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Abstract

The so-called FeFe hydrogenases catalyze H2 production and oxidation at a dinuclear inorganic active
site. Some of them can be natively purified in an overoxidized, O2-resistant "Hinact" state, recently
identified by Rodríguez-Maciá et al. as the product of the reaction of the enzyme with sulfide (J. Am.
Chem. Soc. 140, 9346 (2018)). We used a combination of direct electrochemistry experiments with
the FeFe hydrogenase from C. reinhardtii, site-directed mutagenesis, and molecular dynamics and
DFT calculations to describe the mechanism of inhibition: the diffusion of the inhibitor in the enzyme
and its subsequent reaction at the active site. We conclude that hydrogen sulfide (H2S) inhibits the
enzyme non-competitively, in a first step by replacing a conserved water molecule that is involved in
proton transfer to/from the active site, and then binding to the active site as a hydrosulfide ligand
(HS−). DFT calculations with the PBE0-D3 functional successfully describe the redox state of the
cubane subcluster in the resulting "Htrans" state. In contrast with the proposal of Rodríguez-Maciá et
al., our experimental and theoretical results are consistent with the reactivation involving the
reduction of Htrans, followed by the potentiometric or catalytic re-oxidation of the enzyme. This
mechanism reconciles all experimental observations and we suggest that it is common to all FeFe
hydrogenases. In addition, we observe that the hydrogenases from M. elsdenii, C. acetobutylicum
(CaI) and C. pasteurianum (CpI) are also inhibited by sulfide, but with very slow kinetics. Whereas
sulfide inhibition is fully reversible, we observed an irreversible inactivation by polysulfide
contaminants, which should be avoided if the hydrogenase is exposed to sulfide to prepare samples
that are protected from air, e.g. for transport or storage.

Key words:  hydrogenase, inhibition, protein film voltammetry, kinetics, DFT, Molecular dynamics

Introduction

The enzymes that oxidize or produce H2 belong to one of two families, FeFe or NiFe hydrogenases.1,2

A third class of hydrogenase uses a mononuclear Fe active site to catalyze the reversible heterolytic
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cleavage of H2 and hydride transfer to an additional substrate (methenyltetrahydromethanopterin),3

and the enzyme nitrogenase also reductively produces H2 as a by-product of nitrogen fixation.4

Here we focus on FeFe hydrogenases, whose active site, called the H-cluster, consists of a
[Fe2(CN)2(CO)3(adt)]2− (adt=azadithiolate) binuclear cluster that is covalently attached to a cubane
cluster ([4Fe4S]H) by a cysteine residue.1 The vibrations of the intrinsic CO and CN− ligands can be
detected by FTIR and are the fingerprints of the catalytic intermediates. The Fe ions that are close
and remote from the cubane are referred to as proximal (FeP) and  distal (FeD), respectively.

In the catalytic cycle, H2 binds to the apical binding site on FeD, it is heterolytically split into a terminal
hydride and a proton ; the latter is transferred to the nitrogen atom of the adt ligand that bridges the
two Fe ions.5,6 Reoxidation closes the catalytic cycle. A conserved proton transfer chain, consisting in
particular of a proximal cysteine, a water molecule and a glutamate residue, connects the active site
to the solvent.7–13 Although not strictly conserved,14,15 this motif is present in all hydrogenases
discussed herein.

The exact sequence of proton and electron transfers that occur at the H-cluster when H2 is oxidized
or evolved has been debated (see refs. 16,17 for recent reviews). The consensus is that H2 binds to the
H-cluster in a paramagnetic state that is called "Hox", where the redox state of the Fe2 pair is
Fe(II)Fe(I) and the cubane of the H-cluster is oxidized ([4Fe4S]H

2+). A number of states more reduced
than Hox have been distinguished based on their FTIR signatures. The EPR silent states that are
one-electron more reduced than Hox are relevant in this work, in particular the "Hred" state
(Fe(II),Fe(I),[4Fe4S]H

1+) and its protonated form HredH
+ (Fe(I),Fe(I),[4Fe4S]H

2+)18.

The 50 kDa enzyme from Chlamydomonas reinhardtii (HydA), used in most of the experiments
reported herein, consists of a single subunit and has no other cofactor than the conserved
H-cluster.19 However, quaternary structures and cofactor contents greatly vary among FeFe
hydrogenases. For example, the two identical enzymes from the sulfate reducing bacteria
Desulfovibrio vulgaris and Desulfovibrio desulfuricans20 and the hydrogenase from Megasphaera
elsdenii house 2 accessory FeS clusters in addition to the H-cluster ; those from Clostridium
acetobutylicum (CaI) and Clostridium pasteurianum (CpI)7 have four additional accessory clusters.

Figure 1. The structure of the Hinact state of the H-cluster of
FeFe hydrogenase according to pdb 6SG2.21 Note the
presence of the apical sulfur ligand (yellow, top right) on the
rightmost, distal Fe ion (FeD). This structure was obtained
from a crystal of D. desulfuricans hydrogenase, but the
structure of the H-cluster and the FTIR signature of its Hinact

state are the same in the hydrogenases from C. reinhardtii
and D. desulfuricans.22

Whereas most FeFe hydrogenases are O2 sensitive,23 those from D. desulfuricans and D. vulgaris can
be purified natively in air. In that case, they are produced in a particular O2-resistant, overoxidized,
inactive state, called "Hinact" (or sometimes "Hox,air"), which gives the active enzyme upon reduction.24

Its structure and reactivity remained elusive for over 40 years, but they were disclosed very
recently.21,22 This paper focuses on the mechanism of formation and reactivation of Hinact.
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Early investigations showed that the Hinact state is EPR silent. Its one electron reduction at
Em ≈ −90 mV vs the standard hydrogen electrode (SHE) is fully reversible22,25 and nearly
pH-independent,25 and gives the Htrans state. The results of EPR26,27 and Mössbauer28 investigations of
D. vulgaris FeFe hydrogenase suggested that the cubane is oxidized in Hinact and reduced to the +1
state in Htrans.

Further reduction of Htrans is required to activate the enzyme to the Hox state, and in reductive redox
titrations of Hinact, an apparent Em for the Htrans/Hox transition was estimated around Em = −300 mV vs
SHE.22,29 However, this reduction being irreversible (reoxidation produces neither Htrans nor Hinact), it is
not possible to equate this Em with any thermodynamic parameter. Roseboom et al. concluded that
the Hinact to Hox transformation most likely involves two electrons (consistent with both species being
paramagnetic).25 In contrast, based on an investigation by Mössbauer spectroscopy, Pereira et al.
concluded that the transformation between Htrans and Hox is not a reduction but rather involves an
intramolecular electron transfer from the cubane to the binuclear cluster,28 and indeed the current
consensus is that Hox (Fe(II),Fe(I),[4Fe4S]H

2+) is isoelectronic with Htrans (Fe(II),Fe(II),[4Fe4S]H
1+).

Only recently did Rodríguez-Maciá et al. elucidate the chemical nature of Hinact. They demonstrated
that this state can be produced upon reaction of the active form of the enzyme with sulfide under
anaerobic, oxidizing conditions.22 In this paper, we will use the term "sulfide" to imply "H2S + HS-",
since S2- does not exist in aqueous solutions.30

X-ray diffraction and spectroscopy (XAS, Raman, NRVS) of the enzyme from D. desulfuricans in the
Hinact state are consistent with FeD being bound to an additional sulfide ligand (Figure 1).21 The sulfide
occupies the H2 binding site, which is also the initial binding site of the substrate H2 and of the
inhibitor dioxygen23, hence the fact that Hinact is inactive and protected from O2. The presence of
sulfide in the growth medium of sulfate reducing bacteria offers an explanation as to why the Hinact

state was initially observed only with the enzymes purified from these microorganisms.
Rodríguez-Maciá et al. showed that the Hinact state can also be obtained in vitro, by exposing FeFe
hydrogenase in the Hox state to sulfide, followed by anaerobic oxidation. This procedure works with
the recombinant enzymes from D. desulfuricans and C. reinhardtii, but not with that from
C. pasteurianum (CpI). The latter was reported to be insensitive to Na2S, but we mitigate this view
hereafter.21 In Clostridium beijerinckii FeFe hydrogenase, a similar Hinact state results from the
coordination of a conserved cysteine to FeD, a process that is made possible by the particular
flexibility of the loop that bears this residue.31,32

Regarding D. desulfuricans hydrogenase, the proposed inactivation mechanism of inhibition by
exogenous sulfide (reproduced from ref 22 in supplementary Figure S1) begins with the binding of H2S
to the distal Fe ion in Hox. The conclusion that the inhibitor is H2S, rather than HS-, is based on the
observation that the Hinact state can be formed using Na2Se only at low pH21 (consistent with the pKa

of H2Se being lower than that of H2S
33). The H2S binding step is thermoneutral according to QM/MM

calculations with a model that included the dinuclear subcluster and ten nearby residues.21 In a
subsequent, exergonic step (-4.9 kcal/mol)21, the H2S ligand is split into a terminal HS- and a proton
that is transferred to the amine group of the adt ligand. Deprotonation of the amine gives Htrans,
whose one-electron oxidation gives Hinact, which is therefore characterized by a HS- ligand on FeD

(Figure 1), an oxidized cubane (consistent with the state being EPR silent), a diferrous binuclear
cluster and a deprotonated amine group

Reactivation can be detected by following the FTIR signature of the sample, and also as a recovery of
activity in voltammetry experiments with the enzyme directly connected to the electrode.22 In these
direct electrochemistry experiments, the reactivation appears to be fast and triggered by a
reduction. It is assumed to proceed along the same pathway as inactivation: reduction of Hinact gives
Htrans, which is followed by protonation and endergonic release of H2S to give Hox.

22 The hypothesis
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that Htrans is spontaneously protonated is not consistent with the observed weak dependence on pH
of the reduction potential of the Hinact/Htrans couple (in the pH range from 6 to 9 25).

The above mentioned observation that in redox titrations , Hox is formed upon reduction of Htrans,
used to be considered puzzling.29 According to Rodríguez-Maciá et al., the electron required to
reduce and activate Htrans in the enzyme from D. desulfuricans is taken up by a remote accessory
cluster which, through redox anti-cooperativity, forces electron transfer from [4Fe4S]H to the Fe2 pair
and H2S release.22 This mechanism cannot be operational in C. reinhardtii hydrogenase, which does
not embed accessory clusters, and yet the enzymes from D. desulfuricans and C. reinhardtii can be
obtained in the same Hinact state and behave very similarly in electrochemical studies of their reaction
with sulfide.22 This raises the question as to whether or not the reactivation of Hinact proceeds
according to the same mechanism in all FeFe hydrogenases.

Here we describe a detailed kinetic study of the (in)activation of the enzyme from C. reinhardtii. We
propose a mechanism, supported by DFT and MD calculations, which is consistent with all
experimental evidence, including data acquired by others in previous studies of the Hinact state of the
D. desulfuricans enzyme. We propose that this simple mechanism is general. Furthermore, we
compare the kinetics of inhibition of C. reinhardtii, M. elsdenii, C. pasteurianum (CpI) and
C. acetobutylicum (CaI) hydrogenases (the latter is very similar to C. pasteurianum), and discuss the
detrimental effect of polysulfide contaminants.

Results

Electrochemistry

Potential dependence of the (in)activation

In protein film electrochemistry (PFE) experiments,34–36 the enzyme is adsorbed onto an electrode,
which is rotated into a solution of buffered pH and controlled temperature, in an electrochemical cell
that is open in a glove box filled with N2. The cell solution is flushed with H2. Depending on the
electrode potential (E), H2 oxidation or production by the enzyme is detected as a positive or
negative current, respectively, whose magnitude is proportional to turnover frequency. In the
experiments described here, the inhibitor was added to the buffered solution from stock solutions of
hydrosulfide (HS-) made by dissolving Na2S in water.30 Chloride, which also causes high potential
inactivation of FeFe hydrogenases, was omitted from all buffers used in this study (see SI for
details).37

The equilibrium between hydrosulfide and hydrogen sulfide (pKa = 7.0)38 impacts the design of our
experiments. Hydrogen sulfide is a gas under normal conditions of pressure and at room
temperature. As a consequence, we expect that adding HS- to the electrochemical cell should lead to
an instant increase in the concentration of HS- and H2S, followed by a slow and simultaneous
exponential decay of the concentration of both species as H2S escapes from the cell solution, which
equilibrates with the atmosphere of the glove box. A similar decay is observed in other experiments
where a solution of either O2, CO or CO2 is added to the cell.39,40 The lower the pH, the more the
H2S/HS- equilibrium is displaced in favor of H2S, and the faster the decay.

Figure 2A shows a series of cyclic voltammograms recorded at pH 7 with C. reinhardtii HydA1 FeFe
hydrogenase (referred to as "C. reinhardtii FeFe hydrogenase" hereafter). The black signal was
recorded in the absence of sulfide; the H2-oxidation current increases as the potential is swept
upward, and there is no indication of inactivation.37 The signal in red was recorded just after the
injection of 1 mM HS-. The current decay observed as the potential becomes larger than about
−100 mV reveals the sulfide-dependent inactivation of the enzyme. The current is recovered as the
potential is swept down, showing that a reduction triggers reactivation. In the subsequent sweeps
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(grey lines), the magnitude of the decrease in current is lower, and on the 8th scan (recorded
approximately 5 min after the first scan), the high potential inactivation is no longer detected. That
this change from cycle to cycle is related to H2S escaping from the cell solution is clear from the result
of the same experiment performed at higher pH (Figure 2B), where the magnitude of the high
potential reversible inactivation is independent of the scan number.

Irrespective of pH, a large hysteresis is seen in the high potential range of the voltammogram after
sulfide addition, showing that (in)activation is slow on the time scale of the voltammetry. We shall
discuss the shapes of these voltammograms in detail below. That the magnitude of the high potential
inactivation is more pronounced at a lower pH results from inactivation being faster at low pH.

Supplementary Figure S3 shows a control cyclic voltammogram (CV) recorded in the absence of
enzyme. A deviation from the flat base line is seen at high potential, which reveals the direct
oxidation of a sulfide-related species on the electrode. This current adds to the catalytic current and
contributes to the response shown in Figure 2, resulting in the small increase in positive current
observed e.g. at the moment of injection on the 1st scan at pH 9 in Figure 2B.

Figure 2. Series of cyclic voltammograms
recorded with C. reinhardtii FeFe hydrogenase
adsorbed onto a rotating disc pyrolytic graphite
edge electrode in phosphate buffer at pH 7
(panel A) or in a mixed buffer at pH 9 (panel B)
with two different enzyme films; The first CV is
shown in black. The red arrows indicate the
moment when 1 mM HS- (final concentration)
was added to the electrochemical cell solution on
the 2nd scan (red CV). The shape of the
voltammograms evolves from cycle to cycle (grey
CVs) as a result of the exponential decay over
time of the  concentration of H2S in the
electrochemical cell. Note that the electroactive
coverage is not the same in the two experiments,
so the magnitudes of the signal cannot be
compared. The overall current decay in
subsequent scans at pH 9 results from the slow
desorption of the film. The dashed line in panel A
shows a fit of the same two-state kinetic model
as that used to analyse the chronoamperometric
data such as those in Figure 3 (see SI for fitting
procedures). Scan rate = 20 mV/s, T = 5 °C,
electrode rotation rate = 3000 rpm, 1 bar H2.

The kinetics of redox-dependent (in)activation is more easily investigated in chronoamperometry
(CA) experiments than in cyclic voltammetry.41 Figure 3A shows a typical CA experiment in the
presence of HS-/H2S, in which the H2 oxidation current was monitored over time during a sequence of
potential steps. After each potential step up or down, the current instantaneously changes as a result
of the dependence on potential of the steady-state turnover frequency of the enzyme, and then
slowly changes as a result of inactivation or reactivation ; that H2S slowly leaves the cell results in the
the observed very slow reactivations at E = 10mV. In this experiment HS- was added at t = −27 s
(relative to the first potential jump from E = −260 mV to E = +10 mV). That the rate of inactivation at
a given potential depends on sulfide concentration ([HS-] or [H2S]) is clear from the observation that
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the exponential decay in current is faster at t = 25s than at t = 125s (the electrode potential is the
same, +40 mV, but the concentration of sulfide has decayed). That the concentration of inhibitor
changes over time in these experiments (as a consequence of H2S being escaping from the cell
solution) allows us to probe the inactivation kinetics as a function of the inhibitor concentration in a
single experiment. We have previously exploited this advantage in various studies of the reaction of
FeFe hydrogenases with their gaseous substrate (H2) and inhibitors (CO and O2).

23,42–44

Figure 3. Panel A: Chronoamperometric (CA)
experiment recorded with Cr FeFe hydrogenase
on PG with a series of potential steps between
three different values (as indicated vs SHE in the
lower part of the panel). An aqueous solution of
HS− (1 mM) was injected at low potential (black
arrow) 27 s before the inactivation is triggered
by stepping to high oxidative potential. A simple
two-state model was fitted to the
chronoamperometric experiment (red dashed
line).
Panel B: Inactivation and reactivation rate
constants ki (black diamonds) and ka (black
squares) at different potentials determined by
fitting the model to 5 different CA experiments
(like in panel A; see SI Figure S4 for the
additional CA experiments and fits). The slope
of the linear relation between log10(ka) and E in
panel B is -F/2.3×RT, consistent with this line
being the foot of a one-electron sigmoid. The
rate constants obtained from fitting the CA
experiments performed under 10% H2 are
shown in orange Those obtained from the CVs
recorded at different scan rates are shown as
open black  squares (see text and SI Figure S5)
The experimental conditions are the same for
the data shown in the two panels: pH 7, 5°C,
3000 rpm, 1 bar H2.

We found that a very simple two-state kinetic model can be fitted to this CA trace (and all others,
recorded under similar conditions, as exemplified in SI Figure S4). The model assumes that the active
enzyme inactivates with a pseudo-1st order rate constant that is proportional to the concentration of
sulfide in solution. The reactivation is simply 1st order (with respect to the inactive fraction of
enzymes). The fitting takes into account the fact that the inactivation rate constant ki decreases
exponentially against time as consequence of H2S departure (as discussed in relation to Figure 2), and
forces the rate constants fitted from different steps at the same potential to have the same values.
See SI section 4 for details. However, the model makes no assumption regarding the mechanism of
inactivation (competitive, uncompetitive or non-competitive) or the nature of the (in)activation steps
(redox or non-redox): the dependence of the values of the rate constants on pH, electrode potential
and [H2] concentration will be interpreted a posteriori. We have used and discussed this strategy
before.41

The dashed line in Figure 3A shows the best fit of the model to the CA trace. Repeating experiments
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such as that in Figure 3A/B (SI Figure S4), varying the potential steps and fitting the model, allowed
us to determine the bimolecular rate constant of inactivation ki and the 1st-order rate constant of
reactivation ka at every potential (Figure 3B).41 Figure 3B shows that the bimolecular rate constant ki

is independent of E, whereas ka increases ten-fold for each 60mV decrease in E, showing that the
reduction is triggered by a n = 1 electron reduction. The linear change in log(ka) against E is the foot
of a sigmoidal variation; the reduction potential E0 of that transition cannot be measured from our
data since the transition towards the plateau of the sigmoid is not seen at low potential. The typical
range of rate constants that can be measured is 0.01 s-1 to 10 s-1, and ka is too large to be measured
at E lower than −120 mV. Therefore, only an upper value of E0 < −120 mV can be estimated.
However, again, this value should not be compared to those obtained from reductive titrations that
are not reversible.

The shape of the CVs recorded with C. reinhardtii hydrogenase in the presence of sulfide (Figure 2) is
very dependent on scan rate (SI Fig. S5), as observed before with NiFe hydrogenases, which also
reversibly inactivate under oxidative anaerobic conditions (in the absence of sulfide).45–48 Like in the
case of NiFe hydrogenase, one can relate the shape of the voltammograms and the values and
dependence on E of the rate constants on (in)activation.45–48 The shape of the CV on the sweep
towards low potential is entirely defined by the dependence on potential of the rate constant of
reactivation,46–48 and independent of the exact concentration of sulfide (see e.g. Fig. 2A). The
reactivation during the sweep to low potential is abrupt because the rate constant of reactivation
increases exponentially as the potential decreases (cf Figure 3B). The "fastest" reactivation (the
inflexion point in the voltammetry where di/dE is maximal) occurs at the potential (called Esw, marked
by a vertical black arrow in Figure 2B) where the rate at which ka increases becomes faster than ka

itself (cf the discussion of eq. 8 in ref. 47). This implies that ka at E = Esw equals nFv, where v is the scan
rate and n = 1 here. We show as open squares in Figure 3B the 6 ka values obtained from the CVs in
SI Figure S5 recorded at different scan rates; the data points match the values of ka measured from
the CA experiments, demonstrating that the value of Esw is not the reduction potential E0 of the
species that reactivates, it is determined by the kinetics of reactivation.

We used the values of the (in)activation rate constants and how they depend on E to simulate the
CVs in Figure 2 (dashed lines in Figure 2A), using numerical procedures that we have described
before49,50 (see details in SI section 4). The agreement between the data and the model is very good,
showing that the kinetic model is relevant (in particular it captures the meaning of Esw) and that the
(in)activation rate constants are well determined and robust.

pH dependence of the (in)activation rate constants

We repeated the experiment in Figure 3 in the pH range 5 to 9. The results of their analyses (the
fitted values of ki and ka) are shown in SI Figure S6.

Figure 4A shows the change in ki, in units of s-1 per total concentration of sulfide (HS-+H2S),
against pH. This rate constant decreases above pH ≈ 7, with a slope of 1 factor of ten per pH unit,
which suggests that inhibitor binding is dependent upon a single protonation event, which may be
the protonation of the free enzyme or of the free inhibitor. In either case the inhibition rate constant
is proportional to the fraction of enzyme or inhibitor in the protonated state. Noting Ka the acidity
constant of the acidic form, the change in inhibition rate constant against pH reads:

That the fit of the above equation to the data (line in Figure 4A) returns pKa = 6.8, very close to the
pKa of H2S in water (7.0, ref. 38), strongly suggests that the observed pH dependence reflects the
protonation of HS- in solution, and that the inhibitor is H2S, rather than HS-. Note that the pKa of H2S
may be different in solution and in the protein, but it is actually the H2S/HS- equilibrium in solution
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that determines the effective concentration of H2S, and the pH-dependent bimolecular inhibition
rate constant. The fit also returns the low-pH limit of ki, ki

max= 3.6 s-1 per mM of H2S.

Based on a previous report that H2Se allows the formation of Hinact at pH 4,21 we aimed at studying
the kinetics of inactivation of C. reinhardtii FeFe hydrogenase  using solutions made from Na2Se.
However, we could detect no inactivation in CV experiments like those shown in Figure 2 (including at
pH = 4, 5 and 7, in the presence of 2 mM selenide). We also performed CA experiments at pH 5,
under conditions where the enzyme film is reasonably stable (more than at pH 4), and the H2Se/HSe-

ratio is still relatively high (about 10 %, pKa = 3.9, ref. 33). Upon addition of selenide to the
electrochemical cell (2 or 6 mM), the current increased probably due to selenide oxidation (likewise
the observed sulfide oxidation) but again no inactivation was seen (data not shown).

Figure 3B and SI Figure S6 show that the change in ka against E is sigmoidal at all pH values, but only
the foot of the sigmoid is observed, not the low potential plateau. Figure 4B shows that the 1st-order
rate of reactivation is proportional to [H+]. This indicates that the reactivation is dependent upon a
single protonation event: either the reduction that triggers the activation is strongly coupled to a fast
protonation step, or the reactivation that is coupled to the reduction step includes a
rate-determining protonation step. The small deviation from the line at low pH should not be
interpreted because the pH 5 data point is less reliable than the others (the film is less stable at low
pH, and the values of ka are larger, and thus more difficult to measure).

Figure 4: Dependence on pH of the rate
constants of inactivation (ki) and reactivation
(ka) (note the log scales). The data points are
plotted using the same color code as in SI
Figure S6 (from red at pH 5 to blue at pH 9).
Panel A: pH dependence of ki, in units of s-1 per
total concentration of sulfide (HS-+H2S), and the
fit of eq. (1), from which we conclude that H2S,
not HS-, inhibits the enzyme.
Panel B: pH dependence of ka (at E = −20 mV),
the line of slope -1 that is fitted to the data
shows that the rate of reactivation is nearly
proportional to proton concentration.
Experimental conditions: 5°C, 3000 rpm, 1
bar H2.

Non-competitive character of the initial step of in the inhibition reaction

We remind the reader that a competitive inhibitor resembles the substrate, and competes with it to
bind to the active site. CO is a competitive inhibitor of FeFe hydrogenases.51 An uncompetitive
inhibitor binds to the enzyme substrate complex or to another catalytic intermediate, so that the
larger the concentration of substrate, the stronger the inhibition (as observed e.g. for the inhibition
of FeFe hydrogenases by chloride37). In contrast a non-competitive inhibitor decreases the activity
upon binding to a site that is remote from the active site, irrespective of substrate concentration and
of the catalytic state of the active site.52 In the latter case, the concentration of substrate has no
effect on the inhibition rate, and the presence of the inhibitor does not affect substrate binding (as
measured by the value of the Michaelis constant). In this section, we demonstrate that the inhibition
of FeFe hydrogenase by sulfide is non-competitive by showing that the inhibition rate constant is
independent of the concentration of H2, and that the Michaelis constant for H2 is independent of the
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concentration of inhibitor. The identity of the remote site where sulfide binds will be disclosed in the
next section, where we show the results of the molecular dynamics simulations.

By repeating some of the experiment shown in Figure 3 and Figure S4 at pH 7 under a mixture of 10%
H2 and 90% Ar (instead of 100% H2, SI Figure S7), we found that both ki and ka are independent of [H2]
(orange symbols in Figure 3B). The same is true at pH 9 (orange symbols in SI Figure S6). This result
reveals that the inhibition mechanism is non-competitive. Indeed, if the inhibition were competitive,
with a Km for H2 at 5°C around 0.25 atm. (see the results of Km measurements in Figure 5),43 ki would
be about 3.5 times larger under 10% H2 than under 100% H2 (see e.g. ref 53). If the inhibition were
uncompetitive (as is the case for chloride37), ki would be about 2.8 times smaller.

To confirm this finding, we measured the Michaelis constant for H2 at E = −20 mV, pH 9 and at two
different concentrations of (total) sulfide: 0 and 1 mM (the value of Ki=ka/ki at E = −20 mV, pH 9,
equals 0.7 mM, according to the experiments in SI Figure S6). Using alkaline (instead of neutral)
conditions made the concentration of sulfide nearly constant over the duration of the experiment.
For this investigation, we needed to make sure that the enzyme remained equilibrated with the
inhibitor: we could not use a method where the activity is measured while [H2] is changing43 because
the (in)activation is slow ((ki  x 1 mM + ka)

-1 ≈ 33 s) and would not keep up with the changing
concentration of H2 on the time scale of such an experiment. So we simply measured the
steady-state current as a function of the concentration of H2, as shown in SI Figure S8, and we fitted
the Michaelis-Menten equation to measure the Michaelis constant. Figure 5 shows that Km is
independent of the presence of 1 mM sulfide, confirming the non-competitive character of the
inhibition mechanism. Indeed, with ([H2S]+[HS-])/Ki ≈ 1.4, a 2.4-fold increase or decrease in Km,
compared to the value measured in the absence of inhibitor, would be observed if the inhibition
were competitive or uncompetitive, respectively.

Figure 5: The presence of sulfide has no effect
on the Michaelis constant relative to H2.
Steady-state current measured at different [H2]
normalized by current at [H2]=1 atm (i0),
measured either in absence (black circle) or in
the presence of 1 mM (orange diamond)
sulfide. The Michaelis-Menten equation was
fitted to each data set (dashed lines). The Km

values are very similar:  Km (0 mM sulfide) =
0.24 atm.; Km(1 mM sulfide) = 0.25 atm.
Experimental conditions: E = −20  mV, pH 9,
2000 rpm, 5°C (under these conditions
Ki= 0.69 mM).

Comparison with other WT hydrogenases

We examined the inhibition by sulfide of the FeFe hydrogenases from Megasphaera elsdenii,54

Clostridium acetobutylicum (CaI)23 and Clostridium pasteurianum (CpI)55. Supplementary Figure S9A
shows that in all cases, the inhibition monitored at a constant potential after injection of HS- is
followed by a reactivation as H2S escapes from the cell solution. C. reinhardtii FeFe hydrogenase
appears to be much more sensitive to sulfide inhibition than the three other enzymes. Fitting the
kinetic model to the data in Figure S9B gave the rate constants of inhibition and reactivation reported
in Table 1. The low sensitivity of C. pasteurianum, C. acetobutylicum and M. elsdenii FeFe
hydrogenases comes from the rate constant ki being two orders of magnitude smaller than that of
C. reinhardtii FeFe hydrogenase. Because of this slow binding kinetics, we could not perform a
detailed investigation of the potential dependence of the (in)activation rate constants.
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ki

(mM-1·s
-1)

ka (s-1)
at −20 mV vs
SHE

Table 1. Comparison of the kinetics of inhibition by
sulfide or CO of various hydrogenases, and one
site-directed mutant of Cr FeFe hydrogenase, all at
pH 7, 5°C. The value of ki is in units of s-1 per mM
of total sulfide (HS-+H2S) or CO. (a) the Cr WT
values are consistent with the data in SI Figure
S9A, but they were obtained from the potential
steps experiments in Figure 3 (this value of ki is too
large to be measured at the high concentration of
sulfide used for the other enzymes in SI Figure
S9A).

Cr (a) + sulfide 1.9 0.65

Ca + sulfide 0.03 0.45

Me + sulfide 0.035 0.26

CpI + sulfide 0.045 0.25

Cr + CO 13 0.0012

Irreversible inactivation by polysulfide

Figure S10A shows the UV-vis spectrum of a HS- solution freshly prepared from Na2S under anaerobic
conditions (black trace), and the spectrum of a solution of polysulfide56 with its characteristic peak at
around 300 nm (red trace).57 Unsurprisingly, the HS- solution contains trace amounts of polysulfides.

Supplementary Figure S10B shows the effect of either solution (added at t = 100 s) on the
H2-oxidation current of C. reinardtii FeFe hydrogenase in a CA experiment at −20 mV. If polysulfide is
present as traces (as in all of the experiments described in this work, except SI Figure S10), the
comparison of the initial and final values of the H2 oxidation current (black trace in SI Figure S10B)
shows that inhibition is mostly reversible. If polysulfide is concentrated, the inhibition is slow and
mostly irreversible (red trace in SI Figure S10B).

Molecular dynamics

Intramolecular diffusion of H2S

In order to probe the pathways that allow the H2S molecules to reach the active site, we ran
atomistic molecular dynamics (MD) simulations as in our previous work.23 Since no experimental
structure of the holo-form of the enzyme from C. reinhardtii is available, we used the structure of the
D. desulfuricans enzyme (PDB code 1hfe20). Previous reports suggest that D. desulfuricans and
C. reinhardtii hydrogenases behave similarly in terms of reaction with sulfide. The residues and
proton transfer pathway that are mentioned in this work are all conserved in D. desulfuricans,
C. reinhardtii, CpI and CaI hydrogenases. We chose not to use the structure of the Clostridium
pasteurianum enzyme, which is very slowly inhibited by sulfide (Table 1).

We used the Amber03w protein force field,58 which was optimized to work with the TIP4P/2005
water model.59 As in our previous work, the FeS clusters were modelled using the parameters
developed by Chang and Kim60. The simulations (Figure 6 and SI section 5.2) captured the positions
of the water molecules observed in the crystals. In Figure 6B, the molecule involved in proton
transfer (see table S2) is labelled W1.

In order to enhance the sampling of protein tunnels, simulations were performed in the presence of
43 H2S molecules, corresponding to a 100 mM concentration, which were modelled using GAFF2
parameters calculated using the Parameterize web tool by De Fabritiis and co-workers.61 The protein
and ionic clusters remained stable for all the duration of our long equilibrium trajectory of ~1 μs (see
SI Figures S12 and S13), suggesting the hydrogenase structure is not perturbed by the presence
of H2S.

10/23

http://dx.doi.org/10.1021/acscatal.1c04838
https://paperpile.com/c/gOi3Pv/H9dyU
https://paperpile.com/c/gOi3Pv/EggH
https://paperpile.com/c/gOi3Pv/xYAx
https://paperpile.com/c/gOi3Pv/uEfX
https://paperpile.com/c/gOi3Pv/Svdd
https://paperpile.com/c/gOi3Pv/OPio
https://paperpile.com/c/gOi3Pv/k34Nm
https://paperpile.com/c/gOi3Pv/Giwx


11/23 - This is a post-peer-review, pre-copyedit version of an article published in ACS Cat. Please cite: 10.1021/acscatal.1c04838

Figure 6: Diffusion of H2S in FeFe hydrogenase. (A) Cartoon representation of D. desulfuricans FeFe
hydrogenase, with atomic detail for metal clusters and amino acid residues of interest. We show as
yellow spheres the positions of the H2S molecules in the entry pathway through the main
hydrogenase tunnel. Red spheres and surfaces correspond to the positions of three
crystallographic waters in the 1HFE X-ray structure (W1: 648, W2: 20, W3: 638). (B) Detail showing
a specific snapshot where the H2S approaches the conserved water site W1, which serves as a
proton relay.7–13 Atomic detail is shown for the E156 and C178 that surround the conserved water
site involved in proton transfer. (C) Time series data for the average distances between the side
chains of residues E156 or C178 and the selected H2S molecule.
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The reason H2S non-competitively inhibits the enzyme

In our simulations, we observed that the H2S molecules bind to a number of pockets in the enzyme
(see Figure 6). Specifically, after the initial 200 ns two H2S molecules enter the main protein tunnel
identified for D. desulfuricans hydrogenase by Nicolet et al.20 This channel was also termed "pathway
A" in MD simulations of CpI hydrogenase by Schulten et al.,62 and was also reported by some of us to
be essential for O2 access to the H-cluster.23 The H2S molecules displace a thread of water molecules
whose presence in the tunnel of CpI hydrogenase was noted by others before.8 While one of the H2S
molecules occupies the protein interior only transiently, the other gas molecule keeps diffusing back
and forth in the tunnel for most of the duration of the trajectory (see SI Figure S14). As shown in
Figure 6B (and SI section 5), this H2S molecule approaches the conserved water site W1, which is part
of the proton transfer pathway.7–13 These visits are captured as a decrease in the distance between
the gas molecule and the two residues that flank the water site and are part of the proton transfer
pathway (E156 and C178, D. desulfuricans hydrogenase numbering; see Figure 6C). We also note that
in a 500 ns simulation trajectory performed in the absence of H2S but with the same number of Cl-

anions, no binding event of the chloride was observed.

We hypothesize that the binding of H2S to the water site is responsible for the above described non
competitive inhibition by sulfide. Indeed, this molecule is involved in proton transfer to/from the
active site, and we consider likely that the replacement of the water molecule W1 with hydrogen
sulfide should disrupt this process, since the acidity constants of H2O and H2S in water differ by seven
orders of magnitude. Moreover, this water site is remote from the H-cluster, so we expect that the
binding of H2S at that site should be independent of the redox state of the H-cluster and of the
concentration of H2; this explains the non-competitive character of the inhibition.

DFT calculations

We use DFT calculations to describe H2S binding at the water site and the chemical events that
follow: the transfer of the ligand to the H-cluster in the Hox state, the proton and electron transfer
steps that lead to the formation of Hinact, and the ligand release and reactivation that occur upon
reduction.

Models and calibration

We performed most of our DFT computations on a “large” model (18 residues plus the complete
H-cluster), using two distinct functionals, namely BP86-D3 and PBE0-D3, within the unrestricted
broken-symmetry formalism, to properly take into account the antiferromagnetic coupling of the
4Fe4S cluster (SI section 6.1). These two functionals have been used in many previous DFT
investigations of FeFe hydrogenase and other inorganic systems.63–68 We also calculated the
electronic structure and geometries of the Htrans and Hinact states using two other DFT functionals, the
pure TPSS and the hybrid TPSSh (see SI section 6.5), which gave good performances in previous
investigations of FeS cofactors.69,70

We first examined the electronic structures of Hox (FeIIFeI[4Fe4S]2+), its one-electron reduced form Hred

(FeIIFeI[4Fe4S]+) and its reduced and protonated form HredH
+ (2FeI[4Fe4S]+2). The computations carried

out at PBE0-D3 level confirmed the redox state assignments proposed in the literature (SI section
6.2). In particular, they account for the oxidized and reduced states of the cubane subcluster in Hred

and HredH
+, respectively..18 In contrast, BP86-D3 incorrectly predicts that the cubane subcluster is

oxidized in Hred (our calculations in SI section 6.2, consistent with those described in ref. 70). For this
reason we focus in the main text on the results obtained with PBE0-D3. The comparison with
BP86-D3 is discussed in SI. When required, calculations were also carried out using smaller or larger
H-cluster models (SI sections 6.1 for details), and including in the model the water molecule W2
(Figure 6B and SI section 6.3.3).

12/23

http://dx.doi.org/10.1021/acscatal.1c04838
https://paperpile.com/c/gOi3Pv/uEfX
https://paperpile.com/c/gOi3Pv/XNA0
https://paperpile.com/c/gOi3Pv/xYAx
https://paperpile.com/c/gOi3Pv/sOTX
https://paperpile.com/c/gOi3Pv/JIda+sOTX+4ZO9+YRQU+7SkP+uHm1+IjME
https://paperpile.com/c/gOi3Pv/VGbB+GlU5+umQ1+TFWi+HfZg+qz50
https://paperpile.com/c/gOi3Pv/UBD2+ZX4C
https://paperpile.com/c/gOi3Pv/oxVJ
https://paperpile.com/c/gOi3Pv/ZX4C


13/23 - This is a post-peer-review, pre-copyedit version of an article published in ACS Cat. Please cite: 10.1021/acscatal.1c04838

Binding of H2S to the water site

Using the large DFT model, we investigated the initial replacement of this water molecule with H2S
observed in the MD calculations; according to our hypothesis, this is the first event that inhibits the
enzyme.

According to ref. 13, the aspartic acid residue E156, which flanks the water molecule in the proton
transfer pathway is protonated both in the Hox and HredH

+ states. Under the assumption that E156 is
protonated, our calculations show that the displacement of the H2O molecule with H2S is followed by
proton transfer from C178 to the adt bridging ligand, resulting in the presence of HS- at the water site
(the process is endergonic by +5.5 kcal/mol, SI section 6.3.2, scheme S4).

However, since E156 is involved in proton transfer in the catalytic cycle, we expect the
(de)protonation of this residue to be fast on the catalytic time scale.8 Furthermore, (de)protonation
of the residues along the chain may continue after the water site becomes occupied by the inhibitor.
So there is no reason to assume a particular protonation state, and we therefore also run the
calculation assuming that E156 is deprotonated. In that case, H2S binding to the water site is followed
by proton transfer from H2S to E156, as shown in Figure 7A (overall, -5.8 kcal/mol, see SI section
6.3.1, scheme S3 for structural details). This conclusion that H2S deprotonates at the water site if
E156 is deprotonated is maintained based on calculations with the "very large" model, which
included 7 additional residues around the water binding site (SI Section 6.3.1, Figure S20).

The replacement of H2O with H2S is exergonic even in calculations that include the water molecule
W2 (SI Figures S2 and S23), irrespective of the E156 protonation state. This suggests that the second
water molecule plays a minor role in the inhibition mechanism. We did not consider it further.

A B Figure 7. DFT
optimized
structures
(PBE0-D3) of Hox

with HS- bound at
the water site
(panel A), or after
binding of H2S to
FeD and its
splitting into HS-

and H+ (panel B).

The binding of sulfide to FeD and the protonation state of Htrans and Hinact

To discuss the following DFT results, as in ref. 37, we used notations such as "Hred/HS-" or "Hred/HS-/H+"
to denote the chemical composition of the different intermediates, without prejudging their
structure. "Hoverox" and "Hred" are one electron more oxidized or reduced than Hox, respectively.
"Hred/HS-/H+", for example, corresponds to a state where either HS- and H+ or H2S are bound,
somehow, to the reduced H-cluster.

We calculated in SI Section 6.3 that irrespective of the exact number of protons (starting from either
protonated or deprotonated E156), the initial binding of H2S to the water site is followed by the very
exergonic binding of HS- to Fed and protonation of the adt bridge, to form a species that we call
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Hox/HS-/H+ (Figure 7B) with valence-delocalized state 2Fe1.5 and oxidized [4Fe4S]2+ cluster. The energy
of this process is ≈ -16 kcal/mol at PBE0-D3 level irrespective of the protonation state of E156.

The formation of Hox/HS-/H+ from Hox and H2S is much more exergonic than the binding of other
substrates such as H2, H2O or Cl- (SI section 6.4, Table S4), as reported before by Rodríguez-Maciá et
al. at QM/MM level and using a different protocol for the QM part (TPSSh-D3BJ functional plus ZORA
relativistic approximation and def2-TZVP basis set).21 This is confirmed also from calculations
performed on our simpler, small model (SI Section 6.1), which focuses on the FeD region. We did not
attempt to calculate the energy barriers for the binding steps.

We compared the DFT structures of two candidates for Htrans, which should contain a reduced cubane
cluster according to previous spectroscopic investigations,26,27 namely Hox/HS-/H+ and the
deprotonated species Hox/HS- (SI section 6.5). Regarding the deprotonated species Hox/HS-,
calculations with the large model identified two isomers differing only by the localisation of an
electron on the cubane or on the dinuclear cluster. The two isomers are observed irrespective of the
functional that is used (PBE0-D3, BP86-D3, TPSS-D3 and TPSSh-D3), although their relative stability
depends on the functional. With PBE0-D3, the isomer with the reduced cubane is 6.9 kcal/mol more
stable than the other isomer (SI Section 6.5), even without considering factors (e.g. protonation) that
could compensate for the charge accumulation on the 4Fe4S cluster.71–73 In contrast, no stable form
with a reduced cubane was observed with the protonated species Hox/HS-/H+. Since the EPR spectra
of Htrans indicate that the cubane is reduced,26,27 and consistent with previous assumptions,22 we
consider that the deprotonated species Hox/HS- is the most likely stoichiometry of Htrans.

Hinact is one-electron more oxidized than Htrans.
25 In SI Section 6.5 we report the DFT electronic

structure of Hinact (Hoverox/HS-, Fe(II)Fe(II) [4Fe4S]2+), and the comparison between the calculated bond
distances and those deduced from the X-ray structure shown in Figure 1.21

Figure 8. DFT calculation of the release of H2S
from the Hred/HS-/H+ form of the H-cluster.
The numbers indicate the changes in total
energy calculated using the PBE0-D3 functional
and the large DFT model, which included 14
residues in addition to the H-cluster. Distances
are indicated in Å.

Reactivation

Following early evidence that reactivation occurs upon the reduction of Htrans, using the above
conclusion that Htrans is Hox/HS-, and using our finding that reactivation is coupled to protonation
(Figure 4B), we conclude that the species whose formation triggers the reactivation in C. reinhardtii
hydrogenase should be Htrans + 1e- + 1H+, that is Hred/HS-/H+. DFT calculations indicate that H2S release
from such species is exergonic (-9.5 kcal/mol, Figure 8 and SI Section 6.6) Considering only the initial
dissociation of H2S from FeD (and not the following transport of H2S in the protein), we calculated an
activation barrier of +11.8 kcal/mol. The mechanism of the H2S release from Hred/HS-/H+ is concerted
with the concomitant N-H and Fe-SH bonds elongation.
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Starting with the alternative (protonated) structure of Htrans, Hox/HS-/H+, reduction and protonation
also results in the release of H2S, but now this is a barrierless process (SI section 6.6), which we
consider less consistent with the observed rate of reactivation.

That the formation of Hred upon reactivation was not observed in FTIR experiments is discussed
below.

Discussion

There is recent evidence that the inactive and O2-protected Hinact state of FeFe hydrogenase is
obtained by exposing the enzyme to sulfide and oxidizing it under anaerobic conditions. Sulfide
ends up as a ligand on the distal Fe of the H-cluster (Figure 1).21,22 The enzymes from D. desulfuricans
and from C. reinhardtii show the same Hinact FTIR signature, and behave the same in electrochemical
investigations in the presence of sulfide22, so there is no reason to think that the mechanism of
(in)activation by sulfide is different. However it has been proposed that the reduction of the
accessory clusters of D. desulfuricans is required to allow the release of H2S from the Htrans state, and
studying the enzyme from C. reinhardtii, which embeds no accessory clusters, should be particularly
useful to investigate the potential role of these clusters in the reactivation process. We performed a
detailed kinetic investigation of the reaction of the enzyme from C. reinhardtii with sulfide, which we
combined with MD and DFT calculations. We propose a revised mechanism of formation and
reactivation of the Hinact state that is consistent with all experimental evidence, including
investigations of the enzyme from D. desulfuricans, and which does not rely on the reduction of the
accessory clusters. We suggest that this mechanism may actually be general for all FeFe
hydrogenases.

In short, the mechanism that we propose involves the diffusion of H2S through the protein until it
replaces a water molecule involved in proton transfer, on a site that is slightly remote from the
H-cluster (hence our observation that inhibition is non-competitive); in a subsequent step the ligand
is transferred to the apical coordination site on the distal Fe. As proposed before,22 deprotonation
gives the stable state Htrans, whose one-electron oxidation gives Hinact. Rodríguez-Maciá et al.
suggested that, at least in the case of the enzyme from D. desulfuricans, the reactivation of Htrans is
triggered by the reduction of an accessory cluster, which induces H2S release from the distal Fe by an
anti-cooperative, long distance interaction with the H-cluster. Of course this mechanism cannot apply
in the case of the enzyme from C. reinhardtii, but we show that reactivation can actually occur after
the Htrans state is one-electron reduced; the final product is still isoelectronic with Htrans, because of
either the potentiometric re-oxidation or the auto-oxidation of the reduced states of the H-cluster in
the absence of H2 (as reported before by Stripp et al.14,74,75). We consider likely that this simple
mechanism also applies in the case of D. desulfuricans hydrogenase.

Here we discuss the experimental and computational evidence for each of the events in this
mechanism, and the thermodynamics of the (in)activation reaction.

That H2S is the inhibitor, rather than HS-, was previously inferred from the observation that Hinact can
also be formed from H2Se, but only under more acidic conditions than with H2S. We could not detect
the inhibition by H2Se in PFE, but the pH dependence of the bimolecular rate constant of inhibition in
Figure 4A is indeed quantitatively consistent with H2S being the molecule that inhibits the enzyme.
That the rate constant of inhibition by H2S (ki

max= 3.6 s-1·mM-1 at 5 °C in the enzyme from
C. reinhardtii FeFe hydrogenase) is of the same order of magnitude as the rate of inhibition by CO
(13 s-1mM-1 under the same conditions, Table 1) and orders of magnitude faster than the rate of
inhibition by chloride (around 1 s-1·M-1 at 2°C, same enzyme37) suggests that the protein hinders (but
does not prevent37) the penetration of charged ligands. We have not attempted to run simulations to
examine the penetration of HS- in the enzyme, but we observed that unlike hydrogen sulfide,
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chloride anions do not penetrate the enzyme in the 500 ns time scale of our MD simulations,
consistent with the energetic penalty for burying a charge in the protein being large.

If the initial step in the inhibition reaction were the binding of H2S to the distal Fe of the H-cluster,
which is also the binding site for the substrate H2, the inhibition would be competitive. In contrast,
our observation that the inhibition by sulfide is non-competitive (cf the discussion of Figure 3B and
Figure 5) indicates that H2S initially inhibits the enzyme by binding to a site that is remote from the
active site H-cluster. The molecular dynamics simulations of the transport of H2S in D. desulfuricans
hydrogenase reported in this work (Figure 6) identifies this initial binding site: the results suggest
that H2S diffuses along "pathway A" (the proposed diffusion pathway for other small ligands such as
O2)

23,62 and then approaches a conserved water site between C178 and E156 (D. desulfuricans
hydrogenase numbering). H2S binding to the water site is allowed according to DFT calculations
(Figure 7A). This water molecule is part of the proton transfer pathway that involves C178 and
E156,7,8,12,13 so its replacement with H2S, whose proton transfer properties are significantly different
from H2O, should inactivate the enzyme. This binding site is 8 Å away from the substrate binding site
on FeD, which explains the observed non-competitive character of the inhibition.

After this initial binding step, the sulfide ligand is transferred to the apical site of the distal Fe.
Electrochemistry cannot detect this transformation between the two forms of the enzyme (with the
sulfide ligand either bound at the water site or on the H-cluster), because both forms are inactive,
but the reaction was studied by DFT. That the sulfide/water binding site is flanked by residues
involved in proton transfer, which must easily (de)protonate on the time scale of turnover, makes
uncertain the exact number of protons that should be considered in a detailed DFT investigation of
the reactivity of H2S. If aspartate 156 (D. desulfuricans hydrogenase numbering) is initially
deprotonated, the DFT calculations using large models suggest that deprotonation can occur at the
water site (Figure 7A, SI scheme S3) before HS- binds FeD. Else, various reaction pathways can be
proposed (SI Scheme S4), but the same final product, with HS- bound to Fed and a protonated adt

ligand ("Hox/HS-/H+" in Figure 9), can be formed independently of the proton count. Consistent with
previous DFT results,21 this species is very stable, irrespective of which model and which functional
are used (SI Table S4).

According to EPR26,27 and Mössbauer28 investigations of D. desulfuricans hydrogenase, the cubane

subcluster is reduced in the Htrans state. Only with the deprotonated Htrans model Hox/HS- could we
observe in the calculations that the [4Fe4S] subcluster is reduced, irrespective of the functional
(PBE0-D3, BP86-D3, TPSS-D3 or TPSSh-D3, SI Section S6.5). According to DFT, two isomers of Htrans are
actually stable, FeIIFeI[4Fe4S]2+ and FeIIFeII[4Fe4S]+, which only differ by the localisation of the charge.
The relative stability of the two states depends on the functional. We also consider likely that it
should be affected by the protein environment of the cubane sub-cluster or the presence of
additional accessory clusters (as in D. desulfuricans hydrogenase, the only enzyme for which the
redox state of the cubane in the Htrans state has been investigated).

Our DFT calculations with a large model and the BPE0-D3 functional could therefore reproduce for
the first time the experimentally observed variations in the redox state of the cubane subcluster, not
only between Hox and Htrans, but also between Hred and HredH

+ : we also calculated the internal electron
transfer from the cubane subcluster to the binuclear subcluster upon protonation of Hred that was
proposed based on FTIR investigations18 (SI Section S6.2).
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Figure 9. The proposed mechanism of inhibition of FeFe hydrogenase by H2S, showing the binding of
H2S to the water site, then to the FeD site of Hox as a HS- ligand. Deprotonation gives Htrans, which
exists in DFT calculations as two isomers; in one of them the cubane is reduced. Oxidation gives Hinact.
We show that the reduction and protonation of Htrans gives a species that releases H2S in an activated
process (Figure 8), resulting in Hred, which can be re-oxidized by the electrode of the electrochemical
cell or auto-oxidized to Hox in the absence of H2. The numbers indicate the changes in energy
calculated using the PBE0-D3 functional, a large DFT model that included 14 residues in addition to
the H-cluster. The numbers in blue indicate the transition state energy of the release of H2S.

Hinact ("Hoverox/HS-" in Figure 9) is the one-electron oxidation production of Htrans, and reactivation
involves the reverse one-electron reduction of Hinact to Htrans. This reduction is not coupled to
protonation in the pH range 6 to 9.25

We consider it unlikely that the reactivation of Htrans is due to its spontaneous protonation and the
release of H2S (as in Figure S1). Indeed, Htrans is stable on the time scale of a redox titration (many
minutes)21,25, H2S binds strongly to Hox (according to DFT calculations in this work and in ref. 21), and a
reduction of Htrans is required to activate the enzyme.22,26,27,29

In contrast with the hypothesis in ref 22 that the electron required to activate Htrans is taken up by an
accessory cluster (which is not present in C. reinhardtii hydrogenase), we propose that the
reactivation follows up the reduction of the H-cluster in the Htrans state (Figure 9). This latter
mechanism is consistent with the above conclusion that Htrans is kinetically stable. The
electrochemical data in Figure 4B (and SI Figure S6) indicate that the one-electron reduction that
triggers reactivation is coupled to protonation. Our DFT calculations show that reduction and
protonation of Htrans is followed by the exergonic release of the inhibitor. This release is activated,
consistent with experiments where the reactivation process appears to be rather slow (Figure 3B).
The reactivation product should be Hred, or HredH

+ depending on pH, as indeed observed in the
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chemical reduction of Hinact described in Fig. 2 of ref 22. From the latter observation, it cannot be
decided if HredH

+ is directly obtained from the reduction of Htrans (like we propose), or if Hox is formed
first, and then further reduced by the chemical reductant in excess. That H2S binds more strongly to
Hox than to the reduction product of Htrans implies that Htrans has lower reduction potential than Hox;
therefore, under a given pressure of H2S and at equilibrium, the conditions that allow the reduction
of Htrans (and the subsequent formation of Hred + H2S) should be too reducing to allow the reoxidation
of Hred to Hox.

76 And yet, in potentiometric reductions of Hinact, it has been observed that Hox is
obtained from the reduction of Htrans (e.g. Figure 2 in ref. 26, Figure 3 in ref. 25, Figure S2 in ref. 22). The
fate of the species formed upon reduction of Htrans should be very dependent on the experimental
conditions, in particular whether sulfide is present in solution, whether the potential is controlled,
and whether equilibrium is reached. In typical redox titration experiments, in which Htrans is reduced
in the absence of sulfide (Figure 3 in ref. 25, Figure S2 in ref. 22), the release of H2S from the reduced
state is thermodynamically very favorable, and should pull the reduction of Htrans; this may occur at a
potential that is high enough that after H2S is released, Hred is reoxidized to Hox by the electrode or
the mediator. In these experiments, the reoxidation of Hox to Hinact is not possible because the
stoechiometric release of H2S results in a concentration of H2S in solution that is too small to allow
re-binding to Hox. In addition to electrochemical reoxidation, catalytic turnover also interconverts Hred

and Hox; that this conversion is out of equilibrium invalidates the above argument about the
thermodynamics of the binding of H2S to the H-cluster (which suggested that Hred should be the
product of the reductive reactivation). Catalytic interconversion between Hred and Hox occurs in the
electrochemical experiments reported here, but also in a FTIR cell: indeed, it has been observed that
Hred and HredH

+ are spontaneously auto-oxidized to Hox by catalytic turnover in the absence of H2.
14,74,75

Auto-oxidation of Hred should involve disproportionation, which is probably easy in the FTIR cell
where the enzyme concentration is very large and bimolecular reactions should be fast. Whichever
mechanism we consider, the spontaneous re-oxidation of Hred or HredH

+ simply solves the paradox:
reactivation follows up the reduction of Htrans, but the final product is isoelectronic with Htrans.

Significant differences between the sulfide sensitivity of distinct FeFe hydrogenases have been
observed. Rodríguez-Maciá et al. reported that Clostridium pasteurianum (CpI) hydrogenase is not
inhibited by sulfide and does not form the Hinact state, unlike the enzymes from D. desulfuricans and
C. reinhardtii.22 On our side, we did observe the inhibition by sulfide of the FeFe hydrogenases from
M. elsdenii (Me),54 C. acetobutylicum (CaI),23 and C. pasteurianum (CpI)55 (SI Figure S9) although with
a 100-fold slower binding kinetics (Table 1) than for C. reinhardtii, and thus a much smaller affinity
for sulfide. The enzymes from D. desulfuricans and C. reinhardtii are also more quickly inhibited by
CO and O2 than C. acetobutylicum and M. elsdenii hydrogenases (cf Table 1 in ref 49 and Table S3 in
ref 77) : these differences may simply reflect a difference in the kinetics of diffusion through the
protein which still needs to be understood, but there is no reason to assume that the (in)activation
mechanism should be different.

Finally, we note that exposure to sulfide followed by oxidation has been proposed as a way to protect
the hydrogenase from C. reinhardti from oxygen, until the enzyme is reactivated by reduction under
anaerobic conditions.78 The presence of polysulfide in solutions of H2S/HS- is difficult to avoid,57 but
we found that fresh solutions of HS- must be used to observe reproducible inactivation traces and full
reactivation after H2S is flushed from the electrochemical cell. We attributed the partly irreversible
inactivation that we saw in preliminary experiments to a contamination by polysulfide (see the
discussion of SI Figure S10). This contamination should probably be also avoided if the goal is to
protect the enzyme before aerobic storage.

In conclusion, we have investigated the complex mechanism of reaction of H2S with FeFe
hydrogenase, showing that it initially inhibits the enzyme by binding non-competitively, remotely
from the active site. This information comes from the characterization of the kinetics of inactivation
and MD simulations of H2S diffusion in the enzyme, and could not be reached from spectroscopic
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investigations of the H-cluster. The subsequent binding of sulfide to the active site in the Hox state is
strongly favored, but reactivation is spontaneous after transient reduction which forms the Hred redox
state. Like in the case of Clostridium beijerinckii FeFe hydrogenase, where residues that are remote
from the active site strongly influence the mobility of the nearby cysteine and its binding to FeD,31 we
observed here that sulfide inhibition is strongly dependent on the proteic environment of the
H-cluster and varies across different WT enzymes. This illustrates again the control on the reactivity
of an inorganic active site that can be provided by the protein matrix.
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