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of Chemistry The comparison of homologous metalloenzymes, in which the same inorganic active site is surrounded by
a variable protein matrix, has demonstrated that residues that are remote from the active site may have
a great influence on catalytic properties. In this review, we summarise recent findings on the diverse
molecular mechanisms by which the protein matrix may define the oxygen tolerance, catalytic
directionality and catalytic reversibility of hydrogenases, enzymes that catalyse the oxidation and

evolution of H,. These mechanisms involve residues in the second coordination sphere of the active site
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gas channel and even accessory subunits. Such long-distance effects, which contribute to making
enzymes efficient, robust and different from one another, are a source of wonder for biochemists and
a challenge for synthetic bioinorganic chemists.
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the limits of what chemistry can achieve, and learn about how
Nature does it.

Introduction

Metalloenzymes that use active sites based on transition metals
to catalyse the production or consumption of small molecules
such as H,, O,, CO, and N, have attracted much interest over
the last few decades because of the need for cheap and efficient
synthetic catalysts for the production and use of solar fuels.
There is much hope that the knowledge acquired by charac-
terising these enzymes will be useful to design efficient cata-
lysts. Independently of these technological -challenges,
metalloenzymes are also useful as model systems, to observe
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Hydrogenases are enzymes that use sophisticated inorganic
active sites made of transition metals, such as iron and nickel,
to catalyse the conversion between molecular hydrogen and
protons. Two main classes of hydrogenases exist, named after
the metal content of their inorganic active sites: the so-called
FeFe hydrogenases have an active site, called the H-cluster,
that consists of a dinuclear cluster of Fe covalently attached
by a cysteine sulphur to a [4Fe4S] cluster (Fig. 1A); NiFe
hydrogenases use a dinuclear cluster of Ni and Fe that is
attached to the protein by four cysteine residues (Fig. 1B). These
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Fig. 1 The active sites of FeFe and NiFe hydrogenases, in panels (A)
and (B) respectively. In panel (A), the proximal and distal Fe ions are
labelled. Colour code: S (yellow), Fe (orange), C (white), O (red), N
(blue) and Ni (green). PDB: 4XDC for the FeFe active site and 3UQY for
the NiFe active site.

active sites are produced and inserted into the apo-enzyme by
dedicated enzymes that are part of a complex maturation
machinery. The active site of most hydrogenases is buried in the
protein matrix and connected to the solvent by a chain of
accessory FeS clusters and a network of acidic residues and
water molecules, which mediate long range electron and proton
transfers. Preferred pathways (sometimes called “gas chan-
nels”) for the diffusion of the substrate H, and inhibitors (CO,
0,, H,S, and Cl7) to and from the active site have also been
identified with varying degrees of confidence.

Dihydrogen is a very important energy vector in the micro-
bial world: it is produced as a by-product of fermentation and

Table 1 The FeFe hydrogenases discussed in this work
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nitrogen fixation,"* and reoxidized in various metabolic path-
ways, related to e.g. respiration (ATP production)® or the non-
photosynthetic reduction of CO,. As a consequence, most
microorganisms produce at least one hydrogenase, but many
produce several: Escherichia coli has 4 NiFe hydrogenases,* and
Solidesulfovibrio fructosivorans (Sf, previously known as Desul-
fovibrio fructosovorans, a model sulfate reducing bacterium)
expresses 2 NiFe and 4 FeFe hydrogenases.” The enzymes in
each of the two families are called “homologous”: they embed
the same active site (either FeFe or NiFe), but they have similar
but distinct amino acid sequences, and therefore distinct
structures and a variable number of accessory FeS clusters. They
have been classified into groups based on phylogenetic and
functional analyses.*” Some are monomeric, others may be part
of membrane bound or multifunctional protein complexes
from which they can be dissociated.

Hydrogenases were discovered nearly a century ago® and
extensively studied using biophysical methods over the last fifty
years,”™ but their biodiversity has been explored only
recently.”** At the turn of the XXIst century, only about half
a dozen of very similar hydrogenases had been used as model
enzymes for mechanistic studies. Over the last twenty years,
their number has rapidly increased. This work was probably
mostly driven by the desire to use hydrogenases for H, oxidation
(in fuel cells) or H, production (e.g. in photoelectrochemical

Group® Source Short name Structure Properties
A Chlamydomonas Cr HydA1 Group M1 (ref. 7) (no accessory Bidirectional (Fig. 2A), O,-sensitive,
reinhardtii FeS cluster), Fig. 3A, pdb 3LX4 damaged by UV B'?, readily inhibited
(apo form) by HS,'*82 c177
Desulfovibrio Dd Group M2 (ref. 7) (two accessory Bidirectional, damaged by visible
desulfuricans clusters), dimeric, Fig. 3A, pdb light,'®"?* readily inhibited by HS~%?
1HFE
C. pasteurianum 1 Cpl Group M3 (ref. 7) (four accessory Bidirectional
clusters forming a Y-shaped
electron transfer conduit'>®),
Fig. 3A, pdb 4XDC
Clostridium Cal Group M3 Bidirectional (Fig. 2B), damaged by
acetobutylicum UV B', reacts slowly with inhibitors
(HS™, CI~, CO and 0,)
Megasphaera elsdenii 1 Mel Group M2, monomeric Bidirectional, damaged by UV B'’,
reacts slowly with inhibitors (CO and
02)62
Acetobacterium woodii M2-type hydrogenase associated Bidirectional, reacts slowly with O,
with a formate dehydrogenase (ref. 63)
C. pasteurianum 11 CplL Group M2 Catalyses H, oxidation and evolution
irreversibly (Fig. 2D)**
C. beijerinckii Cb 3 accessory clusters (incl. one in Bidirectional (Fig. 2E), oxygen-
a SLBB domain), Fig. 3A, pdb 6TTL stable>268°
B2 C. pasteurianum III Cplll M2, subgroup B2 because they Bidirectional®* (Fig. 2G), O,-
bear a TSCCCP motif*’ sensitive®’
Megasphaera elsdenii 11 Mell Bidirectional (Fig. 2G)*”
C Thermotoga maritima Tm HydS Proton transfer pathway different Bidirectional, very low activity,
from that in group A™"*?” catalyses H, oxidation and evolution
irreversibly (Fig. 2C)"*’
D Thermoanaerobacter Tam HydS Proton transfer pathway different Bidirectional, very low activity,

mathranii

36,128

from that in group A (Fig. 3D)

© 2024 The Author(s). Published by the Royal Society of Chemistry

catalyses H, oxidation and evolution
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Group Structure pdb
1b Desulfovibrio gigas Dg Dimeric form (Fig. 4A), large 1FRV Bidirectional (see e.g. green CV in
D. vulgaris Miyazaki F subunit with the NiFe active site 4U9H Fig. 6A,”° red in Fig. 6B,>""’
Solidesulfovibrio Sf Hyn (Fig. 1B), small subunit with three 1FRF although Av is strongly biassed
fructosivorans, (formerly FeS clusters: a 4-cysteinyl [4Fe4S] towards H, oxidation'*°) and O,-
Desulfovibrio cluster proximal to the active site sensitive (grey in Fig. 5B):
fructosovorans) (Fig. 4C); medial, high redox inhibition by O, produces
1c Escherichia coli Hyd 2 potential [3Fe4S] cluster; distal 6EN9 a mixture of inactive states, two of
hydrogenase 2 [4Fe4S] cluster coordinated by 3 which are EPR active (the
cysteines and one histidine signatures are called NiA and NiB,
(Fig. 4F) the former reactivates more slowly
than the latter®>"*%)
le Allochromatium vinosum Av 3MYR
la Desulfovibrio vulgaris DvH Dimer. three cysteine and one 5JSH Bidirectional. React with O, to
Hildenborough selenocysteine ligands'*® in the produce EPR-silent inactive
D. baculatum 1st coordination sphere of the Ni 1CC1 states>1!%?
ion, instead of four cysteines. A
medial [4Fe4S] cluster in the small
subunit
1d Cupriavidus necator Cn MBH Small subunit with three FeS 3RGW Unidirectional (blue in Fig. 6A),
(formerly R. eutropha) clusters, incl. a unique [3Fe4S] O,-tolerant: they sustain H,
membrane bound proximal cluster, coordinated by 6 oxidation in the presence of O,
hydrogenase cysteine residues®™** (Fig. 4D) (dark blue in Fig. 5A and B).
Inhibition by O, is reversible and
produces mainly the NiB state
E. coli'*7”° Ec Hyd 1 3UQY Cm has high affinity for H, (ref.
133 and 134)
Aquifex aeolicus Aa h2ase I Aa H2ase I is thermostable, and
hydrogenase 1'* reactivated upon irradiation by
Cupriavidus metallidurans Cm violet light*
(formerly Ralstonia
metallidurans)
Salmonella enterica Se Hyd 5 4C30
hydrogenase 5 (ref. 42)
1h C. necator actinobacterial- Cn AH Small subunit with three FeS 5AA5 O,-insensitive, low activity (<0.5
type hydrogenase clusters, incl. the proximal [4Fe4S] umol of H, per min per mg), low
cluster coordinated by three affinity for H, (Ky = 4 uM)™*
cysteines and one aspartate
(Fig. 4E)**
2a Mycobacterium smegmatis HucSL Embeds three [3Fe4S] clusters in 8DQV O,-insensitive, low activity (=4
each HucSL heterodimer umol of H, per mg) and high
affinity for H, (K, in the 0.1 uM
range, compared to =10 uM for Sf
Hyn55)56
2¢ C. necator regulatory Cn RH Low activity (=2 pmol of H,
hydrogenase RH* per mg (ref. 40)) and do not
Rhodobacter capsulatus oxidatively inactivate upon
regulatory hydrogenase®* exposure to O, (ref. 40 and 41)
3d C. necator soluble Cn SH The initial hypothesis that the Bidirectional. Couples H,

5420 | Chem. Sci., 2024, 15, 5418-5433

hydrogenases

active site of Cn SH is coordinated
to four (rather than 2) cyanides*®
was ruled out®?’

oxidation to NAD+ reduction."*®
O,-tolerant (is inactivated by O,
(ref. 137)). In a series of
homologous SH hydrogenases, Cn
SH is the enzyme that has the
largest activity (200 umol of H,
per min per mg (ref. 139)) and
retains the greatest activity in the
presence of O, (ref. 86)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd.)
Group Structure pdb
Hydrogenophilus Ht SH These soluble hydrogenases 5XFA Thermophilic. Oxidatively
thermoluteolus soluble embed only low-potential inactivated to a peculiar inactive
hydrogenase accessory clusters ([2Fe2S] and state, initially called Ni-B-like®®
[4Fe4S]) and then demonstrated to involve
an overoxidized Ni(v) ion**** (pdb
5XF9, orange in Fig. 4B)
Synechocystis sp. PCC 6803 HoxEFUYH Bidirectional®*
3b Pyrococcus furiosus PfSHI Bidirectional. Distinct aerobic

hydrogenase I

cells), and it was made possible by a better understanding of
their biosynthesis. Tables 1 and 2 list the hydrogenases that we
discuss in this review and summarise their main structural
features and catalytic properties. The hydrogenases that have
been isolated most recently are still not representative of the
entire biodiversity, because one tends to focus on small and
soluble enzymes that are more easily produced, and yet their
characterization studies have revealed an unexpected func-
tional diversity.

Some hydrogenases oxidise a few hydrogen molecules per
second, while others exhibit turnover frequencies in excess of
thousands per second. Some are tolerant to O,,** whereas the
active site of others is destroyed upon exposure to oxygen.'
Much variability has also been observed regarding the reactivity
with other inhibitors such as sulfide,*® chloride'” or CO. Some

inactivation kinetics*°

FeFe hydrogenases are damaged by light in the visible range*®
whereas others are only affected by UV B,"” and one NiFe
hydrogenase was reported to be activated by light.>* All
hydrogenases inactivate, more or less reversibly, under very
oxidising or reducing conditions, but again this varies from one
hydrogenase to another. Some hydrogenases are unidirectional
(they are only active in one direction of the reaction, H, oxida-
tion or evolution) whereas others are bidirectional.> And some
are active in response to a very small departure from equilib-
rium, whereas others catalyse H, oxidation or evolution only in
response to a large overpotential (these behaviours have been
termed reversible and irreversible catalysis, respectively®?).

In Marseille, we have been particularly active in using direct
electrochemistry to study and compare hydrogenases from
various sources.”® In this technique the enzyme is adsorbed
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40rB

2
—~ 20 B
<
= 1
i oF

0

— CrNaSOJ 72T Ca
_ 1 1 L 1 L 1 1 1
-0.4 —0.2 —-0.60.50.4-0.3-0.2 -0.6 —0.4 —0.2
1 T 1 1 1 1 1 U T T T 1

1 - F Cb mutant 2_G i 2_H |
0.5} 1,k ob f— |
| f/ of -
= or 1 -2f 1
—0.5k 1 ok i g4/ —cpm | | CplIl AC |

- — Cb C367D Mell
-0.4-0.2 0 0.2 -0.4-0.2 0 0.2 -0.4 -0.2 0 -0.4 -0.2 0
E (V vs SHE) E (V vs SHE) E (V vs SHE) E (V vs SHE)

Fig.2 The electrochemical diversity of FeFe hydrogenases, illustrated by catalytic voltammograms recorded under conditions of direct electron
transfer and using a rotating disc electrode, all under one atm. of H,. (A) C. reinhardtii HydA1.Y (B) C. acetobutylicum hydrogenase |. (C)
Thermoanaerobacter mathranii HydS.?* (D) C. pasteurianum hydrogenase .24 (E) C. beijerinckii hydrogenase, and the C367D variant. (F) Variants
of Cb, A561F (green); P386L (blue); L364F (dark red); M382E (orange).?>?¢ (G) C. pasteurianum hydrogenase Ill and M. elsdenii hydrogenase |1.2427
(H) The variant of C. pasteurianum hydrogenase Il where the supernumerary cysteine (yellow in Fig. 3C) is deleted.?” All the voltammograms were
recorded in a mixed buffer (MES, CHES, HEPES, TAPS, and Na acetate all [5 mM], and Na,SO,4 (0.1 M), or NaCl (0.1 M) if specified). Panels (A), (B),
(C), (D), (G), and (H) conditions: pH 7; 30 °C; 20 mV s~ 3000 rpm. Panels (E) and (F) conditions: pH 7; 5 °C; 20 mV s~*; 3000 rpm, currents

normalised at —559 mV.
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Fig.3 The structures of various FeFe hydrogenases. (A) The overall structures of the enzymes from C. reinhardltii (pdb 3LX4), D. desulfuricans (the
two subunits are shown in grey and yellow, pdb 1HFE), C. pasteurianum (Cpl, pdb 6N59), C. beijerinckii (Cb, AlphaFold model, since the structure
pdb 6TTL is incomplete), Cplll (AlphaFold model), and T. mathranii HydS (AlphaFold model). (B) The residues that define the conformational
change in Cb?*?¢ (P386; L364; A561; M382, Cb numbering) and CO access to the active site in Cr HydAl (ref. 35) (F417 and V423, Cpl numbering).
(C) The supernumerary cysteine of Cplll (C221, Cplll numbering). (D) The proton transfer pathways in Cpl (gray) and Tam HydS (red).*¢ Regarding
the AlphaFold predictions shown in this figure, ESI Fig. 11 shows the confidence values along the peptide chain.

onto and undergoes direct electron transfer with an electrode,
which is spun to avoid H, depletion or accumulation near the
electrode surface.”®*' The current is proportional to the activity,
which can be monitored either as a function of time at
a constant electrode potential (E), or as a function of electrode
potential in experiments called cyclic voltammetry where the
electrode potential is repeatedly swept up and down at a certain
scan rate (Fig. 2). The sign of the current indicates the direction
of electron flow (we count positive and negative the H, oxidation
and evolution currents, respectively), and the magnitude of the
current is proportional to turnover frequency (TOF) times the
amount of enzyme that contributes:

i o TOF x (surface coverage of the active enzyme) (1)

The turnover frequency depends on the electrode potential
(and other experimental parameters such as T, pH, and [H,])
and this dependence informs on the properties of the inter-
mediates in the catalytic cycle.**** The second term in the right-
hand side of eqn (1), the surface concentration of the active
enzyme, is smaller than the total amount of enzyme adsorbed
on the electrode, first because some enzyme molecules may be
adsorbed in a configuration that does not allow electrical
communication with the electrode (and hence do not
contribute to the current), and second because some enzyme
molecules may (in)activate in a certain range of electrode
potentials. If such a redox-driven (in)activation process is slow
on the time scale of the experiment, it results in a hysteresis in
the voltammetric signature.**

5422 | Chem. Sci., 2024, 15, 5418-5433

The cyclic voltammograms recorded with various homolo-
gous FeFe hydrogenases, shown in Fig. 2, display a striking
diversity of shapes. All enzymes appear to catalyse H, oxidation
and reduction, although to various extents. Panel (D) illustrates
the case of an enzyme whose response is nearly unidirectional
(it is mostly active for H, oxidation, see also Fig. 6 below). Panel
(C) shows the irreversible response of a bidirectional enzyme.
Very strong hystereses are seen in panels (A), (E)-(G); they
illustrate the effects of slow, reversible, redox-driven trans-
formations between active and inactive forms of the enzyme.**

The immediate implication of the observation that distinct
hydrogenases exhibit distinct catalytic properties is that in
designing a device that would use a hydrogenase for a particular
purpose, care must be taken to choose the right enzyme: not an
O,-sensitive enzyme if the system operates in air, or not
a photosensitive enzyme if the goal is to photo-produce H,.
There is still much hope that by exploring the biodiversity of
these enzymes further, one will identify “new” hydrogenases
that are even more robust or better suited for a given
application.

From a more fundamental perspective, this functional
diversity clearly demonstrates that the properties of each
enzyme are not dictated by the active site itself. Although
inorganic chemists are used to the idea that ligands that do not
directly coordinate the metal may have an influence on catal-
ysis, these effects are usually not considered beyond the so-
called second coordination sphere.*® In contrast, research con-
ducted over the past two decadesdescribing the comparison of
distinct hydrogenases and their modification by protein engi-
neering has demonstrated that the molecular factors

© 2024 The Author(s). Published by the Royal Society of Chemistry
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influencing their reaction with inhibitors, catalytic bias and
catalytic reversibility are very diverse. These factors include
structural features that may be distant from the active site and
may have an influence even across different subunits in the
same enzyme complex.

O,-tolerance

Most of the hydrogenases isolated so far — and all the highly
active ones - are inhibited by O,, which is recognized as a main
obstacle to using these enzymes. The reactions of hydrogenases
with O, are complex, and the actual effect of O, varies greatly
between FeFe and NiFe hydrogenases, and from one enzyme to
another in the same family.

Dioxygen irreversibly damages the active site of many FeFe
hydrogenases (in a complex, multistep reaction'>*>*°) and it
oxidises the active site of NiFe hydrogenases into one or
a mixture of inactive species, two of which (called “ready” and
“unready”) can be distinguished by the rates at which they
reactivate under reductive conditions.**> These two NiFe
hydrogenase inactive states can also be obtained upon anaer-
obic oxidation of the enzyme.”® In addition to this, in some
hydrogenases, dioxygen may damage the accessory FeS clusters
involved in mediating long range ET. Comparing the O, sensi-
tivity of hydrogenases is therefore not trivial because there is no
such thing as an “overall” sensitivity that could be quantified by
a single parameter, such as the value of just one rate constant or
one inhibition constant. The expression “O,-tolerance” refers to
the observation that a hydrogenase can oxidise H, in the pres-
ence of O, for a significant amount of time. This implies that
dioxygen acts as a reversible inhibitor (the ratio of reversible

| proximal cluster
w ¥
/' medial cluster

\'%

distal cluster

FeS clusters,

alh

Se Hyd5 E73/H229
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inactivation over reactivation rate constants defines an
apparent inhibition constant, the magnitude of which is related
to the extent of inhibition) and that if any irreversible inacti-
vation occurs, it is slow on the time scale of the particular
experiment where the aerobic H, oxidation activity is
monitored.

Blocking the gas channel of an O,-sensitive NiFe hydrogenase
may hinder O, access, but does not make the enzyme O,-
tolerant

Hypotheses regarding the reason why the NiFe hydrogenase
sensors (RH) from Rhodobacter capsulatus and Cupriavidus
necator (previously known as Ralstonia eutropha) resist O, came
from the structural description of the gas channels that connect
the active site to the solvent. Volbeda and coworkers observed
that in many oxygen sensitive NiFe hydrogenases, a bottleneck
at the end of this channel is shaped by the side chains of two
conserved residues, a leucine and a valine (grey in Fig. 4B),
whereas bulkier phenylalanine and isoleucine residues are
present at the same positions in the O,-resistant NiFe H,
sensors (yellow in Fig. 4B). Volbeda's hypothesis, that a narrow
pathway may hamper O, access to the active site and make the
enzyme resistant to O,,>* was supported by two site-directed
mutagenesis (SDM) studies of these H, sensors (group 2c): the
double replacement of the phenylalanine and isoleucine with
leucine and valine makes the enzymes susceptible to oxidative
inhibition.**** However, the rates of aerobic inactivation of the
double mutants remain orders of magnitude slower than that of
prototypical hydrogenases (about 10> s~* (atm O,) " based on
the data in Fig. 4 of ref. 40, 107> s™* (atm O,) " from Fig. 2B of

4C-[4Fe4S]
proximal cluster

C ; 4
vfﬁo
9 <«

é; DfL122

6C-[4Fe3S]

Df E25 D ;

Ht SH E3z s{f proximal cluster
4 )
£ Df V74 Ec Hyd1 C19. I - C120

p :

3C-1E-[4Fe4S]
proximal cluster

y

F ™ 3C-1H-[4Fe4S]

¢ f ; distal cluster
& }3‘{1184

Fig.4 The NiFe hydrogenase dimer. (A) Overview of the structure of prototypical hydrogenases, the large subunit (light grey) embeds the active
site, and the small subunit (dark grey) a chain of FeS clusters. (B) The environment of the active site, showing the V74/L122/E25 (Sf Hyn
numbering) residues in prototypical hydrogenases,**® the residue E32 binding the Ni in the oxidised form of Ht SH,*® the 162/F110 residues in
Cupriavidus necator (Cn, previously known as Ralstonia eutropha) MBH**4 (based on an AlphaFold model), and the E73 and H229 residues in S.
enterica (Se) Hyd 5.4 (C) The proximal [4Fe4S] cluster in prototypical NiFe hydrogenases. (D) The proximal [4Fe3S] cluster in group 1d
hydrogenases, coordinated by two supernumerary cysteines, C19 and C120 (E. coli Hyd 1 numbering).**=** (E) The proximal cluster coordinated
by 3 cysteines and one aspartate in the AH enzyme from C. necator.*® (F) The histidine ligated distal cluster in prototypical NiFe hydrogenases,*”

and the arginine residue substituted in E. coli Hyd 1.4®
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ref. 41, compared to =10 s~ * (atm O,) " for Sf Hyn**), which
shows that these two residues are not the only key.

The gas channels of the recently characterised Mycobacte-
rium smegmatis NiFe hydrogenases Huc (group 2a)* and of the
actinobacterial-type hydrogenase from C. necator (AH, group
1h)*¢ are actually reported to be particularly narrow; it has been
suggested that this may play a role in ref. 46 (or result in ref. 56)
O, tolerance, but these hypotheses have not been tested by
SDM. A computational comparison of NiFe hydrogenases from
group 1 led to the hypothesis that O, sensitivity correlates with
a more complex tunnel matrix into the protein, with an
increased number of openings toward the solvent compared to
the O,-tolerant hydrogenases.”” The calculated O,-diffusion
pathways are also different in NiFe and NiFeSe hydrogenases,*®
and include a hydrophilic channel in the latter.>

In attempts to increase the O, resistance of the O,-sensitive
NiFe hydrogenase from S. fructosivorans (Sf Hyn) by blocking the
gas channel, we designed many site-directed variants where we
replaced the valine (at position 74) or the leucine (122, grey in
Fig. 4B) with bulkier residues, and we used two kinetic methods
to experimentally evaluate the rates of diffusion along these
modified channels. One method consists in using mass spec-
trometry to monitor the “isotope exchange reaction” (D, + 2H"
— H, +2D"), whose kinetics depends on the rate of diffusion in
the channel; the other consists in using electrochemistry to
measure the bimolecular rate constant of inhibition by CO,
a competitive inhibitor that uses the same gas channel as O, to
access the active site.*® Single-point mutations (especially at
position 74) alter the rate of intramolecular diffusion by more
than three orders of magnitude, and both the charge and the
size of the side chains at positions 74 and 122 matter.**!
However, the effect of the mutations on the rate of inhibition by
O, is rather small (only up to ten-fold), because in the WT
enzyme and in most variants, the diffusion of O, along the gas
channel is much faster than the rate of reaction of O, at the
active site, and it is not the rate limiting step of the inhibition
reaction.®* Mutations that have the most severe effect on the
diffusion rate do slow down O, inhibition, but this effect alone
only delays the loss of enzyme activity upon exposure to O,,*
because the formation of the oxidised inactive states of the
active site remains irreversible under the experimental condi-
tions. We concluded that, at least in the particular case of this
hydrogenase, slowing diffusion along the gas channel is not
a strategy that makes the enzyme O,-tolerant.

Inhibitor access to the active site of FeFe hydrogenases
depends on unidentified details of the protein matrix

Regarding FeFe hydrogenases, the rate of inhibition by CO and
O, is three orders of magnitude slower for Mel hydrogenase
than for Dd®* (¢f: ESI Table S3 in ref. 62). The trend is the same
regarding the rate of inhibition by sulfide'® and chloride,"” with
the bimolecular rates of inhibition increasing in the order CpI <
Cr HydA1l < Dd. The FeFe hydrogenase from Acetobacterium
woodii also reacts slowly with 0,.* We believe that these
differences are related to the rates of diffusion through the
protein matrix, but which residues are responsible for this is
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unknown. The mutation of a phenylalanine residue that is in
the gas channel (F417 in Fig. 3B) to tyrosine in Cr HydA1 slows
both the inhibition by O, (two-fold) and CO (ten-fold).** Other
mutations of FeFe hydrogenases have been shown to moder-
ately slow down O, inhibition,***® but the link between O,
diffusion kinetics and protection has not been demonstrated.
When random mutagenesis was used to identify O,-resistant
variants of Cpl, the hot-spots were found close to the accessory
clusters, rather than close to the putative gas channel.*>*¢

A non-natural O,-protection mechanism of NiFe
hydrogenases: the substitution of a conserved valine in the
second coordination sphere of the Ni ion affects the rates of
reactivation after O, inhibition

Modifying the V74 and L122 residues in the large subunit of Sf
Hyn (grey in Fig. 4B), with the initial aim of blocking the gas
channel, had two unexpected effects, one of which is an
improvement of O, tolerance that is not related to the rate of O,
access: many substitutions of the position 74 valine increase the
rate at which the enzyme reactivates after inhibition by O,. The
V74C¥ and V74H* replacements are particularly effective
(Fig. 5A). The most significant enhancements of the reactivation
rates are observed when the side chain of the position-74
residue is hydrophilic*® (although this rule is not strict®®), but

- — Aa Hase 1

g Df V74C

S — Df V74H

8 Df V74P

g — Df Hyn

o

z

% — Ec Hyd2

% — Ec Hydl

g Ec Hydl GG
= Ec L1S2mod
g — Df Hyn

z

t (s)

Fig. 5 Chronoamperometric responses of NiFe hydrogenases to
transient exposures to O,. (A) Various mutants of Sf Hyn, obtained by
replacing the position 74 valine, compared to the O,-tolerant enzyme
from Aquifex aeolicus (Fig. 4B).*® (B) E. coli Hyd 1 and Hyd 2, the C19G/
C120G (called GG) variant of E. coli Hyd 1 (Fig. 4D) where the proximal
cluster is a standard cubane cluster, the chimeric “L1S2mod” dimer
made of the large subunit of Ec Hyd 1 and the small subunit of Ec Hyd
2,7° and Sf Hyn.*® Arrows show the time of injection of O, saturated
buffer, to reach a final concentration of 4 uM and 8 uM at time t=0s
and t = 300 s in panel (A), and 8 uM at time = 0 s in panel (B).
Conditions: in panel (A) E = 140 mV; 40 °C; pH 5.5; 3000 rpm; 1 atm
H,; in panel (B) E =140 mV; 40 °C; pH 6; 3000 rpm; 1 atm H,; 8 uyM O,
injection. In all cases, the concentration of O, increases suddenly after
the injection of an aliquot of O,-saturated solution, and then
decreases exponentially as the solution is flushed with H,.5®
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Fig. 6 Catalytic bias in voltammetry for different hydrogenases. (A) NiFe hydrogenases from E. coli Hyd 1 and Hyd 2, the variant C19G/C120G
(called GG) and the chimeric dimer L1S2mod.”® Conditions: pH 6; 40 °C; 3% H,. (B) Variants of the NiFe hydrogenase Hyn from S. fructosivorans.
The curves in this panel were scaled for normalisation. Conditions: pH 5.5; 40 °C; 10% H, for all** except H184C,* pH 6; 40 °C; 100% H,. (C) FeFe
hydrogenase Cplll WT,?” in red a voltammogram where the potential is reversed before reaching a high value, showing the steady-state catalytic
response and no inactivation. In blue a voltammogram recorded over a large potential range showing the oxidative inactivation; pH 7; 5 °C; 100%

Ho.

the reason for this is unknown. Replacing the equivalent valine
in the oxygen-tolerant hydrogenase E. coli Hyd 1 also increases
oxygen tolerance further (although at the expense of decreasing
activity).*

It is somewhat surprising that this valine is very conserved,
whereas many of its substitutions improve the resistance to
0,.%® The effects of these substitutions on the catalytic bias (see
below) may have put a selective pressure on the conservation of
this residue.

O,-tolerant NiFe hydrogenases from group 1d: the whole
small subunit is crucial, not just the proximal cluster

O,-tolerant NiFe hydrogenases in group 1d have attracted much
interest when various investigations showed that they differ
from prototypical hydrogenases by the presence of a peculiar
[4Fe3S] cluster, attached to the protein by 6 cysteine residues
(including C19 and C120, E. coli Hyd 1 numbering, Fig. 4D).
This cluster is proximal to the active site but embedded in the
small accessory subunit, and replaces the standard 4-Cys
[4Fe4S] cluster found in many other NiFe hydrogenases and
shown in Fig. 4C.

The most familiar hypothesis is that the proximal cluster
makes the enzyme O,-tolerant by providing two electrons to
reduce the attacking O,, favouring the formation of the inactive
state NiB, which reactivates quickly, over the more inert inactive
state NiA.**”* However, this hypothesis has been challenged by
recent investigations based on the engineering of this proximal
cluster.

Very recently, Lenz and coworkers showed that replacing
with glycine either one or two of the supernumerary cysteines
around the proximal cluster of the O,-tolerant NiFe hydroge-
nase from C. necator (MBH) does make the enzyme more O,-
sensitive (as observed before in E. coli Hyd 1 (ref. 72)), but
without favouring the formation of the NiA inactive state over

© 2024 The Author(s). Published by the Royal Society of Chemistry

NiB.” According to the authors, the observation that group 1d
NiFe hydrogenases react with O, to form only the NiB state is
therefore not related to the two-electron transfer capacity of the
proximal cluster.”

In our study of the O,-tolerant NiFe hydrogenase from E. coli
(Hyd 1), by comparing variants where we replaced either the
proximal [4Fe3S] cluster with a standard [4Fe4S] cluster (double
substitution C19G/C120G, Fig. 4D), or the entire accessory
subunit with that of an O,-sensitive NiFe hydrogenase (by
designing a chimeric dimer, called L1S2mod, made of the large
subunit of E. coli Hyd 1 and the small subunit of Hyd 2), we
concluded that the kinetics of reactivation after oxidative
anaerobic inactivation of the enzyme is determined by the large
subunit, which bears the NiFe active site, whereas the accessory
subunit that houses the electron transfer chain is mostly
responsible for O, tolerance (pale blue and orange in Fig. 5B).”
Most importantly, the variant of E. coli Hyd 1 that bears a stan-
dard proximal cluster is much less O,-sensitive than standard
hydrogenases (pale blue and green in Fig. 5B), showing that this
cluster is not the unique determinant of O,-resistance.”

A SDM study of S. enterica Hyd5 (also from group 1d) showed
that the substitutions of two residues (E73 and H229, blue in
Fig. 4B) negatively impact O,-tolerance. They are in the large
subunit, but H229 is close to the proximal cluster of the small
subunit. However these residues are not markers of O,-toler-
ance: the histidine is very conserved (including in O,-sensitive
NiFe hydrogenases) and some enzymes from group 1d (e.g
Aquifex aeolicus hydrogenase I) have a glutamine instead of the
glutamate, as in O,-sensitive enzymes.*>

Other NiFe hydrogenases (those in groups 1h’”® and 2a’)
appear to be O,-tolerant despite lacking the proximal [4Fe3S]
cluster, but their catalytic activity is very low.”” The narrowness
of gas channels has been hypothesised to play a role, as
mentioned above. However, the O,-insensitivity of the AH
enzyme from C. necator (group 1h, formerly group 5) is lost
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upon substitution of the aspartate residue that coordinates (in
an unusual fashion) the proximal FeS cluster of its electron
transfer chain (Fig. 4E); this observation led the authors to
suggest again an O, tolerance mechanism involving the reduc-
tive removal of the attacking O,.*

Protecting the hydrogenase active site by saturating the
coordination sphere of the metal ions in FeFe and NiFe
hydrogenases

Most FeFe hydrogenases are irreversibly damaged by O,. Some
of them partially recover activity after a short exposure to
0,,**7%7% but this does not prevent irreversible degradation
upon continuous exposure. However, Morra and co-workers
recently discovered that the FeFe hydrogenase from C. beijer-
inckii (Cb) is “O,-stable”: it can be exposed to air with minimal
damage.**

Various observations led to the conclusion that this peculiar
protection mechanism results from the binding of the thiolate
of a conserved cysteine residue to the distal Fe of the active site,
under oxidising conditions. First, the X-ray structure of the Cb
enzyme in the Hinact state (pdb 6TTL) is consistent with the
formation of a bond between the cysteine and the distal Fe
(Fig. 3B).>* Second, the FTIR signature of the oxidised active site
of Cb hydrogenase is similar to the so-called “Hinact state”,
obtained by oxidising the FeFe hydrogenases from Dd or Cr in
the presence of hydrogen sulfide;'**>* in this state, a sulfido
ligand binds the distal iron (“Fey” in Fig. 1A) and prevents the
binding of H, or O,, hence the enzyme is inactive but protected
from 0,.** Third, the replacement of the cysteine with an
aspartate suppresses both the stability in air and the formation
of the Hinact state under oxidising conditions.?

That the cysteine binds to the oxidized H-cluster in Cb but
not in other FeFe hydrogenases is due to a conformational
change that involves residues very far away from the active site
(up to 20 A, see below the section on Redox-driven changes in
active site structure).”®* It is a clear illustration of how the
protein matrix may have a long distance effect on active site
chemistry.

Although the inactive state itself (Hinact, cysteine-bound) is
protected from O,, whether or not the formation of this state
protects the enzyme depends on the relative kinetics of forma-
tion of Hinact and O,-induced degradation. In the third FeFe
hydrogenase from C. pasteurianum, CpIllI (Fig. 3C), the inacti-
vation (Fig. 2G) that results from the formation of the Hinact
state upon binding to Feq of a cysteine side chain is too slow to
overcome O, attack.?”

The protection of the H-cluster of Cb and CpIII hydrogenases
by the binding under oxidising conditions of a nearby cysteine
side chain is reminiscent of the protection mechanism evi-
denced in the NAD'-reducing soluble [NiFe]-hydrogenase (SH)
from Hydrogenophilus thermoluteolus (Ht). The oxidised active
site of this enzyme includes a six-coordinate Ni, with
a conserved glutamic acid previously shown to be involved in
proton transfer®” bound to the Ni (orange in Fig. 4B). Like in the
case of Cb, the formation of this bond inactivates the enzyme
and prevents O, binding.**** It is proposed that the reversible
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formation of this inactive state under oxidising conditions
protects Ht SH from irreversible damage related to metal-
assisted ROS production,®® but it is unknown which other
mechanism allows this enzyme to perform H, oxidation
(although at a reduced rate) in the presence of 0,.*® Replace-
ment of the glutamate residue with alanine or glutamine
suppresses the IR signature of the Ni-carboxylate bond in the
oxidised state, and greatly decreases the activity (as expected
from the substitution of a residue involved in proton transfer),*
but the impact of the substitution of this glutamate on O,-
damage has not been evaluated. The reason why this protection
mechanism is operational in Ht SH and not in other, homolo-
gous NiFe hydrogenases is also unknown.

Catalytic bias

In voltammetry experiments such as those in Fig. 2 and 6, the
H, oxidation and production activities of hydrogenases are
assessed successively as the electrode potential is swept up and
down across a large potential window. It immediately appears
that some enzymes are more active in one direction of the
reaction than the other, or even only active in one direction (see
e.g. Fig. 2D and 6A). This property is referred to as the “catalytic
bias”, or “catalytic preference”, or “catalytic directionality”,*
although there is no consensus in the hydrogenase literature as
to how exactly it should be quantified.

That a particular hydrogenase (or any other catalyst) may be
a unidirectional catalyst does not violate the principles of
thermodynamics.*” Thermodynamics imposes that the current
is zero when the electrode potential (E) matches the equilibrium
potential (Eeq, or “Nernst potential”) of the H'/H, couple (as
indeed observed in all experiments®®®°), and it relates the
direction of the reaction (H, oxidation or production) to the sign
of the overpotential (the difference between E and E.q), but it
does not constrain the magnitudes of the currents observed
under oxidising or reducing conditions.

Elucidating why hydrogenases may be biassed to catalyse the
reaction in a certain direction may help the design of synthetic
catalysts, very few of which are active in H, oxidation.*® This
question also has implications in terms of physiology. Indeed,
some bacteria produce a number of homologous hydrogenases,
which are involved in various metabolic functions: for example,
as part of respiration and fermentation pathways, these
enzymes are used to either oxidise or produce H,, respectively. It
is tempting to think that a particular function matches the
intrinsic property of each isoform, and that in addition to
genetic regulation and cellular localisation, whether a hydroge-
nase is a better catalyst in one of the two directions of the
reaction contributes to defining its metabolic contribution.

Evidence that the standard redox potentials of the FeS of the
electron transfer chain determine the catalytic bias of
hydrogenase is lacking

Twenty five years ago, P. L. Dutton and coworkers proposed that
electron transfer chains in redox enzymes are only optimised in
terms of distance between the cofactors (allegedly the most
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important determinant of the ET rate), whereas the standard
redox potentials of the cofactors do not matter. The reasoning
was that intramolecular electron transfer was faster than active
site chemistry and thus not rate limiting in the catalytic cycle,
“endergonic electron transfer steps can still support rapid
electron transfer”, and the details of the electron transfer chain
(incl. the potentials of the relays) are not important.®* This
paradigm has shifted since, at least in the hydrogenase field,
where the potential of the accessory clusters is now often
considered a determinant of the catalytic bias (higher potential
clusters supposedly accelerating catalysis in the direction of H,
oxidation, and potential clusters favouring H,
production).

Indeed, recently, the bias in the direction of H, oxidation of
the group 2a Huc NiFe hydrogenase from Mycobacterium smeg-
matis was tentatively ascribed to the presence of three high
redox potential [3Fe4S] clusters in the electron transfer chain of
this enzyme,*® and the lack of [3Fe4S] clusters in the NiFe-
hydrogenase of the Cyanobacterium Synechocystis sp. PCC
6803 was tentatively related to the catalytic bias toward proton
reduction.” Support for this hypothesis from site-directed
mutagenesis experiments has not been provided yet. By
explicitly considering the redox relay in the kinetic modelling of
the catalytic response, we showed that the rates of intra-
molecular electron transfer matter, not just the potential of the
relay,” but these rate constants are difficult to measure.”

The above-mentioned hydrogenases E. coli Hyd 1 (group 1d)
and Hyd 2 (group 1c) have also been studied in this context,**”
because, despite their strong homology (43% sequence identity
for both the large and the small subunits), the former is strongly
biassed in the direction of H, oxidation whereas the latter is
bidirectional (dark blue and green, respectively, in Fig. 6A). In
NiFe hydrogenases from group 1d, O,-tolerance and the pres-
ence of an atypical [4Fe3S] proximal cluster (Fig. 4D) seem to
correlate with unidirectionality. Another difference between
Hyd 1 and Hyd 2 is that the distal cluster of the former has not
been detected by EPR,” despite its structure and environment
being the same as in Hyd 2. Parkin et al. hypothesised that this
cluster has higher potential in Hyd 1 than in Hyd 2 and that this
may be one of the factors that bias Hyd 1 for H, oxidation.*®

However, investigations of the relation between the redox
potential of the clusters of the ET chain and catalytic bias were
inconclusive. Decreasing the potential of the distal cluster in
Hyd 1 (by substituting a conserved residue, R193, Fig. 4F) has
only a small influence on the catalytic bias.*® Replacing either
the high potential [3Fe4S] middle cluster or the high potential
[4Fe3S] proximal cluster with a low potential [4Fe4S] has no
impact.”*”*

Regarding the structural determinants of the difference in
catalytic bias between Hyd 1 and Hyd 2, the effect of assembling
the large subunit of the unidirectional enzyme Hyd 1 with the
entire electron transfer subunit of the bidirectional enzyme
Hyd 2 is unambiguous: this chimeric dimer has no H, evolution
activity, showing that this catalytic bias is not defined by the
electron transfer chain.”

Regarding FeFe hydrogenases, attempts to identify the
determinants of the catalytic bias by site-directed mutagenesis

lower
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have mostly focused on the immediate environment of the H-
cluster and the proton transfer chain. Replacing a cysteine
ligand of the cubane of the H-cluster (C362 in Cr HydA1, C499 in
Cpl, see Fig. 3C) with histidine increases the redox potential of
the active site and selectively suppressed proton reduction.®®
The replacement of the same cysteine with aspartate®” and
certain modifications of residues involved in long range proton
transfer also suppress® or favor®*® proton reduction. Changing
the environment of the CN™ ligand of the proximal Fe ion (of
the dinuclear fragment of the H-cluster) has a mild effect on the
catalytic bias.”” Regarding the manipulation of the accessory
clusters, it was shown that replacing the histidine that binds the
surface exposed accessory [4Fe4S] cluster in Cpl with a cysteine
decreases the redox potential of the cluster (=65 mV), and the
bias in solution assays (about two-fold) in the reductive
direction.**

The catalytic bias depends on the rate constants of the steps
in the catalytic cycle

The rates of catalysis in either direction depend on the rate
constants of the steps in the catalytic cycle, and the discussion
of the catalytic bias should be based on the measurement of the
rate constants of the steps and on the understanding of which
steps define the overall TOF. However, the catalytic cycle of
complex metalloenzymes involves steps of very different types
(active site chemistry, long range proton and electron transfers,
diffusion along substrate channels**) and whose individual rate
constants are often impossible to measure. Moreover, the
overall turnover frequency may be a very complex function of
these rate constants, in particular when all steps in the catalytic
cycle are reversible® (indeed, only when a reaction consists of
a sequence of irreversible steps is the rate limiting step easily
defined as the slowest of these steps'®).

Modifying the coordination of the distal cluster of Sf NiFe
hydrogenase (Fig. 4F) changes the catalytic bias by impacting
the rate of H, oxidation in solution assays more than the rate of
H, evolution; this suggests that the intermolecular ET step
contributes to defining the rate of H, oxidation.”” Furthermore,
obstructing the gas channel of the same enzyme by substituting
V74 or L122, the residues whose side chains line the gas channel
in the large subunit of the enzyme (grey in Fig. 4B), slows H,
evolution much more than H, oxidation, suggesting that H,
egress is the rate limiting step of the reaction of H,-production
in this series of mutants: indeed, the rates of that diffusion step,
measured by interpreting the results of isotope exchange assays,
exactly match the overall rates of H, evolution measured in
solution assays.** The effect of these mutations in the large
subunit of NiFe hydrogenase on the catalytic bias is also clear
from the voltammetric signatures of this series of variants (e.g.
red and yellow in Fig. 6B). These are clear examples where the
catalytic bias is defined by steps in the catalytic cycle other than
active site chemistry.

The discussion of the impact of the mutations on the redox
properties of the active site and the catalytic bias (as observed
with the C170H mutant of Cr HydA1 (ref. 96)) focussed on how
the mutations may affect the standard redox potential of the
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active site. A complication in catalytic cycles that are bidirec-
tional is that a thermodynamic constraint applies to the series
of steps in the catalytic cycle,****® and a mutation that tends to
accelerate a chemical step in one particular direction of the
catalytic cycle must impact the thermodynamics of other steps,
possibly redox transitions. There may therefore be cases where
the discussion of the rate constants of the chemical steps is
intrinsically linked by thermodynamics to the redox potential of
some other steps in the catalytic cycle.

Redox-driven changes in the structure of the active site may
influence the catalytic bias

A completely distinct discussion of why a catalyst may be better
in one particular direction considers the possibility that the
structure of the catalyst may change depending on the driving
force.

A very classical example of this was provided by John Bockris
in his studies of oxygen reduction and evolution on metals: the
metal surface that is present at low electrode potential under
conditions of oxygen reduction is completely distinct from the
metal-oxide or hydroxide surface that is present when a high
electrode potential is set to drive O,-evolution from water.***
The structure of the active site of many hydrogenases also
changes depending on the redox conditions.

The active site of NiFe hydrogenases, for example, is oxidised
at high electrode potential (above E = —100 mV, pH 7 (ref. 105))
to either one or a mixture of inactive states in which hydroxo (or
maybe peroxo) ligands bind the active site metal ions, which
prevents oxidative turnover.**'*>'¢ Sulfoxygenation of the active
site'®” or saturation of the Ni coordination sphere with a nearby
side chain®»* may also result in oxidative inactivation of NiFe
hydrogenases.

Anaerobic oxidative inactivation does not occur in most FeFe
hydrogenases that have been characterized to date (unless
chloride’ or sulfide'*®* is present), but the group A FeFe
hydrogenase from Clostridium beijerinckii is unusual in that
respect. Under mildly oxidising conditions, the side chain of the
conserved cysteine that is near the amine of the dithiolate
ligand binds the distal Fe of the dinuclear cluster, which inac-
tivates the enzyme by preventing H,-binding (resulting in the
formation of the above-mentioned Hinact state); this is detected
in voltammetry as a decrease of the H,-oxidation current above
=~-300 mV (orange in Fig. 2E). This oxidative inactivation
disappears when this cysteine (C367) is replaced with an
aspartate (red in Fig. 2E, the residual hysteresis in this vol-
tammogram is due to the presence of chloride in the buffer).*
The consequence of this inactivation is that the WT FeFe
hydrogenase from Cb is protected from O, damage (as dis-
cussed above, the saturation of the coordination sphere of the
distal Fe prevents O, binding) but there is a trade-off: this
enzyme is a very poor H,-oxidation catalyst. This is not because
the enzyme is intrinsically unable to oxidise H,, but because it
cannot stay active for long under conditions where H, oxidation
occurs.

The question remains as to why this conserved cysteine
binds the cluster in the FeFe hydrogenase from Cb, and not in
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prototypical FeFe hydrogenases from group A. The reason is
that the formation of the bond between the distal Fe and the
cysteine sulphur requires a significant conformational change,
which depends on the side chain of non-conserved residues that
are remote from the active site. Winkler et al. identified 3
remote residues (at positions 364, 368, and 561, Cb numbering,
Fig. 3B), whose bulkier side chains in prototypical FeFe
hydrogenase (such as Cpl) prevent the conformational change.>
Replacing the amino acids of Cb with those present in CpI slows
down the conformational change and prevents oxidative inac-
tivation (Fig. 2F).>* The replacement of the position 382 residue,
which is even more distant (18 A away from the nitrogen of the
amine bridge, Fig. 3B), has the opposite effects: it increases the
flexibility of the protein and the rate and extent of oxidative
inactivation.”® The voltammograms of these variants disclose
the intrinsic capability of the active site to oxidise H,.

The FeFe hydrogenase CplIIl is from the phylogenetic
group B, which has barely been investigated. Like Cb, CpIII
inactivates under mildly oxidising conditions (Fig. 2G)*” and is
observed by IR in a state that resembles Hinact.>* The loop that
bears the above-mentioned proton transfer cysteine is charac-
terised in CpIII by an unusual motif with three vicinal cysteine
residues. According to the alpha-fold structure of CplII
(Fig. 3C),”” we hypothesised that one cysteine binds the [4Fe4S]
cluster of the active site (as in prototypical FeFe hydrogenases),
another one takes the position of the above mentioned proton
transfer cysteine and may bind the distal Fe (to produce the
Hinact-like state), and the third one may also be involved in
proton transfer.'*®

Like the case of Cb, the analysis of the voltammetric
responses of CpIII shows that the environment of its active site
is not particularly tuned in a way that makes it better at evolving
H, than oxidising H,; the reason this enzyme has low H,
oxidation activity in solution assays is that it inactivates under
oxidising conditions.””

Reversibility

We?*?* and others before us®*** have proposed to call “reversible
catalysis” the action of a “reversible catalyst”, which becomes
active in one direction or the other in response to a small
departure from equilibrium. In contrast, an irreversible redox
catalyst is only active at high overpotential.

Irreversibility may be the mere consequence of slow inter-
facial electron transfer (between the electrode and the enzyme),
as observed in the H184C mutant of Sf Hyn (Fig. 4F, and green
in Fig. 6B).” In contrast, in the case of the sensory FeFe
hydrogenase Tam HydS discussed below, we concluded from
the analysis of the waveshape that slow electron transfer is not
the reason the catalytic response is irreversible, this is an
intrinsic property of the enzyme.*

Fig. 2 shows reversible and irreversible responses obtained
with homologous FeFe hydrogenases. The catalytic response in
panel C is from the putative sensory hydrogenase from Ther-
moanaerobacter mathranii (Tam); it is classified as group D, but
it resembles the sensory hydrogenase HydS from Thermotoga
maritima (Tm) which is in group C. In both enzymes, the proton

© 2024 The Author(s). Published by the Royal Society of Chemistry
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transfer chain and the environment of the H-cluster differ from
that in group A hydrogenases (Fig. 3D).'*® Irreversibility is not
specific to hydrogen sensors: the irreversible response in Fig. 2D
is that of the 2nd hydrogenase from C. pasteurianum (CpIL, from
group A, prototypical FeFe hydrogenases).*

The separation between the two catalytic waves (the difference,
for a given enzyme, between the values of the two catalytic
potentials, the midpoint potentials of the H, oxidation and H"
reduction catalytic waves) is related to the difference between the
redox potentials of the two transitions of the active site, although
the catalytic potentials are shifted from the thermodynamic values,
just like Michaelis constants depart from the true dissociation
constants.”>*>° This implies that the more stable the half reduced
state of the active site (the so-called Hred state), the more irre-
versible the response; this appears to be the main reason why the
enzyme from Tam behaves very irreversibly,* although it is still
unknown which residues in the environment of the active site
make the half reduced state very stable."** That the proton relay
near the H-cluster has a lower pK, in Tam than in Cr also
contributes to making the response of the former less reversible.*

Implications for the performance of
hydrogenase-based catalytic devices

The functional variations that are observed among homologous
hydrogenases that share the same active site are clear illustra-
tions of very long range effects in these biological inorganic
catalysts. They also have immediate implications regarding the
design of any device that uses a hydrogenase as a catalyst for
oxidation or production. Care must be taken that the properties
of the particular hydrogenase that is chosen match the needs
and the operational conditions of the device, in terms of
activity, directionality, reversibility, resistance to light and
inhibitors (including O,), stability, cost of production, etc. Since
it appears that no hydrogenase checks all the boxes, the right
choice is necessarily a compromise.

Any attempt to evolve H, by coupling hydrogenase with
a photosensitizer would fail if the enzyme from D. desulfuricans
is used since that enzyme is destroyed by white light.**>*** Other
hydrogenases appear more robust in that respect, but the
possibility of photodamage' should be considered in all
sunlight-dependent H,-evolution systems."**

Since long term stability is required, enzymes produced by
hyperthermophilic organisms may be particularly useful.**>**¢
However, some hydrogenases from mesophilic organisms were
shown to be very stable: the NiFe hydrogenase from Desulfovi-
brio gigas could be used for oxidising H, at 40 °C for weeks
without any loss of activity.""”

The most important concern regarding the use of hydroge-
nases is their sensitivity to oxygen. The O,-tolerant NiFe
hydrogenases from group 1d have been extensively used for that
reason because all other O,-tolerant hydrogenases have very low
H,-oxidation activity. The group-1d hydrogenase from Cupria-
vidus metallidurans, which combines O,-tolerance and high
affinity for H,, was used as the anode catalyst in a membrane-
less fuel cell operating on 3% H, in air."*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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But even oxygen sensitive hydrogenases can be used as
electrocatalysts of H,-oxidation in the presence of O,, under the
condition that the matrix that supports the enzyme blocks O,.
This is the basis of the strategy used by Plumeré and coworkers,
who have shown that when a hydrogenase is embedded in the
thick layer of a redox polymer, a fraction of the incoming H, can
be redirected to catalytically produce electrons that reduce any
molecule of O, that may penetrate the film. Long term stability
can be achieved under the harsh conditions of a fuel cell,"*® even
with the most O,-sensitive FeFe hydrogenase.'* The protective
effect of the matrix and the intrinsic O,-resistance of the
enzyme can be combined to make the system particularly
robust.”*

Reversibility** is also desirable when a hydrogenase is used
as an electrocatalyst because any overpotential needed to trigger
catalysis is a waste of energy. Care must also be taken that this
useful property is not lost when the electron transfer between
the enzyme and an electrode is mediated."”

The active sites of hydrogenases are based on cheap metals,
Ni and Fe, but the cost of producing the enzyme in large
amounts is rarely discussed in the literature. The heavy bio-
logical machinery that the living cells must use to produce the
complex active sites shown in Fig. 1 hampers the biological
synthesis of these enzymes, and upscaling their production is
a challenge. A huge step forward was made by an international
collaboration ten years ago when it was demonstrated that some
FeFe hydrogenases can be produced in an “apo” form (that
lacks the dinuclear fragment of the H-cluster), and then acti-
vated by the spontaneous insertion of a synthetic dinuclear
cluster.” This opened the way for the cheap, large-scale
production of simple FeFe hydrogenases, and recent results
regarding the biological maturation of the NiFe active site'
makes us hope that a similar process will one day be available to
produce NiFe hydrogenases.
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