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We propose a resolution to the paradox that spectroscopic
studies of NiFeSe hydrogenase have not revealed any ma-
jor signal attributable to Ni'"' states formed upon reaction
with O,, despite the fact that two inactive states are formed
upon either aerobic or anaerobic oxidation.

The enzymes that can reversibly oxidize and produce H, use
inorganic active sites that contain either Fe, or Ni and Fe !,
In the latter case, the two metal ions are bridged and attached
to the protein by the sulfur atoms of two cysteine residues,
and the Ni is also coordinated by either two additional cys-
teine residues, or, in the so-called NiFeSe hydrogenases, by
one cysteine and one selenocysteine.* Selenium is more acidic
and more nucleophilic than sulfur, but it is not clear how this
gives selenoproteins particular properties.

All NiFe hydrogenases inactivate under oxidizing condi-
tions. Oxidizing a standard NiFe hydrogenase produces the
so-called Ni-A and Ni-B inactive states, which can be reac-
tivated by reduction, the former more slowly than the lat-
ter. Both states are EPR-active Fe'INi™!, and one-electron
more oxidized than the most oxidized catalytic intermediate,
called Ni-Si. There is a consensus about the Ni bearing a hy-
droxo ligand in the Ni-B state, but the structure of Ni-A is
debated.>® The situation is even less clear regarding NiFeSe
hydrogenases. These enzymes were once believed to be O,
resistant because aerobically-prepared samples are essentially
EPR-silent and appeared to be active with no lag (in the case
of NiFe hydrogenases, a lag phase reveals reductive activa-
tion over the course of the assay). However, Armstrong and
coworkers use electrochemistry experiments to establish that
O, fully inhibits Desulfomicrobium baculatum (Dbm) NiFeSe
hydrogenase, to form two states which are distinguished by the
potential at which they undergo rapid reactivation.” The recent
finding that the enzyme from Dbm is 6-times more active after
anaerobic purification than when it has been exposed to air? is
further evidence that NiFeSe hydrogenases are actually inhib-
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ited by O,. In addition, crystallographic studies of Dbm and
Desulfovibrio vulgaris Hildenborough (DvH) NiFeSe hydro-
genases showed the presence of oxidative modifications both
to the active site and to the proximal cluster for the oxidized
enzyme purified and crystallized aerobically.®'? Crystallog-
raphy also revealed multiple conformations and redox states
of the (seleno)cystein residues. FTIR was also used to investi-
gate the transformations of the active site of NiFeSe hydroge-
nases, with the complication that two conformations of each
redox state are detected. 12 Of the four catalytic intermedi-
ates of standard NiFe hydrogenases (Ni-Si, Ni-C, Ni-L and
Ni-R; see refs. 1-3 for the putative structures of these states),
only Ni-C and Ni-R have been observed in the seleno-enzyme
from DvH. Two oxidized inactive states, Ni-IS and Ni-Ox, are
stable in air, EPR-silent, '3 and disappear upon reduction: the
former was observed after aerobic purification; the latter was
obtained by reductive activation followed by exposure to air. !>

Using either microbes or enzymes to produce H, in the
presence of O, is a challenge. In this context, it has been em-
phasized that NiFeSe hydrogenases,” but also standard NiFe
hydrogenases, 4 sustain partial activity for H, production in
the presence of small amounts of O,, but only the former ap-
pears to resist long exposure to O,. 14 This must be related to
differences in the kinetics of (an)aerobic (in)activation, which
we characterize in this work.

We carried out electrochemical experiments '3 with a solu-
ble recombinant form of the NiFeSe hydrogenase from DvH,
covalently attached'® to a pyrolytic graphite edge rotating
disc electrode. The cell solution was saturated with H,, in a
glovebox filled with N, and the enzyme-electrode was rotated
quickly to minimize substrate depletion near the electrode sur-
face. The catalytic H, oxidation is proportional to turnover
rate and electroactive coverage; the latter cannot be measured,
but the grafting procedure makes the film very stable.

That DvH NiFeSe hydrogenase reversibly inactivates under
anaerobic, oxidizing conditions is clear from the experiment
in fig 1 where we show the change in turnover rate (panel
B) resulting from the sequence of potential steps shown in
panel A. Each step up results in a slow decrease in activity,
on the time scale of hundreds of seconds, which reveals an
inactivation; a step down reactivates the sample. The pro-
cess is fully reversible, judging from the values of the cur-
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rent at t = 0 and t = 1500s (horizontal dashed line), and each
current relaxation is fairly mono-exponential: this suggests
that, under these conditions, the inactivation results from the
reversible formation of a single inactive state (however, see
below). We used the same model as in ref 17 (section 2-
3 therein) and the open-source program that we recently re-
leased (www . gsoas . org) to analyse the chronoamperomet-
ric data and to measure k; and k,, the 1st order rate constants
of inactivation and reactivation. As an example, the red line in
fig 1B is the best fit of a model that assumes that a single inac-
tive species is formed, adjusting 8 parameters: the 3 values of
the current of the fully active enzyme at each of the three po-
tentials, and the values of k; and k, at each potential (forcing
k; = 0 at the lowest potential). We ran and analyzed a number
of experiments such as that in fig 1 AB, changing the values of
the potential steps, to measure the dependence on E of k; and
k,. The results are shown as empty symbols in fig 1C. The
value of k, decreases exponentially as E increases whereas k;
is independent of potential.

w = b O
T o
] ”
Ll

I N IR A

— o .
10 8 g x O3
—_— 4 K\ E
7 1072 S Ooo ok, =
b | COTNSSSO808a--a8
— L 9 R
2103 F “‘»? %o E
2 o E
5 . 0o0©
04E. v v s 0

—0.4 —0.3 —0.2 =01 0.0

E (V/SHE)

Fig. 1 Oxidative anaerobic inactivation of DvH NiFeSe
hydrogenase detected in chronoamperometry (CA) experiments. A.
Electrode potential against time. B. Resulting H, oxidation current,
after baseline subtraction (black). The red line is a fit of a model 17
that assumes that a single inactive species is formed. The best
parameters were: k; = 0,4.264+0.03 10*35*1,

5.66+0.01 10 3s 1k, =1.34+0.01 101571, 1.67£0.01 10 2571,
1.314£0.01 1073 s~! at —360, —260, 110 mV vs SHE, respectively.
C. Activation (empty squares) and inactivation (empty circles) rate
constants against electrode potential, deduced from the analysis of a
series of CA experiments. The filled symbols are the rate constants
of reactivation deduced from fig 2B.

The (in)activation can also be detected in voltammetric ex-
periments, where the electrode potential is swept upward and
downward. Figure 2 shows four cyclic voltammograms (CVs)
recorded at a slow scan rate (ranging from 0.3 to 5 mV/s),
at 50°C, pH 7, under one atm. of H,. The arrows indicate
the directions of the sweeps. On the sweep upward, the H,
oxidation current increases as a result of the competition be-
tween the increase in turnover rate of the active enzyme and
the anaerobic inactivation, which decreases the amount of ac-
tive enzyme. As the potential is reversed, the current decreases
(the driving force decreases and the enzyme keeps inactivat-
ing), until the potential becomes lower than about OV and the
enzyme starts reactivating. The downward trace has a com-
plex shape, with two current peaks (around 0 and —350mV at
low scan rate) which result from the reactivation of two differ-
ent inactive species.” The lower the scan rate, the more pro-
nounced the hysteresis. Panel B shows the 1st-order deriva-
tives of the return scans, to emphasize that the positions of
the inflexion points on the return scans (the “switch poten-
tials” ¥ where the reactivations suddenly occur) shift to lower
potential as the scan rate increases, as observed with all hy-
drogenases. '?-?® This occurs because the rate of reactivation
increases as the potential decreases (see e.g. fig 1C), and
reactivation significantly proceeds when the reactivation be-
comes faster than the scan rate v (more rigorously, faster than
vF /RT, so that the units match). Therefore, the faster the
scan rate, the lower the potential where reactivation occurs. It
is actually possible to deduce the rate of reactivation at each
inflexion point using the following relation: &, (at the inflex-
ion point) = Fv/RT.?® Using this equation and the data in
fig 2, we determined the dependence on potential of the rate
constants of reactivation of the two different inactive species.
The result is shown using a series of triangles and stars in fig
1C, each pair of data points being deduced from a single CV
in fig 2. Since the position of the inflexion points is defined
by the kinetics of the reactivation of each species, 1%%* we re-
fer to the two inactive states as “fast” and “slow” hereafter, to
imply that one inactive species reactivates more quickly than
the other. Figure 1C shows that the slow (low potential) pro-
cess (triangles) corresponds to the reactivation that we have
characterized above by performing CA experiments (fig 1);
the “fast” inactive species was not detected in these experi-
ments because a potential greater than about 100mV vs SHE
is required to trigger its formation.

The value and dependence on E of the rate of reactivation of
the “fast” inactive species in DVH NiFeSe hydrogenase (stars
in fig 1C, deduced from fig 2) is the same as that measured
in the CA experiments in fig S2Bii of ref 7 with the Dmb
enzyme. Only the reactivation of the “fast” species, which oc-
curs at high potential, was discerned in the CVs in fig 2B of
ref 7, unlike in fig 2 herein; this is because the Dbm anaerobic
CVs were recorded at a faster scan rate (20mV/s)’ than those
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Fig. 2 Figure 2 Oxidative anaerobic inactivation of DvH NiFeSe
hydrogenase detected in voltammetric experiments. Panel B shows
the 1st order derivative of the return scans shown in panel A (the
local maxima mark the “switch potentials”. pH 7.0, 1 bar H,, T =
50°C, 3.5 krpm.

used in our experiments (0.3-5 mV/s, fig 2). At a faster scan
rate, the inactive species do not accumulate on the shorter time
scale of the voltammetry, and as a consequence, the CV be-
comes featureless. 1920 With the enzyme from Dbm, the “low
potential” reactivation peak was observed only in experiments
where the enzyme had been inactivated by O,, but in CVs
recorded at 1mV/s (fig 3A in ref 7). It was concluded that the
“low potential” species (the inactive species that reactivates
slowly) is formed only upon reaction with O,. However, the
experiments in fig 2 herein and the control experiments in fig
S1f clearly show that both inactive species in DvH NiFeSe
hydrogenase can be formed under either aerobic or anaerobic
oxidizing conditions; this is like the Ni-A and Ni-B states of
standard NiFe hydrogenases.®

The sharp decrease in current observed at about OV, on the
downward scan recorded at 0.3mV/s in Fig 2 (red trace) sug-
gests that the enzyme inactivates as the potential is made more
negative, which is surprising considering that hydrogenases
inactivate under oxidizing conditions. The chronoamperom-
etry experiments in figure 3 demonstrate that indeed, the en-
zyme reactivates in an unprecedented manner when the poten-
tial is taken down. The experiments plotted in red and black
were carried out under atmospheres of 10 and 100% H,, re-
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Fig. 3 Transient reactivation after inactivation at 340 mV/SHE.
Panel A. Electrode potential as function of time. panel B. Resulting
catalytic current (after subtraction of the capacitive current) under
100% (black line) or 10% (red line) H,. Atz = 400s, transient
reactivation occurs before the enzyme inactivates again. pH 7,
T=50°C, 3.5 krpm

spectively. In both experiments, we start from a low potential,
where the enzyme is fully active. We step the potential at a
very high value (0.34V, panel A), where the enzyme inacti-
vates in a 1st order process (hence the exponential decrease in
current against time, visible as a straight line in the log-lin plot
in panel B). On the downward step at —0.06V (at ¢ = 400s),
we observe first an increase then a decrease in current (af-
ter t = 420s) that cannot result from film loss.2! Therefore,
during the step at —60mV, the enzyme activates and then in-
activates. The control experiment in fig S21 shows that the
maximal fraction of active enzyme at —60mV is about 10%.
Complete reactivation is observed after the potential is stepped
to its initial value (cf the dashed horizontal lines). We illustrate
this totally unprecedented sequence of events using the ternary
diagrams in fig S3.}

Combining the results in fig 1C and the observation that
the rate of inactivation at very high potential is independent
of potential (fig S2A in ref 7), we conclude that both inactive
species are reversibly formed, under oxidizing conditions, in a
two-step, CE mechanism: a chemical step, C, limits the rate of
inactivation, whereas the reactivation is triggered by a reduc-
tion, E. The reactivation proceeds along the reverse sequence:
reduction followed by chemical transformation. (This is also
the case of the Ni-B state of NiFe hydrogenase '372° and the
two inactive states of FeFe hydrogenase.>?)

At this point, it is not clear if the inactive species that are
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Fig. 4 Oxidative inactivation can result from the formation of a
species that is either more oxidized (panel A, standard NiFe Hase)
or as oxidized (panel B, NiFeSe Hase) than Ni-Si, the oxidized
catalytic intermediate that undergoes inactivation. Horizontal arrows
depict chemical steps, vertical arrows are redox transformations, the
more oxidized species being on top. A single pair of inactive species
is shown in each case. The Ni-L intermediate® is not shown here.

formed on the time scale of the electrochemical experiments
correspond to any of those that have been crystallized before,
since the aerobic crystallization process involves long term ex-
posure to oxidizing conditions. Two reversible modifications
are detected in the structures: the oxidation of the proximal
cluster and the binding of an exogenous S at the active site.

The lack of any EPR signal arising from an inactive state
more oxidized than the most oxidized catalytic intermediate
has been bewildering. To resolve this paradox, we note the
following: the fact that the enzyme inactivates under oxidative
conditions does not imply that the ”E” reaction following the
”C” chemical step is an oxidation (as indeed occurs in NiFe
and FeFe hydrogenases); it merely implies that the inactive
species exists in two different redox states, and only the re-
duced form activates at a significant rate. We show in fig 4
how the inactive form(s) may be connected to the catalytic in-
termediates in the case of NiFe (left) and NiFeSe hydrogenase
(right). This alternative had actually been considered in a pa-
per of Limoges and Savéant (scheme 3 in ref 23), in the very
first attempt at modelling the hysteresis in the voltammetry of
NiFe hydrogenase, but not ever since, and not in any paper
about NiFeSe hydrogenase.

Surprisingly, the experiments in fig 3 show that the rate
of oxidative inactivation at high potential increases when the
concentration of H, increases. The effect is also clear in the
experiments shown in fig S4,7 where we observe that increas-
ing the concentration of H, while the enzyme is inactivating
at high potential causes an increase of both the current and
the rate of inactivation. The opposite trend is observed for the
Ni-B state of standard hydrogenases, where H, binding to the
catalytically competent, oxidized, Ni-Si state competes with
the formation of the Ni-B state.?® Regarding NiFeSe hydroge-
nase, we therefore propose that the high potential inactivation

is related to H, binding. This is reminiscent of the behav-
ior of FeFe hydrogenases, where inactive species are formed
under oxidizing anaerobic conditions as a result of the non-
productive binding of hydrogen to the active site H-cluster. >
This observation is certainly a clue to design experiments that
will help understand the structures of the inactive states of
NiFeSe hydrogenase, and the how the replacement of sulfur
by selenium gives the enzyme its peculiar kinetic properties.
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