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We demonstrate that the insertion of the dinuclear active site of
[FeFe] hydrogenase into the apo-enzyme can occur when the
enzyme is embedded in a film of redox polymer, under conditions
of mediated electron transfer. The maturation can be monitored by
electrochemistry, and is as fast as under conditions of direct
electron transfer. This new approach further clears the way to the
implementation of hydrogenases in large scale real life processes.

The advantages of using hydrogenases as supported catalysts of
H, oxidation in fuel cells and H, photoproduction in photo-
electrochemical cells have been emphasized. These enzymes
use active sites based on transition metals such as Ni and/or Fe,
instead of rare and expensive metals, to reversibly catalyze the
oxidation and evolution of dihydrogen.

A major obstacle to be removed is the production of hydro-
genases at a cost and in quantities compatible with large scale
applications. Indeed, hydrogenases are complex metalloenzymes,
whose biosynthesis in vivo is limited by the efficiency of a complex
biological maturation machinery, which involves a number of
other dedicated enzymes. In the particular case of the so-called
[FeFe] hydrogenases, whose active site is a [Fe,(adt)(CO);(CN),]*~
cluster (adt*~ = 2-aza-1,3-propanedithiolate) covalently bound to a
[FesSy] cluster, a major step in the direction of large scale
production has been taken by Fontecave, Happe and Lubitz and
coworkers.'™ They developed an artificial maturation process,
which involves: (1) producing (potentially in large amounts)
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hydrogenase protein devoid of any cofactor; (2) reconstituting the
accessory FeS clusters with standard non-biological procedures; (3)
exposing the resulting solution of the apo-enzyme to a synthetic
dinuclear mimic of the active site, [Fe,(adt)(CO)4(CN),J>~. Sponta-
neous incorporation of the dinuclear cluster and release of one CO
ligand leads to mature and active holo-hydrogenase. This very
original strategy has greatly advanced the thematic field.*

The last step of the biosynthesis of the enzyme may also be
performed with the apo-enzyme adsorbed onto a rotating
electrode, under conditions of direct electron transfer.*> After
the diiron complex is added in solution, the increase in
catalytic current informs on the kinetics of formation of the
holo-enzyme (upon incorporation of the complex into the apo-
enzyme).®

Regarding the potential applications of hydrogenases, their
oxygen sensitivity has also been considered a critical issue,” >
and various strategies have been proposed to get around this
problem. When a redox polymer film is used to support the
enzyme onto an electrode and to mediate electron transfer,
hydrogen oxidation can occur in the presence of oxygen,
because a self-protection mechanism prevents dioxygen from
penetrating the film and damaging the enzyme."* ™ It is also
possible to prepare polymer films of [FeFe] hydrogenase under
aerobic conditions by protecting the anaerobically purified
hydrogenase using a sulfide inhibitor,"* and then reactivating
it by removing the sulfide under anaerobic conditions.'®

Here we show that we can embed the apo-enzyme in a film
of redox polymer and mature it by exposing the film to the
dinuclear complex. The activation is fast, suggesting that the
polymer does not hamper the diffusion of the complex, nor its
incorporation into the apo-enzyme. The current that was
obtained after artificial maturation in the redox polymer was
significantly larger than in equivalent experiments per-
formed under conditions of direct electron transfer, with the
apo-enzyme simply adsorbed onto an electrode. We also opti-
mized the film formation procedure to obtain a significant
current after transient exposure of the apo-hydrogenase poly-
mer film to air.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Electrochemically-monitored time-resolved artificial maturation of
anaerobically prepared films of Me apo-hydrogenase, under three distinct
conditions: MET in a thin polymer film (solid green, enlarged ten times) or
in a thicker polymer film (solid dark blue), and DET (solid orange, enlarged
ten times). The maturation was also monitored with another thick polymer
film of apo-hydrogenase exposed to air for two hours (dark blue, dashed
line, see the optimization procedure in the ESIT). In all experiments, the
maturation is detected as an increase in hydrogen oxidation current after
53 nM [Fe,(adt)(CO)4(CN),J>~ complex is added to the electrochemical cell
under anaerobic conditions, att = 0s. E = —160 mV vs. SHE, 40 °C, pH 7,
1 atm. H,, @ = 3000 rpm.

The experiments described here were performed with the
apo-hydrogenase from Megasphaera elsdenii (Me), prepared as
described previously,'””'® either adsorbed onto an electrode
under conditions of direct electron transfer (DET),"” or
embedded into a redox polymer film allowing mediated elec-
tron transfer (MET) between the enzyme and the electrode. The
redox polymer, whose structure is drawn in Fig. S1 (ESIf),
consisted of a 4,4’-methylviologen redox unit attached to a
polyvinyl alcohol backbone (205 kDa) by a previously published
isocyanate-based coupling procedure (see methods).

We could make films of this polymer embedding the apo-
hydrogenase by depositing onto a glassy carbon (GC) disk
electrode a mixture of enzyme solution and polymer, and
letting it dry for 24 h at 4 °C in a glove box filled with N,
(and containing a significant amount of H,). The green trace in
Fig. 1 shows an example of the current response observed when
such an electrode is inserted and rotated in an electrochemical
cell under 1 atm. of H,, and poised above the H'/H, Nernst
potential. The current appears after a small amount of
[Fe,(adt)(CO),(CN),J*~ complex is added to the solution (at ¢ = 0).
No current is observed in the absence of H,. Hence, this current
results from the catalytic oxidation of H, by the enzyme molecules
that become active upon incorporation of the dinuclear complex.
The variation in current suggests approximatively first-order
kinetics of complex incorporation into the apo-enzyme. Fitting an
exponential function to the change in current gives the time
constant of maturation as 86 s.

Maturation under conditions of DET has been reported
before,® although not for Me hydrogenase. We include it here
as a control and a reference. The orange trace in Fig. 1 shows
the results of the same experiment as that plotted in green, but
with the apo-hydrogenase from Me simply adsorbed onto
the rotating disc electrode and undergoing direct electron
transfer. The time constant of the exponential variation of the
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current is very similar to that obtained with the polymer film,
around 84 s.

Comparing the voltammetric catalytic responses of the films
prepared with and without polymer (Fig. S2, ESL,t panels A and
B) clearly confirms that electron transfer is mediated by the
polymer in the former, and direct in the latter. Indeed, the
observed catalytic waveshapes are very different: roughly sig-
moidal in the former case (Fig. S2B, ESI,t obtained by subtract-
ing the catalytic and non-catalytic currents), and similar to that
obtained before with the holo-enzyme adsorbed on graphite'”
in the latter (Fig. S2A, ESIT). The magnitude of the current was
similarly low in the two cases, but we found that the MET
current is significantly larger if we include a small fraction of
holo-hydrogenase in the apo-hydrogenase/polymer mix (about
1/500 holo/apo) when we make the film. In that case, the
resulting dry film is deep violet, as a result of catalytic reduction
of the viologen in the film, in the presence of H, in the glove
box. When this electrode is poised in the electrochemical cell
under H,, the initial current is very small, indicating that the
tiny amount of holo-enzyme in the film does not give a
significant catalytic current, but a large current appears when
the dinuclear complex is added (dark blue trace in Fig. 1). The
final current was about 20 times larger than that observed with
the film produced without holo-enzyme (the green trace in
Fig. 1 was enlarged ten times). The shape of the catalytic
signature (Fig. S2C, ESIT) demonstrates that electron transfer
is mediated, and not direct. Varying the drying time, we found
an optimum in terms of current magnitude after two hours of
drying (Fig. S3, ESIY), although maximal stability is seen
after 24 h.

The difference in magnitude of the current is easily
explained by a difference in film thickness. Consistent with
this hypothesis, Fig. S4 (ESIt) shows the cyclic voltammograms
recorded with the two matured hydrogenase/polymer films
under non-catalytic conditions (under an atmosphere of argon).
In both cases, the CVs consist of a pair of peaks, at an average
potential of —320 £+ 10 mV, which result from the oxidation and
reduction of the viologen moieties in the films. When the film
is made with just apo-enzyme, the peak current (i},) is low and
changes in proportion to the scan rate v (as shown by the green
symbols in the plot of iy/\/v against \/v in Fig. 2); this is
expected if the film is thin enough that all viologen moieties
are oxidized/reduced in a single sweep. When the film of
apo-enzyme is made with a small amount of holo-enzyme, the
non-catalytic peaks are about ten times larger (dark blue traces
in Fig. S4, ESIT), and the change in iy/\/v against \/v deviates
from linearity at high scan rate (dark blue symbols in Fig. 2).
This indicates a transition towards diffusion limited voltam-
metry, consistent with the film being thicker. We believe that
the reason for this is that the viologen modified polymer is
reduced when it is dissolved with holo-hydrogenase under H,,
while the same polymer in the presence of the apo-enzyme
without holo-hydrogenase is oxidized. The singly charged radi-
cal cation of the reduced viologen is more hydrophobic than
the oxidized viologen dication. This high hydrophobicity
enables the production of thick and adhesive films from the
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Fig. 2 Evaluation of the thin (green, enlarged three times) and thick (dark
blue) hydrogenase/polymer films by cyclic voltammetry under non-
catalytic conditions (under argon). Plot of anodic (open) and cathodic (full)
peak currents divided by the square root of scan rate (\/v), against \/v.
A straight line through the origin is expected when the film is so thin that all
viologen moieties are oxidized or reduced in each sweep.

reduced viologen modified polymer; in contrast, the oxidized
form leads to thinner films probably because of partial redis-
solution of the more hydrophilic oxidized polymer.

The analysis (see methods) of the maturation trace (dark
blue trace, Fig. 1) seems to suggest that the MET maturation is
faster in the thick film than in the thin film, with a time
constant of 67 s, rather than 85 s, when an exponential function
is fitted to the current trace (Fig. S5A, ESIt). However, as
explained below, this is a misinterpretation of the data. Indeed,
a complication of the MET configuration compared to DET is
that the interpretation of the magnitude of the current depends
on the film thickness. Going from very thin to very thick films,
various regimes are predicted,'® with the current being either
proportional to the concentration of active enzyme [E] in the
film (Bartlett’s “regime V”''°), proportional to the square root of
[E] (regime VII), or independent of [E] (regime III). This corre-
sponds to distinct situations where the current is limited by
catalysis, electron transfer, or mass transport inside the film,
respectively.'® Therefore, the quantitative interpretation of the
change in current observed during the activation of the film
requires the previous identification of the operational regime.

One strategy to determine which regime is operational
involves examining the dependence of the catalytic current on
substrate (hydrogen) concentration. Again, going from very thin
to very thick films, one expects the current to be proportional to
either 1/(1 + Ky,/[H,]) (regime V, K, is the Michaelis constant),
J(@/(1 + Ky/[H,]) (regime VII), or [H,] (regime III)."> To
accurately examine the dependence of the current on [H,],
the effect of H, depletion in the solution outside the rotating
film (which is all the more significant when the current is large)
must be taken into account.*® We used a new method where we
step the bulk concentration of H, using a gas mixer, record the
current at different rotation rates at each H, concentration
(a portion of the signal is shown in Fig. 3A), and calculate the
H, concentration at the film/solution interface, [H,],, as
described in the methods. Fig. 3B shows the resulting catalytic
current against [H,]y; fitting the Michaelis Menten equation
(black trace in Fig. 3B) returns a value of K,, of around 0.13 atm
of H,. This value is significantly lower than the value of
0.40 £ 0.05 atm obtained under conditions of DET (Fig. 3C).
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Fig. 3 Measurement of the Km for H,, under conditions of MET with a
thick hydrogenase/polymer film (A and B) and under conditions of DET (C)
at 5 °C, pH 7, E = —60 mV and —160 mV vs. SHE, respectively. The H,
concentrations are expressed in units of partial pressure of H,, and can be
converted to mM using the Henry constant for H,, 0.78 mM atm ™. Panel A
shows a portion of the experiment where we measured the H, oxidation
current at different partial pressures of H, and different rotation rates. The
corresponding change in current against interfacial H, concentration is
shown in panel B (blue squares). We fitted the current traces either by the
Michaelis Menten equation (black trace) or the square root of the Michaelis
Menten equation (red trace). Panel C shows the DET current against bulk
concentration of H, (changed by setting various partial pressures of Ho,
Fig. S6A, ESIT). Fig. S6B (ESIT) shows a distinct DET experiment, where we
interpret the change in current over time as H, is flushed away from the
cell. From the two types of DET experiments (Fig. 3C and Fig. S6B, ESI¥), we
obtained K, = 0.40 £+ 0.05 atm H,.

In contrast, fitting the square root of the Michaelis Menten
equation to the red trace in Fig. 3B returns a value of K, = 0.48
atm, much closer to the expected value. This suggests that the
current obtained with the thick film is proportional to the
square root of the amount of active enzyme in the film, which is
the case if the catalytic current is limited by electron transfer
inside the film."®

The above conclusion implies that the time constant of
maturation in the thick film can be obtained from the dark
blue trace in Fig. 1 by fitting an exponential function to the
square of the current (Fig. S5B, ESI{). Doing so returns a time
constant of about 87 s, which is indeed the same as in the thin
film (green trace in Fig. 1) or under conditions of DET (orange
trace in Fig. 1), showing that the maturation kinetics is inde-
pendent of polymer thickness. The rate of activation depends
on temperature, but remains the same under conditions of
direct or mediated ET (see the data at 30 °C in Fig. S8, ESIf).
The comparison with data obtained with other [FeFe]
hydrogenases®*' shows that the rates of maturation increase in
the order Desulfovibro desulfuricans < Clostridium pasteurianum,
M. elsdenii < Chlamydomonas reinhardtii.

Using the above-described method, we could not prepare
films of apo-hydrogenase from M. elsdenii under air and then
activate them under anaerobic conditions, which could have
been a strategy to prevent oxygen damage. This strategy is not
possible with M. elsdenii because the apo-enzyme is O, sensitive
(the residual activity after two hours in air is about 1%, Fig. S9,
ESIT) and because reductive conditions are required to stabilize
thick polymer films. However, embedding the apo-enzyme in

This journal is © The Royal Society of Chemistry 2021
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the film is advantageous in the case of accidental exposure of
the film to O,. Indeed, when a thick film of apo-hydrogenase
was prepared with a small amount of holo-enzyme under
anaerobic conditions, allowed to dry under anaerobic condi-
tions for ten minutes (during which catalytic oxidation of H,
and reduction of the viologen stabilizes the film), exposed to air
at 4 °C for two hours, and finally activated under 1 atm of H,, a
significant current was seen (dashed line in Fig. 1, compare
also the continuous and dashed blue lines in Fig. S10 (ESIt) for
films dried for the same time); it is much more intense than
that expected from the residual activity of the enzyme exposed
to air for the same time: the final current is not in proportion to
the remaining activity, because in these thick films, it depends
on the square root of the concentration of active enzyme. If the
film is prepared without a small fraction of holo-enzyme and
exposed to air, no activation is detected (green dashed line in
Fig. S10, ESIt). These experiments show that if the thick film of
apo-enzyme is exposed to air for two hours before activation, a
large fraction of the apo-enzyme is irreversibly inactivated, but
the magnitude of the H, current that is detected after activation
remains significant, as a consequence of the favorable scaling
between current and concentration of active enzyme in the
thick polymer films.

Last, we note that a very small amount of dinuclear complex
(53 nM) was used to activate the apo-hydrogenase films in all
experiments shown here. Increasing the concentration of the
complex five times does not change the time constant of
maturation (Fig. S12, ESIT), which is consistent with previous
results obtained under DET conditions.® This shows that the
affinity of the enzyme for the complex is extremely high
(as observed before in DET experiments®) even when the
enzyme is embedded in the polymer.

From previous studies and this work, we conclude that the
redox polymer film not only helps interface the holo-hydrogenase
with an electrode and provides very efficient stabilization and
protection from oxygen even under conditions of fuel cell opera-
tion, but can also embed the apo-enzyme and allow the dinuclear
complex to reach the enzyme, without hindering this final step of
the maturation process.
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