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Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

First published on the web Xth XXXXXXXXXX 200X

DOI: 10.1039/x

We propose a resolution to the paradox that spectroscopic

studies of NiFeSe hydrogenase have not revealed any ma-

jor signal attributable to NiIII states formed upon reaction

with O2, despite the fact that two inactive states are formed

upon either aerobic or anaerobic oxidation.

The enzymes that can reversibly oxidize and produce H2 use

inorganic active sites that contain either Fe, or Ni and Fe1–3.

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.4 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 FeIINiIII, 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.5,6 The situation is even less clear regarding NiFeSe

hydrogenases. These enzymes were once believed to be O2

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

O2 fully inhibits Desulfomicrobium baculatum (Dbm) NiFeSe

hydrogenase, to form two states which are distinguished by the

potential at which they undergo rapid reactivation.7 The recent

finding that the enzyme from Dbm is 6-times more active after

anaerobic purification than when it has been exposed to air8 is

further evidence that NiFeSe hydrogenases are actually inhib-
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ited by O2. 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.8–10 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.11,12 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,13 and disappear upon reduction: the

former was observed after aerobic purification; the latter was

obtained by reductive activation followed by exposure to air.12

Using either microbes or enzymes to produce H2 in the

presence of O2 is a challenge. In this context, it has been em-

phasized that NiFeSe hydrogenases,7 but also standard NiFe

hydrogenases,14 sustain partial activity for H2 production in

the presence of small amounts of O2, but only the former ap-

pears to resist long exposure to O2.14 This must be related to

differences in the kinetics of (an)aerobic (in)activation, which

we characterize in this work.

We carried out electrochemical experiments15 with a solu-

ble recombinant form of the NiFeSe hydrogenase from DvH,

covalently attached16 to a pyrolytic graphite edge rotating

disc electrode. The cell solution was saturated with H2, in a

glovebox filled with N2, and the enzyme-electrode was rotated

quickly to minimize substrate depletion near the electrode sur-

face. The catalytic H2 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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