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ABSTRACT: The mechanism of catalytic hydrogen evolution and oxidatiorAbgchromatiumezinosum
[NiFe]-hydrogenase has been studied by protein film voltammetry (PFV) with the enzyme adsorbed at a
pyrolytic graphite edge electrode. By analyzing the entire shapes of catalytic voltammograms, the energetics
of the catalytic cycles (reduction potentials and acidity constants of the active states), including the detailed
profiles of activity against pH and the sequences of proton and electron transfers, have been determined,
and these are discussed with respect to the mechanism. PFV, which probes rates as a continuous function
of the electrochemical potential (i.e., in the “potential domain”), is proven to be an invaluable tool for
determining the redox properties of an active site in the presence of its substrate, at room temperature,
and during turnover. This is especially relevant in the case of the active states of hydrogenase, since one
of its substrates (the proton) is always present at significant levels in the titration medium at physiological
pH values.

Hydrogenases, which occur in both prokaryotic and lower of Ni K-edge spectroscopy, they are thought to differ by no
eukaryotic species, catalyze the reversible two-electron more than one electron at the Ni ion and thus to alternate
interconversion of protons and hydrogen. Three different between NI' and Ni' states 9). Noting also that Mesbauer,
classes have been distinguished on the basis of metal contenglectron paramagnetic resonance (EPR), and electron nuclear
i.e., [NiFe], Fe-only, and metal-fred{ 3). Enzymes of the  double resonance (ENDOR) spectroscopy suggest that the
[NiFe] class consist of at least two subunits: a larger subunit active-site Fe remains low-spin 'Féhroughout 7, 10, 11),

(60 kDa) that contains the NiFe(CMEO) active site and a  the implication is that the active-site redox chemistry is not
smaller subunit (30 kDa) that houses at least one [4Fe4S]entirely based on the metal atoms in the [NiFe] fragment.
cluster. This conserved cluster is proximal, i.e., it lies in close While Ni*, Ni,-S, Ni*, and Ni-S are inactive states that
proximity to the active site (within 12 A). Additional FeS require reductive activation before catalytic activity can be
clusters are usually present in the small subunit to form an observed, NiS, Ni,-C*, and Ni-SR are catalytically active
electron-transfer (ET)pathway from the active site to the without any initial pretreatment. Despite all the structural,
surface of the protein. In the prototypical [NiFe]-hydroge- theoretical, and spectroscopic information available, the
nases fronDesulfaibrio gigasandAllochromatiumzinosum reaction mechanism remains a matter of debate and a very
(formerly Chromatiumeinosun), this “wire” is completed active area of investigation (see r&and12—15for recent

by a “medial” [3Fe-4S] and a “distal’ [4Fe-4S] cluster, the reviews).

latter being the first cubane shown to be coordinated by &  protein-film voltammetry (PFV), i.e., direct electrochem-
histidine ligand 4-7). istry of protein molecules confined to an electrode surface,

The active sites of the [NiFe]-hydrogenases fidngigas allows catalytic activity to be measured over a wide range
andA. vinosumexist in a multitude of spectroscopically well-
characterized redox states (Scheme@8)) Reduction pro-

: . . . 1 Abbreviations: A, electrode area; CHES, RH{cyclohexylamino]-
duces an alternating series of EPR-active forms (marked W't_h ethenesulfonic acidg, electrode potential; ET, electron transfe;y,

asterisks in Scheme 1) and EPR-silent forms. On the basisreduction potential of the redox couple X/Y, whesgy = exp(f(E —
Exv)) andf = F/RT, F, Faraday constant;, electroactive coverage;
HEPES, N-[2-hydroxyethyl]piperazinéN'-[2-ethanesulfonic acid]j,
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Ficure 1: Cyclic voltammogram for arA. vinosum [NiFe]-
hydrogenase film at a stationary PGE electrode under a nitrogen
atmosphere. Arrows on the voltammetric trace show the direction
of the sweep, and the circle indicates the part of the voltammogram
corresponding to proton reduction. The solution, at’@5 pH 7,

decreasing reduction potential

@ Horizontal transitions denote redox processes with oxidation levels
decreasing from left to right. The species in the upper box require
activation before catalytic activity can be observed, whereas those in
the lower box are active without pretreatment. Starred species show

an S = 1/2 EPR signal from the NiFe active; the others are . : .
EPR-inactive. Subscripts u, r, and a refer to unready, ready, and activegg?ft:rm;n%ab111%9’\?;%?1&% ig’ggrr]tli‘npogggﬁ;r‘tg 58@2?1 Talr;(eid
states, respectively. Different notations for the spectroscopically 10 m\'//s ’ PP 9 yte. )

characterized states of [NiFe]-hydrogenases have been used over thé

years, and no consensus has emerged. We have chosen the nomenclature . )
from ref 8. An explanation of common, distinct notations and a current: these are a reductive wave (negative current) and a

summary of the spectroscopic (EPR and IR) characteristics of the corresponding peaklike oxidative signal (positive current) on
different states can be found in rgf the return scan25). The reductive wave (circled) corre-

] . ) sponds to reduction of the active site by the electrode and
of electrochemical potentiall§, 17). Provided the enzyme jts continuous regeneration by proton reduction. The hydro-
can exchange electrons rapidly with the electrode, acatalyticgen that is produced accumulates near the electrode sur-
current is observed that is directly proportional to the turnover face: its catalytic reoxidation results in the positive, peak-
rate and to the coverage of electroactive enzyje Nlost shaped signal observed as the electrode poterfalis(
significantly, and unique to this technique, the detailed jhcreased.
potential dependence of the catalytic current reports directly |, this paper, we have used PFV to examine, quantita-
on the energetics and kinetics of interconversions bet""ee”tively, the potential and pH dependence of the evolutiod
different oxidation states of the enzyme during catalysis-( oxidation of hydrogen (i.e., catalysis in both directions) by
29). A. vinosum[NiFe]-hydrogenase, and thereby gain a comple-

Previously, we have shown tha. vinosum [NiFe]- mentary perspective to that obtained from spectroscopic and
hydrogenase adsorbs at a pyrolytic graphite edge (PGE)more conventional kinetic studies. The potential-dependent
electrode and that under a partial pressure of 0.1 bar,of H activities, recorded directly as catalytic voltammograms, are
at 30 °C it catalyzes hydrogen oxidation with a turnover interpreted to determine the reduction potentials of the active
number exceeding 15007 (25). Indeed, the oxidative  sjte under turnover conditions, the acidity constants of the
activity of the active site is comparable to that of a platinum different intermediates, and their contributions to the turnover
fuel cell catalyst 26). The kinetics are clearly much faster rate in either direction. The results lead to catalytic cycles
than measured with soluble redox dyes as electron acceptorsihat describe interconversions between the different states
indicating that in these more conventional solution experi- of the active site, and also account for the inhibition of proton
ments the rate is limited by the reaction with the dg8)( reduction by hydrogen and for the influence of pH on the
This has led us to conclude that PFV should be superior in catalytic activities for both proton reduction and hydrogen
terms of kinetic resolution, with the additional capability for oxidation.
precise potential control; thus, simply by using an instrument
(an electrochemical workstation) to vary the electrode EXPERIMENTAL PROCEDURES
potential, the reaction 2H+ 2e” = H, can be driven in . .
either direction, and rates can be measured and compared Samplt_as oA. vinosum{NiFel-hydrogenase were prepared
accurately. [Note that one of these redox substrates is3S described in rez7.

inseparable from the solvent, making hydrogenase (water EXPeriments were performed with solutions containing
reduction) and photosystem Il (water oxidation) special mixed buffers consisting of MES, HEPES, sodium acetate,

enzymes in this respect.] This is illustrated by the voltam- 1APS, and CHES (15 mM or 2 mM of each component)

mogram shown in Figure 1, which has been recorded after@1d 0.1 M NaCl as supporting electrolyte. Mixtures were

immersion of a freshly polished, stationary (nonrotating) PGE fitrated with NaOH or HCI to the desired pH. Polymyxin B
electrode into a ca. &M solution of A. sinosum[NiFe]- sulfate, a polyamine coadsorbate that stabilizes the protein

hydrogenase, and allowing the enzyme to adsorb to afilm, was added from a stock solution of 20 mg/mL to give

saturating level. Two strong faradaic features, not observed? final concentration of 20ag/mL.

in the absence of enzymeappear above the background All experiments were carried out in a glovebox (Vacuum
Atmospheres) under aNatmosphere (@< 4 ppm). The
_ — : thermostated electrochemical ceR8{ was housed in a

2 The signals persist if the enzyme-coated electrode is transferred to Faraday cage. A PGE rotating-disk working electrode (area
a solution that does not contain enzyme, showing that the faradaic , ) . . . .
current results from the catalytic activity of the enzyme adsorbed on A= 3 mn¥) was used in conjunction with an EG&G M636

the electrode. electrode rotator, a platinum wire was used as a counter-
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electrode, and a saturated calomel electrode (SCE), located
in a Luggin sidearm containing 0.1 M NaCl and maintained
at room temperature, was used as a reference. All potentials
are quoted versus the standard hydrogen electrode (SHE);
Esve = Esce + 241 mV at 25°C (29). Voltammetry was
performed with an Autolab electrochemical analyzer (PG-
STAT 20, Eco Chemie, Utrecht, The Netherlands) controlled
by GPES software (Eco Chemie).

Before preparation of a film, the PGE electrode was
polished with an aqueous alumina slurry (Buehlepyri)
and sonicated thoroughly. This generates a rough surface,
rich in a variety of functionalities such as -COH and -COOH
groups that interact with protein moleculd$); Protein films
were prepared at 45C by adsorption from dilute solution
(=1 uM enzyme in pH 7 buffer): this was achieved by
cycling the potential of the stationary electrode frerB60
to +240 mV at a rate of 10 mV/s until a stable response
(such as that shown in Figure 1) was obtain28).( After
the enzyme solution was removed from the cell and replaced
. -400 -200 0
with enzyme-free buffer at pH 7, the electrode was held at E (mV vs SHE)
—560 mV for 1 h at 45°C to ensure that all the adsorbed

; FIGURe 2: Catalytic voltammograms, foA. vinosum [NiFe]-
enzymes molecules were activated (A. K. Jones, H. R hydrogenase adsorbed at a PGE rotating disk electrode. (A) Proton
Pershad, S. P. J. Albracht, and F. A. Armstrong, manuscript equction under a Natmosphere, electrode rotation rate= 6000

in preparation). Care was then taken not to expose the film rpm, in pH 5.05 (scan ratey = 6 mV/s) and pH 6.90y = 3

to oxidizing potentials that inactivate the enzyme. mV/s) buffer. (B) Hydrogen oxidation at pH 9 (solid line) and 4.6
(dashed line), under 1 bar of;Hv = 2000 rpm,y = 200 mV/s. In

Two types of electrochemical experiments were per- each case, the solution, a6, contains 2Qig/mL polymyxin, 75
formed: these were cyclic voltammetry and measurementsmM mixed buffer, and 0.1 M NaCl.

at a fixed potential. Cyclic voltammetry was used to

determine the potential dependence of proton reduction andRESULTS
hydrogen oxidation activities. Fixed-potential measurements
were carried out at-560 mV, and data at electrode rotation mmograms recorded under a Mtmosphere for a PGE

rates ("). in the range 5096000_rpm _(ascendmg t_hen electrode onto whiclA. vinosum[NiFe]-hydrogenase has
descending) were collected, the aim being to determine th_ebeen adsorbed. Comparison with Figure 1 shows that rotation
effect of substrate/product mass transport on the catalytic ot ihe glectrode results in the disappearance of the oxidative
rates. peak, as the product of the reductive reactiop) sl swept

Experiments on either proton reduction or hydrogen oxi- away and dispersed. The resulting steady-state voltammo-
dation were completed with the same film over the pH range gram is a plot of turnover number as a function of the driving
4—9 and at temperatures varying between 5 antil3Vith force, and its shape and magnitude report on the relative
PFV, this simply involves transferring the electrode between activities and reduction potentials of the different redox states
different cell solutions, the pH values of which are subse- of the active site.
qguently remeasured at the experimental temperature. Ap- As a rule, the current should reach a limiting value at high
proximately 60% of the electroactive coverage was lost driving force {im), which corresponds to the activity of the
during a set of experiments (about 15 different pH values fully reduced enzyme, and can be compared to results of
over a period of several hours), and an identical series of Solution assays with low-potential dyes. Figure 2 shows that
experiments was completed for each pH, to allow for the this is not strictly the case, as there is a residual slope in the
resulting decrease in current with time. The following Voltammograms at high driving force. This slope is small,
procedures were used: as evident from Figure 2; therefore, for the following analysis

, . , of the dependence of the current on rotation rate, we made

Proton Reduction.Fixed-potential measurements were the approximation that the current recorded-&60 mV is

performed first in a standard buffer (pM 6.6), and then
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Proton ReductionFigure 2A shows rotating-disk volta-

the current was remeasured at the pH of interest. Then cyclic
voltammetry was performed at the same pH, and finally a
fixed-potential measurement was made to monitor any
changes in the electroactive coverage of the enzyme film.

Hydrogen OxidationCyclic voltammograms at rotation
rates 1000 and 2000 rpm were recorded sequentially for a
standard buffer (pHx 7.3), then for a solution at the pH of

close to the limiting value, i.eise0 ~ iim. While buffer
concentration may affect proton availability, we noticed no
differences in current magnitudes for experiments performed
in 10 mM and 75 mM mixed buffer, and the analysis of the
waveshape (vide infra) showed only small quantitative
differences.

Figure 3A shows that the proton reduction current,
recorded at-560 mV for two different pH values, increases

interest; the electrode was then returned to the standardwith electrode rotation rates). Normally in such cases, this

buffer, to allow the change in activity to be normalized for
changes in electroactive coverage.

results from the increased flux of substrate from the bulk
solution to the electrode surface, and according to the Levich
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8 reductive activity [—sed”=(pH)/i—_se¢*==(pH = 6.6)] at infinite
'TI . . . rotation rate as a function of pH & = —560 mV. Dashed and
02t an s " pH 6.85 solid lines are best fits to eqs 2 and 3, respectivély: 5 °C (),
30°C (a), and 45°C (®); the other experimental conditions are as
0 . . . . described in Figure 20) Relative oxidative activity if;o4o(pH)/
0 20 40 60 80 i24pH = 7.3)] measured from the cyclic voltammograms recorded
w'/? (rpm*/?) at 5 °C and o = 2000 rpm (reaction is not mass-transport-
6L . T T . controlled). Error bars represent the difference between normalizing
—_ c with respect to the current in a standard buffer before the experiment
T H 6.85 and normalizing with respect to the current in a standard buffer
3 4 P 1 after the experiment.
é" 2t e_-m--=77%] Nevertheless, the linear change as a function df? shows
T - pH 4.50 that a mass-transport process is influential, and this is most
0 . . . . likely the dispersal of KHfrom the electrode surface to the
0 001 002 003 004 bulk solution. Hydrogen is known to be an inhibitor of proton
& V2 (rpm~V?) reduction 25, 31), and this could be demonstrated easily by

A . . bubbling H into the cell while maintaining the electrode

IGURE 3: Dependence of proton reduction currents on electrode . L o

rotation rate. Current/rotation rate/time traces (A), Levich plots (B), Potential at=560 mV vs SHE: this resulted (at pH 6,°6)

and Koutecky-Levich plots (reciprocal current vs electrode rotation in a significant (at least 1 order of magnitude), instantaneous

I’6|l_t|e 6t% éhe- pOVgEFlI_/g)I_(C) ;it pI(-j| 4,50 ﬁ,\ tand d:;shed Iinesg and  (seconds), and reversible loss of the proton reduction current.
. and solid lines) under a Natmosphere are shown. ; ; ; ;

Eines in panel C are fits to eq 1. The electprode was held at a Since they-intercept of a KouteckyLevich p!ot_(l_zlgure .

potential of —563 mV vs SHE. Experimental conditions are as 3C) correqunds to the cn_Jrrent extrapolateq to infinite rotation

described in Figure 2. rate {im®=>), i.e., the maximum current attainable when mass

transport is no longer limiting, the interpretation is that this

relates to the catalytic rate of proton reduction in the absence

of product inhibition. This quantity is proportional to the

total amount of fully active enzyme present on the electrode

(AI') and to the turnover numbeér,*=>/2FAI. It is diffi-

cult to quantify the electroactive coverage #r vinosum

[NiFe] films2 (22, 25); however, assuming a maximum

value forT of 3 pmol/cn?, we determinedower limits of

equation, the current for a mass-transport-controlled reaction
is proportional tow? (29). However, the Levich plots in
Figure 3B show that the catalytic current levels off at high
rotation rates, indicating that under these conditions, the
activity is only slightly mass-transport-controlled. Good fits
were obtained with the KouteckylLevich equation (eq 1),

which enables extrapolation to a finite current at infinite 50 and 500 st for the turnover number corresponding to
rotation rate £5, 28, 30): uninhibitedproton reduction at 5 and 3, respectively, at
T 0 6mFADR R T ot 1) To correct the low-potential current e~ for the

fim ) s decrease in electroactive coverage during the course of
experiments, and to measure the intrinsic change in enzyme
activity as a function of pH, each experiment carried out at
a new pH was followed by remeasuring the activity in a

“liim

In eq 1, [H] represents the bulk concentration (actually
activity) of protonsnis the number of electrons in the redox
reaction (heren = 2), F is the Faraday constar is the
electrode ared) is the diffusion coefficient of the proton, : : _
andvs s the kinematic viscosity of the solutio2q). detertnined by Itegrating e aument peak resuling flom the stoichio-
The small pH dependence of the slopes of the Koutecky  qyic redox transformation of a reliably assigned redox center (see,
Levich plots in Figure 3C and the lack of dependence on e.g., ref22 and25). For an enzyme, this requires that the center is not
buffer concentration contrasts with the strong TH depen- catalytically cycling. Typically, noncatalytic signals are only faintly

; ; ; ; isible for A. vinosum[NiFe]-hydrogenase films, so that only an upper
dence predicted by eq 1. This argues against the idea thagound forl" can be estimate®6) by use of the fact that one-electron,

the rotation rate dependence of the limiting current is due t0 noncatalytic signals are expected to escape detection if the coverage is
substrate (proton) depletion near the electrode surface.lower than about 3 pmol/ctn
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standard pH buffer (6.6) thermostated at the same temper-Scheme 2: Generic Scheme for a Two-Electron Catalytic
ature. Normalization of_se”=* was performed relative to ~ Reductioft

the current obtained in the standard buffer, both before and

after the experiment (pH) of interest. The form of the

resulting normalized activity profile, plotted in Figure 4

(filled symbols), shows little variation with temperature over H,
the range 545 °C.

For cyclic voltammetry experiments (Figure 2A), a low
scan ratye was used to er)(surei)thatacatélygc stead) state w aThe oxidized form of the active site is reduced to R (via an
y FRtermediate species |) following two one-electron transfers and coupled

maintained and”to decrease the baCkg'_’OU”d (Charging)protonation steps. The reduced, substrate-bound form of the active site
current. In addition, the range of potential cycling was converts and releases the product with a kate

restricted so as to be more negative than the region in which o
the enzyme’s active site is expected to convert to the inactive UPtake and the driving force are factored out, hydrogen
forms* (32), and the rotation rate was kept as high as practical ©Xidation activity is remarkably pH-independent.
considerations allowedo( = 6000 rpm) to minimize the MODELING
restriction due to mass transport (product dispersion) we have
just mentioned. As Figure 2A shows, as the pH is decreased, Details of the modeling procedures used to analyze the
the activity increases and the catalytic wave is significantly catalytic waveshapes are given in the Supporting Information.
shifted to higher potentials. Proton Reduction: Catalytic Wa&shape.Scheme 2
Hydrogen OxidationFigure 2B shows cyclic voltamo-  depicts the generic catalytic sequence that can account for
grams recorded under 1 bar of Bt 5°C and two different the shape of the voltammograms. The oxidized form of the
pH values. A low temperature was used since the enzymeactive site, termed O, is reduced in two successive, one-
activity is very high and it was necessary to ensure that electron steps (via an intermediate oxidation level I) to R,
interfacial ET is not rate-limiting 33). To avoid the which is protonated and releases With a ratek,. (Later
complication from oxidative inactivatioha moderately fast ~ we will consider the correspondence with spectroscopically
scan rate (200 mV/s) was used so that the active site wasidentified states.) The equation for the steady-state catalytic
kept at a high potential only for a few seconds during each wave associated with this scheme was derived with the
scan, noting that oxidative inactivation is in any case slow assumptions that protonation steps remain always at equi-
at low temperature2{). Rotating the electrode at 1000 or librium and that the interfacial ET rates (these are assumed
2000 rpm did not change the electrochemical response;to be one-electron processes) can be described by the-Butler
consequently it could be certain that the electrode rotation Volmer (BV) equation 29).
rate was fast enough to avoid hydrogen depletion near the The first assumption is justified by the observation that

E, E
o = 1 =& R

1
Protonatiorlu steps
\j

- -
- -

ks |

electrode surface. the maximal H oxidation rates greatly exceed those for
A large catalytic current is obtained at high potential, proton reduction (Figure 2), which suggests that intramo-
resulting from the continuous reoxidation of the-k¢duced lecular proton transfer must be relatively fast. No assumptions

active site by interfacial ET. Comparison of panels A and B were made regarding the order of protonation and reduction
in Figure 2 shows that, at low pH and %&, hydrogen steps, which can be deduced a posteriori from the pH
oxidation at the high-potential limit isbout 1 order of dependences of the best parameters of the fit.
magnitude faster than proton reduction measured at the low- The BV equation Z9) is the simplest way to introduce
potential limit. (Note, however, that the electroactive cover- the potential dependence of the rate of interfacial ET
age is unlikely to be the same for the particular experiments processes into the model. These phenomenological equations
in panels A and B.) Figure 2B also shows that the position (eéq S1 in the Supporting Information) predict the same
of the catalytic wave is pH dependent (as it is in the case of potential dependence for interfacial ET rates as the Marcus
proton reduction). However, and by contrast with proton theory, provided the driving force (the overpotential) is
reduction, themagnitudeof the limiting current, and thus  smaller than the reorganization energy of the redox process.
the ability of the oxidized active site to catalyze hydrogen (16, 30, 34—36). This is likely to be a good assumption in
oxidation, seems not to depend on pH, once compensationthe present case, as the voltammograms were fit within a
has been made for the driving force. The variation in this potential range ot=200 mV about the equilibrium poten-
intrinsic activity as a function of pH was quantified by tials: this corresponds to a maximum driving force of
measuring the current at the high-potential limit of each 0.2 eV, whereas reported values for reorganization energies
voltammogram {240 mV vs SHE) and by normalizing this ~ for ET sites in proteins range from 0.25 to 1 e¥7).
value with respect to the current measured immediately The analytical solution of Scheme 2 (eq S3 in the
before or after the experiment in a standard buffer (pH 7.3). Supporting Information) gives the equation for the catalytic
The corresponding activity profile is plottedl) in Figure wave in the ideal case where interfacial ET rates are the same
4, from which it is clear that once the kinetics of electron for all adsorbed enzyme molecules. This equation involves
five parameters: the limiting current, two reduction potentials
4The oxidation of the active site NS to the inactive, ready state  (Eoi @1dEir), and f/ke™")*Pand kelko"™)?". The reduction
Ni* occurs at—104 and—157 mV at pH 7, 45C, 1 and 0.01 bar of ~ potentials are as defined in Scheme 2, and & f?PPterms
H, respectively, forA. zinosum[NiFe]-hydrogenase (A. K. Jones, S.  are apparentparameters derived frork, (the first-order,
E\'m';;':(‘)'ﬁé’*jﬁ aiifgf‘rﬂ'inKbr'gba\\/rg‘tf;:‘)té r?d ;'a%pgg{g;hé’ma(;‘dm\';' A- potential-independent rate constant for hydrogen formation
at pH 7, 40°C, in the absence of hydrogen, for the enzyme fidm and release by the fully reduced and protonated active site)
gigas(32). andk,°" andkg'R (the interfacial ET rate constants at zero
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E (mV vs SHE) [NiFe]-hydrogenase measure@)(in the presence of H(i.e.,

obtained from H oxidation waves) orl) in the absence of H
(i.e., obtained from H reduction waves). Filled squares in panels
A and B are the two reduction potentials obtained by fitting proton
reduction voltammograms such as those shown in Figure 5 to eq
S9. Conditions are as described in Figure 2. In pané{z is the
average ofEp, and Eyr. Error bars correspond to the difference
between the parameters determined for scanning in the oxidative
. ) . and the reductive directions. The solid lines are fits to eqs S12
overpotential). In the following analysis, we assume tkdt (  (a), S11 (B), and S13 (C). The dashed line in panel A is the best
ko®M@Pand ka/ky’R)@P are equal (this assumption is justified fit to eq S14. The parameters obtained by fitting these pH
at the end of the Supporting Information). dependences are reported in Table 1. The dashed line is the potential

Since disorder among the adsorbed enzyme moleculesa,f- the H/H, couple under 1 bar of Ho provide a reference line

. . . X - ith a slope of =55 mV/pH (one-proton:one-electron). This
introduces a dispersion of interfacial ET rate constants, the potential is not related to the shape or position of the proton
last step in the derivation of the current equation is to averagereduction wave in the absence of.H

this ideal current over distribution of values ofkg, rather ) )

than a single value (Supporting Information and3@f The At 45 °C, both reduction potentialsEgs and Eyr) were
catalytic voltammogram was then fit to eq S9 with four Shifted by approximatively-40 mV with respect to the
adjustable parameters: two reduction potentials, a parametev@lues measured at%. o
describing the competition between interfacial ET and Proton Reduction: pH Dependence of the Limiting Cur-
turnover ka/ko™), and ijm/Bde, Wheredo is a geometric rent. Since interfacial ET rates increase with overpotential

parameter linked to the distribution of interfacial ET rates (exponentially at small driving force), they eventually exceed
due to distance and electronic coupling. kz. Under this condition, and provided intramolecular ET

through the FeS clusters is fast, as expec88), the active
site will tend toward 100% reduction at steady state, and
the change in limiting current as a function of pH reveals
the protonation equilibria between the different protonation
states of the fully reduced active site, along with their relative
d activities. If the most protonated, fully reduced state (R:3H
in Scheme 3) were the only species functional in proton
reduction (with a rate constakt®H), the limiting current
would follow the relationship

Ficure 5: Catalytic voltammograms (squares, only one experi-
mental point in every 10 collected has been plotted), best fits to eq
S9, and residuals (enlarged) for proton reduction at three different
pH values (upper panels) and hydrogen oxidation at two different
pH values (bottom panel). Experimental conditions are as described
in Figure 2.

Equation S9 allowed successful fitting of the catalytic
waveshapes for Hreduction (upper panels in Figure 5), and
the values of the two adjustable reduction potentials over
the entire pH range studied are collected together in Figure
6 (H in panels A and B). Although the Levich plots in Figure
3B show that the current is slightly mass-transport controlle
even at the highest rotation rates investigated, the fits of the
voltammograms recorded at 4000 and 6000 rpm gave
virtually identical parameters (data not shown).

The fits of the pH dependences of the reduction potentials I R:3H
to eqs S1+S13 (Supporting Information) gave the acidity i~ 0 2 (2)
constants that are collated in Table 1. The protonation pattern 14 Kri2n @
that successfully accounts for the pH dependence of the two [H*] [H +]
reduction potentials requires the binding of up ttoee
protons, as depicted in Scheme 3A. and the activity would drop sharply at pH values above

Similar experiments were conducted at 5, 30, and@5 pKr:2n ~ 6.5. That this is not the case is clear from Figure
and no significant differences were noticed for the relative 4, in which there is significant residual current at high pH
pH dependences of the reduction potentials over this range.value$ that is not accounted for by eq 2 (dashed line). In
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Table 1: Thermodynamic Properties of the Active SiteAof
vinosum[NiFe]-Hydrogenase at 3C?

pKo 7.4+0.2

pK| 9.1+ 0.1°

pK|;H 7.1+ 0.9

PKRr:H 9.0+ 0.7° 9.25+ 0.3

PKRr:2H 6.5+ 0.2 6.2+ 0.1¢ 6.25+ 0.2
pK|;H2 7.0+ 0.1

aThepK s are as defined in Scheme®&rom the fit of Eor to €q
S13, Figure 6C¢ From the fit ofEo, to eq S12, Figure 6A¢ From the
fit of Eyr to eq S11, Figure 6B From the fit ofi_se*= to eq 3, solid
line in Figure 4.f From the fit ofEoy to eq S14, dashed line in Figure
6A.

Scheme 3: Protonation Pattern and Turnover Scheme
Implied by the Modeling of Data for Proton Reduction (in
the Absence of Bulk k) (A) or under a Saturating
Concentration of K (B)?2

@) g A
: " Eop: : : :
—: 0 =L I % R
e
~i OH* =5 LH* | = RH*
---------- nKm uKR%H
i H, L2H* 1: R:2H* |
e e Ny quﬁza
kg:aﬂ : R:3H
(B) By i
oH, =L 1H, =L RH,

fro e

a Species within dotted boxes remain at equilibrium.

Léger et al.

Hydrogen Oxidation: Catalytic Washape.The same
approach as used for proton reduction allows the catalytic
waves for hydrogen oxidation to be interpreted.

When the voltammograms were fit to eqs S®&10 (see
Supporting Information), the adjusted value Bfr was
systematically found to libelowthe potential range where
a catalytic current is measured. This implies that the value
of this reduction potential cannot be determined from the
catalytic voltammograms. Therefore, to fit the data, we used
a modified version of eq S10, where the terms EXR[T(E;r
— E)] are fixed to zero, leaving three adjustable parameters
(Eon, k—2/ko™ andiym/3do). The fits of the catalytic waves
for hydrogen oxidation are shown in the lower panel of
Figure 5.

The pH dependence dfo, measured from the fit for
catalytic hydrogen oxidation (under 1 atm of)Hs shown
in Figure 6A Q). The dashed line is the best fit to eq S14,
which gives the acidity constant of the half-reduced active
site bound to hydrogemK.y = 7 & 0.1 (Table 1).

DISCUSSION

General ConsiderationdVhereas solution kinetic studies
of [NiFe]-hydrogenases are complicated by the slow interac-
tion with soluble redox dyes, our previous protein film
voltammetry study of\. vinosum[NiFe]-hydrogenase showed
that the PGE electrode serves as a very fast artificial redox
partner 25). This has opened new and alternative opportuni-
ties to study, simultaneously, the energetics and kinetics of
the catalytic processes, and in the present work, we have
focused on the mechanism of hydrogen evolution and
oxidation by the fully active enzyme. The study of the (in)-
activation of the enzyme under conditions of strict potential
control will be reported elsewhere (A. K. Jones, S. E. Lamle,
H. Pershad, K. A. Vincent, S. P. J. Albracht, and F. A.
Armstrong, manuscript in preparation). The study of hydro-
gen oxidation as a function of temperature is reported in ref
33

terms of the protonation patterns discussed above, i.e., that Proton reduction activity is low in the presence of
R exists in three different protonation states, this suggestshydrogen, but intense catalytic reductive currents are mea-

that turnover can occur from two different protonation states

sured under a Natmosphere, even at a temperature as low

of the enzyme, as shown in Scheme 3. The limiting current as 5°C (Figure 2). The facts that the slopes of the Kouteeky

is then given by
sz:SH + sz:ZH KRfH
H]
Kg. Kg.
+ R.jHl_i_ RJ.rH
[H'] [H']

wherekR3H andk,R2H represent the turnover numbers from

®3)

Levich plots in Figure 3C are pH-independent and that the
catalytic current does not depend on buffer concentration
together make proton depletion at the electrode surface a
very unlikely explanation for why there is an increase in
limiting current as the electrode rotation rate) (is raised
(Figure 3A). This must instead result from dispersal of the
product (H), and therefore a decrease in product (hydrogen)
inhibition. Thus, while rotating the electrode is normally used
as a way to increase the supply of diffusing species from

the two protonation states able to undergo catalysis, andthe bulk solution to the electrode surfac5(28-30), in

Kr:2n andKg.4 represent the acidity constants of R:2&hd
R:H", respectively. The fit of _seo(pH)/i—seo(pH = 6.6) is
shown in Figure 4; it givegR3HkR2H =104 1, pKron =
6.25+ 0.2, andpKr.y = 9.25+ 0.3. As shown in Table 1,

the present case, electrode rotation is exploited to observe
and to control product inhibition and dispersal.

The inhibition of proton reduction by bulk hydrogen
enables oxidative catalysis to be studied without complica-

the latter parameters are in excellent agreement with thoselions due to proton reduction. Therefore, in either direction

the reduction potentials (see Supporting Information).

5This current is on the order of G-1L A and is clearly distinguish-
able from any nonfaradaic charging current, which is at most on the
order of 10 nA.

and use of a fast electrode rotation rate) and hydrogen
oxidation (under Hsaturating conditions and fast rotation
ratey—the catalytic reaction is rendered unidirectional.

The modeling of catalytic voltammograms was based on
the steady-state solution of schemes derived from Scheme 2
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(Supporting Information), according to which the active site our above-mentioned assignmeng, binds less tightly to O
exists in three different redox states [oxidized (O), half- thanto I. We need then to distinguish whether binding occurs
reduced (I, intermediate), and reduced (R)], which can be preferentially to | or R. If the former were true, it would be
considered to interconvert as a result of long-range, one-possible to induce release of and thus to overcome H
electron transfers with the electrode, coupled proton transfers,inhibition) by lowering the electrode potential further to a
and two-electron 2HH, transformations. By fitting the  value commensurate with that of the redox couple I/R with
catalytic voltammograms (Figure 5), the reduction potentials H, bound. We found that even at760 mV (at pH 6, 5°C,

of the active site can be measured at room temperature, in1 bar of H), i.e., 400 mV more negative than the position
the presence of either substrate, while the enzyme is turningof the wave without ki, there was no evidence for any
over (Figure 6). The variation in high- or low-potential recovery of activity. If 1 bar of Kcaused a shift of at least
limiting current as a function of pH (Figure 4) represents —400 mv, it follows that 0.1 bar of kwould produce a
the activity profile for hydrogen oxidation or evolution, ghift of at least—340 mV, and there would be a large

respectively. separation between the waves for Heduction and H
Mechanistic Implications: Proton Reductiofwo pK oxidation. This is not the case, since under 0.1 bar .ofhid

values are clearly apparent from the variation with pH of reactions in both directions occur at electrode potentials very

H*-reduction activity measured at low potential360 mV, close toE®'y+, (see Figure 4 in ref 25), so that the second

solid symbols in Figure 4), and this shows that two different option can be excluded. Therefore, the reason for the loss
protonation states of the most reduced form of the enzyme of reductive activity under 1 bar of Hs that the product of
are able to reduce protons and releaseTtiis seems to be  the reaction binds strongly to R and prevents product release.
common in hydrogenases, as residual activity at high pH according to the first option above, the main effect of il
appears in earlier reports on the pH dependence of the protong attenuate the current rather than shift the potential required
reduction rate 39—41). to elicit H+ reduction catalysis.

By'fitting both the limiting currents and wavgshapes asa \echanistic Implications: Hydrogen OxidatiorThe
function of pH, we deduced the proton binding sequence g ysis of the catalytic waveshapes allows both one-electron
(Scheme 3A) and determined the acidity constants of the o ction potentials of the active site to be measured from
different intermediates (Table 1). At all but very alkaline ,nover experiments only if they are close to each other

pH values, the reduction and protona.tion events follow a (see Supporting Information). Therefore, the “one-electron
compulsory sequence of qn'e-ellec.tron.one-pr.oton tr"’meerS':shape” of the catalytic waves for hydrogen oxidation (only

lgdl_e;Hd; egn%kﬁngnvﬁgelr;;;tlwxlsQtlghl—?svtéll(a?slsbreet\?vueceend7 Eo, could be measured) suggests that | is (at least slightly)
and 9 (lower activity) O is,reduced tg R:2Mjia I:H*. (This stabilized upon hydrogen binding. At low pH, in tabsence

; . Y), ) o o . of bulk hydrogen, the difference between the reduction
is probably important for preserving electrical neutrality in potentials of the O/l and /R transitions is about 65 mV.

the low-dielectric medium surrounding the active site.) These 7 _. S

results show that a labile proton in the active site, with acidity g'gu\rveoﬁ?apt‘)i%gSgpr:?:firﬁgrt;a;:énﬂgg d?fffé:r()e:mggr?firze(;jmv
tant ~ 7 h th tivit t 10-fol . .

constantpka ,_enhances the activity about 10-fold under 1 bar of hydrogen (thus making the catalytic wave-

(kR3HkR2H ~ 10, Figure 4). Whereas the involvement of haoe for hvd dation i I he valug
three protons in the catalytic cycle has already been proposed'@Pe for hydrogen oxidation insensitive to the valug,@j.

on the basis of the pH dependence of reduction potentials Two observations are particularly important. First, 1 bar
measured by EPR titrationdZ, 43), our proposal ismot that of hydrogen is sufficient to saturate both the reduced (R)
three protons are coupled to the transfer of two electrons inand oxidized (O) catalytic states of the enzyme [see above
the proton reduction cycle but that a supernumerary protonand note that,, for hydrogen oxidation is estimated at
is taken up by the active site all its redox states below  approximatively 1% H], and second, KHhas only a small

pH 7. influence on the reduction potential of the O/I transition

Mechanistic Implications: Inhibition of Redueéi Actiity (Figure 6A), showing that the affinity of the active site for
by Hydrogen.Inhibition of H* reduction under 1 bar hydrogen is hardly changed upon oxidation of I. Together
hydrogen is demonstrated by the large, instantaneous atthese suggest that under 1 bar of, Hhe substrate (a
tenuation of the proton reduction current when i dihydrogen molecule, or equivalently a proton:hydride pair)
introduced into the cell and accounts for the rotation-rate is bound to the active site il its redox states. Scheme 3B
dependence of the catalytic current in the absence of bulkdepicts the catalytic sequence of events deduced from the
hydrogen. pH dependence of the waveshape for hydrogen oxidation.

The following options can be considered to explain the In Scheme 3, the upper catalytic cycle, which accounts
inhibition by H,. The first is that binding of K occurs to for H* reduction, is therefore distinct from that deduced from
the most reduced state R and prevents release of the producH, oxidation experiments carried out undeg-shturating
The second option is that binding ok ldccurs much more  conditions. This simply means that the states of the active
tightly to either of the more oxidized forms (O and I) than site involved in either catalytic process can be considered
to R, the effect of which is to cause a large decrease in theas different species depending on whethgisbound. It is
reduction potential of these species, and hence a shift of thetherefore natural that two cycles can emerge, one accounting
reductive wave to lower electrode potential. for each catalytic direction (Scheme 3). Note that these two

We consider first the second option. Under 1 bar ef H cycles should be linked by binding of a,holecule and
the value ofEq, actuallyincreasesslightly (compare solid  possibly the release of protons; but the exact connection is
and open symbols in Figure 6A); consequently, in terms of not established, as the protonation pattern during oxidative
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Table 2: Literature Values for the Reduction Potentials of the . The u_se of PF_V'_ t09¢ther with _the general methOd_s for
Niz-S/Ni.-C* and Ni-C*/Ni,-SR Transitiond interpreting quasi-sigmoidal catalytic waves developed in the

Ni-S/Nip.C* Ni-CYNi-SR _ pH ref Supporting Inform_auon, provides a unigue opportunity to
study the energetics of the catalytic cycle. The reduction

B: g:ggg :238 E:g%) :ggg E:ggg ; f’é potentials of the active site in the presence of either of its
D. gigas —330 —405 ) 46 substrates could be measured at ambient temperatures and
D. gigas —330 —-370 8 43 during turnover (Figure 6), and their pH dependences allow
A. vinosum —458 8 27 measurement of the affinities of the different forms of the

A. vinosund —345 —360 7 e

active site for protons and determination of the sequence of
_ “All'potentials are given in millivolts versus SHE; pH dependence coupled protonation steps. The pH dependences reported here
Is indicated in parenthesesMeasured at 40C over the pH range  cqnirast with those measured from titrations either with dyes
Sereaen by i v o g o (32)0rdyes and H(42) o under HelHmixed atrospheres
analysis of catalytic waveshapes obtained &C5in the absence of (27, 47); these apparent discrepancies are likely to reflect
bulk hydrogen# This work. equilibrium versus dynamic behaviors of the system. The
sequence of proton and electron transfers during the catalytic
cycle is dependent both on pH (Scheme 3 and Table 1) and
on the catalytic directions.

Under a N atmosphere, O is reduced to R2Ht 7 <
pH < 9 or O:H" is reduced to R:3H at pH < 7. This is

detected in the pH dependencetaf, must correspond to a consistent with the observation that the isolated and spec-
proton in the half-reduced active site bound to hydrogen (1). troscopically characterized states of the active site generally

Since the shapes of the catalytic waves under 1 bar.of H €Xist in two forms depending on pH, with an extra proton
reveal only the | to O oxidatiorEr could not be measured ~ °€ing added to the active site at low pH, withdrawing some
under 1 bar of b, it was unfortunately not possible to detect €!€ctron density and thereby shifting the CO band to higher

the deprotonation event(s) following the first one-electron fréduencies. (32, 48). The reduction involves two one-
oxidation of R bound to hydrogen. electron, one-proton uptakes at all pH values, but the rate of

No protonation equilibria were detected for the oxidized H ' reduction under a Natmosphere is pH-dependent and
active site bound to hydrogen (Ozih Scheme 3B). This is enhanceq abput 10—fpld by this labile actlve-s_lte proton (the
fully consistent with the fact that the rate of hydrogen PKaOfwhichis~7; Figure 4 and Table 1). This exchange-
oxidation at high driving force is pH-independer® n able proton is unlikely to be the hydrogen species that
Figure 4: lower panel in Figure 5). This observation is dissociates from the BC* state upon illuminationi2, 49,
unambiguous and contrasts with earlier reports on the pH Since (i) the EPR signal of BC* (g-values and line widths)

dependence of hydrogen oxidation rates by hydrogenages ( Shows little pH dependence, 47) and (i) illumination

44, 45), and suggests that these assays were complicated b);esults in dargelncrease of the electro'n den_sny on the metal

the rate-limiting and pH-dependent active-site oxidation by atoms 8, 50). The Ilg_ht-ser_l5|t|ve species might instead be a

the redox mediators. With PFV, the enzyme activity is spectator (nonreacting) dihydrogen molecule bound to the

controlled directly by the electrode potential, and by increas- active site. o S
ing the driving force, it is easy to ensure that the true limiting _The low-pH, H-free, oxidized form of the active site
rate is measured. (O:H* in Scheme 3A) most likely corresponds to.§, i.e.,
Proposal for the MechanismSince the most common ~ F€'Ni", with a proton bound to a base (Ba) in the active
proposal for the mechanism involves the participation gf Ni ~ Site. O:H" (Fe'Ni"BaH) and the high-pH form O (¥Bli"Bar)
S, Ni-C*, and Ni-SR in the catalytic cycle (Scheme 1), the might correspond respeg:tlvely to thelg?.,i'and Sloi4forms
most obvious assignments of the species detected in the®f the enzyme fronD. gigas(32). The first one-electron:
voltammetry are that O is \S, | is Nix-C*, and R is Nic one-proton reduction of O:Hproduces an P&i'H"BaH
SR, each subject to different affinities for'Hand H. At state that converts immediately to,MG* containing a bound
pH 7, we measureBo, = —345 mV andEjr = —360 mV hydri.de (I:2HY), i.e., FENi""H-BaH (note that, alternatively,
vs SHE (Figure 6), and we note that these values are in thethe first electron uptake could lead to qnstablé.l%éubse—
range reported for the reduction potentials of the different duent one-electron:one-proton reduction leads to R:3H
active states of the [NiFe]-hydrogenase active site (Table (FE'Ni"H™H™BaH), in equilibrium with the 10-fold less
2). In the following discussion, we will follow this line of ~ active, deprotonated form R:2HFe'Ni"H"H™Ba’) and the
correspondence while remaining critical as to exact inter- alkaline, inactive form R:H (Fe'Ni'H™Ba’) that may
pretations. To simplify our analysis, we have not considered

the possibilities that the Fe-S clusters may play roles 7inthe absence of Hthis has been reported for thes and (H-
additional to relaying electrons. free) Ni-SR states oD. gigas(32) andD. desulfuricang48) [NiFe]-
hydrogenases. The CO stretching bands of the enzymeAteinosum
under H also show an apparent pH dependence: the band at 1937
6 For example it is not clear whether the state @idHequivalent in cm! from the Ni-SR state and that at 1951 cinfrom the Ni-C*
composition to R:2H or R:3H". This connection between the cycles state are stronger at pH 6 than at pH 9, whereas the 1921 lgand
for oxidative and reductive catalysis should not be confused with that of the Nii-SR state is weaker. In addition, a small band at 1913'cm
proposed by Roberts and Linda#Bj. These authors consider the redox was observed at pH 9 but not at pH 6 (B. Bleijlevens and S. P. J.
states of the FeS clusters and draw distinct cycles depending on theAlbracht, unpublished results). However, no pH dependence was
total “electron loading” of the enzyme, whereas the model presented observed for the IR or EPR signals of thed$i and Ni-C* states of
in our work takes into account only the chemistry occurring at the A. vinosum[NiFe]-hydrogenase (B. Bleijlevens and S. P. J. Albracht,
[NiFe] active site. unpublished results).

turnover cannot be entirely determined from the experiments
presented in this papér.

The pH dependence @&, under 1 bar of His shown
(O) in Figure 6A; proton release from the active site upon
oxidation of | occurs only at pH< 7. Indeed, theK, ~ 7
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