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ABSTRACT: Hydrogenases are metalloenzymes that cata-
lyze the redox conversion between H, and protons. The so-
called [NiFeSe] hydrogenases are highly active for both H,
production and oxidation, but like all hydrogenases, they are
inhibited by O,. In the [NiFeSe] enzyme from Desulfovibrio
vulgaris Hildenborough this inhibition results from the
oxidation of an active site cysteine ligand. We designed
mutations that constrict a hydrophilic channel which connects
the protein surface to this active site cysteine. Two of the
variants show markedly increased tolerance to O, inactivation,

while they retain high catalytic activities in both directions of N\

the reaction, and structural studies confirm that these
mutations prevent the oxidation of the cysteine. Our results

indicate that the diffusion of O, or ROS to the active site can occur through a hydrophilic water channel, in contrast to the
widely held assumption that only hydrophobic channels are involved in active site inactivation. This provides an original

strategy for optimizing the enzyme by protein engineering.
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B INTRODUCTION

Hydrogenases are extremely eflicient biocatalysts for H,
production and oxidation, which use only earth-abundant
transition metals as cofactors. The study of these enzymes and
their catalytic mechanism may lead to important insights in the
efforts to develop an H,-based economy." However, most
hydrogenases are sensitive to O,, which hampers their use in
large-scale applications. Thus, understanding and preventing
the inhibition of hydrogenases by O, is of major interest, as it
could crucially influence the applicability of these enzymes as
efficient catalysts in an H,-fueled economy.

The most common hydrogenases are the [NiFe] and the
[FeFe] hydrogenases, so named on the basis of the active site
metal content.' In both classes, this active site is deeply buried
inside the protein and a network of hydrophobic channels
guides the diffusion of substrate H, and inhibitors, such as O,
and CO, between the solvent and the active site.” ' Most
[FeFe] hydrogenases are slowly but irreversibly damaged by
0,."° The inactivation of the so-called “standard” [NiFe]
hydrogenases involves the formation of a mixture of two EPR-
detectable inactive states where an oxygen species bridges the
active site metal ions; the two inactive states can be reactivated
by reduction, albeit at very different rates.'' "> The [NiFeSe]
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hydrogenases are a subclass of the [NiFe] hydrogenases, where
a selenocysteine (Sec) replaces cysteine as one of the nickel
terminal ligands (Figure S1)."*" Two [NiFeSe] hydrogenases
have been studied in detail, those from Desulfomicrobium
baculatum'® and Desulfovibrio vulgaris Hildenborough.'” Both
exhibit very high catalytic activities,'” ™' and the Dm.
baculatum enzyme was shown to be less inhibited by H, and
O, than the [NiFe] counterparts, which results in the ability to
produce H, under low levels of O,.""~*" The active site Sec
ligand of the D. vulgaris Hildenborough [NiFeSe] hydrogenase
was observed to play a key role in its high activity and oxygen
tolerance,'® but other features are also relevant. These include
a “cage effect” observed through experimental data and
predicted by theoretical calculations, enabling a high H,
density near the active site,””~>* and differences in the proton
transfer pathways and H, channels.”” [NiFeSe] hydrogenases
are inactivated in the presence of high O, concentrations, but
they can be quickly reactivated by reduction,'”* probably
because of the reversible reactivity of Sec with O,”° An
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exogenous sulfur atom bound to Ni, observed in the structure
of D. vulgaris Hildenborough [NiFeSe] hydrogenase (Figure
S1), may also play a role by preventing the formation of
inactive species where an oxide bridges the two metal ions." >’
Nevertheless, oxygen damage has been observed in the crystal
structures of both [NiFeSe] hydrogenases. In the aerobically
isolated enzyme from D. vulgaris Hildenborough the proximal
iron—sulfur cluster is reversibly modified by the binding of two
oxygen atoms, and the terminal Ni ligand, Cys75 (large
subunit), is irreversibly oxidized to sulfinate.”” In addition, the
sulfur species at the active site causes the side chain of Sec489
to be present in three possible conformations, named I, II, and
III (Figure S1), where conformer III corresponds to that found
in the active reduced form of the [NiFe] and [NiFeSe]
hydrogenases.””*® In the [NiFeSe] hydrogenase from Dm.
baculatum, the crystal structure of the enzyme purified
aerobically displayed a complex mixture of oxidized states.””
Some of these could be resolved only when the enzyme was
purified anaerobically, showing a mixture of three oxidized
states, including seleninate and selenate species and an
additional oxygen or sulfur atom bridging the Ni and Fe
ions. Despite the structural similarity between the two
[NiFeSe] hydrogenases,”*’ the available data indicate that
the effects of O, inactivation are quite enzyme specific.””*’
Nevertheless, it should be noted that the experimental
conditions used to expose both enzymes to O, were different.

Recently, we developed a system for recombinant expression
of a soluble form of the [NiFeSe] hydrogenase from D. vulgaris
Hildenborough,'® allowing the production of stable and
abundant protein with high H, production and oxidation
activities.">’" The recombinant enzyme has been applied in
optimized biofuel cells, which show benchmark open circuit
voltages and current densities for H, oxidation.””** Its high
H, production activity makes this enzyme attractive for
photochemical H, production®™ and other applications such
as electrochemical ATP synthesis.”

The engineering of a [NiFeSe] hydrogenase to improve its
O, tolerance has not been reported before. Here, we used
rational design to prevent the irreversible oxidation of Cys75.
The mechanism of Cys75 oxidation probably involves a
reaction with reactive oxygen species (ROS),”” which may be
formed close to the active site by reduction of O,. However,
Cys7S is not directly accessible via the hydrophobic channel
through which O, molecules are proposed to diffuse.”™” It is
possible that the oxidation of Cys7S may arise due to its
location at the end of a water channel leading to the protein
surface, which is only found in the crystal structures of
[NiFeSe] hydrogenases (Figure 1). However, this channel is
hydrophilic and, as a nonpolar molecule, O, is expected to
diffuse instead through the hydrophobic channels;* therefore,
evidence for O, diffusion through this water channel would be
unprecedented for hydrogenases. We examined the effects of
replacing two residues that line this hydrophilic channel,
GlyS0, located near the protein surface, and Gly491, which is
near Cys75. We observed that mutations G491A and G491S
prevent, or considerably slow, the oxidation of Cys75, resulting
in more oxygen tolerant variants and demonstrating the role of
this solvent channel in providing access of O, or ROS to the
active site in the D. vulgaris Hildenborough [NiFeSe]
hydrogenase.
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Figure 1. Solvent channel in the 0.95 A resolution structure of the
anaerobically crystallized wild-type [NiFeSe] hydrogenase from D.
vulgaris Hildenborough (PDB SJSH). The protein Ca backbone is
shown in light cyan for the small subunit and gray for the large
subunit, the water molecules in the solvent channel are shown as red
spheres, the active site and the iron—sulfur clusters are depicted in
ball-and-stick representation with atom colors gray for carbon, blue
for nitrogen, red for oxygen, gold for sulfur, and brown for iron, and
the G50 and G491 residues are highlighted in orange.

B RESULTS

Rational Design of [NiFeSe] Hydrogenase Variants.
On the basis of a structural alignment between the D. vulgaris
Hildenborough [NiFeSe] hydrogenase and other members of
the [NiFe] hydrogenase family (Figure S2) we selected two
residues in the large subunit of the [NiFeSe] enzyme, which
are in a solvent channel linking Cys75 to the protein surface
(Figure 1). GlySO is near the protein surface at ca. 15 A from
the Ni atom in the active site, whereas Gly491 is very close to
the active site at a distance of ca. 6 A from the same atom. In
[NiFe] hydrogenases, GlySO and Gly491 are replaced with
threonine or glutamine and alanine or serine, respectively;
thus, a similar channel does not exist. With the aim of blocking
the putative solvent channel leading directly to Cys75 and
trying to prevent its oxidation, we generated the GSOT and
G491A variants, which reproduce the sequence of standard
[NiFe] hydrogenases. We also produced the G491S, G491T,
and G491V variants, to test the effects of side chain polarity
and size at position 491.

Kinetic and Structural Characterization of the
[NiFeSe] Hydrogenase Variants. Variants GS0T, G491A,
and G491S were successfully purified and characterized.
However, no stable protein could be obtained for the
G491T and G491V variants. Although threonine and valine
are not bulky residues, the additional carbon atom at position
491 may induce a steric disruption. The GS0T, G491A, and
G491S mutations moderately decreased the H, production and
oxidation activities of the enzyme (Table 1), but the turnover
frequencies remained near or above 3000 s™’, which is high in
the context of [NiFe] hydrogenases. All variants retain a
catalytic bias toward H, production in the solution assays.

Crystal structures of the GS0T, G491A, and G491S variants
were obtained under aerobic conditions at resolutions of 1.10,
1.36, and 1.20 A, respectively (Tables S1 and S2). The
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Table 1. Turnover Rate (s™') for D. vulgaris Hildenborough [NiFeSe] Hydrogenase and Variants”

WT G491A G491S GS0T
H, evolution 8270 + 380" 6020 + 100 3510 + 140 3820 + 210
H, uptake 4850 + 260 4080 + 80 2810 = 150 nd

“Turnover rate for H, production at 37 °C in 50 mM Tris-HCI buffer at pH 7 with 1 mM MV reduced with 15 mM sodium dithionite. Turnover
rate for H, oxidation under 0.5 bar H,, at 30 °C, in 50 mM Tris/HCI pH 8 containing 2 mM of MV. nd = not determined. YFrom ref 18.

previously reported 1.30 A structure of the recombinant WT
[NiFeSe] hydrogenase in the as-isolated, oxidized form (PDB
3JSH) is used for comparison.'® No changes are observed in
the overall protein structures, relative to the WT. The
structural analysis of the variants will focus on the oxidative
modification of the active site (Table S3), namely in the
relative abundance of the three different Sec conformations
(Figure S1) and degree of oxidation of Cys7S to sulfenate and
sulfinate.

In the GSOT crystal structure, Sec489 displays conformers I,
I, and III with occupancies of 46%, 20%, and 34% (Figure
S3A,B), similar to those previously reported for the WT
structure (52%, 20%, and 29% respectively). In the G491A
structure only Sec489 conformers II and III are observed with
occupancies of 23% and 77%, respectively, indicating that this
residue is mainly in the active, reduced conformation (Figure
2). Finally in the G491S structure, conformers I, II, and III are

Figure 2. Active site surroundings in the crystal structure of the
aerobically purified and crystallized G491A [NiFeSe] hydrogenase
variant and its corresponding 2|F,| — IF| (gray mesh, 1.5 map rms)
and IF,| — IF| (green mesh, 3.5 map rms) maps. No negative peaks
are visible at —3.5 rms in the |F,| — |F| map. Atoms are color-coded as
follows: brown, Fe; green, Ni; gold, S; red, O; light blue, C; blue, N;
orange, Se. H atoms are omitted for clarity.

present with occupancies of 29%, 18%, and 53%, respectively,
with Sec489 still predominantly in the active conformation
(Figure S3C,D). In the GSOT structure, the terminal Cys7S Ni
ligand is extensively oxidized to the sulfenate (20%) and
sulfinate (54%) states, similarly to the WT (38% and 62%,
respectively). Thus, the GSOT mutation has no significant
effect on the oxidized state of the active site. In contrast, in the
G491A structure, Cys7S is not oxidized at all (Figure 2), and in
the G491S structure it is only slightly oxidized to the sulfinate
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state (ca. 20%) (Figure S3C,D). These results are a clear
indication that the G491 mutations protect Cys7S from
oxidative modification. Furthermore, the G491S variant shows
reduced oxygenation of the proximal cluster (Table S3), raising
the possibility that this mutation may also reduce access of
ROS/0, to this cluster.

Electrochemical Studies of O, and CO Inhibition. The
(in)activation of NiFeSe hydrogenase in response to changes
in O, concentration or redox conditions has been studied by
electrochemistry,'””” in experiments where electron transfer
between the enzyme and the electrode is direct and the
turnover frequency is measured as a current.”®*” In particular,
we have shown that D. vulgaris Hildenborough [NiFeSe]
hydrogenase is inactivated either in the presence of O, or at
high electrode potential to inactive states that can be reduced
when the electrode potential is swept down. The potential
where reactivation occurs in voltammetric experiments
strongly depends on the scan rate, because the rate of
reactivation increases as the electrode potential decreases,” as
occurs with all [NiFe] and [FeFe] hydrogenases characterized
so far. Here we focus on the kinetics of inactivation by O,. The
experiment consists in measuring the hydrogen oxidation
current (which is proportional to turnover rate) and examining
the effect of injecting a small volume of air-saturated buffer
solution (containing 240 #uM O,) into the electrochemical cell,
to reach 0.5 uM O,. The O, concentration increases instantly
at the time of injection and then decreases exponentially over
time, as the dissolved O, is flushed out of the cell by the stream
of H,. We perform these experiments at high electrode
potential to prevent the direct reduction of O, on the
electrode, which would contribute to the current, decrease the
concentration of O, that the enzyme experiences, and produce
reactive oxygen species.’” The changes in H, oxidation current
obtained for the WT enzyme and variants are shown in Figure
3. When O, is introduced (at 175 s in the figure), the activity
of the WT and GSOT variant quickly vanishes, whereas, all
things being equal, the G491S and G491A variants are slowly
and only partially inactivated. The initial decrease in current,
before O, addition, is due to enzyme desorption and anaerobic
oxidative inactivation”' and was corrected by assuming that the
loss of current follows first-order kinetics. The inactivation rate
constants were determined by fitting to the data a model that
assumes that the enzyme inactivates in an oxygen-dependent
reaction (second-order rate constant k;,*), followed by either
reactivation (first-order rate constant k,) or irreversible
inactivation (k;):*

ka0, kg
e
K, (1)

In this scheme, A represents the active species, I the inactive
species, and D the dead-end species formed by irreversible
inactivation.

The best values of the inactivation and reactivation rate
constants are given in Table 2. At the potential used, we
observed a very slow reactivation (k, ~ 10™* s™") for all four
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Figure 3. Effect of O, on the H, oxidation current of WT [NiFeSe]
hydrogenase and variants adsorbed onto a graphite rotating electrode.
The gray dashed lines are the best fits of the kinetic model in eq 1.
Experimental conditions: [O,] = 0.5 uM, E = 0.14 V vs SHE, 1 bar
H,, pH 7, T = 40 °C, electrode rotation rate 3000 rpm.

enzymes. The k; rate constants were small (possibly zero) and
could not be determined accurately. The values of k,°* in
Table 2 demonstrate that the two G491 mutations decrease
the rate of inactivation by O, about 7-fold.

In [NiFe] hydrogenases, it is believed that both CO and O,
access the active site through the same gate at the end of a
hydrophobic gas channel, and it was found that the rate of CO
inhibition is a good proxy for the rate of intramolecular
diffusion of other gases to the active site.” We evaluated the
rates of inhibition by CO (k;,“°) and the rate of CO release
(kout©) for the WT and the variants by monitoring the H,
oxidation current after exposure to CO at —60 mV and 40 °C
(Figure S6). In all cases, the current decreases upon CO
injection and then recovers its initial value as CO is flushed
away from the solution, showing that the enzymes are
reversibly inhibited by CO. To determine the constants of
CO inhibition, we fitted to the data a model that assumes
bimolecular CO binding to the active and first-order kinetics
for CO release:’

ki, [CO]

E —— ECO
k

)

Since CO inhibition of [NiFe] hydrogenases is compet-
itive* the measured rate constant of CO bindin% is not the
true rate but is multiplied by K,./(K,, + [H,]).”*’ This does
not matter here for comparison of the rates, since we have not
observed any effect of the mutations on the Michaelis constant
for H,. In contrast to what we observed with O,, all four
enzymes react with CO at about the same rate.

out

Effect of O, Exposure on H, Uptake Activity in
Solution. To study the effect of prolonged air exposure and
the reversibility of oxidative damage, we first activated each
enzyme with H, and then exposed it to air for 1 h, 4 h, or
overnight (ca. 16 h) at room temperature. After exposure to
air, no activity was detected in either the WT or variants,
consistent with previous evidence that reactivation requires
that the enzyme be reduced.'””> The inactive samples were
then incubated under H, for 10, 30, or 90 min, before
measuring how much activity remained or was irreversibly lost.
The GSOT variant was not tested in this experiment, since the
structural and electrochemical data indicated no significant
difference from the WT.

For the WT enzyme we observed that, after 1 h exposure to
air and reactivation with H,, the enzyme loses 30% of the
initial activity. The loss in activity increases with exposure time,
reaching 50% after overnight exposure to air (Figure 4). In

100

50

Normalized H,-uptake activity (%)

WT

G491s G491A

Figure 4. H, uptake activity of WT and variants after 1 h (green), 4 h
(blue), and 16 h (gray) exposure to air, followed by a 30 min
reactivation under 0.5 atm of H,. The activities were normalized by
the corresponding maximum activity of each protein (dark blue),
reported in Table 1. Each experiment was performed three times
(technical replicates), and the error bars show the corresponding
standard deviations.

contrast, the G491S variant is more tolerant to O,, since even
after overnight air exposure (followed by reduction), the
activity was not significantly affected. The G491A variant is less
sensitive than the WT during the first hours, but overnight air
exposure results in a similar loss of activity, by about 50%. The
duration of the incubation under H, made no difference
(Figure S4), with 10 min being enough to reactivate all the
proteins. The different behavior between the G491S and
G491A variants and the WT suggests that this mutation
prevents, or at least considerably delays, the formation of
inactive species that do not reactivate. This experiment also
emphasizes the robust catalytic behavior of the [NiFeSe]
hydrogenase, since the turnovers for WT and variants are all

Table 2. | Kinetic Properties of the D. vulgaris Hildenborough [NiFeSe] Hydrogenase WT and Variants

ki, (mM ™ s71)? kou ()7 P, (mM! s kou™® (s71)”
WT 527 + 10 (B3x1)x107* 290 + S0 03 + 0.1
GSOT 629 + 260 (3+01)x10™* 410 + 220 0.8 0.5
G491A 77 + 15 (6 £2)x10™* 380 + 80 0.9 + 04
G491S 86 + 15 (8+3)x10™* 400 + 170 1.0 £ 0.1

“Conditions: E = 0.14 V vs SHE, 1 bar H,, pH 7, T = 40 °C, [O0,] = 0.5 uM. bConditions: E = —0.06 V vs SHE, 1 bar H,, pH 7, T=40°C, [CO] =

1,2, 4 uM.
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Figure 5. Channels in the high-resolution structures of [NiFe] hydrogenase from D. vulgaris Myiazaki F (A, 0.86 A, PDB 489H), [NiFeSe]
hydrogenases from D. vulgaris Hildenborough (B, 0.95 A, PDB SJSK, crystallized anaerobically), and Dm. baculatum (C, 1.4 A, PDB 4KN9),
calculated with CAVER. The hydrophobic channel system allowing H, exchange with the active site is shown in light magenta, and the channels
connecting Sec and Cys7S Sy atoms with the enzyme exterior are displayed in blue. The protein Ca backbones are shown as gray tubes; the active
site and the iron—sulfur clusters are shown in ball-and-stick representation with atom colors gray for carbon, blue for nitrogen, red for oxygen, gold
for sulfur, and brown for iron; the G50 and G491 residues in D. vulgaris Hildenborough and their structurally equivalent Thr56 and Ala548 residues
in D. vulgaris Myiazaki F and G4S5 and G494 in Dm. baculatum are displayed in ball-and-stick representation with carbon atoms colored yellow. For

clarity, only the side chains of the protein residues are shown.

above 1000 s™' even after overnight air exposure and
reactivation, which is a very high activity in comparison to
most [NiFe] hydrogenases.

Structural Analysis of the [NiFeSe] Hydrogenase
Channels. We used the software CAVER" to analyze and
compare the shapes of the channels in the WT D. wvulgaris
Hildenborough [NiFeSe] hydrogenase,'® in the variants
obtained in this work, in the Dm. baculatum [NiFeSe]
hydrogenase,”” and in the standard [NiFe] hydrogenases
given in Figure S2. Hydrogen atoms were added to the
analyzed structures, whenever necessary, using the PHENIX
phenix.ready_set tool.”” The D. vulgaris Myiazaki F [NiFe]
hydrogenase®® is shown as representative of the results
obtained. As illustrated in Figure 5 and previously described,”
both [NiFe] and [NiFeSe] hydrogenases contain a branched
hydrophobic channel system through which H, and other
small gas molecules diffuse to/from the active site.”” A second
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channel system is present in both [NiFeSe] hydrogenases,
linking the Ni terminal ligands Sec489 and Cys7S (D. vulgaris
Hildenborough numbering) to the protein surface (Figure
5B,C). CAVER calculations revealed that this channel is not
present in the [NiFe] hydrogenases analyzed (Figure S and
Table S4), here represented by the D. vulgaris Myiazaki F
[NiFe] hydrogenase (Figure SA). In the D. vulgaris Hilden-
borough [NiFeSe] hydrogenase, this second channel has a
hydrophilic character, starts from the active site, and then
divides into two branches (Figures SB and 6A); the first
branch continues the initial hydrophilic segment, while the
second is lined by hydrophobic residues and is absent in the
[NiFeSe] hydrogenase from Dm. baculatum (Figure SC).
The GSOT mutation is located after the branching point,
near the end of the hydrophilic branch closer to the surface,
while the G491A and G491S mutations are in the first segment
of the hydrophilic channel, before the branching point. Figure
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Figure 6. Close-up view of the channels in the structure of the D. vulgaris Hildenborough [NiFeSe] hydrogenase and variants, calculated with
CAVER: (A) wild-type (PDB SJSK); (B) GSOT variant; (C) G491A variant; (D) G491S variant. The channels connecting the enzyme exterior
with the Sec and the Cys75 Sy atoms are displayed as meshes. The hydrophilic branch of the channel is shown in blue and the hydrophobic branch
in green. The water molecules enclosed by the channels are represented as red spheres.

6 shows that the GS50T mutation obstructs the hydrophilic
branch (Figure 6B), while the G491A and G491S substitutions
block channel access to Cys75 (Figure 6C,D).

B DISCUSSION

In [NiFe] hydrogenases, the importance of hydrophobic gas
channels was emphasized when experiments on O,-tolerant
regulatory hydrogenases (RH) revealed that bulky residues at
the end of the hydrophobic channel narrow the access of gas
molecules to the active site. This was initially proposed as the
possible reason for the O, tolerance of these enzymes.”*”**
These observations prompted studies on the standard O,-
sensitive [NiFe] hydrogenase from D. fructosovorans, where
bulky residues were introduced in the hydrophobic channel to
restrict the access of inhibitory gases O, and CO. The effect of
modifying the gas channel in the D. fructosovorans hydrogenase
was to slow O, access to the active site’ and also to increase
the reactivation rates.”” These mutations also resulted in
strongly decreased H, production rates, since H, also diffuses
through the same channel, in a step that limits the rate of H,
production in these mutants.”’

[NiFeSe] hydrogenases are powerful biocatalysts, which we
aim to improve further by decreasing their O, sensitivity. Here,
we tested mutations aiming to prevent the irreversible
oxidation of Cys7S. This residue is not directly accessible via
the hydrophobic channel through which H, and O, are
believed to diffuse; it is positioned at the end of a hydrophilic
solvent channel that connects the active site of [NiFeSe]
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hydrogenases to the surface. This solvent channel seems to be
present only in [NiFeSe] hydrogenases, since it is not seen in
any of the O,-resistant or O,-sensitive [NiFe] hydrogenases
that have been crystallized (Table S4). We tested the
hypothesis that the hydrophilic channel leading to Cys75
also guides O, or ROS toward this residue, by examining how
replacing amino acids whose side chains line this tunnel affects
Cys7S oxidation and oxygen sensitivity. We observed that the
GSOT mutation has no significant effect, but both the G491A
and G491S mutations significantly improve resistance against
Cys7S irreversible oxidation. In protein film voltammetry
experiments, the G491A and G491S variants are more slowly
inactivated by O, than the WT, with 7-fold lower rate
constants for O, inhibition. In addition, the results of solution
assays show that the G491S variant is much more tolerant to
prolonged air exposure, recovering nearly full activity even after
overnight exposure to air. Therefore, our kinetic data reveal
that the mutation prevents the formation of irreversibly
oxidized species. From a molecular point of view, the X-ray
structures of the variants show that the G491 mutations
prevent the oxidation of Cys75. Channel prediction with
CAVER explains why the GS50T mutation has no effect on
Cys7S oxidation: this residue is positioned at the entrance of
the hydrophilic water channel, but a branching point in this
channel still allows access of oxygen species to the active site in
the GSOT variant. In contrast, the G491 residue is close to the
active site, and its substitution does prevent (or strongly delay)
the access of oxidizing species to Cys7S. In support of our
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hypothesis, we note that the oxidation of this terminal Ni
ligand has never been observed in any [NiFe] hydrogenase
where this tunnel is absent. Moreover, the rate of inhibition of
the WT [NiFeSe] hydrogenase by O, (530 mM™" s™" at 40
°C) is well above the typical range observed with [NiFe]
hydrogenases (5—20 mM ™' s7!, from ref 42), whereas the
G491 mutations decrease the rate of inhibition to a less
remarkable value of around 80 mM™ s7!, which likely
corresponds to O, diffusion through the hydrophobic channel
as observed in standard [NiFe] hydrogenases.”* This supports
the idea that the mutations render ineffective the hydrophilic
channel that is not present in [NiFe] hydrogenases.

Interestingly, the G491 mutations slow O, inhibition but
have no effect on CO inhibition. Carbon monoxide is a
competitive inhibitor of [NiFe] hydrogenases, and in the case
of D. fructosovorans [NiFe] hydrogenase, the rate of inhibition
by CO is limited by the rate of CO access to the active site.””
Here we observed no correlation between changes in k;,%> and
k,,©°, suggesting that, in D. vulgaris Hildenborough [NiFeSe]
hydrogenase, the CO molecules diffuse preferentially through
the hydrophobic channel system, whereas O,/ROS diffuse
more quickly through the hydrophilic channel system, as
revealed by the inhibition kinetics.

Overall, our structural, biochemical, and electrochemical
results provide strong support to the hypothesis that O, or
ROS can reach the active site of D. vulgaris Hildenborough
[NiFeSe] hydrogenase through a hydrophilic water channel.
This argues against the general idea that aerobic inactivation
occurs only through O, diffusion through hydrophobic
channels. A few previous studies have also suggested that O,
diffusion can occur through hydrophilic channels: in the
enzyme nitrogenase it has been observed that a hydrophilic
channel is used for transport of the nonpolar substrate N,.>>>"
In catalase, MD simulations indicate that the same channel is
used by substrates and products, H,0, H,0, and 0,
Interestingly, in O,-tolerant hydrogenases it has been proposed
that hydrophilic channels are involved in removal of the water
molsegcules produced during H, oxidation in the presence of
0,7

All D. vulgaris [NiFeSe] hydrogenase variants studied here
are slightly less active than the WT but still more active than
any [NiFe] hydrogenase. Residue 491 is close to the highly
conserved Glu28 (Figure 6C,D), which in [NiFe] hydro-
genases is part of the proton transfer pathway.”* A plausible
explanation for the mutation-induced decrease in activity is
that the bulkier side chains of the G491 variants may place
some steric hindrance in the side-chain motion of Glu28 and
thus interfere with proton transfer. This could be especially
relevant in the case of the G491S variant, where in the crystal
structure Ser491 forms a hydrogen bond with Glu28 that could
further hinder the proton transfer action of Glu28. Indeed, as
shown in Table 1, the H, evolution activities of the variants are
more affected than those of H, oxidation, and particularly so in
the case of G491S. In the GSOT variant, the threonine side
chain breaks the chain of water molecules in the hydrophilic
channel, possibly creating a barrier to proton transfer and thus
lowering the enzyme activity. Proton transfer is proposed to be
the rate-limiting step of H, production in the WT form of D.
fructosovorans [NiFe] hydrogenase.b5 If proton transfer also
limits the rate of H, production by D. vulgaris Hildenborough
[NiFeSe] hydrogenase, then mutations that interfere with the
proton transfer pathway should slow H, evolution more than
H, uptake, as indeed observed in our experiments (Table 1).
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The oxidation of Cys7S5 to the sulfinate state is also expected to
lower the activity of the G491S variant. This modification is
apparently formed during prolonged air exposure (long
purification and crystallization), since we observe reduced
levels of Cys75 sulfinate in aerobically crystallized samples after
starting to work with recombinant protein (~60% vs 100%
previously), for which affinity purification is much faster.'® We
have previously measured the decrease in activity of the WT
enzyme under the crystallization conditions*® and observed a
gradual loss of activity, reaching about 10% after 10 days. This
indicates that formation of Cys75 sulfinate leads to activity
reduction, but whether the modified form retains any activity
or not is difficult to ascertain. The observation that the reduced
form (conformer III) could still be obtained by H, reduction
of aerobic crystals,”” where Cys75 sulfinate was already present
in most molecules, may suggest that some activity is retained.
On the other hand, the precision of the crystallographic
assignments for the sulfinate state is about +10%; thus, we
cannot discard that there were some active enzyme molecules
left without the sulfinate modification, which were sufficient to
generate enough electrons inside the crystal leading to
reduction of the sulfinate-modified molecules (also obtained
with dithionite”).

B CONCLUDING REMARKS

In conclusion, we show that a single mutation (G491A or
G491S) can improve the O, tolerance of a [NiFeSe]
hydrogenase, while it retains high activity in both directions
of H, catalysis. Both variants exhibit a lower rate of inactivation
by O, and a faster rate of reactivation after O, exposure. These
results emphasize the fact that the O, sensitivity of hydro-
genases from different families may be determined by specific
structural features. Furthermore, our results also reveal that O,
and/or ROS can access the active site of [NiFeSe] hydro-
genase through a hydrophilic channel, in contrast with the
general assumption that O, molecules are guided only by
hydrophobic channels.

B METHODS

Variant Expression and Purification. The D. vulgaris
Hildenborough [NiFeSe] hydrogenase variants were created
by site-directed mutagenesis with an NZYMutagenesis kit
(Nzytech) using the expression vector pMOIPO3 carrying a
hysAgyehysB fragment as a template."®”" The vectors were
electroporated into the IPARO1 deletion strain,'® using the
Gene Pulser XCell apparatus (Biorad) at 1250 V, 250 €, and
25 uF.>” Cells were grown at 37 °C in standard lactate—sulfate
medium supplement with 1 M NiCL-6H,O and 1 uM
NaSeO;-SH,0. Cells were collected and disrupted in the
French press at 6.9 MPa. The expression of the protein variants
was assessed by Western blot against native D. wvulgaris
Hildenborough [NiFeSe] hydrogenase and against the Strep-
Tactin AP (IBA Lifesciences). For purification the soluble
fraction was first applied in a Q-Sepharose HP column (XK
26/10, GE Healthcare) equilibrated with 20 mM Tris-HCI pH
7.6 and a stepwise NaCl gradient of 50 mM/step was
performed. Fractions with [NiFeSe] hydrogenase activity were
affinity-purified using a gravity column containing Strep-Tactin
resin (IBA Lifesciences) equilibrated with 100 mM Tris-HCl
pH 8.0 and 150 mM NaCl (buffer W); the recombinant
protein was eluted with buffer W plus 2.5 mM desthiobiotin.
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The purity of [NiFeSe] hydrogenase WT and variants was
analyzed by SDS-PAGE stained with Comassie Blue.

Hydrogenase Activities. H,-oxidation activity was
routinely determined spectrophotometrically by following the
H,-dependent reduction of methylviologen (MV) at 604 nm
(¢ = 13.6 mM™ cm™) at 30 °C inside a Coy anaerobic
chamber (98% N,, 2% H,). The assay solution contained 2
mM MV in H,-saturated 50 mM Tris-HCI bufter at pH 8, and
the as-isolated enzyme was previously activated with 0.5 bar H,
for 30 min. One unit of enzyme is defined as the amount of
hydrogenase reducing 2 pmol of MV per minute, which is
equivalent to 1 umol of H, oxidized per minute.

For H, production the enzyme was reduced with 1 mM
methylviologen (MV) reduced by 15 mM sodium dithionite
and the reaction mixture was incubated in a shaker at 37 °C for
10 min. A headspace sample was measured, every 4 min, in a
Trace GC Ultra gas chromatograph (Thermo Scientific)
equipped with a thermal conductivity detector and a MolSieve
SA 80/100 column (Althech) with N, as a carrier gas.

Electrochemistry. All electrochemical experiments were
carried out in a glovebox (Jacomex) filled with N,, with the
electrochemical setup and equipment as previously de-
scribed.*” We used a pyrolytic graphite edge (PGE) rotating
disk working electrode (area ~3 mm?), a platinum wire as a
counter electrode, and a saturated calomel electrode (SCE),
located in a Luggin side arm of the electrochemical cell and
immersed in 0.1 M NaCl, as a reference. The enzyme was
coadsorbed with neomycin®® on the working electrode. The
electrode surface was first polished with an aqueous alumina
slurry (1 #m) and sonicated. Then it was covered with 0.5 uL
of neomycin (200 mg/mL in water) and 1 uL of the D. vulgaris
Hildenborough [NiFeSe] hydrogenase (50 ug/mL in pH 7
mixed buffer consisting of S mM MES, 5 mM CHES, 5 mM
HEPES, 5 mM TAPS, 5 mM sodium acetate, and 100 mM
NaCl). The protein film was allowed to dry and then rinsed
with water. The electrochemical cell contained pH 7 mixed
buffer and was continuously flushed with pure H,. The
temperature was regulated at 40 °C by circulating water in the
double jacket of the cell. The data were analyzed using
QSoas,” an open source program available at http://www.
gsoas.org.

O, Tolerance Studies in Solution. Samples of the as-
isolated enzymes (0.25 uM) were activated for 1 h in 0.5 bar
H,, 50 mM Tris-HCI pH 8, and 1 mM MV and were kept
under an H, atmosphere overnight. The H, oxidation activity
was measured and taken as corresponding to the maximum
activity of each protein. Next, the enzyme solutions were put in
contact with air and diluted to 0.125 M in an aerobic buffer of
50 mM Tris-HCl pH 8. Three samples of each enzyme
solution were kept under aerobic conditions for 1 h, 4 h, or
overnight (~16 h) at room temperature, after which no H,
oxidation activity was detected in any of the samples.
Following this air exposure, oxidized MV was added to each
sample up to a concentration of 1 mM, and the enzymes were
reactivated again under 0.5 bar H, for 10, 30, or 90 min,
following which H, oxidation activities were measured.

Crystallization and X-ray Diffraction Data Collection.
Crystals of the three D. vulgaris [NiFeSe] hydrogenase variants
were obtained at 20 °C by the sitting drop variant of the vapor
diffusion method. Drops of 1 or 2 uL of pure protein (80—114
uM) were mixed with an equal volume of reservoir solution
containing 20% PEG 1500 (w/v) and 100 mM Tris-HCl pH 7
and equilibrated against 500 uL of the reservoir solution.
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Crystals appeared after about 1 week and were harvested,
briefly dipped in a cryoprotecting solution with the same
composition as the reservoir solution and adjusted to include
10% (v/v) glycerol, flash-cooled in liquid nitrogen, and
shipped to a synchrotron beamline for data collection. The
GSOT and G491S data sets were collected at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) at
beamlines ID29 and ID30A-3, respectively, and the G491A
data set was measured at the beamline 103 of the Diamond
Light Source (DLS, Didcot, UK.). The data collection and
processing statistics are given in Table S1.

The GS0T and G491A data sets were integrated with XDS*°
and AutoPROC,"’ analyzed with POINTLESS,** and scaled
and merged with STARANISO® and AIMLESS.”* The
G491A data set was integrated and scaled with XDS, analyzed
with POINTLESS, and merged with AIMLESS.

Structure Determination and Refinement. The crystal
structures were determined by the molecular replacement
method with PHASER® via the CCP4 Graphics User
Interface.”® The coordinates of the protein chains of the
large and small subunits of the previously published crystal
structure of D. vulgaris [NiFeSe] hydrogenase (PDB SJSH)'®
were used as search models, after removal of all nonprotein
atoms. Following a quick initial refinement with REFMAC,®’
COOT®® was used to perform model corrections and addition
of the active site metals and Fe—S clusters. Refinement was
continued with PHENIX,* consisting of five macrocycles with
refinement of positional coordinates, individual isotropic
atomic displacement parameters for all non-hydrogen atoms,
and anomalous dispersion parameters for the Se atom. Model
inspection and editing was done with COOT against 0,-
weighted 2IF,| — IF| and IF,| — IF,| electron density maps.
Water molecules were added with PHENIX and checked with
COOT. Hydrogen atoms in calculated positions were added to
the structural models and included in the refinement in riding
positions. In the final refinement stages, individual anisotropic
atomic displacement parameters for all protein non-hydrogen
atoms were refined for structures GSOT and G491S. For
structure G491A, TLS (translation-libration-screw) rigid body
refinement of atomic displacement parameters was carried out
instead, followed by refinement of individual isotropic B
factors. Six and seven TLS groups were used respectively for
the small subunit (chain A) and the large subunit (chain B).
These groups were adapted from the list determined with the
find_tls_groups tool in PHENIX from a previous full isotropic
refinement to also include the active site and the iron—sulfur
clusters.

MOLPROBITY® was used to investigate the model
geometry in combination with the validation tools provided
in COOT: for all three crystal structures reported here, the
number of Ramachandran outliers did not exceed 0.13% of the
total number of nonproline and nonglycine residues and the
clash score did not exceed 2.5. The refinement statistics are
included in Table S2.

Structure figures were created using the PyMOL Molecular
Graphics System, Version 2.1.0 Open Source (Schrodinger,
LLC). CAVER calculations were done using the PyMOL plug-
in with default parameters (minimum probe radius of 0.9 A,
shell depth of 4 A, shell radius of 3 A, a clustering threshold of
3.5, and a starting point optimization with 3 A maximum
distance and a desired radius of 5 A) and atomic coordinates
including hydrogen atoms in calculated positions. The final
atomic coordinates and experimental structure factors were
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deposited in the Worldwide Protein Data Bank’’ with
accession codes 6RTP, 6RU9, and 6RUC for the GSOT,
G491A, and G491S structures, respectively.
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