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Reactivation of sulfide-protected [FeFe] hydrogenase
in a redox-active hydrogel

[FeFe] hydrogenases are highly active hydrogen conversion
catalysts, whose oxygen sensitivity prevents their
widespread application. Here, an oxygen-stable inactive
form was reactivated in a redox hydrogel enabling its
practical use under air. Image designed and illustrated
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[FeFe] hydrogenases are highly active hydrogen conversion cata-
lysts but are notoriously sensitive to oxidative damage. Redox
hydrogels have been used for protecting hydrogenases from both
high potential inactivation and oxygen inactivation under turnover
conditions. However, [FeFe] hydrogenase containing redox hydro-
gels must be fabricated under strict anoxic conditions. Sulfide
coordination at the active center of the [FeFe] hydrogenase from
Desulfovibrio desulfuricans protects this enzyme from oxygen in an
inactive state, which can be reactivated upon reduction. Here, we
show that this oxygen-stable inactive form of the hydrogenase can
be reactivated in a redox hydrogel enabling practical use of this
highly O, sensitive enzyme without the need for anoxic conditions.

Hydrogenases are metalloenzymes that catalyze the reversible
conversion of H, into protons and electrons.” They have been
studied extensively as promising candidates for energy conver-
sion applications because of their high catalytic efficiencies.’
However, hydrogenases suffer from oxidative deactivation path-
ways, which limit their use in devices.? In the past few years,
protective redox-active matrices have been developed in order
to tackle these limitations.*”® The redox active components of
theses matrices mediate electron transfer between the
entrapped enzyme and the electrode surface, thus, providing
a redox buffer that prevents inactivation induced by the high
potentials imposed by the electrode.>” Additionally, owing to
the O,-reducing properties of the redox-active moieties bound
to the matrix, O, is reduced in the outer layers of the film,
maintaining anoxic conditions in the inner layers, where cata-
Iytic H, oxidation takes place.>® Controlling the film thickness’
enables optimization of the biocatalyst loading and life time,"°
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reaching time scales of weeks under turnover and constant
exposure to oxygen.'!

[FeFe] hydrogenases are considered to be the most active
and reversible among the hydrogenase classes and, therefore,
particularly relevant for biotechnological applications." How-
ever, the high efficiency of [FeFe] hydrogenases comes with
extreme oxygen sensitivity."* Thus, handling of the enzyme,
including for catalytic hydrogel film preparation must be
performed under strict anoxic conditions,* which is impracti-
cal, time consuming, and an impediment for upscaling the use
of these catalysts. A simple chemical procedure has been
reported for the protection of one of the most active [FeFe]
hydrogenases, the enzyme from Desulfovibrio desulfuricans
(DdHydAB).'* This procedure involves oxidation of the enzyme
in the presence of Na,S to produce an air-stable inactive state,
named Hjhaee (Scheme 1). The protected enzyme was stable
under air for several days and could be reactivated under
reducing conditions.

Here, we show that sulfide protected DdHydAB can be
embedded in a redox hydrogel film, based on a low potential
viologen as the redox mediator, under air, and then reactivated
under hydrogen. Hydrogen spontaneously activates some of the
enzymes from the catalytically inactive air-stable state Hijpact
to the active oxidized O,-sensitive H,, state.'®> Those active
enzymes then reduce the viologen moieties in the hydrogel,
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Scheme 1 Protection of DdHydAB with sulfide under oxidative condi-
tions and its reactivation in a redox film under reductive conditions.
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which in turn transfers electrons to the rest of the protected
enzyme causing them to activate rapidly (Scheme 1). Once
activated, the enzyme delivers electrons from H, oxidation to
the viologen modified hydrogel film to block the incoming O,
and thus sustain its electrocatalytic activity in the presence of
oxygen (Fig. 1A). Iodide ions added to the electrolyte catalyze
the decomposition of reactive oxygen species (generated from
the viologen catalyzed O, reduction) to water preventing
damage to the matrix, as reported previously.""

The efficiency of the protection/reactivation procedure
was demonstrated via cyclic voltammetry experiments. Redox
hydrogel films were prepared by drop-casting a mixture of
DdHydAB and a 2,2'-viologen modified polyvinylalcohol
backbone'® (P1) (Scheme S1, ESIt) on a glassy carbon electrode.
Electrodes were modified either with the sulfide protected
enzyme'! or with the unprotected enzyme (without sulfide
treatment)'” and left to dry under aerobic conditions for 16 h.
Cyclic voltammograms of the electrodes modified with protected
enzymes show catalytic hydrogen oxidation activity (Fig. 1B and
Fig. S1, ESIf) with current densities of 720 + 135 pA cm >
(standard deviation of n = 5 electrodes). Hence, the reactivation
process was successful and the enzyme could sustain its catalytic
activity despite exposure to O, prior to reactivation. In contrast,
when similar electrode preparation was performed using unpro-
tected DdHydAB, redox signals only from the viologen of the
redox-active polymer can be observed and no catalytic H, oxida-
tion activity was recorded (Fig. 1C). The same unprotected enzyme
exhibited catalytic H, oxidation activity in the redox-active film
when the electrode was prepared and measured under anaerobic
conditions (Fig. S2, ESIt). Therefore, the lack of catalytic activity in
Fig. 1C can be attributed to O, damage'® of the unprotected
enzyme during the aerobic preparation period.

Evidence for the reactivation mechanism can be obtained
from experiments under various H, concentrations. When
cyclic voltammograms of electrodes modified with the sulfide
protected enzyme are measured starting from a high potential
in H,-saturated buffer, the electrode immediately exhibits
maximum catalytic current at the beginning of the scan, even
before going to negative potentials (Fig. S3, ESIf). This is
attributed to the spontaneous activation of the Hj,,. state by
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H,. However, it was reported that the rates of reactivation are
faster in the presence of a reducing agent (e.g. dithionite) or an
electron mediator.” In the redox hydrogel matrix, the viologen
moieties behave as electron mediators allowing rapid exchange
of electrons between the enzymes. Insights on the timescale of
the reactivation of the protected enzyme embedded in the redox
polymer can be obtained from chronoamperometry experi-
ments at low H, concentrations and high potentials (Fig. S4,
ESIT). The applied high potential under Ar ensures the oxida-
tion of the redox polymer film. After addition of H, (10%) to
the Ar gas flow, the current does not significantly change
initially. However, after a delay of 85 + 4 s (standard deviation
for n = 5 electrodes) the catalytic H, oxidation current then
increases rapidly. In contrast, when the same procedure is
applied to the activated enzyme, a sharp increase of catalytic
activity is observed instantly upon H, addition indicating that
the delay in the case of the protected enzyme is due to an
initially slow progression of the reactivation process rather than
equilibration of H, in the electrolyte or in the polymer film.
This behavior is attributed to an autocatalyzed reactivation
process initiated by spontaneous activation of a small fraction
of the enzyme by H,. The initially activated fraction of the
hydrogenase then catalyzes H, oxidation and the resulting
electrons are transferred to the viologen moieties, which
rapidly activate the rest of the enzyme in the film.

To gain further insight on the reactivation process of the
enzyme in the redox-active polymer in the absence of H,, FTIR
spectroelectrochemical measurement was performed on pro-
tected DdHydAB embedded in the film (Fig. 2 and Fig. S5, ESIf).
FTIR assignments of the different states of the DdHydAB active
site are well documented in the literature."*"”">*° The film was
formed on a gold mesh working electrode placed on top of a CaF,
window of a spectroelectrochemical cell based on a previously
published design.”" The cell was assembled under air and the
applied potential was swept from positive to negative, equilibrat-
ing the potential for 30 minutes at each step. At high applied
potentials (0 mV vs. SHE) the enzyme is mostly in the air-stable
Hinaee State (Fig. 2, green peaks). When applying more reducing
potentials (—325 mV vs. SHE) approaching the redox potential of
the viologen (Ey = —440 mV vs. SHE), the FTIR signals from the
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Fig. 1 Activation of sulfide-protected [FeFe] hydrogenase DdHydAB in a redox hydrogel. (A) Scheme illustrating the electron transfer routes in the
redox-active film. The blue circles represent the viologen (V**) redox mediators. Cyclic voltammograms under Ar (blue trace) and H, (black trace) of
sulfide-protected DdHydAB (B) and standard DdHydAB (C) embedded in the redox polymer P1. Both electrodes were prepared on the lab bench under
air. Conditions: Tris-citrate buffer (50 mM, pH 8.8) and Kl (100 mM) as supporting electrolyte, room temperature, 2000 rpm, 20 mV s™*.
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Fig. 2 FTIR spectroelectrochemistry of protected DdHydAB embedded in
the viologen modified polymer P1 under air. FTIR spectra at selected
applied potentials are shown to highlight the main states observed during
the redox titration: Hinact (green), Hyans (Orange), Hex (red), Hox—CO (gray),
Hyea—CO (purple).

one-electron reduced, but still inactive, Hans State™ (Fig. 2,
orange peaks) become predominant. This is the first step in the
enzyme reactivation in which the enzyme is still protected. The
Hians state is thought to retain the sulfur species bound to the
active site. Going to more negative potentials (—425 mV vs.
SHE), near Ey, leads to the conversion of the Haps State to the
oxidized active state Hy (Fig. 2, red peaks), with H,S release
from the enzyme, causing deprotection and activation of
catalysis. In parallel to H,, formation, signals from the CO-
inhibited state H,,—CO (Fig. 2, gray peaks) are visible. This state
is formed when CO coordinates to the active site of a depro-
tected hydrogenase. The presence of the H,,—CO state suggests
that CO has been released from damage of a fraction of the
enzyme.”® Within the confined volume of the spectroelectro-
chemical cell CO cannot escape from the inhibited enzyme.
However, when the enzyme is under turnover conditions in the
presence of H, in an open electrochemical cell, this CO is
released, giving rise to the large catalytic currents observed in
Fig. 1B.

The reductive deprotection and release of the sulfide ligand
from Hj,,e reactivates the enzyme’s ability to oxidize hydrogen
but also its sensitivity toward oxygen. This is illustrated in a
chronoamperometry experiment of protected DdHydAB after
reactivation. When the enzyme is measured in the absence of
the hydrogel film as a protection matrix, by simply adsorbing
the protein on a graphite electrode surface, catalytic H, oxida-
tion activity is irreversibly lost upon the addition of 5% O, to
the gas feed (Fig. 3, red trace). The negative current observed
under 5% O, is due to direct O, reduction at the electrode
surface. In contrast, when the protected DdHydAB was
embedded in the redox hydrogel, the addition of O, led only
to a slight decrease in the current, which was fully recovered
once O, was removed from the gas feed (Fig. 3, black trace).
This decrease of the current in presence of O, is due to the
decrease of the electron flux toward the electrode as some of the
electrons generated from the hydrogenase catalyzed H, oxida-
tion are diverted toward the outer layer of the film to reduce O,
preventing it from reaching the enzyme (Fig. 1A), as reported

previously.*>?®
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Fig. 3 Oxygen tolerance under turnover conditions. Chronoamperome-
try experiments of a glassy carbon electrode modified with a mixture of
sulfide-protected DdHydAB and the viologen modified polymer P1 (black
trace), and a pyrolytic graphite electrode modified with sulfide-protected
DdHydAB in a DET regime (red trace). The concentration of H, was kept
constant at 95% and Ar was used as an inert gas to complete the mixture.
The shaded area indicates addition of 5% O, to the gas feed for 300 s.
Chronoamperometry was recorded in Tris—citrate buffer (50 mM, pH 8.8)
with KI (100 mM) as supporting electrolyte at —201 mV vs. SHE and
2000 rpm. The DET experiment was performed in an anaerobic glovebox
at room temperature.

In conclusion, we have demonstrated that the oxygen-stable
sulfide-protected form of DdHydAB can be incorporated into
redox-active hydrogel films, under air, and reactivated under
reductive conditions giving a catalytically active electrode. The
source of electrons for reactivation can either be the electrode
poised at reducing potentials or H,. The sulfide protection
allowed aerobic preparation of the biocatalytic films, which
was not possible with the unprotected enzyme. After sulfide
deprotection, the enzyme is intrinsically O, sensitive but its O,
induced inactivation is prevented in the redox-active hydrogel
matrix owing to the local anaerobic conditions established
under turnover conditions for H, oxidation. This combination
of matrix-induced reactivation and matrix-induced protection
simplifies the integration of highly O, sensitive catalysts in devices
by circumventing the need for anaerobic conditions for both the
electrode preparation and for electrocatalytic applications.

This approach may also be advantageous for applying syn-
thetic molecular catalysts that are prone to O, damage.*> Some
recent reports have demonstrated that reductive treatment can
reactivate the O, inactivated states of some artificial systems or
that proper design of the coordination sphere can limit the O,
damage.>® While these previous efforts aimed at robust cata-
lysts for H'/H, conversion under O,, we believe that our
demonstration of the reductive reactivation and operation of
a highly O, sensitive enzyme in redox-active matrices opens the
possibility to apply synthetic catalysts that show O, stable
inactive and O, sensitive active states in the same way.
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