phosphoribulokinase prk R50_v2_1690 452 + 84 284+ 32 353 + 60
Valine/leucine/ | Acetolactate synthase (large subunit) ilvB R50_v2_0814 30+13 13+4 25+5
isoleucine Acetohydroxy-acid isomeroreductase (NADP-
biosynthesis dependent) iC R50_v2_0811 58433 1245 54+ 12
Dihydroxy-acid dehydratase ilvD R50_v2_0815 35+10 19+7 32+7
Branched-chain-amino-acid aminotransferase ilvE R50_v2_0816 35+13 23+9 36+7
Branched-chain-amino-acid aminotransferase ilvE R50_v2_2305 35+ 11 28+13 38+10
Leucine dehydrogenase, NAD-dependent bed R50_v2_1159 5+1 8+3 14+4
2-isopropylmalate synthase leuA R50_v2_0812 32+22 11+4 24+8
3-isopropylmalate dehydratase (large subunit) leuC R50_v2_1801 26+7 15+5 21+6
3-isopropylmalate dehydrogenase leuB R50_v2_0813 18+9 6+2 15+3

The mRNA expression is shown as RPKM values (n =3+ standard deviation). RNA-seq was performed on a batch operated at 0.2% air saturation (AS), a batch at 7.5% air saturation and an
O,-limited chemostat culture.
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hydrogenase (Mohammadi et al., 2017). Group 1 h/5 hydrogenases
are known for their extremely high affinity for H, and are held
responsible for atmospheric H, uptake. Atmospheric hydrogen gas
(H,) concentrations are only 0.53 ppmv (Novelli et al., 1999), but
despite this low concentration, soil microorganisms can consume
these trace amounts of H, (Schuler and Conrad, 1990; Conrad, 1996).
Tropospheric H, concentrations can be scavenged by different soil
microorganisms with a 1h/5 hydrogenases, which gives them this
extremely high affinity for H,. “Ca. H. filiaventi” R50 has a high
affinity for H,, with a K of 353 nM. Such a high affinity is observed
in different soil microorganisms, including the Acidobacteriota
Streptomycetes (Constant et al., 2010) and Acidobacterium ailaaui
(Myers and King, 2016), the Actinomycetota Mycobacterium
smegmatis (Greening et al., 2014), the Chloroflexi Thermomicrobium
roseum and Thermogemmatispora sp. T81 (Islam et al., 2019), and the
Verrucomicrobiota Methylacidiphilum fumariolicum SolV (Schmitz
et al.,, 2020). All of these microorganisms possess a group 1h/5
hydrogenase. Geothermal environments are usually exposed to
elevated H, concentrations, but the emitted H, concentration might
fluctuate over time. Having a high affinity hydrogenase might not
only sustain growth on H,, but also be involved in persistence when
the H, concentrations are too low to grow on (Greening et al., 2014,
2016; Schmitz et al., 2020).

“Ca. H. filiaventi” R50 uses the Calvin-Benson-Bassham (CBB)
cycle for CO, fixation with the key enzymes ribuolose-1,5-
bisphosphate carboxylase (RubisCO) and phosphoribulokinase.
RubisCO incorporates CO, into ribulose-1,5-bisphosphate to
produce two 3-phosphoglycerate molecules. Eventually, the CBB
cycle yields one glyceraldehyde-3-phosphate at the expense of nine
ATP equivalents and six NAD(P)H (Wildman, 2002; Berg, 2011). So
far, four different forms of RubisCO have been described, whereby
form I and form II play a role in autotrophic carbon fixation (Tabita
etal., 2007). Form I is comprised a large and a small subunit, whereas
form II consists of multimers of the large subunit. Furthermore, the
role of these two RuBisCO forms differs. Form I is mainly involved
in the carbon fixation for biomass production, whereas from 1II is
involved in balancing the redox potential, whereby CO, is used as
electron sink (Tabita, 1999; Dubbs and Tabita, 2004). “Ca.
H. filiaventi” R50 encodes three different RubisCO large subunits and
two different small subunits. All of these cluster closely to the
group 1C/D RubisCO and are likely to be involved in CO, fixation for
the production of larger molecules. Two of the three RubisCO large
genes are expressed under the tested conditions. The expression of
the different RubisCO genes might be dependent on CO, levels, as in
the autotrophic hydrogen oxidizer Hydrogenovibrio marinus. This
bacterium possess two copies of form I RubisCO and one copy of
form II RubisCO. Form II is expressed at high (>15%) CO,
concentrations, one of the form I RubisCO genes was expressed
below 0.15% CO, and the other form I RubisCO was expressed in the
intermediate CO, concentrations. Interestingly, at atmospheric CO,
concentration, all three RubisCO genes are expressed in Hv. marinus
(Yoshizawa et al., 2004).

Fixation of CO, by RubisCO is the first step in the production
and excretion of the unknown organic compounds. Extensive
chemical analysis revealed that these organic compounds are amino
acids and Hse-lactone. It is remarkable, that there are so far no
indications of feedback regulation found, since the production of
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these organic compounds from CO, is an energy intensive process.
Transcriptome analysis showed expression of the valine/leucine/
isoleucine pathways during batch growth and under O,-
limited conditions.

The ecological reason for the excretion of high amounts of
organic compounds remains uncertain. It could be a compound that
is involved in signaling, stimulates symbioses, or has antimicrobial
properties (Berdy, 2005). The production of these molecules can
be the results of electron balancing. In other words, the generated
electrons during the oxidation of H, cannot all be transferred to O,,
hence these organic molecules are excreted to get rid of the electrons.
Remarkably, we did not observe the metabolic potential for carbon
(glycogen, PHB) energy (polyphosphate) storage.
Nevertheless, it is very likely that the growth conditions in the

and/or

laboratory, are not the growth conditions that this strain faces in their
natural habitat. In fact, it is likely that the strain is often in dormant
state, rather than growing at high growth rate. It might be that under
more natural growth conditions, these amounts of organic
compounds are not excreted.

Using the CBB-cycle for CO, fixation, high input of ATP and
reducing equivalents are needed. These come from the oxidation of
the electron donor, in this case H,. To use an autotrophic “Knallgas”
bacterium for the economically feasible production of chemicals, the
production of H, must be inexpensive. Furthermore, sustainable
resources, such as solar and wind power cannot only be used for
energy generation, but also for the production of H,. In addition, CO,
levels must be high enough to reach the highest CO, fixation rates.
Special bioreactors must be developed in order to supply sufficient
substrates (H,, CO, and O,) to the microbial culture, since these
gasses dissolve poorly in water. Nevertheless, using this H, for the
production of chemicals, while fixing CO,, could be a sustainable
alternative to the production of chemicals from oil or natural gas.
However, more research will be needed to evaluate if our autotrophic
“Ca. Hydrogenisulfobacillus filiaventi” strain R50 could provide a
new sustainable alternative.
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fructosivorans (formely Desulfovibrio fructosovorans) catalyses H, oxidation
and couples the exergonic reduction of NAD* to the endergonic reduction of
a ferredoxin by using a flavin-based electron-bifurcating mechanism. Regarding

Frontiers in Microbiology its implication in the bacterial physiology, we previously showed that Hnd, which

is non-essential when bacteria grow fermentatively on pyruvate, is involved
in ethanol metabolism. Under these conditions, it consumes H, to produce
reducing equivalents for ethanol production as a fermentative product. In this
study, the approach implemented was to compare the two S. fructosivorans WT
and the hndD deletion mutant strains when grown on ethanol as the sole carbon
and energy source. Based on the determination of bacterial growth, metabolite
consumption and production, gene expression followed by RT-q-PCR, and Hnd
protein level followed by mass spectrometry, our results confirm the role of Hnd
hydrogenase in the ethanol metabolism and furthermore uncover for the first
time an essential function for a Desulfovibrio hydrogenase. Hnd is unequivocally
required for S. fructosivorans growth on ethanol, and we propose that it produces
H, from NADH and reduced ferredoxin generated by an alcohol dehydrogenase
and an aldehyde ferredoxin oxidoreductase catalyzing the conversion of ethanol
into acetate. The produced H, could then be recycled and used for sulfate
reduction. Hnd is thus a reversible hydrogenase that operates in H,-consumption
by an electron-bifurcating mechanism during pyruvate fermentation and in H,-
production by an electron-confurcating mechanism when the bacterium uses
ethanol as electron donor.
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1. Introduction

Desulfovibrio are metabolically versatile sulfate reducing bacteria able to oxidize a wide
range of electron donors, such as lactate, pyruvate, or formate in the presence of sulfate but also
to ferment certain substrates such as pyruvate. Hydrogen plays a central role in the energy
metabolism of these bacteria, since they can use H, as an energy source in the presence of sulfate,
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or H, is produced during fermentation to dissipate excess reducing
power (Fauque et al., 1988; Thauer et al., 2007; Rabus et al., 2013).
Moreover, during growth on some substrates, H, is also produced but
immediately re-consumed allowing the respiration of sulfate. Several
models describing H, metabolism in Desulfovibrio, including the H,
recycling model, have been proposed over the past 40 years (Odom
and Peck, 1981; Lupton et al., 1984; Noguera et al., 1998; Keller and
Wall, 2011; Rabus et al., 2013; Sim et al., 2013). Hydrogenases, the key
enzymes of this metabolism, catalyze the conversion between H, and
protons and electrons. These enzymes, which are functionally and
structurally diverse, and widespread in prokaryotes, are classified into
two main groups according to the metal content of their active site:
FeFe-hydrogenases and NiFe-hydrogenases.

Solidesulfovibrio
fructosovorans, Waite et al., 2020), our model organism, contains no

fructosivorans  (formerly  Desulfovibrio
less than six gene clusters encoding different hydrogenases: one
membrane-bound of Ech-type, two periplasmic and three cytoplasmic
hydrogenases, among which the [FeFe]-hydrogenase Hnd (Baffert
et al, 2019). Marker-exchange mutagenesis was performed to
determine the role of hydrogenases in the energy metabolism of the
bacterium. However, the multiplicity and diversity of these enzymes
makes their precise role difficult to establish probably due to
compensation processes as the result of deletion of genes encoding
one, two, or three hydrogenases (Rousset et al., 1991; Malki et al.,
1997; Casalot et al., 2002a,b).

Hnd, a tetrameric enzyme, belongs to the A3 group of the
Greening’s FeFe-hydrogenase classification (Greening et al., 2016)
which includes hydrogenases that bifurcate electrons. Flavin-based
electron bifurcation (FBEB) is a recently discovered mechanism of
energy coupling, widely distributed mainly in anaerobic prokaryotes,
that couples an endergonic redox reaction to an exergonic redox
reaction (for reviews, see; Buckel and Thauer, 2018a,b). Multimeric
bifurcating FeFe-hydrogenases couple H, oxidation to the reduction
of NAD" and a ferredoxin. Some of them have been shown to perform
the reverse reaction and confurcate electrons to produce H, (Schut
and Adams, 2009; Schuchmann and Miiller, 2012; Wang et al., 2013;
Zhengetal., 2014; Kpebe et al., 2018). Contrary to what was previously
thought, Hnd reduces NAD" rather than NADP* and a ferredoxin
from H, and it retains activity even when purified aerobically unlike
other electron-bifurcating hydrogenases (Kpebe et al., 2018; Jacq-
Bailly et al., 2020). It contains, in addition to the hydrogenase catalytic
subunit (HndD) which is closely related to the CpI hydrogenase from
Clostridium pasteurianum, a [2Fe-2S] subunit (HndA), a subunit
homologous to the NuoF flavin subunit of complex I (HndC), and a
fourth subunit (HndB) which probably does not contain any redox
center (Malki et al., 1995; Kpebe et al., 2018). The recent structures
obtained by cryo-EM of trimeric hydrogenases of this class has
allowed to propose a mechanism of electron bifurcation for these
hydrogenases (Furlan et al., 2022; Katsyv et al., 2023).

We have recently demonstrated, by comparing the WT strain and
the SM4 mutant strain lacking Hnd (AhndD) (Malki et al., 1997) that
this hydrogenase is involved in ethanol metabolism when
S. fructosivorans grows fermentatively with pyruvate as energy source
(Payne et al., 2022, 2023). Whereas under this condition, Hnd is not
essential for bacterial growth, the deletion of hndD leads to a dramatic
decrease in the expression of two genes involved in the conversion of
acetate into ethanol: adh (DesfrDRAFT_3929) encoding an iron-
containing alcohol dehydrogenase (Adh) and aor (DesfrDRAFT_2487)

Frontiers in Microbiology

10.3389/fmicb.2023.1139276

encoding an aldehyde ferredoxin oxidoreductase (Aor). The AhndD
mutant strain is, under these conditions, affected in the production of
H, and ethanol. We proposed a model in which the oxidation of H, by
Hnd would allow, thanks to its electron bifurcation mechanism, the
production of reducing power in the form of NADH and reduced
ferredoxin necessary for the production of ethanol as a fermentation
product by the two enzymes Adh3929 and Aor2487 (Payne et al.,
2022). In addition, our NMR-based metabolomic analysis highlighted
that, under these growth conditions, the metabolic reprogramming
induced by the deletion of hndD leads to the upregulation of several
NADP-dependent pathways, including succinate production and
branched-chain amino acid biosynthesis pathways (Payne et al., 2023).

To further understand the precise role of Hnd and since this
hydrogenase is involved in ethanol metabolism, the approach
implemented in this study was to compare the two S. fructosivorans
WT and SM4 AhndD strains when grown on ethanol as the sole
carbon and energy source. Our results confirm the role of this
electron-bifurcating hydrogenase in ethanol metabolism and
furthermore uncover for the first time an essential function for a
Desulfovibrio hydrogenase.

2. Materials and methods
2.1. Bacterial strains and growth conditions

The WT strain of S. fructosivorans JJ (Ollivier et al., 1988), the SM4
strain lacking Hnd, deleted of hndD encoding the hydrogenase catalytic
subunit (AhndD, Cm®) (Malki et al., 1997), and the complementation
strain, containing the entire hnd operon on the plasmid pBGhnd6
(strain SM4/pBGhnd6, Cm®, and Gm®) (Kpebe et al., 2018) were used
in this study. The ADH-CG1 mutant strain of S. fructosivorans, lacking
Adh3929, obtained in this study was also used.

Strains were grown anaerobically at 37°C in different media,
containing pyruvate as carbon and electron donor and sulfate as
electron acceptor (PS2 and PS20 media described in Payne et al.,
2022) or containing ethanol instead of pyruvate as carbon and electron
donor, in the presence of 20mM sulfate (ES20 medium) or in the
absence of sulfate (ESO medium). Ethanol was used at the
concentration of 40mM for the WT and complementation strains,
whereas for the SM4 strain the concentration was 60 mM because of
the addition of the antibiotics thiamphenicol that is dissolved in
ethanol. Thiamphenicol (34 pg/mL) was added to the medium for the
growth of SM4 and ADH-CG1 strains and gentamicin (20 pg/mL) was
added for the growth of SM4/pBGhnd6 strain. The media were
inoculated with 5-10% of fresh cultures grown in PS2 medium.
Growth on molecular hydrogen was also tested in the same medium
(but without pyruvate or ethanol) in the presence of 30 mM sulfate,
10 mM acetate and 1 bar pressure of H,, in 90 mL of anaerobic medium
in 100 mL serum bottles. The medium was bubbled 15 min with H,

before the inoculation with cells.

2.2. Construction of the adh mutant
(ADH-CG1 strain)

The strain, called ADH-CGI, lacking the adh gene (accession
WP_005996817, locus tag DESFRDRAFT_RS19365, old locus tag
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DesfrDRAFT_3929) was constructed for this study. In order to replace
the entire adh gene by the chloramphenicol Cm* cassette on the
chromosome, a 1,087bp and a 1,086 bp PCR fragments corresponding
to the upstream and downstream region of adh gene were cloned in
the pNot19Cm plasmid (Fiévet et al., 2011) surrounding the Cm®
gene. Upstream and downstream region of adh gene were amplified
with the following primers: ADH3929-del-amont-slic-pnot-F
(5’CTCTAGAGGCGCGCCACTAGTCAGAAAGCGAGGGACTAC
TTC3’), ADH3929-del-amont-slic-cm-R(5’ AACAGGGAAGTGAGA
ACTAGGGTGCCAACCTCACTTGGGT3'), ADH3929-del-aval-
slic-F(5’AAATTCGCAATTGAGATCTATACGGGACCAACGTGT
CAAA3), ADH3929-del-aval-slic-R (5GACCATGATTAC
GCCAAGCTTCTCATGAATTCGACTCCCTC3'). The Cm® gene
(1,413bp) was amplified with the following primers: Cm slic-del-
ADH3929-F(5’ACCCAAGTGAGGTTGGCACCCTAGTTCTCACT
TCCCTGTT3’), Cm slic-del-ADH3929-R (5"TTTGACACGTTGG
TCCCGTATAGATCTCAATTGCGAATTTS3’). The three fragments
were cloned in the Spel/ HindIII digested pNot19Cm plasmid using
the NEBuilder HiFi DNA assembly mix from NEB according the
instruction. The pNot19Cm is a derivative pUC19 vectors and do not

replicate in sulfate-reducing bacteria, it is used as a suicide plasmid in
S. fructosivorans to direct the marker exchange mutagenesis on the
chromosome. The resulting plasmid pNot-Cm-adh3929 was
introduced in the WT strain of S. fructosivorans using
electrotransformation (Malki et al., 1997). The genotype of the
chloramphenicol/thiamphenicol resistant strain was analyzed by PCR
and DNA sequencing to confirm the deletion of adh gene.

2.3. Metabolite production and
consumption

Strains were grown in 100 mL serum bottles containing 90 mL of
medium. Each culture was done in triplicate. H, accumulation was
followed as described previously using a gas chromatography system
(Agilent 7820A, GS-Carbonplot 115-3,133 column) (Payne et al.,
2022). The H, accumulation is expressed as micromoles of H,
accumulated in the headspace. Ethanol consumption and acetate
production were followed by HPLC as previously described (Payne
etal, 2022). The analysis was performed on the same S. fructosivorans
cultures as those used for the growth curves and as those used to
measure H, production and sulfate consumption. The consumption
of sulfate in the growth medium was followed using ionic
chromatography. At different growth times, 1 mL of culture samples
were collected, centrifuged 5min at 14,100x g to remove cells and
stored at —20°C until used. Before injection, samples were diluted in
1% isopropanol up to 7.5mL and 0.22 pm filter-sterilized. Samples
were analyzed using a Metrohm (Herisau Switzerland) 925 ECO ion
chromatograph equipped with a conductivity detector, Metrohm
Suppressor Module (MSM), 250 puL injection loop with peristaltic
pump, Metrohm high pressure pump with purge valve and 863
compact autosampler. The detection of SO,*~ anions was investigated,
at room temperature, in suppressor mode using the separation column
“Metrosep A Supp 4” (250mmx4.0mm) with a Metrohm IC
precolumn cartridge PRP-2 (Metrosep RP2 Guard/3.5) and eluent
1.7mM NaHCO;/1.8 mM Na,COs, 20% acetone. The eluent flow-rate
was 1 mL/min. The calibration of the instrument was done by injecting
standard solutions of sulfate. The instrument was operated with the
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MaglIC Net Basic software, that controls and monitors the instrument,
evaluates the recorded data and manages it in a database.

2.4. Protein extract preparation

Preparation of protein extracts was done as follows:
S. fructosivorans cells, grown in 250 mL bottles containing 200 mL of
medium were harvested at 3 days after the end of the exponential
phase and resuspended in 4mL of 20mM Tris-HCl pH 7.5
supplemented with 2mM sodium dithionite, protease inhibitor
cocktail (SIGMAFAST™ tablet), Dnase I (Roche) and Lysozyme
(Sigma-Aldrich). The cells were broken in an anaerobic glovebox
(Jacomex) using a sonicator (Hielscher) with 15cycles of 30s.
Non-disrupted cells and cellular debris were removed by a
centrifugation at 20,000xg for 20min. Total cell extract was
ultracentrifuged at 200,000x g for 45min at 4°C, then the soluble
extract was recovered. For hydrogenase enzymatic assay, the same
protocol is carried out except that cells were harvested at the beginning
of the stationary phase, the pellet was resuspended in 100 mM Tris—
HCI pH 8 buffer and that total protein extract was used in the tests.
Proteins were quantified using the Bio-Rad protein assay based on
Bradford dye binding method using bovine serum albumin as
standard. The same soluble protein extracts were used for ethanol
dehydrogenase enzymatic assays, SDS-PAGE, Western immunoblot,
and mass spectrometry analysis.

2.5. SDS-PAGE and Western blot

Separation of proteins by 10% SDS-PAGE and Western
immunoblot were described previously (Payne et al., 2022). Two
identical 10% SDS-PAGE were performed in parallel with 15 ug of
soluble protein extract. After migration, the first one was stained with
a Coomassie blue solution and the second one was used for western
blotting experiment. The primary anti-HndD antibody was used to
detect HndD protein on the nitrocellulose membrane.

2.6. Cloning, production, and purification
of proteins

Recombinant strep-tagged Hnd hydrogenase and FdxB
ferredoxin, both from S. fructosivorans, were produced and purified as
described previously (Kpebe et al., 2018). A concentration of 1.46 mg/
mL for Hnd was determined using the Bio-Rad protein assay based
on Bradford dye binding method using bovine serum albumin as
standard. The concentration of the mature FdxB in oxidized form was
estimated to be 233pmol/L by spectrophotometry at 410nm,
corresponding to the absorption peak of iron sulfur clusters, using an
absorption coeflicient value of 24,000 M~ cm™.

The same strategy for fdxB cloning was used for pfor gene cloning.
The  pfor encoding  the  pyruvate:ferredoxin
oxidoreductase  (accession =~ WP_006919792.1, locus tag
DESFRDRAFT_RS00590, old locus tag DesfrDRAFT_0121) was
amplified using the following primers: Oligol-PFOR-df-SLIC-F
(5GTTTATCTGTTACCCCGTAGGATCCATGGCCAAGAAGATG
AAAAGC3’), Oligo2c-PFOR-strep-df-SLIC-R(5’ACTACCACCACC

gene
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ACTACCCCCGGGTTTTCCGGAGCGGCCTTCGT?). The
3,687bp PFOR PCR fragment was digested with Smal and BamHI
NEB enzymes and cloned into the Smal-BamHI linearized pthl-Fd-
LL-C-Tag plasmid (Gauquelin et al., 2018). The resulting pthl-PFOR-
LL-C-Tag plasmid was checked by sequencing and introduced in the
E. coli MG1655 AiscR::kan strain by electroporation. The resulting
strain was then used to produce recombinant strep-tagged
PFOR. Strain was grown aerobically at 37°C during 16h in LB
medium supplemented with 0.5% glycerol, 40 mM sodium fumarate,
0.1 g/1 Fe(III) citrate, 40 mM MOPS, 50 pg/mL kanamycin and 100 pg/
mL ampicillin. Cells pellet was washed and then resuspended in buffer
W (Tris-HCI 100mM pH 8.0, NaCl 150 mM) supplemented with
SIGMAFAST protease Inhibitor Cocktail tablet (SIGMA) and DNasel
(Roche). All purification steps were done anaerobically in a glove box
under nitrogen atmosphere (Jacomex). Cells were lysed by sonication
(20cycles of 30s). After ultracentrifugation (45 min at 200,000 x g at
4°C), the supernatant was loaded on a 5mL StrepTactin superflow
(IBA) affinity column and purification was done according IBA
instruction. PFOR was eluted with 2.5 mM desthiobiotin in buffer W,
dialyzed and concentrated with a 30kDa molecular mass cut-off
Vivaspin 20 (Sartorius). The purity of the PFOR (133.4kDa) was
checked on a 10% SDS-PAGE (Supplementary Figure SI). The
catalytic activity of recombinant PFOR was measured in an anaerobic
quartz cuvette, at 30°C, under N, atmosphere, in 1 mL reaction
mixture containing 1 mM MgCl,, 2mM thiamine pyrophosphate,
0.32mM dithioerythritol, 10mM sodium pyruvate, 0.lmM
Coenzyme A, 20 pM ferredoxin FdxB in 100 mM Phosphate buffer
pH7. The reaction was started by the addition of PFOR in the cuvette
and absorbance at 410nm was followed (reduction of FdxB). An
activity of 0.045 U/mg was determined.

2.7. Enzymatic assays

Hydrogenase activity, both H,-oxidation and H,-evolution, using
the methylviologen as electron acceptor/donor, in total cell extracts
was measured as described previously (Payne et al., 2022). One unit
of hydrogenase activity corresponds to the uptake of 1 pmol of H,/min
and the production of 1 pmol of H,/min, respectively.

Electron bifurcation activity of Hnd was determined as described
in Kpebe et al. (2018). NADH- and Fd-dependent H,-production
activity of Hnd (electron confurcation assay) was assayed using gas
chromatography (GC). A 800 pL mixture containing 100 mM Tris-HCl
pH 8.0, 4uM of FMN, 4uM of FAD, 15mM sodium pyruvate, 25uM
Coenzyme A, 1 mM MgCl,, 2mM thiamine pyrophosphate, 0.32 mM
dithioerythritol, 2.4 mM NADH, 73 uM ferredoxin FdxB, 36 g of
PFOR was prepared in a glove-box (Jacomex) and placed in a 8 mL vial
closed by a septum. The reaction mixture was let react at room
temperature for 40 min to allow the maximum reduction of FdxB by
the PFOR. The confurcation reaction was started by the addition of
14.6 or 43.8 pg of Hnd. Hundred microliter of headspace gas were
removed periodically using a gastight syringe and injected into a gas
chromatography system (Agilent 7,820) equipped with a thermal
conductivity detector and a HP-plot Molesieve capillary column (30 m,
0.53 mm, 25pm), using argon as the carrier gas, at a flow rate of 42mL/
min, an oven temperature of 30°C and a detector temperature of
150°C. H, was quantified according to a standard calibration curve. H,
production rate was expressed as pmol of H, produced. The H, signal
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appears for a retention time of 2.1 min while O, retention time is
2.5min. Thus we can discriminate between the signals of these two
gases. Electron bifurcation and confurcation activities were measured
using the same samples of Hnd and ferredoxin FdxB proteins.

Ethanol dehydrogenase activity was determined in soluble cell
extract according to Ramos et al. (2015) except that the assays were
not performed in an anaerobic glove box but the activity was measured
using anaerobic spectrophotometric cuvette. As a control, NAD*
reduction was followed without ethanol in the reaction mixture in
order to determine the NAD" reduction independent of ethanol
dehydrogenase activity, which reduction was systematically deduced
from the value measured in the reaction with ethanol.

2.8. Real-time quantitative PCR

10" cells were pelleted. Total RNA was extracted using the
Maxwell® Instruments from PROMEGA. This automated nucleic acid
purification platform can perform 16 samples simultaneously. The
cells pellet was resuspended in the homogenizing solution (Maxwell
Promega kit). The resuspended cells were mixed with 0.1 mm glass
beads followed by two 45 s steps of 6.5m/s in the QUICKPREP mode
of the MP Biomedicals™ Instrument FastPrep-24™ 5G. The total
RNA extraction was then carried out according to the supplier’s
protocol. An extra step, with TURBO DNA free™ kit (Life technology)
was done to remove genomic DNA contamination of the total
RNA. RNA concentration was determined with a NanoDrop 2000
spectrophotometer and purity was checked with the automated
platform of Agilent 4200 TapeStation system. Reverse transcription
was performed on 1pg of total RNA by using the superscript VI
reverse transcriptase and random primers (Invitrogen). The protocol
and primers used were previously described by Payne et al. (2022).

2.9. Relative quantitative proteomic data
analysis

The protein-containing SDS-PAGE stacking bands containing 60 ug
of extracted proteins from cells of S. fructosivorans WT and SM4/
pBGhnd6 strains cultured in PS2 and ES20 conditions and collected at
stationary phase of growth, were treated in biological triplicates for
proteomic analysis as previously described in Gérard et al. (2022) with
slight modifications as follows. Eight hundred nanograms of peptides
were injected for LC-MSMS analysis on nano liquid chromatography
Ultimate 3,000 (Thermo Scientific) coupled to a Q-Exactive Plus mass
spectrometer (Thermo Scientific). The spectra were processed by
Proteome Discoverer software (ThermoFisher, version: 2.4.1.15) using
the Sequest HT algorithm with the search following settings:
Solidesulfovibrio_fructosivorans database (TxID 596151) extracted from
Uniprot (4,161 sequence entries); trypsin enzyme (maximum 2 missed
cleavages); fixed modification: carbamidomethyl (Cys); variable
modification: oxidation (Met); mass values specific for monoisotopic;
precursor mass tolerance: + 10 ppm; fragment mass tolerance: + 0.02 Da;
spectrum files were recalibrated. Peptide validation was based on target/
decoy strategy based on g-value, maximum Delta Cn 0.05 and Strict
Target False Discovery Rate at 0.01. Proteins were identified if minimum
2 unique peptide sequences more than 6 amino acids passed the high
confidence filter. Relative quantification of Adh3929 (E1K229), Hnd
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(HndA, E1JRZ9; HndB, E1HS00; HndC, E1JS01; HndD, E1]S02) and
Aor2487 (E1JXY8) between the different conditions was established
based on the number of Peptide Spectral Matched (PSM) of a protein,
normalized by the total number of PSM in each sample, and averaged
by the biological triplicate. Comparison was performed against the
proteins from the W'T strain grown in PS2 condition, fixed at 100%.

3. Results

3.1. SM4 mutant phenotype in ethanol
medium

Both S. fructosivorans strains, the WT strain and the SM4 mutant
strain deleted of hndD encoding the catalytic subunit of the Hnd
hydrogenase, were grown on media that contain only ethanol as a
carbon and energy source in the presence of 20mM sulfate (ES20
medium) and in the absence of sulfate (ESO medium). Growth was
monitored over time by measuring the OD of cultures at 600 nm
(Figure 1). As expected, in the presence of sulfate, on ES20 medium,
the WT strain was able to oxidize ethanol for growth. The culture
reached the stationary phase of growth after 90h and the doubling time
was 12.1 + 1.9h. In contrast, when sulfate was absent, the W'T strain
did not grow. Indeed, the bacterium is not able to ferment ethanol
(Ollivier et al., 1988). The SM4 mutant strain is unable to grow on
ethanol in both media, either in the presence or in absence of sulfate.
These findings demonstrate that the deletion of hndD makes it
impossible for this mutant strain to grow on ethanol even in the
presence of sulfate, therefore the Hnd hydrogenase is essential for the
growth of S. fructosivorans on ethanol. It should be noted that the SM4
mutant strain grows well under other growth conditions, on pyruvate,
lactate and fructose (Malki et al., 1997; Payne et al., 2022, 2023). The
deletion of hndD does not affect the growth of the bacterium on H,/
sulfate medium (Supplementary Figure S2) which confirms the result
obtained by Malki et al. (1997) who showed that the growth of a mutant
lacking Hnd (AhndC) is not affected compared to the WT strain. Hnd
is not essential for bacterial growth on H,/sulfate.

10.3389/fmicb.2023.1139276

To confirm that the observed phenotype is indeed caused by the
hndD deletion, the SM4 mutant strain carrying a plasmid containing
the hnd operon (strain SM4/pBGhnd6, Kpebe et al,, 2018) was
cultivated on the two media ESO and ES20. We observed that this
strain, like the WT strain, can grow on ethanol in the presence of
sulfate (Figure 1) but not in its absence (not shown). While the highest
optical density at 600 nm is similar for both strains, the doubling time
of the SM4/pBGhnd6 complementation strain is 4 times higher than
that of the WT strain (47.9 + 4.1h). These results indicate that the
expression of hnd from the pBGhnd6 plasmid restores the growth in
a medium containing ethanol as the only source of carbon and energy
although the complementation strain does not grow as fast as the WT
strain. These results confirm that Hnd is essential for ethanol oxidation
in 8. fructosivorans. It is of note that, for some unknown reasons, the
growth curve of the complemented strain shows a significant lag, the
maximal OD600 is reached at 92h for the WT strain while it is only
reached at 306h for the complemented strain. Pre-cultures of the
strains were done on pyruvate medium and it seems that the
complementation strain needs an adaptation time when transferred
to ethanol medium. A lag phase of 200-250h was also observed for a
hydrogenase mutant of Desulfovibrio vulgaris Hildenborough (DvH)
when the strain is transferred from a lactate medium to an ethanol
medium (Haveman et al., 2003).

3.2. Metabolite production and
consumption

In order to determine the effect of hndD deletion on the production
of major metabolites, acetate and H, production as well as ethanol and
sulfate consumption were followed during growth (Figure 2). As
expected, ethanol is consumed quite rapidly (in less than 100h) by the
WT strain on ES20 medium whereas in absence of sulfate, ethanol is
not consumed at all. Ethanol oxidation is coupled to sulfate reduction.
This respiration allows the growth of the bacterium while fermentation
is not possible. The mutant strain does not consume ethanol on both
ES20 and ESO media, explaining why it does not grow under these
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FIGURE 1
Growth curves of Solidesulfovibrio fructosivorans WT, SM4, and SM4/pBGhndé6 strains. Bacteria were grown in 100mL serum bottles containing 90mL
of ESO (A) and ES20 (B) media supplemented or not with 20mM sulfate, respectively, and 40 or 60mM ethanol as electron donor for the WT and the
complementation strains, and the mutant strain, respectively. WT strain, black curves; SM4 strain, red curves; SM4/pBGhnd6 strain, blue curve. Data
represent the averages of the results of three or four replicate growths. Error bars correspond to standard deviations.
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FIGURE 2
Acetate, ethanol, sulfate, and H, quantification. Acetate (red curves), ethanol (blue curves), and sulfate (purple curves) in the growth medium and H, in
the headspace (green curves) were quantified by HPLC, ionic chromatography or GC during the growth of the S. fructosivorans WT strain (A,B) or the
SM4 mutant strain (C,D) in the ESO medium (A,C) or the ES20 medium (B,D). Analyses were performed on the same S. fructosivorans cultures as those
used for the growth curves. Data represent the averages of the results of three replicate growths. Error bars correspond to standard deviations.

conditions. Acetate is produced and sulfate is consumed only when
ethanol is oxidized by the WT strain in ES20 medium.

H, accumulates in the gas phase when the WT strain grows in the
absence of sulfate, showing that even though S. fructosivorans does not
grow under these conditions, the bacteria from the inoculum are still
able to survive and produce H,. On ES20 medium, on the other hand,
there is no accumulation of H, in the headspace although we observe
a transient burst of H, at the beginning of the growth. In contrast, the
SM4 mutant strain does not produce H, at all.

Taken together, these results lead us to propose that the Hnd
hydrogenase catalyzes H, production when S. fructosivorans grows
with ethanol as the only energy source in the presence of sulfate. It
would therefore carry out the confurcation of electrons from NADH
and reduced ferredoxin. We check the ability of Hnd to confurcate
electrons in vitro. We determine an activity of 0.033 + 0.015 U/mg.
Although this activity is low compared to electron bifurcation activity
(0.96 U/mg determined with the same protein sample), it shows that
Hnd is able to produce H, in vitro from reduced FdxB ferredoxin and
NADH (Supplementary Figure S3).

3.3. Impact of the carbon source and
growth condition on Hnd level

Hnd production in the WT strain, followed by Western blot, was
compared under pyruvate (fermentation or respiration) and ethanol
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(respiration) conditions (Figure 3A). As expected, in pyruvate
medium, the amount of Hnd is much higher in fermentation (PS2)
than in respiration (PS20) (Payne et al., 2022). Surprisingly, Hnd is
much less abundant when the bacterium is growing in ethanol
medium (ES20) than in PS2 medium, while it is essential for the
growth of the bacterium when growing on ethanol as carbon source
(Figure 1). To confirm this result, Hnd abundance was measured by
quantitative proteomics using spectral counting from soluble extracts
of the WT strain (Figure 3B) and an amount of Hnd 5 times lower was
observed when bacteria were grown on ethanol medium (ES20) as
compared to pyruvate fermentation medium (PS2). The expression of
the hndD gene (locus tag DesfrDRAFT_0401), which was monitored
by RT-qPCR, is more than twofold lower for the WT strain grown in
ethanol medium (ES20) than in pyruvate medium (PS2) (Figure 3C).
Expression of hnd is consistent with the results obtained at the Hnd
protein level.

We measured the hydrogenase activity of H,-consumption and
H,-production from total extracts of the WT and the SM4 mutant
strains grown on the three media (PS2, PS20, and ES20) (Table 1). As
shown previously, Hnd is responsible for the majority of the
hydrogenase activity measured in the WT in PS2 medium since it is
strongly reduced in the mutant SM4 strain (Payne et al., 2022). In
PS20, the decrease in hydrogenase activity as compared to PS2
medium is explained by the drastic decrease in hndD expression
(Payne et al., 2022). Interestingly, the activity of the WT strain is about
10 times lower on ES20 than on PS2 for H,-oxidation and a half for
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FIGURE 3

Hnd levelin S. fructosivorans under pyruvate and ethanol conditions.
(A) Western blot analysis of HndD production by WT (lanes 2-4),
SM4 (lane 1) and SM4/pBGhnd6 (lane 5) cells of S. fructosivorans
grown with pyruvate (PS2, lanes 1 and 3, or PS20, lane 2) or ethanol
(ES20, lanes 4 and 5) as carbon source. Cells were harvested at
stationary phase of growth and 15pg of total proteins from soluble
extracts were separated by 10% SDS-PAGE and subjected to western
blotting using an antibody raised against HndD. Molecular mass
markers (lane M) are indicated in kDa. The SDS-PAGE below the
western blot is a loading control. (B) Relative Hnd level determined
by quantitative proteomics. S. fructosivorans WT and SM4/pBGhnd6
strains were grown with pyruvate (PS2) or ethanol (ES20) as carbon
source and cells were collected at stationary phase of growth. Data
represent the averages of the results of three experiments. Error bars
correspond to standard deviations. (C) Relative expression of the
hndD (DesfrDRAFT_0401) gene quantified by RT-gPCR. S.
fructosivorans WT strain was grown with pyruvate (PS2) or ethanol
(ES20) as carbon source and samples were collected at stationary
phase of growth. Expression of the gene was normalized to that of
the 16S rRNA gene. Data represent the averages of the results of
three experiments. Error bars correspond to standard deviations.

TABLE 1 Hydrogenase activity in S. fructosivorans.

Growth Hydrogenase activity
medium (U.mg™)
S. fructosivorans P H,-
strain oxidation production
WT 28.7+6.0 8.4+2.7
PS2
SM4 0.4+0.1 0.9+0.1
WT 50+1.6 1.6+0.3
PS20
SM4 27405 1.3+0.5
WT 33+1.0 43+14
ES20
SM4/pBGhndé 6.9+3.0 42412

H,-production and H,-oxidation were measured on the total extract of the W'T, the SM4
mutant and the complementation SM4/pBGhnd6 strains grown with pyruvate (PS2 and
PS20) or ethanol (ES20) as carbon source. Cells were harvested at the end of exponential
phase of growth.
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H,-production. This sharp drop in both hydrogenase activities under
ethanol compared to pyruvate fermentation conditions correlates with
the significant decrease in the amount of the Hnd hydrogenase when
the bacteria are growing on ethanol (Figures 3A,B).

The anti-HndD western blot on the complementation strain
shows that, on ES20 ethanol medium, the amount of Hnd is similar to
that of the WT strain, indicating that Hnd production is restored from
the operon on the pBGhnd6 plasmid (Figure 3A). The same pattern is
observed when the abundance of Hnd is determined by quantitative
proteomics (Figure 3B). These results correlate with the fact that H,
production and oxidation activities of the SM4/pBGhndé6 strain are
comparable to those measured for the WT strain (Table 1).

Collectively, these results clearly show that the expression of the
hnd operon as well as the amount of Hnd hydrogenase are much lower
when the bacteria are growing under respiration (PS20 or ES20) than
under fermentation (PS2). Unexpectedly, under respiratory condition,
the nature of the carbon source, pyruvate or ethanol, has little effect
on the expression of the hydrogenase while this enzyme is essential for
the growth of the bacteria on ethanol but not on pyruvate (Payne
etal., 2022).

3.4. Impact of the carbon source and
growth condition on Adh and Aor levels

In a previous study, we have demonstrated that the deletion of the
hndD gene, in the SM4 strain, leads to a drastic drop in the expression
of the adh3929 gene (locus tag DesfrDRAFT_3929), coding for an
alcohol dehydrogenase, and of the a0r2487 (DesfrDRAFT_2487)
coding for an aldehyde ferredoxin oxidoreductase (Payne et al., 2022).
We therefore monitored Adh and Aor at the protein as well as the
transcriptional levels under different growth conditions.

The amount of Adh3929 is so high in the cell in PS2 that it can
be visualized directly on SDS-PAGE of cell extracts (Payne et al,
2022). Following Adh during bacterial growth shows that the enzyme
accumulates in the cells (Supplementary Figure S4). Comparison of
the amount of Adh in the stationary phase reveals that it is much more
abundant in S. fructosivorans WT cells grown on PS2 than under
respiration in PS20 medium as already shown (Payne et al., 2022) but
also in ES20 medium (Figure 4A). Abundance of Adh was also
measured by quantitative proteomics and confirms that the quantity
of the enzyme is 3 times lower under ethanol respiration (ES20) than
in pyruvate fermentation (PS2) for the WT strain (Figure 4B).

The ethanol dehydrogenase specific activity was determined on
soluble extracts of the WT and the SM4 mutant strains (Table 2). The SM4
mutant shows no detectable ethanol dehydrogenase activity on pyruvate
medium (PS2 and PS20). This is consistent with the fact that in this
mutant the expression of adh is strongly reduced compared to the WT
strain (Payne et al., 2022). More importantly, what was less expected is
that in respiration, the ethanol dehydrogenase activity is similar on
pyruvate medium (PS20) as on ethanol medium (ES20) for the WT strain.
This activity is considerably lower when the bacteria are growing under
ethanol respiration (ES20) than on pyruvate fermentation (PS2).

Similarly, the adh gene expression, measured by RT-qPCR, is
extremely higher on PS2 than on ethanol medium (ES20) (Figure 4C).
This result is consistent with the lower amount of Adh enzyme present
on ES20 than on PS2 (Figures 4A,B) and also with the ethanol
dehydrogenase activity measured under these two conditions
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TABLE 2 Ethanol dehydrogenase activity in S. fructosivorans.
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FIGURE 4

Adh levelin S. fructosivorans under pyruvate and ethanol conditions.
(A) Coomassie blue-stained SDS-PAGE of soluble proteins from S.
fructosivorans WT strain grown with pyruvate (PS20, lane 1 or PS2,
lane 2) or ethanol (ES20, lane 3) as carbon source. Cells were
harvested at stationary phase of growth. Ten micrograms of soluble
proteins were loaded in each lane of a 12% SDS-PAGE. Molecular
mass markers (lane M) are indicated in kDa. Arrow indicates bands
corresponding to Adh (3929). The theoretical molecular mass of Adh
is 41.9kDa. (B) Relative Adh level determined by quantitative
proteomics. S. fructosivorans WT and SM4/pBGhnd6 strains were
grown with pyruvate (PS2) or ethanol (ES20) as carbon source and
cells were collected at stationary phase of growth. Data represent
the averages of the results of three experiments. Error bars
correspond to standard deviations. (C) Relative expression of the adh
(DesfrDRAFT_3929) gene quantified by RT-qPCR. S. fructosivorans
WT strain was grown with pyruvate (PS2) or ethanol (ES20) as carbon
source and samples were collected at stationary phase of growth.
Expression of the gene was normalized to that of the 16S rRNA gene.
Data represent the averages of the results of three experiments. Error
bars correspond to standard deviations.

(Table 2). The presence of 40 mM of ethanol in the growth medium
does not induce the overexpression of the adh gene at the
transcriptional level.

The ethanol dehydrogenase activity for the complementation
strain is very low in pyruvate media (PS2 and PS20) (Table 2) which
is consistent with the fact that the complementation is only partial
when the SM4/pBGhnd6 strain is growing on pyruvate (Payne et al.,
2022). In contrast, when the complementation strain is grown on
ethanol medium, expression of hnd operon from the plasmid restores
Adh (both the amount of the enzyme and the ethanol dehydrogenase
activity) suggesting that adh expression is restored (Figure 4B and
Table 2).
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Growth S. fructosivorans Ethanol
medium strain dehydrogenase
activity (mU.mg™)
WT 375+38
PS2 SM4 N.D.
SM4/pBGhndé 4+1
WT 18+12
PS20 SM4 N.D.
SM4/pBGhndé 1+1
WT 22+15
ES20
SM4/pBGhnd6 51+12

Ethanol dehydrogenase activity was measured on the soluble extract of the W'T, the SM4
mutant and the complementation SM4/pBGhnd6 strains grown with pyruvate (PS2 and
PS20) or ethanol (ES20) as carbon source. Cells were harvested at the stationary phase of
growth. N.D,, not detected.

Regarding Aor, quantitative proteomics and RT-qPCR
experiments (Figures 5A,B) suggest that the level of Aor does not vary
between the two conditions PS2 and ES20 and that the expression of
the gene is even higher on ES20 than PS2 in stationary phase, contrary
to what is observed for Adh. The amount of Aor is the same for the
WT strain as for the complementation strain on ES20 (Figure 5A).
These results suggest that different transcriptional regulators regulate
the expression of the adh and aor genes, adh being more strongly
expressed on PS2 while gor is more strongly expressed on ES20
leading to a similar amount of Aor enzyme on both media.

3.5. Growth analysis of the ADH-CG1
(Aadh) mutant in pyruvate and ethanol
media

We constructed the Adh-encoding gene deletion mutant, called
the ADH-CG]1 strain, and compared its growth to the WT strain
(Figure 6). On pyruvate media, the ADH-CG1 strain grows well
despite the fact that the generation time is higher than for the WT
strain (30.9 +0.6 h for the mutant vs. 17.2+0.9h for the WT strain in
PS2 medium and 28.0 + 5.3 h for the mutant vs. 20.5+ 0.3 h for the WT
strain in PS20 medium) (Payne et al., 2022). On both media, the
growth yield (ODyy, max) is similar and is around 1 while it is slightly
higher for the WT strain (between 1.2 and 1.4) (Payne et al., 2022). In
contrast, on ES20 medium, the Aadh mutant did not grow, indicating
that Adh3929 is responsible for ethanol oxidation and that this
enzyme is essential for bacterial growth under these conditions.

4. Discussion

In this work, we investigated the role of the electron-bifurcating
Hnd hydrogenase in the physiology of S. fructosivorans by comparing
the WT strain and SM4, the Hnd hydrogenase deletion mutant when
the bacteria use ethanol as a carbon source. When Ollivier and
colleagues characterized the S. fructosivorans species, they determined
that it is able to oxidize ethanol in the presence of sulfate, much like
related species from the Desulfovibrio genus (Ollivier et al., 1988). In
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Growth curves of S. fructosivorans ADH-CGL1 strain deleted of the
FIGURE 5 Adh3929 encoding gene. Bacteria were grown in 100mL serum
Aor levelin S. fructosivorans under pyruvate and ethanol conditions. bottles containing 90mL of PS2 (orange curve), PS20 (gray curve)
(A) Relative Aor level determined by quantitative proteomics. S. and ES20 (green curve) media. Data represent the averages of the
fructosivorans WT and SM4/pBGhnd6 strains were grown with results of three replicate growths. Error bars correspond to standard
pyruvate (PS2) or ethanol (ES20) as carbon source and cells were deviations.
collected at stationary phase of growth. Data represent the averages

of the results of three experiments. Error bars correspond to
standard deviations. (B) Relative expression of the aor
(DesfrDRAFT_2487) gene quantified by RT-qPCR. S. fructosivorans
WT strain was grown with pyruvate (PS2) or ethanol (ES20) as carbon
source and samples were collected at stationary phase of growth.
Expression of the gene was normalized to that of the 16S rRNA gene.
Data represent the averages of the results of three experiments. Error
bars correspond to standard deviations.

low sulfate medium, the growth of Desulfovibrio is slight, and little of
the ethanol is oxidized unless bacteria are co-cultured with an H,-
consuming organism (Bryant et al., 1977). This syntrophic association
between two partners, a H,-producing and a H,-scavenging partner is
particularly important in anaerobic environments. Moreover, the
electron transfer could even take place between the two
microorganisms of the co-culture, not only by interspecies H, transfer,
but also directly as recently proposed by Zheng and colleagues,
allowing the growth of Desulfovibrio in co-culture on ethanol in
absence of sulfate (Zheng et al., 2021). As expected, we observed, in
this study, that the WT strain is able to grow on a medium containing
ethanol and sulfate but not on a medium containing ethanol only,
while the growth of the SM4 mutant strain is completely prevented on
both media, which confirms the involvement of Hnd in ethanol
metabolism. Results obtained on the complementation strain indicate
that contrary to what is observed on pyruvate media where the
complementation is only partial in respiration (PS20) or in
fermentation (PS2) (Payne et al., 2022), the presence of the hnd
operon on the plasmid in the complementation strain restores the
growth of the strain. These results also indicate that the amounts of
the three enzymes Hnd, Adh and Aor are comparable in the two
strains WT and SM4/pBGhnd6 and that the phenotype observed for
the SM4 mutant strain is due to the hndD deletion. We have indeed
shown previously that Hnd consumes, in a non-essential role, part of
the H, produced during pyruvate fermentation and produces reducing
equivalents in the form of NADH and reduced ferredoxin through the
electron bifurcation mechanism. These reducing equivalents are used
for ethanol production as a fermentative product (Payne et al., 2022,
2023). In this study, our results show that Hnd is essential for the
growth of S. fructosivorans on ethanol, indicating the importance of
its role and highlighting for the first time an essential role of a
hydrogenase for the growth of a Desulfovibrio. Previous studies of
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Desulfovibrio hydrogenase deletion mutants have never demonstrated
the essential character of a hydrogenase in these bacteria (Rousset
et al., 1991; Malki et al., 1997; Casalot et al., 2002a,b; Haveman et al.,
2003; Caffrey et al., 2007; Morais-Silva et al., 2013). Moreover, it is
important to note that none of the five other hydrogenases of
S. fructosivorans compensates for the loss of Hnd, not even Hnt, the
trimeric FeFe hydrogenase whose genes were identified in the genome
(Baffert etal., 2019) and whose structure is very similar to the trimeric
FeFe flavin-based electron-bifurcating hydrogenase from Thermotoga
maritima (Schut and Adams, 2009). This putative trimeric
hydrogenase Hnt has never been purified and biochemically
characterized in any Desulfovibrio species and no evidence concerning
its possible physiological role is available.

Furthermore, although the WT strain does not grow in ESO, it
survives and accumulates H, in the headspace whereas the SM4
mutant does not (Figure 2). A very small amount of ethanol must
be consumed under these conditions to sustain this low H,
production but it is probably too low to be detectable on Figure 2A
and to allow the growth of the bacteria. Our results led us to
propose that Hnd produces H, by an electron confurcation
mechanism and regenerates the reducing equivalents, NADH and
reduced ferredoxin, produced during ethanol oxidation by the two
enzymes Adh which converts ethanol to acetaldehyde, and Aor
which converts acetaldehyde to acetate (Figure 7). The H, produced
could be used for cytoplasmic sulfate reduction, probably by the
mechanism for energy coupling of H, cycling (Odom and Peck,
1981). Hnd is thus a reversible electron bifurcating hydrogenase
that operates in H, consumption during pyruvate fermentation and
in H, production when the bacterium uses ethanol as electron
donor. Surprisingly, the expression of hndD in WT cells is much
lower under pyruvate fermentation conditions than under ethanol
oxidation conditions, which results in a lower amount of Hnd,
although it is essential in the latter condition (Figure 3). The same
is true for Adh3929 (Figure 4). We demonstrated that Hnd is able
to catalyze H, production using electron confurcation in vitro. The
specific activity measured is low compared to the electron
bifurcation activity. This is probably due to the low specific activity
(and the limited quantity that can be added in the assay) of the
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Model of the ethanol oxidation pathway in S. fructosivorans. Hnd
hydrogenase is involved in the re-oxidation of NADH and reduced
ferredoxin which are produced during ethanol oxidation by the
enzymes Adh and Aor, through an electron confurcation
mechanism. This leads to the production of H, which could

be recycled for sulfate reduction. The question mark indicates that
this electron transfer pathway is hypothetical. Adh, alcohol
dehydrogenase; Aor, Aldehyde ferredoxin oxidoreductase; Fd,
oxidized ferredoxin; Fd?, reduced ferredoxin. This figure was created
with BioRender.com.

PFOR used to generate reduced ferredoxin, that limits the overall
confurcation activity. Moreover, we cannot directly compare the
specific activities of electron confurcation vs. bifurcation because
the driving force of the reactions is not the same and cannot
be adjusted; it depends on the proportion of oxidized and reduced
forms of the two electron donors/acceptors [on the Fdx(oxidized)/
Fdx(reduced) ratio and on the NAD*/NADH ratio]. These ratios are
also unknown in bacterial cells. Although it is not possible to
discuss the variation in Hnd amount in the light of confurcation/
bifurcation activity in vivo, our results demonstrate that Hnd is a
bidirectional hydrogenase.

Only a few bacterial electron-bifurcating FeFe hydrogenases have
been purified and characterized and the role of some of them has been
determined. In acetogenic bacteria, such as Acetobacterium woodii and
Moorella thermoacetica, the electron-bifurcating hydrogenase is
involved in H, consumption and produces NADH and reduced
ferredoxin which are used for CO, reduction (Schuchmann and
Miiller, 2012; Wang et al., 2013). In glucose-fermenting bacteria, such
as Ruminococcus albus and T. maritima, the trimeric hydrogenase is
involved in the production of H, from NADH and reduced ferredoxin
produced during fermentation through an electron confurcation
mechanism to dissipate excess reducing power (Schut and Adams,
2009; Zheng et al., 2014; Greening et al., 2019).
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The results obtained in this study and in our previous study clearly
demonstrate that the hnd operon expression is strongly regulated at
the transcriptional level. We have predicted the presence of a
Rex-binding site in the promoter region of hnd and proposed that the
expression of Hnd might be regulated by Rex, a transcriptional redox-
sensing regulator controlled by the intracellular NAD*/NADH ratio.
Moreover, HydS, a putative H,-sensing hydrogenase, whose
mechanism has yet to be elucidated, might also be involved in the
regulation of Hnd (Payne et al., 2022). When R. albus, a rumen
bacterium, grows in co-culture with a hydrogenotrophic
microorganism keeping the H, partial pressure very low, the trimeric
electron-bifurcating hydrogenase is expressed and produces H,. Its
expression is tightly regulated, as is the expression of the two other
hydrogenases of the bacterium, in response to H, partial pressure. It
has been proposed that the Rex regulator as well as the HydS
hydrogenase are involved in the regulation of the expression of this
hydrogenase (Zheng et al., 2014; Greening et al., 2019).

The expression of adh is also regulated at the transcriptional level
and surprisingly, under respiratory condition, it is not induced by
ethanol but is dependent on hnd. Indeed, while the WT strain grows
well on ES20 ethanol medium (Figure 1), the SM4 strain shows
completely impaired growth suggesting that, as is the case on pyruvate
(Payne et al., 2022), the deletion of hndD induces a drastic decrease in
the expression of adh on ethanol medium, making it impossible for
the deletion mutant to use ethanol. However, the mechanism of
regulation involved remains to be elucidated. In DvH, the mutant
strain deleted of the periplasmic FeFe-hydrogenase shows also a very
drastic drop in the expression of the adh gene, whereas it is one of the
most expressed in the WT strain. Moreover, adh is upregulated when
DvH uses ethanol as electron donor instead of lactate, pyruvate,
formate or H, indicating that the expression, unlike in S. fructosivorans,
is induced by ethanol (Haveman et al., 2003). In this study, we also
constructed the ADH-CGI mutant strain deleted of the gene encoding
Adh3929. The fact that this mutant strain does not grow on ethanol
shows that Adh3929 is responsible for the oxidation of ethanol on
ES20 and that this enzyme is essential for bacterial growth under these
conditions. The counterpart of this Adh in DvH has also been shown
to be responsible for the utilization of ethanol as the sole source of
carbon and energy (Haveman et al., 2003). It is of note that although
in the S. fructosivorans genome, 7 genes are annotated as “iron-
containing alcohol dehydrogenase” in addition to the adh3929 gene
(Supplementary Table S1), none of them compensates for the strong
decrease of adh3929 expression in the hndD deletion mutant or for the
lack of Adh3929 in the ADH-CGI mutant to allow bacterial growth.
This suggests that these adh genes are tightly regulated or that they
code for alcohol dehydrogenases that do not use ethanol but other
alcohols as a substrate. Interestingly, one of them, Adh1011, shows
very strong homology to Adh 3929 (85% of protein sequence identity).
However, the role of the other adh genes and the substrate specificity
of the corresponding enzymes remain to be determined. Regarding
aor, its expression profile is different compared to hnd and adh under
ethanol condition while on pyruvate, the three genes followed the
same profile (Payne et al., 2022). aor is over-expressed under ethanol
condition as compared to pyruvate fermentation leading to a similar
abundance of the enzyme under both conditions (Figure 5). These
results again suggest that aor is regulated at the transcriptional level
and that ethanol may be involved in the regulation of its expression.
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For the three operon/genes hnd, adh, and aor, the mechanism of
regulation of their expression remains to be elucidated. Surprisingly,
ethanol is not involved in the regulation of hnd and adh expression,
because their expression is not upregulated under these conditions.

In DvH, the enzyme complex FIx-Hdr (Flx for flavin oxidoreductase
and Hdr for heterodisulfide reductase), proposed to also perform
electron bifurcation, plays a role that strikingly resembles the role of the
hydrogenase Hnd (Ramos et al, 2015). This soluble complex is
composed of six subunits, the 3 Flx subunits are homologous to subunits
of Pyrococcus soluble hydrogenases but without a hydrogenase catalytic
subunit and the 3 Hdr subunits sharing sequence homology with the
archaeal HArABC enzyme. In methanogenic archaea, the HdrABC
enzyme forms a complex with the MvhADG NiFe-hydrogenase that
catalyzes heterodisulfide CoM-S-S-CoB reduction with H, coupled to
the reduction of ferredoxin by flavin-based electron bifurcation (Thauer
etal,, 2008; Kaster etal., 2011; Wagner et al., 2017). The Flx-Hdr complex
has been shown to be essential for ethanol oxidation in DvH by coupling
the reduction of a ferredoxin and a disulfide (the DsrC protein) by
NADH. In pyruvate fermentation, the Flx-Hdr complex is involved in
ethanol production in a non-essential way by operating in reverse to
reduce NAD". Contrary to what we have shown in S. fructosivorans for
the hnd operon, the flx-hdr genes are increased in transcription during
growth in ethanol-sulfate in DvH. DvH does not possess an electron
bifurcating hydrogenase, so it is the Flx-Hdr complex that plays the same
essential role as Hnd in the oxidation of ethanol in this bacterium. On
the other hand, the genome of S. fructosivorans contains a cluster with
seven genes sharing sequence homology with genes encoding the
Flx-Hdr complex of DvH (locus tags DesfrDRAFT_3930-3936) but the
role of this complex is still unknown in S. fructosivorans. It is noteworthy
that the flx-hdr gene cluster in S. fructosivorans is located immediately
downstream of the adh3929 gene, as is the case in DvH (Ramos et al.,
2015), which could also indicate a role in ethanol metabolism in this
bacterium. However, Flx-Hdr does not take over ethanol oxidation when
the hydrogenase Hnd is deleted. Our results as well as the results of
Ramos and colleagues (Ramos et al., 2015) demonstrating the essential
role of Hnd in S. fructosivorans as well as of the Flx-Hdr complex in DvH
for ethanol oxidation highlight the importance of electron bifurcation in
the energy metabolism in Desulfovibrio.

In summary, the results obtained here on S. fructosivorans have
provided conclusive evidence that the hydrogenase Hnd is essential
for the growth on ethanol by oxidizing the reducing equivalents
formed during ethanol oxidation and coupling this oxidation with H,
production using an electron confurcation mechanism. Hnd is a
reversible hydrogenase that operates in electron-bifurcating or
-confurcating mechanism depending on the growth conditions.
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Hydrogen is considered one of the key enablers of the transition towards a
sustainable and net-zero carbon economy. When produced from renewable
sources, hydrogen can be used as a clean and carbon-free energy carrier, as well as
improve the sustainability of a wide range of industrial processes. Photobiological
hydrogen production is considered one of the most promising technologies,
avoiding the need for renewable electricity and rare earth metal elements, the
demands for which are greatly increasing due to the current simultaneous
electrification and decarbonization goals. Photobiological hydrogen production
employs photosynthetic microorganisms to harvest solar energy and split water
into molecular oxygen and hydrogen gas, unlocking the long-pursued target
of solar energy storage. However, photobiological hydrogen production has
to-date been constrained by several limitations. This review aims to discuss the
current state-of-the art regarding hydrogenase-driven photobiological hydrogen
production. Emphasis is placed on engineering strategies for the expression
of improved, non-native, hydrogenases or photosynthesis re-engineering, as
well as their combination as one of the most promising pathways to develop
viable large-scale hydrogen green cell factories. Herein we provide an overview
of the current knowledge and technological gaps curbing the development
of photobiological hydrogenase-driven hydrogen production, as well as
summarizing the recent advances and future prospects regarding the expression
of non-native hydrogenases in cyanobacteria and green algae with an emphasis
on [FeFe] hydrogenases.

photobiological hydrogen, [FeFe]l hydrogenases, [NiFe] hydrogenases, cyanobacteria,
green algae, heterologous expression, genetic engineering, photosynthesis

1. Introduction

Sunlight is the most abundant and widespread energy source around the globe. Every year
the sun irradiates Earth’s surface with more than 7,000 times the current global energy
consumption. On average 173 PW of energy strikes Earth’s surface at any time, providing a
virtually unlimited energy source that can be harvested locally. The conversion of solar energy
into chemical energy, e.g., in the form of hydrogen (H,), greatly facilitates storage, distribution
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and applicability in a wide-range of settings. Presently H, is mainly
produced via steam reforming (yielding so-called “grey” hydrogen),
but truly fossil-free hydrogen production is increasing. Current fossil-
free processes rely on electrolyzers driven by carbon-free electricity.
Albeit efficient these technologies feature several limitations, e.g., high
demand of electricity and scarce rare earth metals requirements.
Renewable energies (which can yield green and yellow hydrogen) have
become cost-competitive and their expected growth trends are
astonishing [estimated annual growth rates of 8.4% for renewables
(Novus-Light-Technologies, 2023)] during the next decade. Similarly,
nuclear power (pink hydrogen) is expected to increase by 5.7%
(Bussiness-Research-Company, 2023) in the same time period. Still,
electricity demands are expected to increase significantly, up to 50%,
during the electrification process towards a net-zero carbon emissions
2022). It follows that
electrochemical hydrogen production is likely to be limited to contexts

economy (IEA, 2021; Exxon-Mobil,
where there is a frequent surplus of clean electricity generation.
Consequently, novel hydrogen production technologies are required
for global large-scale production, ideally integrated within other
industrially relevant processes.

Biotechnological hydrogen gas production provides an
inexpensive and scalable alternative technology for H, production.
Indeed, our drive towards a hydrogen society is pre-dated by
evolution, which has developed an efficient hydrogen economy
involving biological machineries capable of hydrogen production
without the requirement of rare-earth metals and avoiding heavy
electricity consumption. Waste-to-hydrogen has been intensively
explored as a sustainable alternative to conventional hydrogen
production from fossil fuels. However, the demand of high-cost
pre-treatment methods, the use of inconsistent feedstock as well as low
energy conversion efficiencies are noteworthy constrictions of this
technology (Lui et al., 2020). Also, the competition with well-
established biogas production processes and the overall reduced
energy content in waste limits its application for large-scale H2
production. Instead, oxygenic photosynthetic organisms stand out as
ideal platforms for biological H, production as they are capable of
direct solar-to-hydrogen (STH) energy conversion.

Cyanobacteria and green algae exhibit biological features that
make them highly suitable for the engineering of hydrogenase based
STH systems. They feature a highly specialized light harvesting
machinery coupled to a complex photosynthetic electron transport
chain (PETC). Briefly, protons (H*) and electrons are extracted from
the water splitting reaction at photosystem II (PSII). Subsequently, H*
reduction to hydrogen can be performed by redirecting the high
potential electrons via the PETC towards photosystem I (PSI) and
then transferring them to a hydrogenase. Indeed, most cyanobacteria
and green algae feature at least one native hydrogenase and certain
strains are capable of native hydrogen production under specific
conditions. Commonly, hydrogenases in cyanobacteria are used as a
mechanism to recover energy from the H, produced as a byproduct of
nitrogenase in nitrogen fixing strains (uptake hydrogenases).
Additionally, hydrogenases also act as photoprotective electron valves
during periods when metabolic electron sinks are inactive or cannot
cope with a sudden increase in the reducing power supplied from
photosynthetic apparatus (bidirectional hydrogenases). Important
differences between both organisms are found in the light harvesting
systems and internal cellular organization. While eukaryotic green
algae harbor light harvesting complexes similar to plants,
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cyanobacteria are prokaryotes and feature phycobilisomes containing
specific light harvesting phycobiliproteins not present in green algae.
Still, both exhibit photosynthetic efficiencies and biomass production
rates significantly higher than any plants. Previous reviews (Khanna
and Lindblad, 2015; Kosourov et al., 2021; Touloupakis et al., 2021; Li
etal., 2022; Redding et al., 2022) provide a broad picture of the STH
paradigm, reviewing the most relevant photobiological H, production
strategies reported to date.

Photobiological H, production can occur via two main
mechanisms, employing either nitrogenases or hydrogenases. The
former relies in co-occurring H, production during N,-fixation.
Moreover, nitrogenase H, production requires both ATP and
reducing equivalents. Therefore, the maximum efficiency of
nitrogenases is significantly lower than hydrogenase-based systems,
which only require reducing equivalents from a compatible electron
donor. Additionally, some hydrogenases have turnover numbers up
to 1,000-fold greater than those of nitrogenases (Hallenbeck and
Benemann, 2002). Thus, hydrogenases are undoubtedly better
catalysts for the purpose of biotechnological STH conversion owing
to its higher catalytic rates and more efficient energy utilization.
Historically, hydrogenase derived H, production has attracted less
attention due to a range of limitations, including the bidirectional
nature and catalytic bias of the enzymes, and an apparent trade-off
between turnover rates and O, tolerance. These perceived issues, in
combination with an earlier lack of tools for extensive engineering
of photosynthetic organisms and limited information about
hydrogenase structure(s) and mechanism(s) has hindered the
development of hydrogenase-driven STH production. However,
during the last years, a number of multiple factors has unlocked the
possibility of further development of hydrogenase based
photobiological H, production.

Firstly, a deeper understanding of structural and functional
principles of hydrogenases has been obtained. In addition, several
novel hydrogenases have been discovered or engineered, exhibiting
highly interesting features for biotechnological utilization. Secondly,
a wider understanding of photosynthetic metabolism, cell physiology
and regulation has been acquired during the last decades, enabling the
development of more sophisticated genetic engineering and synthetic
biology tools. In combination with a growing interest in photosynthetic
microorganisms within the scientific community and industry, this
has unlocked the possibility to further engineer photosynthetic
organisms for photobiological hydrogenase-driven H, production.
Current electrochemical STH technologies, feature energy conversion
efficiencies ranging between 10 and 20% and production costs about
6 to 8 € - kg H,™' (Grimm et al., 2020). Maximum theoretical
estimations for non-engineered photobiological hydrogen production
indicate that efficiencies close to 10% could be achieved, being on-par
with current electrochemical technologies (Kruse et al., 2005).
We expect that further developments combining the different
strategies summarized here will allow a dramatic increase of efficiency
relative to current approaches. Depending on the obtainable STH
conversion efficiencies and further bioprocess design, our production
costs estimations may be as low as 5 € - kg H, ™', making photobiological
H, production potentially cheaper than current STH
electrochemical methods.

In the present review we provide a summary of the, in our
opinion, most relevant achievements in the context of hydrogenase-
based photobiological H, production systems, highlighting how these
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efforts are bringing us closer towards the development of cost-effective
photobiological hydrogen production technologies.

2. Hydrogenases overview

2.1. Hydrogenases for
photosynthesis-coupled hydrogen
production

Hydrogenases are an evolutionary convergent enzyme family of
oxidoreductases that catalyze the reduction of protons into dihydrogen
as well as the reverse oxidation of dihydrogen into two protons and
two electrons. They are found in all domains of life, predominately
present in Archaea and Bacteria and rarely in Eukarya (Vignais and
Billoud, 2007; Greening et al., 2016). Hydrogenases are classified into
[NiFe], [FeFe], and [Fe] hydrogenases based on their unique
organometallic cofactors that facilitate reversible redox reactions
(Lubitz et al., 2014; Berggren et al., 2022). [Fe] hydrogenases show
comparably low catalytic rates and differ substantially from [NiFe] and
[FeFe] hydrogenases in their reaction mechanism and substrates (Vogt
et al., 2008). Therefore, they are not considered suitable for a
photosynthesis-coupled hydrogen production and will not
be discussed further. [NiFe] and [FeFe] hydrogenases on the other
hand can achieve hydrogen turnover in vivo by using ferredoxin and
NAD(P)H/NAD(P)* (among others) as redox partner which are
closely linked to PSI and the photosynthetic machinery (Appel et al.,
2020; Lupacchini et al., 2021) However, we note that the they are
extremely diverse enzyme families, reflecting large variations in
activity between different hydrogenases (Land et al., 2020; Berggren
etal., 2022).

Efficient (photo-)biological hydrogen production is dependent on
successful expression of active and robust hydrogenases. The oxygen
(O,) sensitivity of most [NiFe] and [FeFe] hydrogenases represent a
particular challenge for coupling in vivo hydrogen production to the
photosynthetic electron transport, as PS II produces molecular oxygen
during the water oxidation. There are critical differences between
hydrogenases in their reactivity towards O,, but the terminology of
oxygen tolerance and oxygen sensitivity can lead to misconceptions.

In the following, we will distinguish between oxygen-sensitive and
oxygen-insensitive hydrogenases. Oxygen-insensitive enzymes are
defined as functional under atmospheric oxygen concentration.
Conversely, oxygen-sensitive hydrogenases are inhibited by oxygen,
but can be further subdivided into oxygen-sensitive tolerant and
oxygen-sensitive intolerant hydrogenases based on the reversibility of
their oxygen-induced inhibition. It should be noted that these
definitions are different as compared to the general hydrogenase
literature, where the term O, tolerant is commonly used to describe
what we would refer to as O, insensitive hydrogenases (see, e.g., Lubitz
etal., 2014). Most [NiFe] hydrogenases reported to-date are oxygen-
sensitive tolerant enzymes, i.e., they display reversible oxygen-induced
inhibition. A few [NiFe] hydrogenases even stand out as oxygen-
insensitive as their function under atmospheric oxygen concentrations
is not impaired (Buhrke et al., 2005; Leroux et al., 2008; Liebgott et al.,
2010; Schifer et al., 2013; Grinter et al., 2023). In contrast, the majority
of [FeFe] hydrogenases are oxygen-sensitive intolerant enzymes as the
active site is irreversibly damaged when exposed to trace amounts of
oxygen. Still, there are also reports of oxygen-sensitive tolerant [FeFe]
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hydrogenases (Morra et al., 2016; Corrigan et al., 2020; Winkler et al.,
2021). Within these broad classifications, the kinetics of the
inactivation and reactivation vary between enzymes (see for example
Cracknell et al., 2008; Goldet et al., 2009; Lukey et al., 2011; Kubas
et al., 2017; Koo and Swartz, 2018).

Most [NiFe] hydrogenases are dimeric enzymes, consisting of a
“small” and a “large” subunit of which the latter one contains the active
site with the catalytic [NiFe] cofactor. The small subunit harbors
usually a chain of three FeS-clusters, denoted as proximal, medial and
distal depending on their relative position to the [NiFe] active site,
which ensures electron transport between protein surface and NiFe
center. The medial cluster is often [3Fe-4S] while the proximal and
distal clusters are [4Fe-4S] (Volbeda et al., 1995, 1996). Exceptions to
this FeS-cluster arrangement have been observed, and include the
soluble bidirectional cytoplasmatic [NiFe] hydrogenases found in
different aerobic microorganisms such as the HoxFUYH complex
from Synechocystis PCC 6803. The NAD(P)*-reducing [NiFe]
hydrogenase HoxFUYH is a multi-subunit complex with HoxH as
catalytic (or “large”) subunit. The accessory subunits HoxFUY build a
complex electron relay where HoxY serves as the immediate electron
transfer partner of HoxH, and can be considered equivalent to the
small subunit, but features only a single [4Fe-4S] cluster (Carrieri
etal, 2011). Other reported exceptions with changes to the electron
relay clusters have been shown to influence oxygen tolerance and
catalytic bias as further outlined below. [FeFe] hydrogenases often
show substantially higher turnover rates than [NiFe] hydrogenases at
the expense of being irreversibly inactivated by trace amounts of
molecular oxygen (Goldet et al., 2009). [FeFe] hydrogenases are
generally functional as monomers but can consist of several domains
(Calusinska et al., 2010; Land et al., 2020). The H-domain is essential
for the function as it contains the active site (H-cluster) which
comprises a canonical [4Fe-4S] cluster ([4Fe-4S]y) that is linked to the
di-iron metal center via a bridging cysteine. [FeFe] hydrogenases
commonly carry additional domains with FeS-clusters in the N- or
C-terminus of the H-domain (Meyer, 2007). The modularity of these
so-called F-domains ensures that they can provide the enzyme with
different functions, e.g., ensuring efficient intra- or intermolecular
electron transport between the highly conserved active site and redox
partners (Gauquelin et al., 2018).

Even though [NiFe] and [FeFe] hydrogenases are not evolutionary
related, they share certain key characteristics among their active sites.
Both catalytic cofactors are dinuclear, and the metal ions bridged by
thiol ligands. In the case of [NiFe] the thiols are derived from cysteine,
while [FeFe] hydrogenases are dependent on a 2-aza-propane-
dithiolate (adt) ligand that bridges the di-iron metal center.
Furthermore, both feature Fe ions ligated by carbon monoxide and
cyanide. These strong field ligands keep the Fe ions in a low-spin and
low valent state, which enables the heterolytic splitting of H, or the
dihydrogen formation. Considering their unique structures, the
assembly and introduction of these organometallic active site cofactors
unsurprisingly depend on hydrogenase-type specific maturation
enzymes (Lubitz et al., 2014). Cyanobacteria express natively one or
two [NiFe] hydrogenases, which either serve as sink for excess
electrons from photosynthesis or are closely linked to the hydrogen
uptake for nitrogenase activity. They rely on the expression of at least
six [NiFe] cofactor maturation enzymes (HypABCDEF) which have
been identified in E. coli but are known to be existent in all organisms
that express [NiFe] hydrogenases. [FeFe] hydrogenases on the other
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side are not present in any known cyanobacterial organism. So far
[FeFe] hydrogenases and their specific cofactor maturation enzymes
(HydEFG) have been exclusively found in algal organisms and
non-cyanobacterial prokaryotes (Bock et al., 2006; Khanna and
Lindblad, 2015).
hydrogenases are only functional if either the expression host

Consequently, heterologously  expressed
expresses natively the specific maturation enzymes or the maturation
machinery is co-expressed (King et al., 2006; Wegelius et al., 2021). It
was recently shown that maturation enzymes of [FeFe] hydrogenases
require an additional auxiliary pathway providing a co-substrate, a
glycine cleavage system generating methylated lipoyl-H-protein
(Pagnier et al, 2022). However, this co-substrate may usually

be regenerated by the native host metabolism.

2.2. Engineering of [Fe-Fe] hydrogenases

Several different approaches have been explored to achieve a
photosynthesis-coupled hydrogen production. In the most cases, the
work focused on coupling hydrogenases to electron carriers or PSI
itself. Even though the high catalytic rates of [FeFe] hydrogenases
exhibit a considerable potential for such applications the oxygen
sensitivity and the irreversible inactivation are major obstacles as
mentioned above. Therefore, it is necessary to explore possible ways
to create oxygen-insensitive [FeFe] hydrogenases.

In the case of [NiFe] hydrogenases evolution has provided a
number of different features identified to provide oxygen tolerance.
Primarily these protection strategies appear to focus on the controlled
reduction of O, to avoid reactive oxygen species (ROS) and/or limiting
gas access to the O,-sensitive active-site. These features could
be considered for the generation of oxygen-insensitive [FeFe]
hydrogenase. For several membrane bound oxygen-insensitive
(originally referred as oxygen tolerant) [NiFe] hydrogenases an altered
FeS cluster has been reported proximal to the di-nuclear metal center.
This proximal [4Fe-3S]-6Cys cluster enables the oxygen-insensitive
[NiFe] hydrogenases to rapidly transfer two electrons to the active site,
ensuring detoxification of O, through reduction to water (Ogata et al.,
2016). However, such an alteration of the [FeFe] active site is likely
challenging as the proximal [4Fe-4S]y-cluster is directly involved in
the catalytic cycle. However, there are reports of F-clusters improving
O, tolerance (Kubas et al., 2017). Still, we note that any protection
mechanism depending on reduction of O, will result in loss of
electrons towards unproductive process. Several studies also explored
oxygen tolerance achieved by limiting mass transfer through the
putative gas channels (Buhrke et al., 2005; Leroux et al., 2008; Liebgott
et al., 2010). Buhrke et al. reported that in the H,-sensing [NiFe]
hydrogenase RH from Ralstonia eutropha bulky hydrophobic residues
restrict the diffusion of molecular oxygen to the active site. A recent
striking example of this mechanism at play is provided by the Huc
hydrogenase from Mycobacterium smegmatis, which is capable of
performing H, oxidation under fully aerobic conditions (Grinter et al.,
2023). Molecular dynamics experiments of [FeFe] hydrogenases
suggested that O, can only diffuse through hydrophobic gas channels
whereas H, can also diffuse freely through temporary cavities in the
flexible protein structure (Cohen et al., 2005). However, engineering
approaches which aimed at modulating the gas transfer through the
assumed main gas channel have not been successful so far (Lautier
etal, 2011). Furthermore, a complete obstruction of the gas channels
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in [FeFe] hydrogenases is also not assumed beneficial, as the build-up
of H, accumulation in the active site can inhibit the H, production
(Fourmond et al., 2013).

The main protection mechanism against O,-induced degradation
of the [FeFe] hydrogenase cofactor identified to-date involves binding
of thiol ligands at the open Fe-coordination site involved in catalysis.
For sulphate-reducing bacteria Desulfovibrio desulfuricans and
Desulfovibrio vulgaris Hildenborough, and their respective [FeFe]
hydrogenases DdHydAB and DvHydAB, it has been shown that an
extrinsic sulfide group can coordinate the substrate binding site. This
protected state of the active site causes reversible inactivation but also
oxygen-sensitve tolerant characteristics (Roseboom et al., 2006).
Chemical treatments of purified [FeFe] hydrogenases with NaS, can
induce this state in vitro under oxidizing conditions (Rodriguez-Macia
etal., 2018). More recently, a similar effect was reported through the
binding of exogenous cyanide (Martini et al., 2023). However, in
contrast to thiols, cyanide binding appears irreversible thus also
causing inactivation of the enzyme. Up to now only one intrinsically
oxygen-sensitive tolerant [FeFe] hydrogenase from Clostridium
beijerinckii (CbA5SH/CbHydALl) has been identified and characterized
by Morra et al. (2016). An active site neighboring cysteine enables a
reversible inactivation of the [FeFe] hydrogenases by coordinating the
substrate binding site of the H-cluster with its thiol sidechain
(Corrigan et al., 2020; Winkler et al., 2021). This coordination prevents
the reduction of O, at the H-cluster and therefore also the formation
of reactive oxygen species that could irreversibly damage the active
site cofactor. Winkler et al. also reported that the interaction of
individual distant residues around the loop region of the protective
cysteine are crucial for an oxygen-protective conformation. In another
recent study it was shown that one amino acid exchange on the surface
of CbHydA1 can modulate the transition rates between the inactivated
and oxygen-sensitive state (Rutz et al., 2023). With the above-
mentioned findings it stands out that protein engineering of
characterized [FeFe] hydrogenases is of significant importance to
develop more robust hydrogen-producing biocatalysts. In parallel, the
identification and characterization of new [FeFe] hydrogenases are
needed to explore more beneficial properties such as oxygen sensitivity
(Morra, 2022).

Another aspect to consider when using hydrogenases is that they
are bidirectional catalysts. However, the activity can be influenced by
many parameters, and often the enzymes show a preference for either
hydrogen production or oxidation. This kinetic discrepancy between
the forward and reverse reaction is referred to as “catalytic bias”
Amino acid side chains in the first coordination sphere of the
organometallic cofactor can influence the catalytic bias (Land et al.,
2020). Additionally, when present, the FeS clusters in the F-domains
of [FeFe] hydrogenase have been shown to introduce a strong catalytic
bias (Pandey et al., 2017; Birrell et al., 2021).

3. Improving photobiological H,
production. Non-native hydrogenases
and photosynthesis re-engineering in
oxygenic photosynthetic
microorganisms

Engineering efforts towards efficient photobiological H,
production has focused into two main complementary paths. First,
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removing native hydrogenases capable of H, uptake and optimizing
the hydrogenase as the key component of the H, production system.
In this context, heterologous, chimeric, or fully synthetic hydrogenases
with improved features are over-expressed as a way to enhance
hydrogen production. Importantly, enzyme expression also needs to
be at high levels, as it has been documented that hydrogen production
correlates with the abundance of active hydrogenase enzyme in vivo
(Weiner et al., 2018). Secondly, significant efforts have been devoted
at re-engineering different sub-systems within the complex
bioenergetic machinery of PETC and/or light harvesting systems,
aiming to enhance the overall electron supply and efficiently channel
it towards the expressed hydrogenase.

3.1. Expression of non-native hydrogenases
in cyanobacteria

During the last decades a deep understanding of cyanobacterial
physiology has been acquired, giving rise to the development of an
expanding synthetic biology toolbox for sophisticated strain
engineering. These factors in combination with its generally faster
growth rates, more flexible light harvesting machinery and
engineering simplicity when compared to green algae makes them a
very promising platform for developing highly efficient green cell H,
producing factories. Table 1 provides a summary of achievements on
H, production when expressing non-native hydrogenases in oxygenic
photosynthetic microorganisms.

3.1.1. Expression and activation of [FeFe]
hydrogenases in cyanobacteria

[FeFe] hydrogenases have been widely considered the most active
and promising group for hydrogenase-catalyzed H, production.
[FeFe]
hydrogenases, neither the maturation machinery required for its

Unfortunately, cyanobacteria do not feature native
activation. This limitation has been overcome by the co-expression of
an [FeFe] hydrogenase together with its maturation machinery
(HydEFG). An [FeFe] hydrogenase from Clostridium acetobutylicum
(HydA1) together with the HydEF and HydG maturation machinery
from Chlamydomonas reinhardtii were introduced and expressed in
the non-N,-fixing unicellular cyanobacterium Synechococcus elongatus
PCC 7942 (Ducat et al., 2011). The introduced enzyme showed an in
vivo hydrogenase activity which connected to the light-dependent
reactions of PETC under anoxic conditions. The heterologous
hydrogenase supported limited growth in light using H, as the sole
source of reducing equivalents. Moreover, the importance of adequate
coupling between the non-native hydrogenases and the native electron
carriers was noted, where an expression of a non-native ferredoxin
improved the H, production. Comparably, the native [FeFe]
hydrogenase operon from the bacterium Shewanella oneidensis MR-1
was expressed in heterocysts of the filamentous cyanobacterium
Nostoc PCC 7120, leading to the assembly of an active enzyme
(Gértner et al.,, 2012). In a similar fashion, the native maturation
machinery and of hydrogenase HydA of Clostridium acetobutylicum
has been reported to yield an active [FeFe] hydrogenase in Nostoc PCC
7120 using the heterocyst specific nifH promoter. Furthermore, by
co-expressing a GIbN cyanoglobin from Nostoc commune to decrease
the oxygen levels, in vivo H, production was observed concomitantly
with oxygenic photosynthesis in the vegetative cells of the filaments
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(Avilan et al., 2018). Earlier reports of active [FeFe] hydrogenases in
cyanobacteria without the introduction of the specific [FeFe]
hydrogenase maturation machinery (Asada et al., 2000; Berto et al.,
2011) requires further confirmations.

However, it is possible to circumvent the biological maturation of
[FeFe] hydrogenase by using a semi-synthetic activation approach.
This procedure consists on the heterologous expression of the inactive
[FeFe] apo-hydrogenase in living cells, followed by subsequent
incubation with a synthetic [2Fe]y subcluster mimics, leading to the
formation of an active H-cluster and rendering a mature holo-[FeFe]
hydrogenase. Semi-synthetic [FeFe] hydrogenase maturation was first
demonstrated in E. coli (Khanna et al.,, 2017). The mechanism by
which the synthetic cofactor enters the cell and activates the enzyme
remains to be elucidated, but it has been found to occur on a minute-
time scale (Mészaros et al., 2018). Later work expanded its utilization
to cyanobacteria (Wegelius et al, 2018, 2021). The resulting
non-native, semisynthetic enzyme unmistakably links to the native
metabolism of the photosynthetic cell and retain its H, production
capacity for several days with an activity based on availability
of electrons.

To date studies on [FeFe] hydrogenase expression in cyanobacteria
has focused almost exclusively on representative examples of
“prototypical” Group A [FeFe] hydrogenases. However, Wegelius et al.
also reported on the variance in H, production arising from employing
[FeFe] hydrogenases from different phylogenetic groups (Wegelius
etal.,2021), and showed that the Group D enzyme Thermoanaerobacter
mathranii HydS displayed distinct differences in its hydrogen gas
production profile relative to the Group A enzymes from C. reinhardtii
and Solobacterium moorei.

3.1.2. Expression of [NiFe] hydrogenases and
hydrogenase fusion constructs in cyanobacteria

Heterologous expression of [NiFe] hydrogenases provides the
possibility to take advantage of the native cyanobacterial [NiFe]
hydrogenase maturation machinery. Thus, it circumvents the
challenge of efficiently co-expressing the hydrogenase, together with
its maturation machinery (HydEFG) required to obtain active [FeFe]
hydrogenases. As such, it provides a potentially more straightforward
way to study the effect of introducing enzymes with improved
properties or to engineer fusion proteins between the native
cyanobacterial [NiFe] hydrogenase and different components of the
PETC, which in turn can guide efforts related to [FeFe] hydrogenase.

Early research reported the expression of heterologous [NiFe]
hydrogenases from Alteromonas macleodii and the bidirectional
[NiFe] hydrogenase from Thiocapsa roseopersicina in a mutant
Synechococcus elongatus PCC 7942 lacking the native bidirectional
hydrogenase structural genes (AHoxYH). Although the proteins did
not show any activity in vivo, in vitro H, production confirmed the
successful activation of the two hydrogenases, and the coupling of the
catalytic subunits (HoxYH) from T. roseopersicina to the native
diaphorase HoxEFU subunits. However, cloning of multiple
hydrogenase accessory genes from native organisms was still required
to achieve the assembly and activation of functional [NiFe]
hydrogenases, highlighting the diversity of hydrogenase maturation
mechanisms even within the realm of [NiFe] hydrogenases (Weyman
etal., 2011).

In similar endeavors, O,-tolerant, and NAD(H)-dependent
hydrogenase from Ralstonia eutropha (ReSH) was expressed in
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TABLE 1 Heterologous expression of hydrogenases in cyanobacteria and green algae.

Implemented Strategy

Outcome and conclusion/Key findings

Reference

Cyanobacteria

and psaD

Synechococcus IPTG- inducible heterologous expression of [FeFe] 2.8pmol H, - h™'- mg Chla™, ferredoxin-hydrogenases
elongatus PCC hydrogenases (HydA) and psbal controlled expression of compatibility is crucial for efficient coupling to native redox Ducat et al. (2011)
7942 [FeFe] maturation machinery, in vivo metabolism
Anabaena/Nostoc Heterologous expression of [FeFe] hydrogenase operon 1pmol H, - h™"- mg Chla™"in in situ experiments (supplemented
PCC 7120 from Shewanella oneidensis MR-1 controlled by with dithionite and MV)
heterocyst-specific promoter phetN, deletion of native Gartneretal 01
NiFe hydrogenases, in situ

Anabaena/Nostoc Heterologous expression of [FeFe] hydrogenases (HydA) | 400 pumol H, - mg Chla™" under argon atmosphere 13 pmol H, -
PCC 7120 and maturation machinery in heterocyst controlled by mg Chla™" under aerobic conditions O, level actively lowered by Avilan et al, 2018)

late-phase promoter, cyanoglobin expression under cyanoglobin GIbN in heterocyst, competition of nitrogenase

control of patB promotor in vivo and hydrogenase for reduced ferredoxin

Synechocstis PCC Expression of fusion protein PsaD-HoxYH (native NiFe 17-fold increase in H, concentration (546 pM) compared to
6803 hydrogenases and PSI subunit), deletion of hoxEFUYH WT. Higher temporary H, production rates than WT. H,-

uptake circumvented by avoiding backwards electron transfer
to PSI. Limited rate of H, produced from oxygenic
photosynthesis

Appel et al. (2020)

Green algae

Chlorella sp. DT

Heterologous overexpression of clostridial [FeFe]
hydrogenase (HydA) under control of two different

promoters in aerobic and sulfur-supplied conditions

Native maturation of heterologous [FeFe] hydrogenase, H,
production 10-fold higher than in WT strain, not proportional

increase with protein expression level

Chien et al. (2012)

Chlamydomonas

reinhardtii

Expression of a Fd-HydA1 fusion protein under control

of the psaD promoter

Enhanced electron flow from PSI, leading to 4.5-fold higher
hydrogen production than WT at low protein expression levels.
Increased oxygen tolerance of the [FeFe] hydrogenase, probably

due to Fd protection

Eilenberg et al. (2016)

Chlamydomonas

reinhardtii

Screening for Chlamydomonas reinhardtii mutants
overexpressing a Fd-HydA1 fusion integrated either in
nuclear genome (psaD promoter) or chloroplasts

chromosome (psaA promoter)

Sustained H, production that correlates linearly with active
enzyme abundance. Enzyme showed 4.5-fold increase in
hydrogenase activity compared to W'T, even at high expression
levels. Fd fusion limited hydrogenase activation, where up to
85% of the overexpressed hydrogenase chimera remained in the

apo-form

Weiner et al. (2018)

Chlamydomonas

reinhardtii

Expression of two different Fd-HydA1 chimeric proteins
harboring a mutant Fd (D19A, D58A) with limited
affinity towards FNR under a sulfur-limitation induced

promoter

Chimeric protein expressed at comparable levels of HydAl in
WT. The Fd-HydA1 harboring a 25 aa linker exhibited better
performance. Average production of 111.7+3.4ml-H, L™, a

4.6-fold increase in H, production compared to WT

Xiong et al. (2021)

Chlamydomonas

reinhardtii

Design of a PSI-hydrogenase chimera by. Fusing the
stromal PsaC subunit to either HydA1/HydA2
hydrogenases and in vivo expression in a ApsaC

Chlamydomonas reinhardtii mutant strain

Fusion chimeras were successfully activated by HydEFG
maturases (>90% active protein), additionally, up to 60% of
O,-inactivated PSI-HydA chimeras could be reactivated after
reducing O, concentration. Enhanced H, production was
observed, mainly derived from indirect PETC regulation,
lowered LET and O, production Average production of
14.0+ 1.7 pmol H, - h™"- mg Chla™" (for PSI-HydA2 chimera,
expressed at 7 times lower levels than WT PSI, leading to
reduced PSII activity and enabling sustaining H, production
due to limited O, buildup). PSI-HydA1 chimera exhibited only
50% of PSI-HydA2 turnover rate. Its expression were 5 times
higher than PSI-HydA2, restoring close-to-W'T levels of PSII
activity an increased O, production, leading to a 10-fold overall

H, production compared to PSI-HydA2 chimera

Kanygin et al. (2020,
2022)

SynechocystisPCC 6803 featuring a knockout of the native hydrogenase
(Lupacchini et al., 2021). In this study, the engineered strain was able
to continuously produce H, under illumination at a higher rate than
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the wild-type (WT) and for up to 20 h under illumination. This result
indicates that the native maturation machinery was sufficient to
mature the heterologously expressed [NiFe] hydrogenase without the
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requirement of its accessory hyp-genes. The sustained H, production
was attributed with the higher O, tolerance of the ReSH. In addition,
the ReSH expressing strain was able to use H, as sole electron source,
enabling autotrophic growth, even when water oxidation at PSII was
blocked by DCMU  (3-(3,4-dichlorophenyl)-1,1-dimethylurea)
addition. This indicates clear coupling between the introduced
hydrogenase and the native cyanobacterial redox metabolism.
However, due to the NAD(H) dependent nature of ReSH, a high
intracellular NADH/NAD" ratio and efficient NADH supply are
required for H, production. This was achieved by glucose
supplementation and blocking of any other metabolic electron sinks
such as nitrate or carbonate/CO, assimilation, where the cells were
unable to produce H, in the absence of both conditions. In the absence
of glucose supplementation and presence of the native electron sinks
for assimilation pathways no H, production was observed. Overall,
these results demonstrate the possibility of expressing heterologous
O,-tolerant hydrogenases in cyanobacteria, and how the native
cyanobacterial maturation machinery can activate heterologous
[NiFe] hydrogenases. Nonetheless, it is also clear that further
engineering of the electron channeling towards the hydrogenase is
required for the development of an efficient H, production system.
A complementary strategy is focused on enhancing the electron
supply to the hydrogenase. PSI-hydrogenase fusion constructs have
been considered an appealing solution. Critically this design could
allow to intercept electrons from the PETC before they reach the Fd
pool, thus avoiding the need for extensive engineering of hydrogenase
coupling with the redox metabolism and competition with other
native electron sinks. Following this principle, light-driven H,
production from the Desulfovibrio vulgaris [NiFe] hydrogenases fused
to cyt-c3 and PsaE subunit of PSI was reported in vitro (Ihara et al.,
2006). This study highlighted the suitability of stromal PSI subunits as
targets for PSI-Hydrogenase fusion proteins, as well as the importance
of considering electron transport pathways from PSI to the fused
hydrogenase moiety. More interestingly, the native [NiFe] hydrogenase
of Synechocystis PCC 6803 (SynH) was fused to PSI PsaD subunit and
overexpressed in a Synechocystis PCC 6803 mutant lacking the native
hydrogenase (Appel et al., 2020). To date, this study reported the
highest headspace H, concentration achieved using Synechocystis PCC
6803 (> 500 uM) and the only report of H, production in vivo using a
PSI-hydrogenase fusion construct. The study shows how in spite of the
reversible nature of SynH, H, uptake is virtually avoided in the
engineered PSI-SynH system. This indicate that on the contrary to
previous hydrogenase expression strategies, PSI-Hydrogenase fusion
proteins can alter the enzyme’s native bias by impeding reversed
electron flow from the hydrogenase moiety back to PSI. Additionally,
the study addressed the relevance of the PsaD-SynH fusion protein
design, aiming to place the exposed external [4Fe4S] cluster of
Synechocystis PCC 6803 native hydrogenase closer to the Fp and F,
[4Fe4S] clusters of the PSI PsaC subunit. The expressed SynYH
hydrogenase corresponds only to the catalytic subunits of the native
[NiFe] hydrogenase, reducing its ability to interact with native electron
donors such as ferredoxin, thus reducing the possibility of hydrogen
oxidation. The observed results indicate that a direct electron transfer
from the [4Fe4S] clusters of the PSI PsaC subunit towards the [4Fe4S]
cluster of the hydrogenase is the main, if not the only, electron source
for the catalytic activity. These findings open the possibility of further
engineering PSI-Hydrogenase systems where hydrogenases with
desirable features are fused to PSI, as well as developing new fusion
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constructs with improved electron transfer properties. The latter could
be achieved by reducing the distance between the PsaC [4Fe4S] donor
clusters and the acceptor [4Fe4S] cluster of the hydrogenase (Appel
et al.,, 2020) as well as via the introduction of electron carriers within
the fusion construct’s structure (Walters and Golbeck, 2020; Giinzel
et al,, 2022). Similarly, coupling of the PSI PsaC subunit’s Fp [4Fe4S]
cluster to a Clostridium acetobutylicum HydA using a dithiol-based
molecular wire has been reported (Lubner et al., 2011). The resulting
biological/organic nanoconstruct exhibited a 2-fold increase in overall
photosynthetic electron turnover in PSI and high light-driven H,
production using an in vitro assay. These results demonstrate the
relevance of PSI-Hydrogenase fusions as a promising way to overcome
diffusional limitations of soluble redox carriers as well as limiting
competition with other competing pathways. Undoubtedly, recent
discoveries about hydrogenases” interactions with native electron
carriers will help guiding more rational engineering designs (Rumpel
etal., 2015).

It worth noting that these studies highlighted that their reported
photobiological H, production titers where achieved in controlled
experimental conditions avoiding O, inactivation. In this context,
electrons are normally obtained from other sources of reducing
equivalents (mainly glucose) and transferred to the PETC via
fermentative pathways (Appel et al., 2020; Lupacchini et al., 2021).
These findings accentuate the relevance of combining the described
engineering strategies with further engineering in order to remove the
limitations imposed by O, production in PSII.

3.2. Expression of hydrogenases and
hydrogenase fusion constructs in green
algae

Green algae harbor natively highly active [FeFe] hydrogenases and
the associated HydEFG maturation machinery. Early studies of
hydrogenase-driven H, production in green algae traditionally
focused on developing cultivation protocols that shifts cell metabolism
towards anoxygenic conditions thereby inducing H, production using
nutrient-depleted media, as well as controlled pulse-illumination
procedures (Melis et al., 2000; Kosourov et al., 2018). However, the
growing availability of engineering tools developed during the last
decade has led to several non-native hydrogenase expressions and
other hydrogenase engineering strategies reported in green algae with
promising results. Table I provides a summary of achievements on H,
production when expressing non-native hydrogenases in oxygenic
photosynthetic microorganisms.

Chien et al. reported an up-to 10-fold increase in H, production
in engineered Chlorella DT strains. This was achieved by cloning and
overexpression its principal native [FeFe] hydrogenase (Chien et al.,
2012). Other engineering efforts focused on enhancing the redox
coupling of the hydrogenase to PSI, aiming to reduce competition for
PSI with Ferredoxin-NADP* reductase (FNR). A synthetic ferredoxin
(Fd) - [FeFe] hydrogenase protein was designed by fusing native Fdx1
and HydA from C. reinhardtii. Strains expressing the fusion constructs
showed 4.5-fold increase in specific H, production and surprisingly
an enhanced O, tolerance (Filenberg et al.,, 2016). A later report
studied in deeper detail the in vivo performance of the Fdx1-HydAl
synthetic protein and aimed to enhance H, production by screening
mutants overexpressing the fusion construct. Developed strains
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exhibited higher protein expression levels and longer-lasting sustained
H, production. However, this study also reported that up to 85% of
the synthetic Fdx1-HydA1 fusion remained in the inactive apo-protein
form, indicating inefficient in vivo hydrogenase maturation (Weiner
et al., 2018). These findings highlight the importance of further
synthetic protein engineering to optimize not only protein expression
but also allow efficient hydrogenase maturation. More recently, a
mutant ferredoxin with reduced electron transfer to FNR (Fdx1 D19A
D58A) was fused to HydA1 using two different, 15 or 25 amino acids
(aa), linkers. The obtained strains overexpressing the fusion constructs
showed up to a 4.6-fold increase in H, production when compared
with a strain expressing only HydA1 at comparable levels (Rumpel
etal., 2014).

Similarly, to studies in cyanobacteria, PSI-hydrogenase fusion
constructs have been expressed in green algae, leading to enhanced
in vivo H, evolution. These efforts have primarily focused on
C. reinhardtii which contains two native [FeFe] hydrogenases
commonly denoted as HydA1 and HydA2. In vitro studies have
suggested that HydA1 is primarily involved in H, production, while
HydA?2 appears more biased towards H, oxidation (Hambourger
et al.,, 2008). In these studies, the stromal PsaC subunit of PSI was
fused to C. reinhardtii HydA2. The engineered strain showed
fermentative H, production, reaching approximately 60% of WT
activity in anoxic dark conditions, indicating that the HydA2 moiety
was still able to accept electrons from Fd. Furthermore, the strain
showed a 7-fold lower abundance of the PSI-HydA2 construct
compared to PSI in wild-type cells. The reduced PSI pool lead to a
downregulation of native PSII activity which alters PETC regulation,
mainly constraining the LET and consequently reducing the O,
evolution. This lowered O, production may reduce the hydrogenase
inactivation thereby increasing observed H, production. Overall, the
expression of PSI-HydA?2 fusion allowed a sustained H, production
upon illumination at rates comparable to the transient H, production
of the WT, arguably mainly due to the changes in PETC regulation.
More recently, the potentially more efficient HydA1 was selected and
a PSI-HydA1l fusion protein was designed and expressed in
C. reinhardtii with the aim to increase H, production (Engelbrecht
et al, 2021). The obtained strain accumulated 5-times more
PSI-HydAl protein than the previous PSI-HydA2 strain and
exhibited a comparable interaction with native Fd in dark anoxic
conditions. However, the turnover frequency of the PSI-HydAl
chimera turned out to be 50% of the previous PSI-HydA2 construct,
and overall H, production by the fusion protein was 10-times lower
than the previous PSI-HydA2 strain. These activities appear to
conflict with the reported intrinsic biases of HydAl of HydA2
(Engelbrecht et al, 2021). However, the results can largely
be rationalized to higher abundance of PSI in the PSI-HydA1 fusion
protein strains, releasing the constrains on PSII-driven O, evolution.
Furthermore, the report shows how the native HydEFG machinery
was able to activate the apo-PsaC-HydA1 chimera expressed before
the induction of anoxic conditions, reaching turnover rates above
90% of the fully active form. Additionally, it was also shown that
upon O, inactivation PSI-HydA1, the active site can be reinserted
into the same PSI-HydA1 chimera by the maturases, inducing up to
60% of original hydrogenase activity recovery after 4h of anaerobic
adaptation (Kanygin et al., 2020, 2022).

It should be noted that in contrast to the [NiFe] hydrogenase-PSI
fusion expressed in cyanobacteria (Appel et al., 2020), which was
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unable to produce H, under dark fermentative conditions, the fusion
constructs expressed in green algae (Kanygin et al., 2020, 2022)
exhibited H, production in darkness. Thus, it is unclear which is the
main electron source of the hydrogenase. The reported dark
fermentative H, production of the PSI-HydA1/2 engineered strains
indicate that the ferredoxin docking site is probably still free in the
fusion protein, allowing the hydrogenase to accept electrons from
ferredoxin. Consequently, the enhanced H, production could
be caused from the localization of the hydrogenase moiety in the
proximal environment of PSI, thereby improving its access to reduced
ferredoxin. Alternatively, it is also possible that the hydrogenase
accepts electrons directly from the FeS cluster F; of the proximal PsaC
subunit, or even a combination of both formerly described
mechanisms. Overall, in the case of PSI-hydrogenase fusions,
proximity to the Fy [4Fe4S] cluster of the PSI PsaC subunit has been
shown to be a critical requirement. The closeness to PSI ensures
higher interaction with the reduced FeS clusters of the PsaC subunit
or Fd and limits FNR coupling to PSI, broadening electron supply
from Fd towards the hydrogenase (Moal and Lagoutte, 2012; Xiong
etal., 2021).

3.3. Photosynthesis re-engineering
strategies for improved photobiological H,
production

Herein we describe the most relevant strategies and breakthroughs
that has been reported to increase photobiological H, production
beyond the expression of hydrogenases. In spite of the diversity of the
different strategies, they can be grouped into three main focus areas:
Light harvesting engineering, electron transport rewiring, and
intracellular O, concentration reduction. Figure 1 provides a summary
of discussed strategies and breakthroughs to increase photobiological
production beyond the expression of hydrogenases.

3.3.1. Re-engineering light harvesting

As the ultimate driver of photobiological H, production is light
energy, enhancing the cells ability to harvest and utilize light more
efficiently could enhance the electron availability for hydrogen
production. The main strategies have focused on three directions:
Broadening the light spectra utilization, reducing the light harvesting
antennas for efficient light distribution and stronger illumination
tolerance as well as optimizing the electron transport chain and
reducing photoprotective energy dissipation.

3.3.1.1. Introducing far-red chlorophylls

The far-red longest-wavelength absorbing chlorophyll known
to date is chlorophyll F (Chlf). A Chlf synthase gene (chlIF) of
Fischerella thermalis PCC 7521 was heterologously expressed in
Synechoccocus elongatus PCC 7002, leading to the incorporation
of Chlf into the native PSI, functionally connected to the other
pigments in the complex. Mutant strains lacking PSII and grown
in far-red light achieved up to 50% of the Chlf content found in
native far-red acclimated PSI. Although, the heterologous Chlf
molecules were not as red-shifted as in their native environment,
the assembly of a reduced amount of Chlf allowed to extend the
photosynthetically active radiation up to 750nm (Tros
et al., 2020).
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FIGURE 1

Schematic overview of engineering targets in photoautotrophic prokaryote for establishing efficient in vivo hydrogen production. Upon light-induced
water splitting at photosystem Il (PSIl) oxygen is released and electrons are transferred via the photosynthetic electron transport chain (PETC) to
photosystem | (PSI) where a cytoplasmatic electron carrier accepts these electrons. The photosynthetically-driven proton buildup in the thylakoids is
enabling the ATP synthesis via ATP synthases at the thylakoid membrane. A heterologously expressed [FeFe] hydrogenase (purple box) uses the
photosynthetically generated electrons and protons as substrates for a photobiological hydrogen production. To establish an efficient production
system several features need to be targeted or introduced. Firstly, through photosynthetic electron focusing (blue gearwheels) the electrons transport
from the photosynthetic machinery to the [FeFe] hydrogenase needs to be optimized. Secondly, the heterologously expressed [FeFe] hydrogenase has
to be engineered (purple gearwheels) to work efficiently in the in vivo context. Especially, the oxygen-induced inhibition needs to be addressed by
finding and introducing oxygen-insensitive or at least oxygen-sensitive tolerant enzyme variants into the in vivo system. Thirdly, physiological
engineering efforts (red gearwheels) are necessary to assure that expressed [FeFe] hydrogenases can be activated and stay active for an extended
period of time, as well as implementing further physiological modifications to protect the expressed hydrogenase from O..

3.3.1.2. Truncation of light harvesting complexes

Light-harvesting complexes have evolved to maximize solar
energy capture. However, under strong illumination, the light-
harvesting machinery absorb photons beyond the limits of
photosystems capacity. Furthermore, large light-harvesting complexes
also increase the shading effects in photobioreactors, causing to
uneven light transfer.

It has been reported that truncation of light harvesting
complexes in Synechocystis PCC 6803 leads to higher biomass
accumulation and glycogen production while maintaining growth
rates comparable to the WT. The effects were similar for deletion
of phycocyanin (Acpc) (Lea-Smith et al., 2014) or a phycobilisomes
anchor protein (AapcE) (Joseph et al., 2014). Similar truncation
strategies has also been reported to increase photosynthesis
efficiency and biomass accumulation in green algae, extensively
reviewed by Kumar et al. (2021). The potential influence of
mutant cyanobacterial strains with unanchored phycobilisomes
(AapcE), phycocyanin knockout (Acpc), or whole phycobilisomes
deletion (PAL mutant) have been studied. Overall antennae
truncation lead to more resistant strains against light stress as well
as reduced energy requirements for antenna synthesis and PSII
repair. Additionally, mutants exhibited physiological adaptations
upregulating linear electron transport (LET) and enhanced PSII
expression and enhanced PSI turnover (Bernat et al., 2009).
Nonetheless a higher number of PSII centers also leads to
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increased O, evolution, an effect that should be considered when
coupling LET to O,-sensitive hydrogenases.

3.3.1.3. Expression of proteorhodopsin as alternative light
activated bioenergetic machinery

A potential strategy towards enhancing light energy utilization
is the expression of proteorhodopsin - retinal complexes (PRrC).
PRrC acts as light-driven proton pumps with maximum absorption
peaks between 490 and 520 nm, matching with the fraction of light
normally reflected by photosynthetic chlorophylls (450-550 nm). To
date, PRrC systems have been successfully expressed in
SynechocystisPCC 6803 and obtained strains were able to stimulate
photoheterotrophic growth in a PSI deficient strain. Nonetheless
further growth improvements were halted by the kinetic limitations
of the native NDH-1 complex for reversed NADP* reduction.
Surprisingly, although the provided additional PMF can increase the
synthesis of ATP, thus enhancing LET via NADPH:ATP ratio
balancing, during illumination with green light LET was reduced,
mainly due to increased proton motive force (PMF) giving rise to
cytochrome b6/f complex inhibition (Chen et al., 2017, 2019). This
finding indicate that the integration of this systems should aim for a
holistic comprehension of the overall bioenergetic context of the
cells. In light of these findings, PRrC expression may expand the
overall harvested light energy by filling the photosynthetic green gap
with alternative light-driven proteins.
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3.3.2. Rewiring electron channeling

Solar energy is harvested by the photosynthetic apparatus and
converted into reducing power. However, in contrast to the fixed
carbon which will be converted into different metabolites and can
be stored, reducing power in the form of electrons must be used upon
generation. In order to keep generation and demand(s) balanced they
are channeled to available electron sinks. In photosynthetic
microorganisms the four main electron sinks are: Carbon fixation (the
Calvin-Benson-Bassham cycle, CBB), nitrate reduction pathways,
oxygen reduction pathways (respiration or photoprotective
mechanisms) and hydrogen production (Kosourov et al., 2021).
Furthermore, it has been demonstrated that preferential channeling
of photosynthetic electrons towards native growth supporting
pathways (mainly carbon fixation) hinders hydrogen production and
promote hydrogen uptake even before the O,-driven hydrogenase
deactivation takes place (Milrad et al., 2018). Therefore, rewiring the
redox metabolism for a broader electron distribution towards
hydrogen production is a crucial need for efficient photobiological H,
production. Multiple strategies exist to address these requirements.

3.3.2.1. Inhibition of nitrogen metabolism

Nitrogen, specifically nitrate assimilation reactions account
16-20% of the photosynthetic electrons (Grund et al., 2019). Thus,
inhibition of nitrate and nitrite reduction reactions has shown to
translate into increased H, production (Gutthann et al., 2007). A
Synechocystis PCC 6803 mutant with the nitrate and nitrite reductase
genes knocked-out showed an up to 140-fold increase in H,
production from the native bidirectional [NiFe] hydrogenase when
compared to the WT cells. Interestingly, when cells where grown in
media lacking nitrate, the engineered cells showed a 10-fold increase
in H, production compared to WT cells. Since the transcript levels for
the native hydrogenase where comparable between WT and the
mutant strain, the increased H, production can be attributed to an
increased availability of electrons (Baebprasert et al., 2011).

3.3.2.2. Elimination of oxygen reduction pathways and
photoprotective oxygen reduction

Photoprotective mechanisms allows photosynthetic cells to cope
with sudden changes in light irradiation and subsequent variations in
reducing power generation. However, they are also responsible for
significant energy dissipation. In fact, most of these enzymes catalyze
O, reduction at the expense of H* and electron consumption which
could be otherwise redirected to H, production. Several studies have
reported the relevance of flavodiiron proteins (FDPs) (Santana-
Sanchez et al., 2019) and terminal oxidases (Lea-Smith et al., 2013) as
crucial mechanisms enabling cell survival in natural environments.
Mutant strains lacking FDPs or terminal oxidases did not show
significant growth defects when grown in controlled illumination
conditions, highlighting their main role as electron-release valves
under periods of reducing power overproduction.

Early studies in cyanobacteria showed improvements in H,
production in a Synechocystis PCC 6803 mutant lacking a functional
NAD(P)H dehydrogenase complex NDH-1. Mutant strains sustained
significant H, production in the light. Since NDH-1 has been shown
to be one of the major contributors to PMF formation by cyclic
electron transport (CET) in Synechocystis PCC 6803 (Miller et al.,
2021), the mutants are unable to pump protons, causing to severe
alteration of PETC regulation and eventually increasing H, production
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due to the long-term accumulation a highly reduced NADPH pool
during illumination, being sufficient to activate NADPH-dependent
H, production by the native reversible hydrogenases (Cournac et al.,
2004). Similarly, H, production in Synechocystis PCC 6803 knock-out
strains for terminal cytochrome c oxidase (Acox), terminal quinol
oxidase (Acyd), and alternative respiratory terminal oxidase (AARTO)
all exhibited increased H, production reaching up to 12-fold from WT
levels for the triple mutant. Comparatively, the NDH-1 complex
deficient mutant showed a 36-fold increase in total H, evolution but
the production rate was lower when compared to previous mutant
strains (Gutthann et al.,, 2007). While the mechanism behind the
enhanced H, production in the terminal oxidase mutants seems to
be mainly derived from enhanced electron supply to the hydrogenase,
NDH-1 mutants may have other mechanisms. In the NDH1-mutants
a lowered consumption of NADPH and reduced PMF derived from
CET leads to an accumulation of NADPH which may be the main
cause for enhanced production. Thus, it should be considered that
altering the functioning of these respiratory photoprotective systems
may not only increase H, production, but also have a profound impact
in overall redox balance and PETC regulation specially in more
complex hosts as green algae (Elman et al., 2022). Other studies
showed how deletion of FDPs in green algae lead to up more than
2-fold increase in H, production under controlled pulse-illumination
protocols. In addition, the lack of FDPs lead to a delayed activation of
carbon fixation pathways (Jokel et al., 2019).

Considering these findings, deletion of respiratory and/or
photoprotective electron sinks are powerful strategies to enhance H,
production by the increasing electron availability. Nonetheless, the
impact of these deletions on cell fitness and robustness should being
considered. We note that potential fitness-rescue effects may
be observed when deletions are combined with introduced engineered
electron sink such as a hydrogenase.

3.3.2.3. Downregulation of carbon fixation pathways

Carbon fixation is essential for cell growth, where key reactions in
the CBB cycle are energetically expensive consuming under ideal
conditions 3 mol of ATP and 2 mol of NADPH per every mol of CO,
fixed. Consequently, it is not surprising that early studies on
hydrogenase-catalyzed H, production mainly focused on avoiding
CBB activation via different physiological regulation mechanisms
(Melis et al., 2000; Cournac et al., 2004). More recently, an RNA
interference was used to downregulate expression of FNR in
Chlamydomonas reinhardtii. Despite the small differences (12-18%)
in autotrophic growth rates between WT and downregulated FNR
mutants, a 60% reduction in Rubisco levels, 40% lower O, evolution
at PSII, and up to 140% higher starch degradation rates were observed
which lead to an earlier onset of anaerobiosis and increased electron
supply to the hydrogenases, translating into a 2.5-fold increase in
overall H, production (Sun et al., 2013). To our knowledge this is the
only report of successful FNR regulation control in green algae via
genetic engineering, leading to higher H, production. In a similar
fashion, a petH gene merodiploid Synechocystis PCC 6803 mutant,
also exhibited up to 4-fold higher photobiological H, production than
the wild-type. In this study, the partial knock-out of the native FNR
not only enhanced the H, production but also lead to a longer duration
of the transitory hydrogen production (Gutekunst et al., 2014). In this
light, FNR downregulation is another promising strategy to increase
photobiological hydrogen production.
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3.3.3. Engineering protective mechanisms against
O.-inactivaton

As the ultimate aim of STH is using sunlight to source H, from
water, the process should mostly rely on LET where photosynthetic
electrons are mostly sourced from water oxidation at PSIL. However,
increased PSII activity translates in higher O, production, impairing
H, production due to the O,-sensitive nature of most hydrogenases
(Vuorijoki et al., 2017; Kanygin et al., 2020, 2022). Albeit the relevance
of dealing with O, inactivation has been widely remarked, there are
only a few studies reporting strategies tackling the O,-sensitivity issue
by other means than expressing more O,-tolerant hydrogenases or
anoxic cultivation conditions.

3.3.3.1. Spatial confinement of hydrogenases in anoxic
compartments

One possibility consists in expressing hydrogenases within an
anoxic environment. In this regard, the heterocysts of filamentous
nitrogen-fixing cyanobacteria could be used (Girtner et al., 2012;
Avilan et al., 2018). Although most described strategies showed
limited H, production, indicating that further engineering of the
described systems is required. Similarly, expression of hydrogenases
within anoxic bacterial microcompartments have already shown
promising results in non-photosynthetic organisms. Particularly,
carboxysomes are a very interesting scaffold for further engineering.
Carboxysomes, present in all cyanobacteria, are polyhedral protein
microcompartments that are selectively permeable to HCO;™ and H*
but not to O, or CO,. Natively carboxysomes are formed by the self-
assembly of different protein subunits, incorporating bicarbonate
transporters, carbonic anhydrase and Rubisco (ribulose-1,5-
bisphosphate carboxylase/oxygenase) within the compartment as a
way to provide an anoxic environment and enhance carbon fixation.
Interestingly, carboxysomes can be engineered to also incorporate
heterologous enzymes within them. Due to the additional protection
against O, they are emerging as promising scaffolds for improving
hydrogenase activity. a-carboxysome shells have been engineered to
co-encapsulate a protein fusion composed of the [FeFe] hydrogenase
HydA1 from Chlamydomonas reinhardtii and its native Fd together
with FNR from E. coli. In this system, NADPH is used as soluble
electron donor and FNR enables NADPH dependent electron transfer
to the hydrogenase. Interestingly, this system exhibited increased H,
production under aerobic conditions both in vivo and in vitro (Li
etal., 2020). Similarly, the catalytic subunits of the NADPH-dependent
[NiFe] hydrogenase HyaAB from E. coli where expressed inside
a-carboxysome shells. The assembled systems showed increased
thermal stability and O, tolerance both in vivo and in vitro when
compared with the free enzyme causing a significant increase in the
measured H, production (Jiang et al, 2023). Nonetheless, this
improvements in O, tolerance were more significant for the [NiFe]
hydrogenase HyaAB than the [FeFe] hydrogenase HydAl. These
results indicate that even when protected in a carboxysome shell, the
hydrogenase intrinsic O, sensitivity still a critical factor in the catalytic
system performance. Additionally, it should be noted that the
dissolved O, levels in the aerobic cultures were significantly lower than
atmospheric, due to the respiratory metabolism of E. coli. Because of
this, although highly promising, whether these strategies can
be transferred to photosynthetic microorganisms and efficiently
coupled to native redox metabolism remains to be verified.
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3.3.3.2. Implementation of O, consuming pathways

An artificial O, consumption pathway was integrated in
Chlamydomonas chloroplasts, expressing E. coli pyruvate oxidase and
Synechococcus elongatus PCC 7942 catalase under the control of a
strong heat shock inducing promoter. The mutant strain exhibited
higher oxygen consumption rate without significant growth defects or
disruptions in the overall photosynthetic rate. The reduced
intracellular O, concentration increased hydrogen production at
moderate light intensities (30 puE) by 2-fold factor compared to
WT. However, at higher light intensities (100 pE) O, production at
PSII overcame the effects of the implemented O, consumption
pathway, indicating the need of further refinement of the system (Xu
et al, 2011). Recently, efficient O, consuming devices have been
designed and characterized in E. coli (Pacheco et al., 2018). However,
to our knowledge there are no reports about their implementation in
any photosynthetic microorganism. In addition, respiration in
photosynthetic organisms plays a key role in regulating intracellular
O, (Shimakawa et al., 2020) and could potentially also be considered
a potential engineering target. Eventually, the expression of oxygen-
binding proteins has also been proven to reduce hydrogenase
inhibition. The heterologous expression and assembly of the oxygen
binding protein leghemoglobin from Glycine max, in chloroplasts of
C. reinhardtii decreased the intracellular O, content and increased H,
production rate up to 1.5-fold WT levels (Wu et al.,, 2010). Similar
effects were observed for the expression of cyanoglobin in heterocysts
of Nostoc PCC 7120 (Avilan et al., 2018).

3.3.4. Optimization of metal cofactors availability

Hydrogenases, their maturation machinery and electron carrier
proteins all contain FeS clusters. Which is why it is expected that
engineered strains overexpressing hydrogenases will feature a higher
demand of FeS clusters. Therefore increasing native FeS cluster
biosynthesis could potentially improve the system performance, as it
has been already shown for nitrogenase enzymes (Li et al., 2016). In
addition, as demonstrated by Akhtar and Jones (2008), deletion of iscR
encoding the main FeS cluster biosynthesis pathway (ISC) repressor
in E. coli increased hydrogenase activity and H, accumulation. Besides
the common heterotrophic pathways, photosynthetic organisms use
the sulfur utilization factor (SUF) pathway as the main FeS cluster
biosynthesis route and exhibit up to a 10-fold higher FeS cluster
biosynthesis than E. coli (Gao, 2020). Similar studies in Synechocystis
PCC 6803, showed that deletion of the SUF pathway repressor under
sufficient iron conditions (SufR) lead to an increased FeS cluster
assembly while maintaining overall cell fitness (Vuorijoki et al., 2017).
In the light of these findings, deregulation of FeS cluster biosynthesis
may be used as a promising strategy alleviate limitations in FeS cluster
availability for expressed heterologous hydrogenases and the accessory
proteins required for its functioning.

3.3.5. Other engineering strategies

Future extensively engineered strains may exhibit limited growth,
hindering the development of robust bioprocess design. This issue can
be alleviated by implementing control systems for the expression of
the introduced genetic elements. In this regard, the utilization of
recently stationary phase promoters (Madsen et al., 2021) can drive
the development of 2-stage cultivation strategies where initial growth
is decoupled from further H, production (Burg et al, 2016;
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Monshupanee et al., 2016). Additionally utilization of an O,-inducible
promoter (Immethun et al., 2016) could be used for fine-control of O,
protective engineered systems.

4. Discussion

Future endeavors towards cost-effective photobiological H,
production must rely on a holistic approach combining the strategies
highlighted in this review. Three main engineering directions have
been identified. Namely, the expression of non-native hydrogenase
with improved features, extensive modifications of PETC for focusing
electrons towards the heterologous hydrogenase, and further
physiological engineering strategies to improve the overall
performance of the producing strains and the expressed hydrogenase.

Firstly, H, productivity is highly dependent on the hydrogenase
activity, requiring enzymes with displaced catalytic bias towards H,
production combined with O, insensitivity. In this light [FeFe]
hydrogenases are the most promising biocatalysts, for which recent
research reported novel heterologous hydrogenases with intrinsic O,
tolerance as well as engineered fusion hydrogenase proteins leading
to improved H, production. Regarding fusion hydrogenases, it has
been shown that protein design is critical. Any hydrogenase fusion
protein must ensure efficient maturation of the hydrogenase
H-domain and integration within the host bioenergetic machinery,
ideally establishing unidirectional electron transport towards
H, production.

Secondly, efficient focusing of photosynthetic electrons towards
the hydrogenase can be achieved via the implementation of the
formerly described strategies. Nonetheless, implementing multiple
engineering strategies could significantly impact the overall
photosynthesis physiology, leading to, e.g., alterations in PSI to PSII
ratios and consequently the balance between PME LET and
CET. These effects are especially relevant for PSI-hydrogenase fusion
proteins and knock-out strains of respiratory terminal oxidases and
FDPs. Due to potential synergistic effects this should be considered.

Likewise, it must be considered the physiological context of the
producing strain. In this regard further host engineering should
be implemented to ensure maximum hydrogenase activity. Therefore,
establishing an efficient and orthogonal maturation systems is
evidently required, especially in the case of [FeFe] hydrogenases
expression in cyanobacteria. Moreover, O, protection strategies should
be implemented to avoid irreversible hydrogenase inactivation, as this
is likely to remain an issue even in designed enzymes.

Eventually, it is crucial to distinguish between H, production
derived from the LET and other sources. Albeit many studies reported
that reducing PSII activity correlated with higher H, production due
to reduced intracellular O, concentrations this derives from overall
lower water splitting at PSII and thus reduced LET, which ultimately
limits the maximum theoretical STH H, production. This long-
sustained paradox between LET activity and H, production may
be overcome by the implementation of O, consuming device, pathway
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