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Abstract

The enzymes FeFe-hydrogenase catalyse H, evolution and oxidation at an active site that
consists of a [4Fe-4S] cluster bridged to a [Fe,(CO);(CN),(azadithiolate)] subsite. Previous
investigations of their mechanism were mostly conducted on a few "prototypical”
FeFe-hydrogenases, such as that from Chlamydomonas reinhardtii (Cr HydA1), but atypical
hydrogenases have recently been characterized in an effort to explore the diversity of this
class of enzyme. We aim at understanding why prototypical hydrogenases are active in
either direction of the reaction in response to a small deviation from equilibrium, whereas the
homologous enzyme from Thermoanaerobacter mathranii (Tam HydS) shows activity only
under conditions of very high driving force, a behavior which was referred to as "irreversible
catalysis". We follow up on previous spectroscopic studies and recent developments in the
kinetic modeling of bidirectional reactions to investigate and compare the catalytic cycles of
Cr HydA1 and Tam HydS under conditions of direct electron transfer with an electrode. We
compare the hypothetical catalytic cycles described in the literature, and we show that the
observed changes in catalytic activity as a function of potential, pH and H, concentration can
be explained with the assumption that the same catalytic mechanism applies. This helps us
identify which variations in properties of the catalytic intermediates give rise to the distinct
"reversible" or "irreversible" catalytic behaviors.

Introduction

The redox reactions of H, oxidation and production are catalyzed in Nature by
metalloenzymes whose active sites are composed of abundant metals, Ni and Fe, and are
called hydrogenases. Here we focus on FeFe-hydrogenases, whose active site, called the
"H-cluster", is composed of a [4Fe-4S], cluster, linked by a cysteine to a dinuclear Fe center
([2Fe]n)- The two Fe ions of [2Fe]y are coordinated by three carbonyl ligands (one of which is
bridging) and two cyanides, and bridged by an amine-dithiolate (ADT) ligand. The Fe ion that
is remote from the cubane is referred to as the "distal" Fe, or Fe,. In the catalytic cycle, H,
binds to the open coordination site on Fey, and it is split heterolytically into a terminal hydride
and a proton. The latter binds to the nitrogen of the ADT ligand,'? from where it is transferred
to a nearby cysteine, and then further along a chain of acidic residues.®** This proton transfer
pathway is very conserved in the phylogenetic group of FeFe-hydrogenases that includes
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the most studied enzymes (called group "A", or "prototypical” in ref °). In these enzymes,
long range electron transfer may involve accessory FeS clusters.

Detailed information about the catalytic cycle has been obtained over decades of
spectroscopic investigations. Some of the proposed catalytic intermediates are
paramagnetic and hence detectable by electron paramagnetic resonance spectroscopy, but
the spectroscopic technique that has become most popular in hydrogenase research is
Fourier-transform infrared spectroscopy (FTIR), which can detect the vibrations of the CO
and CN diatomic ligands to identify various states of the H-cluster. Regarding prototypical
hydrogenases, two distinct mechanistic hypotheses have emerged.®
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Figure 1: (A) The active site "H-cluster" of [FeFe]-hydrogenases (color code: Fe (orange),
S (yellow), C (white), N (blue) and O (red)). (B) FTIR frequencies of the Cr HydA1 states in
panels D and E; the states of model 1 and model 2 that share the same FTIR signature
are shown with the same color. Asterisks on the vibration frequencies of H4H" and H4H"
mark the bridging CO frequencies detected at low temperature in ref 7 (C) Pourbaix
diagram of H,,, H.q, HeeH* and HgsH* transitions adapted from ref &; (D) Model 1 of the
catalytic cycle of [FeFe]-hydrogenases, proposed in ref é; (E) Model 2 of the catalytic cycle
of [FeFe]-hydrogenases, proposed in ref %;

The most oxidized catalytic intermediate is H,,, where the electronic configuration of the
dinuclear cluster is Fe(ll)/Fe(l) and the cubane is oxidized (2+). In model 1 (fig. 1D), the
reduction of H,, at high pH produces the H,4 state, where the cubane is reduced. H,4 has a
pK, around 7, and at pH < pK,, the reduction of H,, is coupled to a protonation, to give the
H..sH" state. This protonation was evidenced by the pH dependence of the reduction
potential of the H,, state observed in spectroelectrochemical titrations of the active site at
different pH values (the corresponding Pourbaix diagram is reproduced from ref & in fig. 1C).
The vibrational band of the bridging CO ligand is apparently lost upon protonation,
suggesting that the ligand shifts to a terminal position.'®" However, recent data suggests
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that the band is only weak and highly broadened, as low temperature measurements
produce a more intense sharp band.”'?"? It is hypothesized that proton binding to the
nitrogen of the amine in the azadithiolate ligand induces an intramolecular electron transfer
from the cubane to the dinuclear cluster, which becomes Fe(l)/Fe(l). An increased electron
density at [2Fe]y explains the larger red shift of the vibration bands in the H,, to H,H"
transition than in H,, to H,.4.2 Reduction of H,.4H" gives the super-reduced state H4H","
with a protonated amine and a reduced cubane, which is a tautomer of Hy,4, with a hydride
on Fe,.">'® The second protonation of the doubly reduced state gives a series of elusive
species, called H,4H" and HyH,, from which the release of H, completes the catalytic cycle
by giving back H,.. Some spectroscopic signatures have been attributed to H,4H"."®"

In model 2 (fig. 1E), the FTIR signature assigned to the H,, state is instead attributed to a
state called H..¢' (panel E), and the H,, to H,.4' reaction supposedly involves the reduction
and coupled protonation of the cubane. This was concluded from the pH-dependence of the
potential of the cubane, measured in enzyme variants where the nitrogen atom of the amine
dithiolate bridge is replaced with a carbon atom.?° (However, this observation was recently
challenged.?') Consistent with the above described transformation between H..y and H,.4H",
H.q is replaced at pH below 7 with the H,4H" state, which is called H,.4 in model 2 (fig. 5C in
ref °). However, at variance with model 1, it is assumed that the transition from H,.4' to H,q at
low pH is the result of a proton rearrangement, with a deprotonation of the cubane and the
formation of a bridging hydride, and the bridging CO shifts to an apical position (something
that is not supported by the spectroscopic investigations of Cr in ref ', and not observed in
any of the states of the H-cluster of C. acetobutylicum hydrogenase | '?). Considering the
expected stability of this bridging hydride, the H,4 species and the corresponding H,.4 state
obtained by further reduction (which has the same spectroscopic signature as the species
denoted H.sH* in model 1) are considered to be off-pathway. Instead, reductive catalysis
proceeds from H,.4', whose one-electron one-proton reduction gives a hydride species also
denoted Hy,4, but now considered protonated on the cubane in addition to Fe,. The so-called
"regulatory” proton on the cubane is retained throughout the catalytic cycle. Further steps of
reduction, protonation and H, release give back H,.4' bypassing the H,, state, which is also
considered off-pathway (see fig. 2 of ref °). Whether or not the spectroscopic signal assigned
to H.,H reflects a true catalytic intermediate or an artifact is currently debated.??%

Recently, two FeFe-hydrogenases whose active site environment differs significantly from
that in group A have been characterized, although to a much lesser extent than group A
hydrogenases. These enzymes are Thermotoga maritima (Tm) HydS?* and
Thermoanaerobacter mathranii HydS (Tam),? from groups C and D respectively.? Albeit
from two distinct phylogenetic groups, the latter enzymes feature an identical set of electron
relay FeS clusters and are structurally very similar. Indeed, as compared to group A
enzymes, most of the altered amino acids in the direct vicinity of the H-cluster are identical in
Tam HydS and Tm HydS. In the sequences of both enzymes, the cysteine residue that
accepts protons from the amine dithiolate ligand in group A hydrogenases is replaced with
an alanine, and none of the residues that form the proton transfer pathway in group A
hydrogenases are present; a possible alternative pathway was recently identified in group
D.?" The strong similarities between Tam HydS and TmHydS suggest similar active site
properties and function.
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In Tm HydS, the H,, FTIR signature is very similar to that of group A hydrogenases
(compare fig. 1B and fig. 5A in ref 2*), but the midpoint potentials of the two one-electron
redox transitions are more separated than those of Cr HydA1 (-300 and -570 mV in Tm
HydS?* versus -362 and -465 mV in Cr HydA1,® both at pH 8), suggesting that the
half-reduced state of the H-cluster is stable over a larger potential range in Tm HydS than in
Cr HydA1. How this is determined by the environment of the H-cluster is unclear.?®
Regarding Tam HydS, the H,, state signature is again unremarkable, and, as is the case with
Tm, the one-electron reduced state is very stable.?®

In terms of functional properties, both Tam and Tm HydS have low activity (consistent with
their putative role as H, sensors), but Tam HydS is also remarkable in that catalysis is only
observed upon application of a large driving force for H, oxidation or evolution, and we
assume that this is also the case of Tm HydS. This behavior, termed "irreversible
catalysis",?>? is observed in voltammetric experiments where the enzyme undergoes direct
electron transfer with an electrode and catalysis is detected as a positive or negative current
(for H, oxidation and evolution, respectively), as the electrode potential is shifted from the
Nernst potential of the H*/H, couple.®*3* In the particular case of Tam HydS, we ruled out the
possibility that this irreversibility is the consequence of slow interfacial electron transfer or
results from the catalytic cycle being different in the two directions of the reaction,®' but the
relation between irreversible catalysis and the details of the catalytic cycle still needs to be
established.

Here we follow up on recent advances in the kinetic modeling of bidirectional catalytic
voltammetry**=° to propose an original point of view on the catalytic cycle of prototypical and
atypical FeFe-hydrogenases. We aim at giving a full description of how the voltammogram
shapes (catalytic potentials and limiting currents) depend on pH and H, concentration. Our
analysis of the voltammetry of Cr HydA1 appears to be fully consistent with the above

model 1, and gives further information about the thermodynamic properties of the reduced
catalytic intermediates. The Tam HydS voltammetric data can be analyzed assuming that the
same catalytic mechanism is operational, and this helps us identify variations in properties of
the catalytic intermediates that make the two enzymes behave "reversibly" and "irreversibly".

Results

pH titration of Cr HydA1

We recorded Cr HydA1 FTIR spectra at different pH, from 5 to 10, at constant H, partial
pressure (2% H, in Ny, P,; = 1 atm), under equilibrium conditions. In this series of
experiments, the enzyme was diluted from a concentrated stock solution into a buffer of the
desired pH, so that the concentration of enzymes was always the same. Each experiment
was performed in triplicate.

Figure 2A shows the spectral transition of Cr HydA1 from high pH (blue) to low pH (red). We
have monitored the intensities of the bands of H,, (1939 cm™) and H,H* (1891 cm™), mostly
present at low pH, and of H,.4 (1933 cm™) and H,,,H* (1881 cm™), mostly present at high
pH.% The Hy,, state was omitted, because the corresponding band at around 1850 cm™ was
too small to be reliably quantified.

The sum of the intensities of the peaks corresponding to these four main states was
constant across pH values (see Sl fig. S1.1). We explain in Sl section S1.1 how we

Fasano et al, 4/22


https://doi.org/10.1021/jacs.3c10693
https://paperpile.com/c/U7uWfb/fzZsA
https://paperpile.com/c/U7uWfb/fzZsA
https://paperpile.com/c/U7uWfb/6Jju1
https://paperpile.com/c/U7uWfb/GHRdQ
https://paperpile.com/c/U7uWfb/7Rlab
https://paperpile.com/c/U7uWfb/M69HD+sDOdw+cpCwV+XJ8pV
https://paperpile.com/c/U7uWfb/zO7fS+DMQDA
https://paperpile.com/c/U7uWfb/cpCwV
https://paperpile.com/c/U7uWfb/D5xmQ+51smG+LdMQ0+OPCd5+kREOF+M1HUu
https://paperpile.com/c/U7uWfb/6Jju1

Fasano et al., p 5/22. Author version of 10.1021/jacs.3¢c10693

calculated the fractions of these species shown as a function of pH in fig. 2B, with the same
color code as in fig. 1. By changing the pH at constant H, pressure, we also change the
potential experienced by the enzyme at each pH value, as described by the Nernst equation.
This allowed us to fit the model proposed in ref & to the data, considering two redox
reactions, H,,/H..q and H..¢H*/H.sH*, whose reduction potentials E°;’ and E°,’ depend on pH
(as described in egs 7 and 8 below), and one protonation whose acidity dissociation
constant K defines the relative populations of H.., and H,.qH*. This model can be fitted to the
fractions of H,,, H..q, H.egH" and H.H* as a function of pH (black dashed lines in fig. 2B, see
the equations in Sl section S1.2) by adjusting 3 parameters: the alkaline limit of E°,’,

-359 mV vs SHE, the acidic limit of E%’, -405 mV, and the value of pK, 7.2. All these values
are close to those previously measured from the results of spectroelectrochemical
experiments.®
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Figure 2: Cr HydA1 pH titration at 2% H,. Panel A: overlay of the FTIR spectra baseline
subtracted as a function of pH (from 5 (red) to 10 (blue)). Panel B: fit of the fraction of
states Ho, H.eq, HesH™ @and Hg.H™ (same color code as in fig. 1) with the model proposed in
ref & (Sl section S1), giving the parameters: pK = 7.2, E®, = -359 mV, E% = -405 mV vs
SHE. Each data point was measured in triplicate, the dispersion of the results is visible in
panel B.

These data show that very similar behavior of the Cr HydA1 enzyme is observed under
thermodynamic equilibrium in a pH titration as has been observed previously in
pseudo-equilibrium spectroelectrochemical titrations (ref ). Moreover, these data, when
analyzed with an appropriate thermodynamic model, provide the relevant pKa values and
redox potentials that can be compared to those derived in kinetic modeling of
electrochemistry data, vide infra.

Further analysis of the spectroscopy of Tam HydS will be helpful to fully elucidate the relation
between structures and IR signatures. In the recent, pioneering work on Tam HydS, a large
hysteresis in the titration of the active site prevented the measurement of thermodynamic
parameters. In combination with the limited number of H-cluster states identified in TamHydS
to date, we chose not to perform the pH titration of TamHydS in this work, leaving it for future
investigations.
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Voltammetry

We examined the catalytic responses of Cr HydA1 and Tam HydS adsorbed onto the surface
of a PGE electrode, under conditions of direct electron transfer.>** We recorded cyclic
voltammograms at a slow scan rate (so that the obtained current response is always under
steady-state), and rotating the electrode at a fast rate so that mass transport of the substrate
H, toward the electrode is not influential. Recording a single voltammogram gives little
information about the catalytic cycle (just like the measurement of a single value of the
catalytic rate in a solution assay), but we examined how the steady-state current response
depends on pH at a constant H, pressure (1 atm.), and on the concentration of H, (changed
by changing the partial H, pressure) at a constant pH (pH 6.5 for Tam HydS and 7.7 for Cr
HydA1).

The steady-state catalytic responses of hydrogenases are analyzed here (and in all of our
previous work) with a generic rate equation that depends on four parameters: the two limiting
currents i;,> and i, whose values are proportional to the turnover frequency under very
oxidizing and very reducing conditions, and two "catalytic potentials", E > and E,?.353741

F(E—ES,)/RT

cat

-0X F(E—E*)/RT _ :red
_ Uim €XP exp’ - Far)/ —Yim
red

Z =
1 + expF(E=EG/RT (1 4 expF(B—EZ)/RT) (eq 1)

The catalytic potentials are the values of the electrode potential below and above which H,
evolution and oxidation, respectively, are observed. They are measured from the positions of
the inflexion potentials of the catalytic waves, or by fitting a model to the waveshape.3%3"41
By definition, irreversible catalysis corresponds to the situation where E_,* is significantly
greater than E.,/*°, with a potential range where no catalysis occurs.?*=3"3"

The rate equation must be modified to account for the broadening that results from slow and
distributed interfacial electron transfer, as described previously.***? For this we assume that
electron transfer between the electrode and the active site is direct, and that the values of
the ET rate constants depend on electrode potential according to the Butler-Volmer
equation. This is correct for Cr HydA1, which embeds no accessory clusters, and it is also a
good approximation in the case of Tam HydS (despite the probable implication of FeS
clusters in mediating long range electron transfer in this enzyme) on condition that
intramolecular electron transfer is fast relative to the turn-over of Tam HydS.* Considering
slow intramolecular electron transfer would add parameters to a model that already provides
a very good fit of the data, so these parameters would necessarily be under-determined.*
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Figure 3: Cyclic voltammograms, catalytic potentials and limiting currents at different pHs
and [H,] pressures for Cr HydA1 and Tam HydS. The black dashed lines are the best fits
of egs 11-14, with the parameters shown in Table 1 (deduced from the analysis of the
voltammetry at different pH values) or the best fits of eqs 23 and 26, with the parameters
shown in table 2 (from the analysis of the voltammetry at different [H,] concentrations).
Panels A and D show selected blank subtracted, averaged, cyclic voltammograms for Cr
HydA1 at different pH (under 1 atm. of [H,], 30°C) and [H,] pressures (at pH 7.7, 5°C),
respectively. Colors go from blue to red from high to low pH (pH values are 5.4, 6.3, 7.2,
8.4 in panel A) and from high to low H, partial pressure (0.89, 0.36, 0.18, 0.04 mM [H,] in
panel D). Other conditions: scan rate 20 mV/s, electrode rotation rate 3000 rpm. Panels G
and J show selected, blank subtracted, averaged cyclic voltammograms for Tam HydS at
different pH (under 1 atm. of [H,], 40°C) and [H,] pressures (at pH 6.5, 40°C),
respectively. Colors go from blue to red from high to low pH (pH values are 4.8, 5.5, 6,
8.1 in panel G) and from high to low H, partial pressure (0.64, 0.5, 0.09, 0.06 mM [H,] in
panel J). Other conditions: 10 mV/s, 3000 rpm. The catalytic potentials and the normalized
limiting currents are plotted as a function of pH (panels B and C for Cr HydA1 and panels
H and | for Tam HydS) and as a function of H, concentration (panels E and F for Cr HydA1
and panels K and L for Tam HydS). The current values were normalized by the value of
iim> at pH 7 in the plots of i;,, against pH, and by the value of i;,® under 1 atm. of H, in the
plots of i;, against [H,]. In green E.,°*and i;»>, in blue E.,/*and i;,"". In panels B and H a
solid gray line indicates the Nernst potential of the H*/H, couple.

The model was then fitted to the voltammograms (see Sl sections S2.7 to S2.9 and ref ') to
measure the catalytic potentials and the high and low potential limiting currents. The latter
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are related to the equilibrium potential (the Nernst potential of the H*/H, couple) by the

following equation:*’
Ui [QF (Eé’ift + Eegp )}
o1 =exp — B,

lim

The steady-state rate equation (eq 1) and the constraint in eq 2 are valid for the
steady-state voltammetric response of any two-electron bidirectional catalytic cycle that is
"ordered" (meaning that it involves the same series of steps for the forward and backward
the reactions).*” Since the rate equation does not depend on the details of the catalytic cycle
such as the order of the catalytic steps, the only conclusion from the observation that the
equation fits well the voltammetry is that the catalytic mechanism is ordered. However,
important insights come from the detailed interpretation of how the four parameters (catalytic
potentials and limiting currents) depend on the experimental parameters, in particular pH
and H, concentration, as discussed in ref “° and illustrated below.

Modelling

The meaning of the catalytic potentials depends on the order and the rate constants of the
steps in the catalytic cycle,*” and to interpret the dependence of the catalytic potentials and
limiting currents on pH and H, concentration, one has to make explicit assumptions about
which rate constants depend on pH and [H,].*° A kinetic model that would involve all the
steps that have been postulated in the catalytic cycle of FeFe-hydrogenases would depend
on too many parameters and would be impractical from the point of view of the kinetic
analysis. Like in a recent study of H*/H, conversion by a synthetic complex,* the
compromise that we found useful was to consider a catalytic cycle model that includes four
distinct steps: two redox steps ("E") and two non-redox steps ("C" for "chemical"), as
depicted in fig. 4A.

A
H
A

ED i EO EO EO
7NN 7N
A, Ar H
NA N Y
k3 X k; -H, ++H*

Figure 4. The kinetic schemes discussed in this paper. Panel A: The generic scheme of
the catalytic mechanism EECC', where A is the active site (in the redox states O,
oxidized, I, intermediate and R,reduced), "X" is a catalytic intermediate and all steps are
reversible. Panel B: the mechanism adapted to analyze the steady-state kinetics of
hydrogenases. The two electron reduction of H,, to Hg.sH" is coupled to one protonation
(hence the pH dependence of E°;’ and E%,’ in egs 7-8), and the 1t and 2" chemical steps
correspond to protonation (eqs 9-10) and H, release/binding (egs 21-22), so that the "X"
intermediate corresponds to Hy4H* and H,,H,. Only the former is shown in panel B.

The limiting currents and catalytic potentials depend on the values of E°;, E%, and on the
values of the four rate constants of the two chemical steps, as demonstrated in ref *':
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koyk_
i% = 2FAT S
ky +k_1+k_o (eq 3)
kik
ifed = —2FAT ——1-2

kv + ko +k_y (eq 4)

RT ky+h+k
e

F ko + k_q (eq 5)

RT . kot ki +k
D R MR

F ka+k-1  (eq 6)

To match the mechanism of model 1 and the Pourbaix diagram in fig. 1C, we assume that
the 1 redox step (the reduction of H,,) is coupled to a fast protonation at pH < pK, so that its
redox potential depends on pH according to:

RT H*
E?’:E?+7ln [1+ {Kq
(eq 7)
Where pK is the pKa of H,.4 (corresponding to the protonation of the amine bridge), and E°,
is the reduction potential of the H,/H,.y couple in the alkaline limit, as indicated in fig. 1C. As
a consequence, the redox potential of the second redox step is
RT K
Eg’:Eg——ln |:1+—+:|
F [H*]] (eq 8)
Where E% is the reduction potential of the H,.qH*/H,.qH* couple in the acidic limit. These two
redox steps correspond to the two-electron one-proton reduction of H,, into H,.H" (fig. 1A).

The reductive catalytic cycle is completed by a series of chemical steps that include the 2™
protonation, and H, binding and release, which we describe in the model by two distinct,
bidirectional, non-redox steps "C" (fig. 4A).

A strong assumption above is that the H4/H,.qH" transition is fast on the turnover time scale
and remains at equilibrium during the catalytic cycle, whereas the second protonation is
allowed to be slow. This reduces the catalytic cycle to just four steps. This approximation is
given justification by the very good agreement between the resulting "EECC" model in

fig. 4A and the data, as described below. Making the first protonation also slow (in what
would become an "ECECC" scheme) would add parameters to a model that is already very
good, so these parameters would necessarily be underdetermined (the situation is the same
as that discussed above, regarding our rudimentary description of the electron transfer
kinetics). In our attempts to find the "best" and simplest model, we have also considered an
ECEC catalytic cycle, which failed to reproduce the pH dependence (cf Sl section S2.10).

pH dependence of the Cr HydA1 voltammetric response

We first focus on the pH dependence of the catalytic potentials and limiting currents of Cr
HydA1. For this we explicitly include a protonation in the 1%t chemical step as shown in

fig. 4B, using a realistic description of the (de)protonation kinetics (we also tested
protonation in step 2, but this leads to inconsistencies, cf Sl section S2.1). Since the proton
is transferred to the H-cluster from the final proton relay (the side chain of a conserved
cysteine residue in group A hydrogenases) rather than directly from bulk water or from the
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buffer, the rate constants of the protonation and deprotonation steps, k; and k_; respectively,
depend on the pH according to :

kmax
kl - 1 1I<rolay
T (eq 9)
Jomax
b1 =TT

Kretay (eq 10)
where K., is the acidity constant of the proton relay.***
Replacing E° and E°, with E°’ and E°,” and substituting eqs 9-10 into eqgs 3-6 gives the pH
dependence of the two limiting currents and the two catalytic potentials as a function of 8

parameters: K, defined in eqs 7-8, E%, defined above, and a, B, E%?*, K;, K, and Kj, all
defined below.

iox . o
lim = T[]
L+ % (eq 1)
:red B
lim — K
L4 1 (eq 12)
RT H] Rr [1+ 0
EX =EP 4 1In |1+ +—1In 2
F K F 14+ H1
K1 1(eq 13)
RT k1 rr [1+E]
Bl =B - —In [1 - [Hﬂ] + 7 i
1+ K> 1 (eq 14)
The parameters a and B in egs 11 and 12 are pH independent:
ki kmax
o = 2FAT 2ol
ko + k_o 4 K™% (eq 15)
k kmax
B = —2FAT—2"1

k2 + k™™ (eq 16)
They are not discussed further because their value defines the magnitude of the
voltammetric current, which, in Protein Film Electrochemistry, is proportional to the unknown
electroactive coverage I' and thus cannot be interpreted.®*** Four of the six parameters in
egs 11-14 are related to the parameters of the catalytic cycle by the following relations:
RT1 { ko 4+ kM }

n

ko + k_o + K0

B =)+

K = Kielay X
' o ko +ko  (eq 18)
Ky = Ky x 222
2 — relay kQ (eq 19)
L Jomax
K3 = Krelay X 2+ Aoy

ko + k"™ (eq 20)
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pK, pK, and pK; are "catalytic pKa's",*> which depend on the acidity of the proton relay and
on kinetic parameters. These apparent pKa's defined by eqgs 18-20 are not thermodynamic
quantities (as explained in ref 4°). They do not each correspond to the protonation of a
particular intermediate, but they are three because a model that includes three protonation
events (here, two at the active site and one at the proton relay) should depend on at most
three apparent pKa's. Similarly, the value of E% 2" cannot be easily interpreted because it is
shifted from E°,, the alkaline limit of E°,” (cf eq. 17). The other two parameters, E°, and K, are
thermodynamic quantities. We used eqgs 11-14 to interpret the variations with pH of the
catalytic potentials and limiting currents of Cr HydA1 (panels B, C, E and F in fig. 3).

Considering eq. 11, the observation that i;,** is pH independent (green data points in fig. 3C)
implies pK; < 5. The value of pK;= 7.9 could be directly deduced by fitting eq 12 to the pH
dependence of i;,,® (blue in fig. 3C).

The same apparent acidity constants ("K") appear in several of the equations 11-14,
meaning that the four variations with pH are not independent of one another. Moreover, eqgs
18-20 imply that pK, is necessarily lower than both pK, and pK;. This gave useful constraints
to interpret the pH-dependence of the catalytic potentials.

Fitting eq 14 to the pH dependence of E.,/*® (green in fig. 3B), using the constraint
pK; < pK; and pK;= 7.9 (measured from i;,”*) gave E% = -523 mV and pK = 8.3 (slightly
above the value, 7.2, determined from the data in fig. 2).

Fitting eq 13 to the pH dependence of E_.°* (blue in fig. 3B) with the constraint pK, < pK,
(compare egs 18 and 19), with pK = 8.3 (from the above fit of the pH dependence of E_,),
and pK, < 5 (from the pH dependence of i;,,>) returned E°2® (which is lower than E°/’, cf eq
17). Although it is difficult to estimate an error on the value of pK, we observed that a value
of pK = 7.8 (instead of the best value 8.3) also gives a fit that is acceptable, with a value of
E°,2*" that is 30 mV more positive than its best value.

These Cr HydA1 parameters are collected on the 1 row of Table 1. The values of some of
the parameters can only be specified as an upper limit (e.g. pK; < 5) because any value
lower than that indicated gives an equally good fit of the data.

E%*P (mV) | E% (mV) |pK PK; pK, pK,
Cr HydA1 -466 -523 8.3 <5 <5 7.9

Table 1: Parameters obtained by fitting eqs 11-14 to the data shown in fig. 3, to interpret
the pH-dependence of the catalytic potentials and limiting currents. E°," is distinct from
E% (cfeq. 17).

Dependence on H, concentration of the Cr HydA1 voltammetric response

To explain the dependence of the catalytic potentials and limiting currents on [H,] at constant
pH, we included the binding and release of H, in step 2, fig. 4B, assuming for simplicity that
the release of H, is unimolecular

ka2 = cst (eq 21)
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and H, binding is bimolecular
ko =kl x [Ho] (eq 22)

Considering more complex H,-binding kinetics (as described in Sl section S2.3) is not useful:
it accounts for the slight inhibition by H, of H, evolution, but it does not change the
conclusions of this work, while adding to the model parameters that cannot be determined.

Substituting eqgs 21-22 in eqs 3-6 gave

k_
i = 2FAD——
14 &4
H2] (eq 23)
keyk
pred — _opAr— 122
ki + ko + k-1 (eq 24)
. RT H
B = BY — 1y [1 4 M 2]}
F K | (eq 25)
. RT  ko4+k_y+Fk
Byl = B = Y 4 LR
F ky +k_1 (eq 26)
with
Ky = ko 4: k_y
KLy (eq 27)

We fitted eqs 23-27 to interpret the dependence of the limiting currents and catalytic
potentials recorded at constant pH on H, concentration.

The reductive limiting current is nearly independent of H, (blue in fig. 3F), consistent with eq.
24. The change in i"™  against [H,] (green in fig. 3F, and eq. 23) returned a value of Ky,
= 0.3 mM that is consistent with previous measurements of ours*.

Equation 26 is consistent with the observation that E_/® is independent of H, pressure.
Fitting a horizontal line to E,® (blue in fig. 3E) gave the value of E°,?* reported in Table 2,
which is offset from the value of E°,’ (cf eq. 26).

Equation 25 accounts for the observed decrease in E_,** as the concentration of H,
increases above the value of Ky, (green in in fig. 3E). The effect is small because the value of
Ky is high (even at the low temperature, 5°C, that we used in this series of experiments) and
it is not possible to record data at H, concentrations well above Ky,. Yet the trends are clear
and fully consistent with eqs 23-27.

E (mV) | E%™ (mV) | Ky (mM)
Crhydal | 337 -458 0.3
Tam Hyds | 283 -603 0.6

Table 2: Parameters obtained by fitting eqs 23-27 to the data shown in panels E,F, K and
L of fig. 3, to interpret the dependence on [H,] of the catalytic potentials and limiting
currents at pH = 7.7 (Cr HydA1) and 6.5 (Tam HydS). The corresponding Cr HydA1 data
(fig. 3E and F) were recorded at 5°C, where the K, is lower ** and the variations of E_,>
and i;,>* against H, more clearly seen. Here the value of the parameter E%?®" is offset from
E®,’ (cf eq. 26) and thus cannot be interpreted.
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Analysis of the Tam data

We used the same kinetic model, the same assumptions and the same approach to analyse
the "irreversible" voltammograms obtained with the enzyme from Tam HydS (panels Gto L
in fig. 3). The only difference was that, as explained before,*' the equilibrium potential was
measured using a platinized electrode, and its value was used to constrain the fit (using eq.
2) to obtain well-defined values of the catalytic potentials; this was not needed for the Cr
HydA1 data, because the Cr HydA1 catalytic current sharply crosses the potential axis at
E=E,,.

The variations with pH and [H,] of the limiting currents (panels | and L in fig. 3) are similar to
those observed with Cr HydA1 (panels C and F).

The value of Ky, is larger than that of Cr (cf table 2), but this is explained by the Tam HydS
experiments being carried out at 40°C, compared to 5°C for the dependence on [H,] of the
Cr HydA1 data (a high temperature was required because the activity of Tam HydS and the
catalytic currents are small), and the value of Ky, increases with temperature.*> We confirmed
this Ky value at 40°C, measured from the CVs in fig. 3, by the chronoamperometry
experiments shown in Sl section S2.6. The large value of K, makes the dependence of E_,**
on [H,] in Tam HydS flatter than in Cr HydA1, but the increase in E_,°* at low H,
concentrations is clearly observed (inset in fig. 3K), consistent with eq. 25. This cannot be
explained by assuming H, binding in step 1 (cf Sl section 2.2).

Also, the value of pKj is significantly lower in Tam HydS than in Cr HydA1 (cf table 1) which
is seen from the saturation of the H, evolution current below a lower value of the pH,
compare panels C and | in fig. 3. For Tam HydS, the value of pK;=5.1 measured from the pH
dependence of i, (blue in fig. 31) is also clearly seen as an inflexion in the pH
dependence of E.,/® (green in fig. 3H). The larger difference between pK and pK; in Tam
HydS compared to Cr HydA1 (still with values of pK, and pK, outside the experimental pH
range) explains the non-linear pH-dependence of the catalytic potentials seen in fig. 3H.

The Ky value measured here for Tam HydS is close to that measured for other
FeFe-hydrogenase, despite the putative implication of Tam HydS in sensing rather than
catalysis. That the Michaelis constants of FeFe-hydrogenases are apparently all similar
contrasts with the situation observed with other series of homologous enzymes: the K,
values of CO-dehydrogenases for example range over orders of magnitude*®. But a
Michaelis constant is a convoluted kinetic parameter (eq 27) whose meaning is not
straightforward.

Discussion

Protein film voltammetry gives the dependence of activity on electrochemical driving force,
from which "catalytic potentials" can be measured.*”*! In the case of H*/H, conversion by
hydrogenases, these are the values of the electrode potentials below which and above
which H, evolution and oxidation, respectively, are observed. How these values depend on
substrate concentration can be interpreted to learn about the sequence of events in the
catalytic cycle,*“7*8 but in the particular case of hydrogenases, that the protonation steps
may be slow in the timescale of turnover significantly complicates their interpretation: the
catalytic potentials depart from the equilibrium reduction potentials measured in redox
titrations.
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The catalytic potentials can be measured without making any assumption about the catalytic
cycle, but their values depart from the true (equilibrium) reduction potentials of the active
site, and their meaning depends on the details of the catalytic cycle. Similarly, we have
shown before that if protonation is slow on the time scale of turnover, the dependence of the
catalytic potentials and limiting currents on pH defines apparent pKa's, which we called
"catalytic pKa's". These pKa's are kinetic parameters whose interpretation is model
dependent®. That a catalytic system under steady-state turnover conditions defines
apparent parameters (apparent potentials, acidity or dissociation constants) is not
unexpected: it is textbook knowledge that a Michaelis-Menten constant is an apparent
dissociation constant that depends on all steps in the catalytic cycle, rather than a true
thermodynamic parameter.

Here we interpreted and compared the variations with pH and H, pressure of the catalytic
potentials and limiting currents of the "reversible" hydrogenases Cr HydA1 and the
"irreversible" one Tam HydS using a kinetic model of catalysis based on the current
knowledge of the catalytic cycle (model 1 in fig. 1D). According to this model, the most
oxidized H,, state is reduced in two one-electron transfer steps, one of which is coupled to
protonation, and the resulting H,.qH" species undergoes protonation before it releases H,.
Model 2 could not be used to analyze the voltammetric data, because the transition from
H.4' to the low pH inactive branch (H.4, and H4 in fig. 1E), and from H,,H to the
presumably less active H,, state at high pH should induce a decrease in proton reduction
activity as the pH is lowered, and a decrease in H, oxidation activity as the pH is increased,
neither of which are observed under conditions of direct electron transfer (panels C and | in
fig. 3). The pH-independent, slow formation of reduced inactive states has been observed in
FeFe-hydrogenases, under conditions that are more reducing than those used in this work,
but they have not been associated with specific spectroscopic signatures.**

Interpreting the kinetics of the catalytic cycle in the context of model 1 implies the pH
dependences of the reduction potentials of the two ET steps given by eqs 7 and 8, and the
dependence on pH and H, concentration of the two non-redox steps given by eqs 9-10 and
21-22, respectively. Substitution in eqs 3-6 gave the relations 11-14 and 23-26, which
successfully predict the variations in limiting currents and catalytic potentials as a function of
pH at constant H, pressure, and as a function of H, at constant pH.

In contrast, considering either the protonation in step 2 or H, release in step 1 does not give
a consistent description of the data. With this hypothesis, equations 11-14 remain valid, but
the meaning of the catalytic pKs and the constraints differ (cf S| section S2.1). Fitting this
model to the pH variations of E,; and i;,, of Cr HydA1 and Tam HydS returns pK < 5 and

pK < 4, respectively. This is not consistent with the value of pK= 7.2 measured in Cr HydA18.
A low value of pK is expected if we consider the catalytic cycle of model 2 (without the
inactive states, that is HyH -> unprotonated H.4' -> Hy,,4 -> HoH, solid arrows in fig. 1E) ; this
mechanistic hypothesis may explain the observed dependence on pH of the Cr HydA1 data
on condition that H, release is in step 1, and protonation in step 2, but then this models
predicts the wrong variation of E_,** with [H,] (Sl section S2.2). Therefore, we have not been
able to reconcile model 2 with the Cr HydA1 data.

For the same reasons, the analysis of the Tam HydS voltammetry gives a pK value for the
half-reduced state close to 7. This is not consistent with the spectroscopic investigation of
Tm HydS, which did not detect any protonated state of the H-cluster.?* This will have to be
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investigated further by examining how the reduction potentials of the active sites of Tm and
Tam HydS depend on pH, which is probably the easiest way to detect the coupling between
protonation and reduction which is assumed in our kinetic model and which necessarily
occurs in the catalytic cycle of hydrogenases.

Regarding the analysis of the Cr HydA1 data, the parameters that we deduced by fitting

egs 11-14 and 23-26 (tables 1 and 2, respectively) are consistent with the results of previous
investigations: the pKa of the one-electron reduced state (pK = 8.3) is close enough to that
measured in redox titrations (7.2 in ref 8) and pH titrations (pK around 7.5 in fig. 5C of ref °,
and 7.2 from the data in fig. 2) ; the value of K, also matches previous chronoamperometric
measurements.*® It is not possible to deduce the alkaline limit E°, from the analysis of the pH
dependence of the catalytic potentials, because it is shifted from the value of the parameter
that we can measure, E% ", cf eq. 17. However, the analysis of the dependence on H,
concentration at constant pH gives the value of E°;’ at pH=7.7, -337 mV, which matches the
value of -362 mV at pH 8 in ref 8 (this value is confirmed from the analysis of the data in

fig. 2). The acidic limit of E°,” obtained from the analysis of the voltammetry at different pH
values (E% =-523 mV at 30°C, table 1) is lower than the value of -417 mV at 15°C
measured in ref 8 and -405 mV at room temperature from the equilibrium FTIR data in fig. 2.
However, the reduction potentials are temperature dependent, and the analysis of the
pH-dependence of the voltammetry at 5°C gives E°, = -457 mV (Sl section S2.5), which we
consider close enough to the results of the spectroscopic titrations.

EUl 337 mV (5°C, pH 7.7)
0.=-283 mV (40°C, pH 6.5)

pK 8.3

g e -
g H
o
ot
H+
E%=-457 mV (5°C)
E%=-568 mV (40°C)
H+

Figure 5: Proposed catalytic cycle for FeFe-hydrogenases. The intermediate states of the
catalytic cycle are colored as in fig. 1. The values of E°,’, E°, and pK obtained by fitting the
voltammetry of Cr HydA1 and Tam HydS at different pH values and H, partial pressures
are marked on the right of the figure in blue and red, respectively. The values of E°;’ were
obtained by the analysis at different H, pressures, at a specific pH, reported in the figure.
EC, is measured from the analysis at different pHs, and it is the acidic limit of E%,’,
independent of pH when pH<pK. In the kinetic model, the H,4/H..qH" transition (inside the
rectangle) is assumed to remain in equilibrium.

H2
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Regarding Tam HydS, there are no available results of equilibrium titrations that we could
compare to the values of E% in table 1 and E°,’ in table 2, since the titration in fig. S8 of ref
shows a very strong hysteresis that attests to a strong departure from equilibrium. However,
the titration of Tm HydS in ref 2* is consistent with the larger thermodynamic stability of
H..«/H.esH" that we detect in Tam HydS: the result of the titration gave E°’ = -300 and E°,’ =
-570 mV in Tm HydS at pH 8 24, while the analysis of the voltammetry of Tam HydS returns
E%’ =-283 at pH 6.5 (table 2), and E°, (the acidic limit of E®,’) = -568 mV (table 1).

We assumed that the same mechanism applies in Cr HydA1 and Tam HydS (Fig. 5), but
their catalytic waveshapes are different, and so are the parameters that we measured from
the analyses of the variations with pH and H, of their catalytic potentials and limiting
currents. These differences between Cr HydA1 and Tam HydS are all consistent with an
increased irreversibility of the catalytic response in Tam HydS compared to Cr HydA1 (i.e. a
larger separation between the oxidative and reductive catalytic potentials).

Our data show that the half-reduced catalytic intermediate (considering both H,.q and H,4H")
is stable over a range of potential that is about 165 mV larger in Tam HydS than in Cr
HydA1, which results from both E° being more positive in Tam HydS than in Cr HydA1, and
E°, being more negative (tables 2 and 1, respectively). This thermodynamic stability of the
half-reduced state contributes to make the catalytic response of Tam HydS very irreversible.

In contrast, the unstable nature of the half-reduced active site is a key feature of bidirectional
reversible catalysts.®?>?” The difference E°;’ - E%’ is indeed less positive in Cr HydA1 than in
Tam HydS, and even negative in the case of two recently described bidirectional reversible
synthetic catalysts. The +1 redox state of the [Pt(depe),][PF¢]. (depe =
1,2-bis(diethylphosphino)ethane) complex that converts CO, and formate in acetonitrile is
inherently unstable, and the reduction of [Pt(depe),]** is therefore a cooperative two-electron
process.’®? The recent investigation of the [Ni(P,*N,""),]** Dubois complex that reversibly
converts H* and H,*% also showed that the reduction potential of the Ni"/Ni'H* couple is
much lower than that of the more reduced Ni""H/Ni"H- couple, which makes the half-reduced
tautomers Ni'H*and Ni""H- unstable.* In both cases therefore, potential inversion®
destabilizes the half-reduced form of the active site, and thus decreases E,**-E " and
contributes to make the response reversible.

Another difference between the two hydrogenases is seen as a lower value of pK; in Tam
HydS compared to Cr HydA1 (table 1), which contributes to decrease E.,® (cf eq. 14).
Considering the definition of K; in eq. 20, the lower value of pK; can be interpreted in two
different manners. One explanation is that the proton transfer relay has lower pKa (the
acidity constant is "K..," in €gs 18-20), which is consistent with the recent finding that the
proton donor to the active site is the side chain of a glutamate residue in Tam HydS,?”
compared to a cysteine residue in Cr HydA1 and other prototypical hydrogenases.® The
other explanation applies if the rate constant of H, binding at the active site is smaller than
the (de)protonation rate constants. In that case, K; equates k{™/k;™ K, Which is the
acidity constant of the doubly reduced catalytic intermediate (cf Sl section S2.4), and our
analysis suggests that this intermediate is harder to protonate in Tam HydS than in Cr
HydA1. This protonation, which is required to close the catalytic cycle, has so far proven
challenging to firmly identify in spectroscopic investigations.®'°

Overall, our results point to various functional differences between Cr HydA1 and Tam HydS,
which all contribute to make the catalytic response of the former more reversible: the lower
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stability of the half-reduced state (smaller difference between E°,’ and E°,’, which has not
been rationalized yet in terms of active site proteic environment ?8), and the easier
protonation of the relay or of the two-electron reduced state (larger pKj).

We conclude on the consideration, which is clear from eq 25, on the role played by the
stabilization of the enzyme-substrate complex (H,,4H") is decreasing the oxidative catalytic
potential, and therefore increasing the reversibility of the catalytic signal. An experimental
comparison between Cr HydA1 and Tam HydS in this respect is difficult, because the
Michaelis constants are difficult to measure accurately, and impossible to measure and
compare at the same temperature. However, eq 25 is another illustration of the idea that flat
energy landscapes are not required to obtain a reversible catalytic response "% that the
catalytic cycle includes high or low energy intermediates may favor reversibility, sometimes
at the expense of turnover frequency.

Methods

The samples of Cr HydA1 and Tam HydS were produced by heterologous expression in
Escherichia coli followed by artificial maturation with [2Fe]*® cofactor as described in refs
with minor modifications (for details see Sl) 2%,

The FTIR measurements were performed in a home built cell in which a sample of 12 L of
0.3 mM of Cr HydA1 in mixed buffer (20 mM each of acetate, MES, HEPES, Tris, glycine,
CAPS) prepared under a 2% H2/98% N2 atmosphere in an anaerobic chamber (Coy) was
closed between two CaF,windows separated by a 50 um Teflon spacer. The sample so
composed was sealed into the home built cell with two rubber rings separating the windows
from the rest of the housing. The data were recorded in a standard transmission IR
spectrometer (a Bruker Vertex v80) equipped with a liquid nitrogen cooled
mercury-cadmium-telluride (MCT) detector.

All the electrochemistry experiments were carried out in a Jacomex glove box filled with
nitrogen. The 3-electrodes electrochemical setup was described in ref *’. The
electrochemical cell solution was continuously flushed with either pure H, or with a mixture of
H, and Ar adjusted to the desired composition using mass flow controllers (SLA5850S from
BROOKS Instruments). The resulting H, concentration was calculated from the H, partial
pressure assuming a solubility of 0.89 mM/atm at 5°C and 0.64 mM/atm at 40°C.%%>°

The films of Cr HydA1 on PGE electrodes were prepared by letting adsorb 0.5 pL of enzyme
solution (5-20 uM) for about 3 minutes, after having polished the electrode surface (~0.1
cm?) with 1 ym aqueous alumina slurry. The films of Tam HydS were prepared by polishing
the electrode surface with 1 ym aqueous alumina slurry and P1200 sandpaper. After
sonication, 1 pyL of enzyme solution (5-10 uM) was painted on the electrode surface together
with 1 pL of polymyxin B sulphate (2-20 mg/mL), and let dry for 5 to 10 minutes. The
platinized electrode to measure the H*/H, equilibrium potential during the Tam HydS
experiments was prepared according to the protocol in ref .

All the electrochemical experiments were performed in a chloride free mixed buffer: MES,
CHES, HEPES, TAPS, Na acetate (all 5 mM), and Na,SO, (0.1 M).

All potentials were measured with respect to a saturated calomel electrode and then
corrected to the SHE by using Egye = Egce + 241 mV.
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We accounted for film loss during the series of voltammograms by always recording one CV
at pH 7 or at 1 mM [H,] between every experiment at a different pH or H, pressure,
respectively, and normalizing the limiting currents (as e.g. in ref ¢'). Only in the series of
experiments with Tam HydS as a function of pH was this not necessary because the films
were very stable. The capacitive current was removed by subtracting a blank recorded with
no enzyme, and the forward and backward sweeps averaged.

The data were analyzed using the Qsoas software, available at www.gsoas.org.®?

Supporting Information

Section S1: additional experimental details, materials, and methods regarding the
experiment in fig. 2. Section S2: additional kinetic models and their discussions ; fits of Ecat
and i;, as a function of pH at 5°C for Cr HydA1 ; Tam HydS K, measurement ; analysis of
the cyclic voltammograms of Cr HydA1 and Tam HydS recorded under various conditions.
Section S3. Preparation of [2Fe]ADT- activated Tam HydS. The Sl file is available free of
charge at https://pubs.acs.org
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Section S1. FTIR titrations

Section S1.1 Analysis of the FTIR data

The fraction of each species shown in figure 2B of the main text was computed assuming
that the total sample of enzyme exists in any (or in a mixture) of the following four
spectroscopic states: H,,, H,q, HeqH™ and Hg.qH*. The sum of the absorbances at the
specific wavenumber of each state (1939 cm™,1933 cm™, 1891 cm™ and 1881 cm™,

13

14

14
18
20
21


https://doi.org/10.1021/jacs.3c10693

Fasano et al, supplementary information. p 2/21. Author version of 10.1021/jacs.3¢c10693

respectively) is directly correlated with the total amount of enzyme in the sample, from which
the fraction of each state was calculated according to the absorbance of the specific bands.
No correction for the extinction coefficient was performed since the sum of the absorbances
at the wavenumber of each four species is constant at every pH (figure S1.1), suggesting
that these four species have very similar extinction coefficients.
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Figure S1.1: sum of the absorbances of the four spectroscopic species H,, (1939 cm™),
H.eq (1933 cm™), H,.qH* (1891 cm™) and H,.(H* (1881 cm™) at every pH.

Section S1.2 Modeling

We have used a simplified version of the six states model in figure 3 of ref '. Two of those
states are predicted to exist only at very extreme conditions, and have not actually been
observed (H,,H* probably only forms at very low pHs and high potentials and H,.4 at very
high pH and low potentials), which we do not reach in our titration in figure 2 of the main text.
The model considers therefore only the redox transition between H,, and H,4 (reduction
potential E?,); the protonation equilibrium between H,,q and H,.H", defined by the acidity
dissociation constant K; the second redox transition H,.qH*/H,..H* (reduction potential E?).

The ratio H,/H,.q and H,4H*/H,¢H" is defined by the Nernst equation as:

= e (=B ) =
% = exp (%(E — E%)) — e,

The definition of the acidity constant K implies that

[Hred H+] x K

Hheal =5

We note C, the total concentration of enzyme:
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[Hox] + [Hred] + [HredH+] + [HsredH+] - CO

Substituting in the last equation each of the terms with the previous definitions and solving it
per each species gives the relative populations of each of the four states. A precise
description of the entire procedure is in ref 2.

Co
[Hox] =
] | [HF]
1+ + Keq + Kejes
Co
[Hred] =
(Ht] [Ht]
1+e + = T Koy
Co
[HredH+] = 1 K Key
L+t T
C
[HsredH+] = 0

1+e+ [ﬁ?] + Ifewf

Section S2. Electrochemistry

Section S2.1 (De)protonation in the 2" chemical step (k,, k.,)

We assume that the proton is transferred from a proton relay, in the second chemical step

k kmaX
42 = TR
1+ o

kmax
ko= ——"—
[H+]
1 + Krelay

The equations giving E., and |;,, as a function of pH are like egs 11-14 in the main text. This
implies that fitting the experimental data (figure 3 panel B, C, H and |) assuming a
protonation in the first or second chemical step returns equally good fits. The difference is in
the definition of the apparent potentials and pKs, and therefore on the constraints on the
values of the parameters that result.

RT k_y
EPP = EY 1

g _po 4 BT ln{k:mtkl}

F k_q
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(Note that these parameters E°°, E%2 and the apparent acidity constants K, K,, and K;
are not the same as in egs 17-20 and 26 in the main text.) The above definitions imply that
pK;<pK; and pK3;<pK,, and the pH dependence of the catalytic potentials can only be fitted
with pK<pK;<pK, (E.**) and pK<pK;<pK, (E..*®). The values of the resulting best
parameters are listed in table S2.1. As mentioned in the main text, for Cr HydA1 a pK<5
(Table S2.1) is not consistent with spectroelectrochemical pH titration' and the H, pressure
and pH titrations performed without electrochemical control of the potential (Figure 2 in the
main text and ref 3), which both return pK = 7.2. We also consider a pK < 4 for Tam HydS
inconsistent with the fact that the enzyme is active over a large range of pHs* and that
modeling H, binding in the first chemical step does not fit the experimental data (section
S2.2).

E%PP; (mV) E%PP, (mV) pK 0],€ pK; pK,
Cr HydA1 -466 -321 <5 <5 8.3 7.9
Tam HydS -332 =377 <4 <3.5 71 5.1

Table S2.1 Values of the apparent potentials and pK when assuming that the pronation
occurs in the second chemical step.

Section S2.2 H, binding/release in the 1% chemical step (k, and k)

Ao AR
k2 X k1
H2
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Figure S2.1: general scheme of the EECC model, in which H, binding/release occurs in
the first chemical step. The rate constants have a negative subscript in the direction of H,
oxidation and a positive subscript in the direction of H, evolution: k, is the pseudo-1%
order rate constant of H, binding and k; the 1% order rate constant of H, release.

In this section, we discuss the equations for E.,; and |, as a function of [H,], when it is
assumed that H, binding and release occur in chemical step 1 (figure S2.1).

ki = cst

k—l == Ll X [H2]

The changes in E,; and |, as a function of [H,] are

k_
i = 2FAD f(
k1ko
sred _ k1+ko
i = 2FAF1 n [HQ]
[H]
DS (L Y
cat — 1 F 1+ [Hg]
[H>]
o wp | BT | 1H R
Eca(g Eg P + F In [H;]
1+ G2l
with:
EOdpp EO/ - ﬂ k2 + k 2
F ko
RT ko + k1
E[]dpp EO/ i 2
+ F ko
ko + k_o
Ky =
ko + Ky
Ki — k,
—1
ko
Ky, =
K

(Note that these parameters E°°, E®,* and K, are not the same as in eqs 17, 26 and 27 in
the main text.) The above relations imply the following constraints: Ky,> K, and K;> K.

Figure S2.2 shows how this model fits the experimental data (red and orange dashed line)
and compares with the best fit obtained by assuming H, binding in chemical step 2 (black
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same fit as that shown in figure 3 of the main text). The red lines are obtained fitting the limit
case in which K, = Ky (0.3 mM in Cr HydA1 and 0.6 mM in Tam HydS), while the orange
lines show the fit when K, is forced to be smaller than Ky, (K,=0.05 mM in Cr HydA1 and K,
= 0.5 mM in Tam HydS). The limiting currents are fitted equally well by assuming H, binding
in chemical step 1 and 2: the equation for i;,,°* is the same (the definition of K, as a function
of the rate constant changes), which allows the fitting of both models to precisely determine
the value of Ky,. Assuming H, binding in step -1 renders the equation of i;,*® more complex
than having H, binding in step -2. The former model indeed predicts that the proton reduction
activity is inhibited by H, with an inhibition constant K.. FeFe-hydrogenases are known to be
inhibited by H, but the inhibition constant is much greater than the H, concentration under
saturating conditions. The parameter K; was then fixed to 4 mM in Cr, as measured in ref 5,
and 4 mM for Tam HydS as well.

The H, dependence of the E_ is, instead, not reproduced by assuming H, binding in step k4
(figure S2.2 panels A and B, orange and red curves). In particular, the model predicts an
increase in E_,°* as a function of [H,] that is in contrast with the results of experiments, which
confirms that H, binding happens in the chemical step 2 for both Cr HydA1 and Tam HydS.
The same conclusion is reached assuming more complex kinetics of H, binding and release
(Sl section S2.3).
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Figure S2.2 Fitting the [H,] pressure dependence of E, and l;,, for Cr HydA1 (panel A and
B) and Tam HydS (panel C and D). The experimental data are the same as in figure 3
panels E, F, M and N (main text). E.,>* and |,,,°>*are shown in green, E,* and ;" in blue.
The black dotted trace is the best fit obtained assuming unimolecular H, binding in step -2,
as shown in figure 3 of the main text. The red and orange dashed lines are two fits of the
model that assumes bimolecular H, binding in step -1 (the equations in section S2.2). The
red line is the limit in which K, = Ky, (0.3 mM for Cr HydA1 and 0.6 mM for Tam HydS), the
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orange line is the fit obtained having K, < Ky ( Kb=0.05 mM for Cr HydA1 and K,= 0.5 mM
for Tam HydS). K; was fixed to 4 mM for Cr HydA1, as measured in ref °, and to 4 mM for
Tam as well.

Note that this model for H, binding/release in chemical step 1, combined with the model of
(de)protonation in chemical step 2 (section S2.1), are an approximation of model 2 in figure
1 of the main text, in which one only considers the cycle between active species (solid
arrows), forgetting about the inactivating branches. From the results in this section and in
section S2.1 we conclude that assuming H, binding/release in the 15t chemical step and
(de)protonation in the 2" is not consistent with the experimental data for Cr HydA1 and Tam
HydS.

Section S2.3 The kinetics of H, binding and release

In this section we describe a model for H, binding and release with more complex kinetics
than that used in the main text. We consider a model similar to that proposed in ref ¢, where
the ligand diffuses through the enzyme and binds first close to the active site, to form a state
that is called the geminate state, and then to the active site. Assuming that the diffusion step
is fast compared to H, binding/release at the active site, we obtain the following expressions
for the rate constants of hydrogen binding (k-) and release (k+):

kmaX
ky = ——
1+ [

kr_nax
S
[Ho]

Where Kgis the dissociation constant of the H, in the geminate state.

Substitution of the above two equations in the definition of E.,; and |, (egs 3-6 in the main
text), and assuming that H, binding/release occurs in step 1 or 2 gives:
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with definitions of the parameters in Table S2.2. (Note that these parameters E%,2, E%,2°
and Ky, are not the same as in egs 17, 26 and 27 in the main text.)
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Model 1 (H, binding/release in C1) | Model 2 (H, binding/release in C2)
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ko + K4 kb + ki +k_y
. K < K, K, > K,
constraint K, < K, K > K,

Table S2.2: Definition of the apparent potential and dissociation constant for H,
binding/release in the first (model 1) or second (model 2) chemical step.

Figure S2.3 shows the best fits of the two models of table S2.2 to the experimental data
shown in figure 3 panels E, F, M and N of the main text. Again the equations describing the
limiting currents are the same for all the models and therefore fit equally well the data,
allowing the measurement of Ky, the Michaelis constant, and K,, the inhibition constant of
proton reduction. As discussed in section S2.2 the value of K; is high, and we therefore fixed
it to 4 mM. Assuming this more complex kinetics of H, binding and release therefore does
not change the conclusion drawn by simply assuming bimolecular H, binding and
unimolecular H, release (main text and Sl section S2.2). Indeed, only model 2, which
assumes H, binding and release in chemical step 2, fits the data well (black dashed lines in
figure S2.2). Model 1 was fitted in the limiting case in which K, = K, (red dashed lines) and
when K, < K (orange lines), and in both cases the H, dependence of the E, is not
reproduced by the model, confirming that H, binding and release occur in the second
chemical step.
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Figure S2.3 Fitting the H, pressure dependence of E.,; and |,,, for Cr HydA1 (panel A and
B) and Tam HydS (panel C and D) considering the geminate state. E_°* and |;,>* are
shown in green, E " and |, in blue. The experimental data are the same as of figure 3
panels E, F, M and N. The black dash trace is the best fit obtained fitting model 2 (H,
binding/release in the second chemical step). The red and orange dashed lines are
obtained fitting model 1 (H, binding/release in the second chemical step). The red line is
the limit in which K; = K, (0.3 mM for Cr HydA1 and 0.6 mM for Tam HydS), the orange
line is the fit obtained having K; < Ky, (K;=0.05 mM for Cr HydA1 and K,=0.5 mM for Tam
HydS). K; was fixed to 4 mM for Cr HydA1, as measured in ref °, and to 4 mM for Tam
HydS as well. When fitting model 2 K, has to be larger than K; and was therefore fixed to 5
mM in Cr HydA1 and 11 mM in Tam HydS.

Section S2.4 Relation between the acidity constant for the second
protonation and K,

The second protonation of the catalytic cycle occurs in the first chemical step and is the

following reaction:
HsredH+ + H+ s thdH+

Note that HyqH" is only protonated once, while Hy4H" is doubly protonated.
ks in the catalytic cycle is therefore the rate constant for the formation of H, 4H" (protonation)
and k_, the rate constant for formation of H,.qH* (deprotonation).

The acidity constant K. is therefore:
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[HsredH+] X [H+] _ ko « [Hﬂ

K, = -
[thdH+] ]fl

Introducing the kinetics of protonation defined in equations 9 and 10 of the main text, we

obtain:
Krelay

K, ke L+ T

B 1y L e

relay

which can be simplified in

o ke

- k{nax X Krelay

The definition of K; in equation 18 of the main text corresponds to K, if k, is much smaller
than the (de)protonation rate constants.

Section S2.5 Modeling of E_; and i, as a function of pH at 5°C for
Cr HydA1

i(nA)
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Figure S2.4: Cyclic voltammograms, catalytic potentials and limiting currents at different
pHs for Cr HydA1 at 5°C The black dashed lines are the best fits of eqs 11-14 of the main
text. The parameters are shown in Table S2.3. Panel A shows selected blank subtracted,
averaged, cyclic voltammograms for Cr HydA1 at different pHs (at 1 atm [H,], 5°C).
Colors go from blue to red from high to low pH (pH values are 5.1, 6.9, 7.4, 8.8). Other
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conditions: scan rate 20 mV/s, electrode rotation rate 3000 rpm. The catalytic potentials
and the normalized limiting currents are plotted as a function of pH (panels B and C). The
current values were normalized by the value of i;,> at pH 7 in the plots of i;,, against pH. In
green E.°*and i;»™, in blue E.,**and i;,"". In panel B a solid gray line indicates the
Nernst potential of the H*/H, couple.

E%P, (mV) | E% (mV) | pK pK; pK, PK;
Cr HydA1 -416 -457 8.1 <5 <5 7.7
5°C
Cr HydA1 -466 -523 8.3 <5 <5 7.9
30°C

Table S2.3: Parameters obtained by fitting egs 11-14 (main text) to the data shown in figure
S2.3, to interpret the pH-dependence of the catalytic potentials and limiting currents. The
values at 30°C are repeated here to ease the comparison.

Section S2.6 Tam HydS K,

‘88& ' ' A~] measurement
40 .
20 . \ ]

Figure S2.5: Measurement of the
Michaelis constant of Tam HydS.
Panel A shows the partial pressure
of H,as a function of time in the
experiment. Panel B shows the
resulting catalytic current in solid
black line and the fit of the
Michaelis-Menten equation in
dashed red line. The obtained value
of Ky is 1 atm (which corresponds to
0.64 mM, considering the solubility
of H, at 40°C). Panel C shows the
difference between the data and the
time (s) fit. Experimental conditions: -59 mV
vs SHE; 40°C; pH 6.5; 3000 rpm.
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Section S2.7 Modeling of the cyclic voltammograms of Cr HydA1
recorded at different pH values
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Figure S2.6: Fits of the generic EEC model to the voltammograms obtained with Cr HydA1
at pH 5.5, 7 and 8.5, from left to right. The top panel shows the experimental data in black
solid lines and the fit in red dash lines. The residual (difference between data and fit) is
shown in red in the panel below. The bottom panel shows the derivative of the data in
black solid lines and the fit in dash red lines. Again, the residual is shown in the bottom
panel. The capacitive current recorded without enzyme was subtracted from all the
voltammograms. The 2 scans were then averaged. Conditions: scan rate 20 mV/s; 3000
rom; at 30°C.
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Section S2.8 Modeling of the voltammograms recorded with Cr
HydA1 at different concentrations of H..
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Figure S2.7: Fits of a generic EEC model to the voltammograms obtained with Cr HydA1
at pH 7.7, under 10, 30 and 100 % of H, from left to right. The top panel shows the
experimental data in black solid lines and the fit in red dash lines. The residual (difference
between data and fit) is shown in red in the panel below. The bottom panel shows the
derivative of the data in black solid lines and the fit in dash red lines. Again the residual is
shown in the panel below. The capacitive current recorded without enzyme was
subtracted from all the voltammograms. The 2 scans were then averaged. Conditions:
scan rate 20 mV/s; 3000 rpm; at 5°C.
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Section S2.9 Modeling of the voltammograms recorded with Tam
HydS at different concentrations of H,

To analyse the voltammetry of Tam HydS at different H, pressures (figures S2.8, S2.9 and
2.10) one has to deal with the fact that the reductive current has much greater intensity than
the oxidative current, especially at low H, partial pressure. To properly fit the model to the
oxidative part of the voltammogram, we proceeded by analysing first the complete signal
(panels A to D in figures S2.8, S2.9 and 2.10) to obtain the value of E.®. The high potential
part was then analyzed separately (panels E to H in figures S2.8, S2.9 and 2.10) to obtain
the value of E.,°* as precisely as possible.
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Figure S2.8: Fits of a generic EEC model to the voltammograms of Tam HydS at pH 6.5,
under 100% H,. The left column panels show the fit of the model to the entire CV, the right
column panels show the analysis of the high potential part only. Panels A and E show the
experimental data in black solid lines and the fit in red dash lines. The residual (difference
between data and fit) is shown in red in the bottom panels (B and F). Panels C and G
show the derivative of the data in black solid lines and the fit in dash red lines. Again, the
residual is shown in the bottom panels (D and H). The capacitive current recorded without
enzyme was subtracted from all the voltammograms. The 2 scans were then averaged.
Conditions: scan rate 20 mV/s; 3000 rpm; at 40°C.
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Figure S2.9: Fits of a generic EEC model to the voltammograms recorded with Tam HydS
under pH 6.5, under 14% H, The left column panels show the fit of the model to the entire
CV, the right column panels show the analysis of the high potential part only. Conditions:
scan rate 20 mV/s; 3000 rpm; at 40°C.
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Figure S2.10: Fits of a generic EEC model to the voltammograms recorded with Tam
HydS at pH 6.5, under 3% H, Conditions: scan rate 20 mV/s; 3000 rpm; at 40°C.
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S$2.10 Modeling the (de)protonation events for an ECEC kinetic
scheme

The equation defining the catalytic potential and limited current in the case of an ECEC
kinetic scheme were derived in ref 7 and copied below:

1 2
o _ BT | (B ko) exp Tt + (ks + o) exp
cat F k—l + ]{;_2
Ered _RT In (k1 +k_1) exp _gfo + (k2 + k_s) exp _gfo
cat F ki + ko
. k_1k_3
= =2FA ————
Yim k',] + ]{,',Q
kik
-red 1h2
o = —2FAT
tim ki + ko

Protonation kinetics such as that described by equations 9 and 10 of the main text was
included in the 2 chemical steps, giving the following dependences of the catalytic potentials
and limiting currents on pH:

RT HT
Eg;(t = Eéapp + 7 In (1 + —[K1]>

T 1
Bt = B Tl (1+ 5 )

[HF]
i, = 2PAT—
1 + Krelay
th — _QFAF i ;
L

It is clear that this model cannot fit the experimental data shown in figure 3 (panels B, C, H
and 1): the limiting currents should both decrease 1 decade per pH unit above (i;,") or below
(iim”) the value of pK,,,, Which is not something we see in the experimental data; E .
should increase with a slope of -60 mV/pH at pH below pK; while E_,"® should decrease 60
mV/pH at pH above pK,, again not observed in the experimental data, no matter the value of
pK;.

Below are the definition of the parameters of the previous equations:

E} + EL In(k™>) 4+ EZ + EL In(k™5>)
kmax _'_ kmax

lapp
EO
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Section S3. Preparation of [2Fe]ADT- activated
TamHydS

The preparation of the holo-form of TamHydS was performed as previously reported with
minor changes to the procedure.* For the expression of the apo-form, sequence-confirmed
plasmids were transformed in chemically competent E. coli BL21(DE3) cells. The cells were
cultivated in sterile M9 medium (22 mM KH,PO., 22 mM Na,HPO., 18 mM NH.CI, 0.2 mM
MgSOs, 85 mM NaCl, 0.1 mM CaCl,, 4 g L' D-glucose) at 37 °C. After reaching O.D.600 =
0.5, the cultivation temperature was lowered to 20°C, and the protein expression was
induced with 1 mM IPTG with concomitant supplementation of the culture with 100 uM
FeSO, in 1% HCI solution. The cell pellet was harvest = 16 h after induction and stored at
—-20 °C until lysis. The cell lysis, the protein purification, the reconstitution of the [4Fe-4S]
clusters, as well as the activation of the enzyme were carried out in an MBRAUN glovebox
under argon atmosphere (app. 1 ppm O,). The cell were lysed by resuspending the pellet in
lysis buffer (10 mM MgCl., 10 mg mL™" lysozyme, 0.05 mg mL" RNAse and 0.05 mg mL""
DNAse in 100 mM Tris-HCI, 150 mM NaCl pH 8.0) and a subsequent sonication. The protein
was purified using StrepTrap affinity chromatography (StrepTrap HP (GE Healthcare))
following the manufacturer’s instructions, with an additional washing step using a
sub-denaturing concentration of 1 M urea in 100 mM Tris-HCI, 150 mM NaCl pH 8.0.3° A
subsequent size-exclusion chromatography (Superdex 200 HP (GE Healthcare)) step was
performed for the removal of low molecular weight impurities. After the two purification steps,
the protein yield was 0.6 mg L™ of cell culture with an iron/protein content of 7 Fe/protein. By
incubating the enzyme (50 uM) in a reaction with 500 uM dithiothreitol, 500 nM cysteine
desulferase (E. coli IscS), 700 uM L-cysteine and 700 pM (NH.):Fe(SO4):(H20)s in 100 mM
Tris-HCI, 150 mM NaCl pH 8.0 all [4Fe-4S] clusters were fully reconstituted (16.8
Fe/protein). Subsequently, the apo-form of TamHydS (50 uM) was activated by incubating it
for 2 h with 1 mM sodium dithionite and 600 uM [2Fe]ADT in 100 mM phosphate buffer pH
6.8, and desalted with 10 mM Tris-HCI pH 8.0. After concentrating the generated holo-form
of TamHydS, aliquots were prepared in air-tight vials, flash frozen in liquid N, and stored at
-80 °C. The successful activation with [2Fe]ADT and the correct cofactor integration were
verified by ATR-FTIR, and EPR analyses.
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