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ABSTRACT: The Ni—Fe site in the active membrane-bound [NiFe]-hydrogenase fidiothromatium
vinosumcan exist in three different redox states. In the most oxidized stateS)Nhe nickel is divalent.

The most reduced state (N8R) likewise has Nit, while the intermediate state (INC*) has NF*. The
transitions between these states have been studied by stopped-flow Fourier transform infrared spectroscopy.
Itis inferred from the data that the N — Ni;-C* and Nii-C* — Niy-SR transitions induced by dihydrogen
require one of the [4Fe-4S] clusters to be oxidized. Enzyme in th&SNiate with all of the iron-sulfur
clusters reduced reacts with dihydrogen to form thg $R state in milliseconds. By contrast, when one

of the cubane clusters is oxidized, thedSi state reacts with dihydrogen to form the gi* state with all

of the iron-sulfur clusters reduced. The competition between dihydrogen and carbon monoxide for binding
to the active site was dependent on the redox state of the nickel ion. Formation of.i{8eCIi state

(Ni2") by reacting CO with enzyme in the NER and Ni-S states (Ni*) is considerably faster than its
formation from enzyme in the IC* (Ni3*) state. Excess oxygen converted hydrogen-reduced enzyme

to the inactive N state within 158 ms, suggesting a direct reaction at the ’d site. With lower @
concentrations the formation of intermediate states was observed. The results are discussed in the light of
the present knowledge of the structure and mechanism of action @&.thieaosumenzyme.

Hydrogenases catalyze the reversible reactigr2H" 8). The transition is not accompanied by any shift of the
+ 2e. They are widespread in nature. An introduction to »(CN) bands, but the(CO) band shifts some 720 cm?
[NiFe]-hydrogenases in general and to the membrane-boundto higher frequency. Studies with the-Bensing protein from
enzyme fromAllochromatiunwinosumin particular is given Ralstonia eutrophauggest that this transition is simply due
in the accompanying paper in this issug. (In that paper, to the binding of H to the Ni-S state, whereby the Niis
the first stopped-flow Fourier transform infrared (SF-FTIR) oxidized to N#* (with the electron transferred to the +8
experiments on any hydrogenase were described that focusedlusters) to form the NiC* state 9, 10).

on the kinetics of thénactive A.vinosumenzyme with H, Below 77 K, the Ni-C* state converts to the ML* state

or Hz in combination with CO or @ In the present paper,  ypon illumination with white light €). As this conversion

we report on the kinetics of some of the reactions of the a5 slowed nearly 6-fold when performed in a/DO
active A.vinosumhydrogenase with a variety of reagents enyironment, it has been interpreted as the photolysis of a
(a.0. B, CO, BV, and Q) again using the SF-FTIR technique  hydrogen species bound to the active site. It is now generally
(2-4). assumed that the NC* state contains a hydride bound to

‘The Ni—Fe site in active enzyme can exist in three the active site in a position bridging between Ni and E& (
different states, designatedM8, Ni,-C*, and Ni-SR. In the 12).

presence of mediating redox dyes plug the Ni-S— Ni,-

C* transition is reversible and involves one electron and two
protons b). This transition also occurs with hydrogen alone
(no mediating dyes present), but then it is irreversiléte (

Carbon monoxide is a competitive inhibitor of nearly all
[NiFe]-hydrogenases. EPR studies have shown that CO binds
directly to nickel when Hreduced enzyme is treated with
limiting amounts of CO 13—15). The resulting Ni*-CO
"This work was supported by funds from the The Netherlands state (6) is converted to the NiL* state upon illumination.

Organization for Scientific Research (NWO), Division for Chemical Although it was initially thought that CO and the light-
Sciences (CW), and by the UK Biotechnology and Biological Sciences sensitive H-species were bound to the same site on nickel

apparatus used in these studies. . . .
* To whom correspondence should be addressed: Phe#d: 20 that the H-species (hydride) may be bound to the Fe site,

5255130; fax: +31 20 5255124; e-mail: asiem@science.uva.nl. while the CO binds to the nickell§). When active enzyme
iJOh” Innes Centre. is treated with excess CO, an EPR-silent state is obtained
University of Amsterdam. (Ni-S-CO). FTIR studies showed the binding of externally
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1 Abbreviations: BV, benzyl viologen; MV, methyl viologen; FTIR, ~added CO to the active site in this stafer)( The crystal

Fourier transform infrared spectroscopy; SF-FTIR, stopped-flow FTIR. structure of a CO-inhibited enzyme has been publisi&jl (

10.1021/bi049853k CCC: $27.50 © 2004 American Chemical Society
Published on Web 05/06/2004



H,, CO, and Q with Active [NiFe]-Hydrogenases

Biochemistry, Vol. 43, No. 21, 20046809

Fe?*(OH")Ni3*.P2*M*D2*

¢ +- e(H"?)
+-H-

Fe2*(OH N2+, P2-MOD2+ <>

v Ni-S 491¢(0r0)

Reduction

inactive

Ni-S 1934(0r0)

(H;0)
Fe?*---Ni2* P2+MoD2*

N

+-H,0

Niz-S 1929 CO(xrx)

Fe?*-Ni2*(CO).P2*MoD2*

o /f f

Fe2*-Ni2*.P2*M0D2*

+CO/-H

@®

Fe?*-Ni2*.p2*MoD*

Fe2*(HNi®*.P*MOD*  Fe2*(H-Ni3*.P2MOD*

+-H,J2H*

Fe2*(H-)Ni2*.P*MOD*

Fe?*-Ni2*. P*M°D*

Niz-S1934(XrX)

+H,

®

Ni-C*1g4g(rrr) pH 8
Ni;-C*1g54(0rT) pH 6
0.01 bar H,

Reduction

+H,l-2H*

Niz-SR1g36121(rT)
v 1 bar H,

Ficure 1: Overview of the redox states and their short-hand notations dkthimosumenzyme as studied in this paper. The reader may

first wish to consult Figures 1 and 2 in the accompanying paper in this id3u&s(an introduction. The scheme should facilitate the
understanding of the experiments in this study. The subscripts u, r, and a stand for unready, ready, and active, respectively. States marked
with an asterisk (*) show a & 1/2 EPR signal due to nickel. EPR-silent states have an S added; SR stands for silent reduced. The number
added to each state as a subscript represents the stretching frequency of the intrinsic CO bound to Fe. Also the statusSofltistcfe

is indicated. For example, the oxidized ready state can be writter?a@H4¢ )NisT-P2*M D2, where OH stands for the bridging oxygen
species, P for the oxidized proximal [4Fe-48] cluster, M" for the oxidized medial [3Fe-4S]cluster, and B for the oxidized distal
[4Fe-4SF* cluster. In the text, we will also refer to this state ag‘(¢ioo), where “0” stands for an oxidized F& cluster, and “r" stands

for a reduced cluster (order: proximal, medial, distal). If an “x” is used, the cluster can be either oxidized or reduced. Many of the conclusions
of the present paper have been integrated already into the scheme. Under 1 hahefdrazyme is mainly in the NER states with/(CO)

bands at 1936 and 1921 cin(two pH-dependent substates). This state can be written dgHFgNi2"-P™MD*, where H stands for a

bound hydride (light sensitive in the NC* state). Other states are observed at higher redox potenrtiats. that the NiS;g10 Nir-Spo31,

and Ni-Sy93; States are isopotentiallThe mobility of the HO molecule in the NiS;q3; State, proposed to be formed by protonation of the
bridging OH™ in the Ni-S;9;0 State, is assumed to be strongly temperature dependent’@t i2 cannot leave the active-site pocket and
blocks the binding of K Binding of H, would result in the NiC* state, which has a hydride in the bridging position. Also, 4C2t is

assumed that a water molecule cannot enter the empty active-site pocket in the (agtBg)i$tate. At 25°C, these restrictions are far

less stringent, enabling a rapid equilibrium between theSNik; and Ni-S states. The(CO) band of the NjC* state can slightly shift
depending on the redox state of the proximal clusid).(This shift could not be observed in the present study due to a lower resolution;
changes at 1950 crh are assigned to the NC* state. Encircled numbers relate to the equations in the text.

active

and shows that CO is bound to nickel opposite to the bridging (seconds to minutes), and so they were unsuited for the

thiol provided by the last Cys residue in the C-terminus of available discontinuous rapid-mixing EPR technique due to

the large subunit (s33in Figure 1 of the accompanying paper the very large amounts of enzyme requiré@)( Continuous

in this issue 1)). detection of these reactions by SF-FTIR enabled the verifica-
The Ni-C* state, with a bound hydride, reacts with a tion of such predictions.

second dihydrogen molecule to form the EPR-silentSR The results reported below together with those in the
state. The reaction WC* + H, < NixSR is theonly accompanying paperl) substantially increase our under-
equilibrium reaction(n = 2, 1H"/e") involving hydrogen  standing of the interrelationships between the several states
and the enzyme in the absence of redox mediafdrs ( of this extremely complicated enzyme system.

The turnover rate of activ&. vinosum[NiFe]-hydrogenase
with H; is extremely high. When attached to a pyrolytic EXPERIMENTAL PROCEDURES
graphite electrode, the turnover rate is in the range of £500
9000 st at 30°C (19, 20) and is limited by H diffusion Enzyme Purification and Sample Preparatiofhe A.
from the bulk solution to the enzyme. This means that the vinosum[NiFe]-hydrogenase (specific #benzyl viologen
primary reaction of active enzyme with,Hes outside the  activity at pH 8 and 3C°C: 300 U/mg) was prepared as
time resolution of conventional rapid-mixing techniques, such described?1). Enzyme, dissolved in 50 mM Tris-HCI buffer
as that used in the SF-FTIR apparatus. The objective of the(pH 8.0), was concentrated to 800 M by ultrafiltration
present paper was therefore to investigate the reactions ofand stored at-80 °C. This preparation and buffer were used
the active enzyme with hydrogen, carbon monoxide, and throughout unless specified otherwise. The reduced, active
oxygen, starting from the three well-defined active states: enzyme in the N}SR state was obtained by an incubation
Ni.-S, Ni-C*, and Ni-SR. Some of these reactions had been under 1 bar Hat 50°C for 30 min in a capped serum bottle.
studied earlier by rapid-mixing rapid-freezing EPR6) Unless specified otherwise, the Mi* state was prepared
Since the Ni-EPR signal is absent in two of the active states, by transferring the bottle into the anaerobic box of the SF-
the study by SF-FTIR was expected to provide more detailed FTIR apparatus and exposing the contents to the gas
and conclusive information, and this was indeed the case.atmosphere in the box @Nwith maximally 2 ppm Q) for
In addition, some reactions were predicted to be quite slow 30 min at room temperature. The M state was obtained
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FiGure 2: Reaction of enzyme in the N state with H, reduced MV or CO. Syringe 1 contained enzyme in thgstate in buffer of

pH 8 (panel I) or 6 (panel II). (A) Control experiments: enzyme was mixed (1:1 v/v) with anaerobic buffer. A spectrum was recorded 3
min after mixing. (B-D) Syringe 2 contained buffer with 8Q¢M H, and spectra were obtained after 217 ms (B), 509 ms (C) and 8 min

(I, D) or 10 min (I, D). (E, F) Syringe 2 contained buffer (pH 8) with 10081 50%-reduced MV. Spectra were recorded after 217 ms (E)
and 2 s (F). (G) Syringe 2 was filled with buffer (pH 8) containing 1@80 CO; 217 ms after mixing a spectrum was obtained. (Panel IIl)
Time dependence of the amplitude of the 1950 ttrmand for the experiment under |, -. The absorbance at 1963 chwas used as an
internal reference. All spectra were baseline corrected. Only(th®) region is shown. Concentrations given in the figures are those after
mixing.

by recapping the serum bottle and leaving it for 18 h in the taken into consideratior). All [NiFe]-hydrogenases have
anaerobic box at room temperature. At pH 6, this procedure only the proximal [4Fe-4S] cluster in common, suggesting
did not work; the Nj-C* state persisted even after 1 day. that this cluster is essential for the redox reaction with H
Therefore, at pH 6.0 the NB state was prepared by mixing (23). The scheme in Figure 1 gives an overview of some of
enzyme (86-90 uM) in the Ni-C* state in a capped serum the reactions investigated in this study. As far as the active
bottle with air-saturated buffer to a final,@oncentration enzyme is concerned, this scheme is more detailed than that
of 25 uM. The actual state (or mixture of states) of the in the accompanying paperl)( because many of the
enzyme at the start of each experiment was determined byconclusions from the present paper are included. The redox
FTIR. The different concentrations of COHr O, and states of the FeS clusters are included in the descriptions
their mixtures were obtained as described in the accompany-of the various enzyme states. In this paper, we will use the

ing paper {). A 50% reduced solution of 1 mM MV was  short-hand notations as described in detail in the legend to
prepared electrochemicall2?). Figure 1.

SF-FTIR Measurements and Data Analys&F-FTIR Reactions of Enzyme in the 8 StateAt pH 8 and pH
experiments were performed as described in the accompanys the Ni-S state was prepared as described in Experimental
ing paper {). The enzyme syringe (syringe 1) contained procedures. When mixed with anaerobic buffer at pH 8 the
hydrogenase (8690 M) preconditioned as described in the  spectrum shown in Figure 21, trace A was obtained. The main
text. The reactant syringe (syringe 2) contained the buffer »(CO) band was at 1931 crh (78% of the totaly(CO)
at the appropriate pH with the additions specified in the text. jntensity), with smaller bands at 1950 ch(Ni-C*: 8%)
Both syringes were of equal size and their contents were gng 1910 cm?® (Ni-Sioig 14%). At pH 6, only the 1950
mixed in a 1:1 (v/v) ratio. cm* (27%) and 1931 cri (73%) bands were observed

RESULTS AND DISCUSSION (Figure 2lI, trace A).
At pH 8, the smallz(CO) bands at 1950 and 1910 cth

Explanatory Scheme to Facilitate the Understanding of and the large 1931 cm band show that the bulk of the
the Experimental Design and DiscussioBsfore describing ~ enzyme is in a state between the-A8* and the Ni-S910
the experimental observations, it is important to recall that states, i.e., the MS and Ni-S;e3: States (see Figure 1). At
the Ni—Fe site in theA. vinosumhydrogenase behaves as pH 6, the 1910 cm! band was not detectable, presumably
ann = 1 redox entity. Hence, in the two-electron reaction due to protonation of the NByg;0 State (Figure 1). As the
with Hy, the redox states of the F& clusters must also be  Ni-S;93; and Ni-S states are easily interconvertible at 25
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°C and have the same infrared spectrum, they cannot beconcentration in the solution will decrease te8orders of

distinguished here. When prepared at@, the Nj-S;o1d
Ni-S;931 States are not active. In an activity assay afG0

magnitude lower than that of the enzyme. We suggest that
the released Hcould be the source of electrons for the slow

such a preparation requires several seconds to become activeeduction of the oxidized proximal cluster (eqs 2 and 3).

(24).
(a) Reaction of the NS State with Hat pH 8 and 6.

When enzyme (at pH 8) was mixed with buffer containing

800uM H, the 1931 cm? band disappeared within 217 ms

(Figure 21, traces A and B). Two other bands characteristic

of the Ni-SR states (1936 cm, 1921 cn?, 71%) appeared,
while the 1950 cm! band increased (WC*, 29%). At 509

Ni_-S(orr)+ NiS(orr)= Ni-S(oro)+ Ni-S(rrr)  (2)

3

Thus, the main products of the procedure to make theSNi
state at pH 8 are expected to beSi{rrr) and Ni-S(orr)

Ni-S(oro)+ H, — Ni_-S(rrr) + 2H"

ms, the spectrum was essentially the same. At longer timeswith both exhibiting a 1931 crt band (Figure 21, trace A).

(up to 100 s), a slow decrease of the 1950 timand was

Formation of the N} SR states (1936/1921 crhbands)

observed (Figure 21, trace D, and 2lll). The same experiment by reaction of enzyme in the NB(rrr) state with 40Q:M
performed at pH 6 resulted in the complete conversion within Hz is expected to be fast (eq 4).

217 ms of the 1931 cm band into bands at 1936/1921 tin
characteristic of the NiSR states. The 1950 crhband did

not change in intensity. There were no further changes at

longer times (Figure 21, traces-AD).

Ni-S(rrr)+ H, — Ni SR(rm)+ H* 4)

i.e., the fast binding of KH(as hydride) to the active site

It is concluded that under the above conditions, the reaction (Figure 1). Hydrogen (hydride) binding to the}(orr) state,

of H, with enzyme mainly in the NiS/Ni-S;03; States was

however, will result in the formation of the NC*(rrr) state

complete within 217 ms at both pH 8 and 6. In both cases, (€d5)-

the Nii-SR states were the main products. The fast (217 ms)

increase of NfC* (from 8 to 29%) at pH 8, and its
subsequent slow decreasg,(= 6 s), as well as the absence
of this effect at pH 6 were unexpected observations.

Fé -Ni*"-P""MD* + H,—
FE (H)NI*-P'MD" + H" (5)

To understand this behavior, it is important to recall how In this case, formation of an FgH™)Ni*"-P*"M°D* species
the Nir-S state at both pH values was prepared. At pH 8, it is preferred over the formation of anF¢H™)Ni#-P**M°D™*

was obtained from the NC* state by leaving the enzyme

species, because the midpoint potential of thé*MNii2*

in an H-free, anaerobic atmosphere for 18 h at room couple in the Ni-C*/Ni,-SR transition is lower than that of
temperature. This resulted in the spectrum of Figure 2, tracethe P*/P* couple §). We suggest that this may be due to

A. EPR and Masbauer spectra of the active vinosum
enzyme at pH 8 under 1 or 0.01 bar of showed that all of

the Fe-S clusters are reduced under both conditions, i.e.,

one [3Fe-49) cluster and two [4Fe-4S]clusters 25, 26).
Hence, at pl 8 a Ni-C*(rrr) state was present at the start of
the Ni-S preparation procedure.

Studies with the ktsensing, regulatory hydrogenase (RH)
from R. eutrophéndicate that the reaction of the N& state
with H; involves only H binding to the active site, whereby
the N#* is oxidized to N#* and an electron is passed onto
the Fe-S clusters and from there to an as yet unidentified
= 2 redox-active chromophore9,(10). By analogy, we
propose that the formation of the N state in theA.
vinosumenzyme from the NiC* state can be written as the
reverse of this reaction (ef.

FE"(H)NP*-P'MD" + H" —
FE-Ni*-P"MD* + H, (1)

i.e.. a very slow (18 h) release of;Hrom the active site,
whereby N#* is reduced to Nit using an electron from the

differences in the bonding interactions of the n with

the Fé*-Ni®" and F&"-Ni?* centers. Such an interaction will
be determined by oxidation levels, electron distribution, and
the protein environment of the F&i cluster. The Ni-C*-

(rrr) state will not be reduced by Has it has only one
oxidizing equivalent available (see below). This is how we
explain the behavior of the 1950 cfnband in Figures 2-I,
A—D and 2-1ll. A complete redox equilibrium between all
of the enzyme states and 4001 H, was obtained in a
reaction with at;;, of 6 s (Figure 211l). This slow phase is
assigned to intermolecular reactions between different en-
zyme forms 28). The rapid disappearance of the 1910¢ém
band (Nj-S;910 State) with H can be understood as follows.
We assume that the N&,q;0 State still has an OHbridge
between Ni and Fe (Figure 1). Protonation to water leads to
the Ni-Spe31 State. If at 25°C, this HO molecule is
considered to be highly mobile, then theSigs; (with
water) and NiS;931 (N0 Water) states can rapidly interconvert.
Water leaving the active-site pocket will allow hydrogen to
rapidly occupy the bridging position (as a hydride) to form
the stable N}C* state (Figure 1). In contrast to active
enzyme, enzyme in the N& states is not active in the,H

cubane with the lowest midpoint potential. In short, this can methylene blue assag4).

be written as Ni+C*(rrr) — Nig-S(orr) + H, (see Figure 1).

Previous EPR experiments at pH 6 showed that under 1%

EPR experiments showed that the cubane clusters remainedH,, 90% of the enzyme is in the NC* state, but with the

largely reduced when performing this treatmeif)( imply-
ing that the proximal cluster in a large proportion of the

proximal cluster largely oxidized (MIC*(orr) state) 7, 26).
In the present study, we observed that the-Cli state

enzyme becomes re-reduced. We are not sure how thispersisted at pH 6 for at least 1 day in the absence of H

occurs. Equation 1 shows that the amount efréleased is

The presence of the oxidized proximal cluster may be the

stoichiometric with respect to the enzyme. However, by reason this state is so stable at this pH, i.e., because the
equilibration with the gas phase in the serum bottle, the H reaction shown in eq 1 cannot occur. Abstraction of the
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required electron from the distal cluster is probably prevented nickel (2054 cm?) and twoz(CN) bands (2080 and 2068
by the higher redox potential of this cluster. This is why 25 cm™1). All of these bands are characteristic of thg-RiCO
uM O, was used to remove reducing equivalents from the state. For the NiS state, the reaction with CO can be written

enzyme. A plausible reaction for the formation of the-Ni as eq9.
state by this method is the removal of the H-species by
oxidation with oxygen (eq 6). Ni-S(rrr) + CO— Ni-S:CO(rrr) 9
+ g\ 3. D2 0 +
Fe (H)Ni PPMDT + 050, +H" — The starting sample (Figure 2I, trace A) also contained some

E€-Ni2T-PP"MOD2T + H,O (6) Ni-C* (1950 cnt?) and Nj-Sio10 (also probably some Ni
Sie31, but this cannot be distinguished fromM8,931). Apart
As the enzyme concentration was-880 «M, the bound H from the redox states of the cubane clusters, the reactions
is expected to be removed in at least half of the enzyme Of Ni-C* can be explained by egs 1 and 9. A discussion of
molecules. Figure 2I1, trace A shows that 73% of the enzyme the kinetics of the NfC* to Ni;-S-CO transition is given
is in the Ni-S state (1931 cnt band), which is in good later.

agreement with this prediction. Reaction of the-H{oro) The rate of reaction of the N8 states with CO is proposed
state with excess Htan rapidly yield the NiSR(rrr) state, to be limited by the loss of D from the active site pocket
as depicted in eqs and8. as discussed for the reaction with KFigure 1). We note
that when the NiS states are prepared ate, they only
Fe -Ni*"-PP"M°D*'H, — react very slowly (tens of minutes) with CO, the rate

- resumably being limited by the slow release of the water

FeZJ’(H )NI3+'P2+MOD+ +H (7) pmolecule a)t/ this t?amperaturg (Bleijlevens, B., and Albracht,
Fe2+(H_)Ni3+~P2+MOD+ +H,— S. P. J., unpublished experiments).
Reactions of Enzyme in the NC* State.
(a) Reaction with Hat pH 8 and 6 Redox titrations with
Thus, initially H, binds to Ni-S(oro) to form Ni-C*(orr) Ho/He mixtures {) showed that NiC* (with Ni**) and Ni-
and then a second;Hinolecule reduces the Niion and the SR (with NF¥) are in ann = 2 redox equilibrium: NiC*
proximal cluster to form NiSR(rrr) (see also Figure 1). This T Hz < Ni-SR. Because the 3Fe clusté(= —10 mV,

FE (H)Ni*"-P"M°D* + 2H" (8)

is what is observed in Figure 2I1. The NB;g31(0ro0) to Ni- pH 8) is always reduced in active enzyme, one of the [4Fe-
SRueseAIT) transition was completed within 217 ms. 4S] clusters must be involved in this equilibriurd).(As
Curiously, the intensity of the 1950 cfband (Nj-C*), remarked above, all of the F& clusters remained reduced
about 27% at the start of the reaction, did not change with in both states at pH 8. The reason for this apparent
time. There are two possib|e exp]anations: (|) the.@ﬂ contradiction is that under such equilibrium conditions,
state had all cubanes reduced (i.e., the®fi(rrr) state), intermolecular electron exchange will produce a mixture of

preventing a rapid reaction with H(ii) one cubane was  states in equilibrium with the potential set by the-péartial
oxidized (NB—C*(OI’I’) State)’ enab“ng a rapid (ms) equ”ib_ pressureZS). The situation is different, however, in a kinetic
rium with the Ni-SR(rrr) state. This equilibrium happened experiment in which the MC* state reacts with | At pH
to result in 27% Ni-C*, as apparent from the spectrum at 8 8, our preparation protocol will ensure that the main part of
min. Since oxygen was used to produce the starting mixture the Fe-S clusters in the NiC* state are reduced. Since only
of states, we favor the second explanation. one more electron can be accommodated by this state (at
(b) Reaction of the NiS State with Reduced Methyl Ni3t), the reaction with His expected to be slow. This could
Viologen. The reaction of the NiS state (at pH 8) with  €xplain why the reaction with Hvith the formed Ni-C* in
electrochemically reduced MV is shown in Figure 2I, traces Figure 2lll is so slow.
E and F. These conditions are analogous to those used for To substantiate this explanation, enzyme in the Qi
the H-production assay, except for the higher reduced MV state at pH 8 was prepared by equilibrating-ridduced
concentration and the presence of dithionite in the assay.enzyme with the M gas in the glovebox for 30 min at 25
With final concentrations at the start of the reactions of 250 °C. A control experiment in which this enzyme was mixed
uM reduced and 25@&M oxidized MV, the reaction will with anaerobic buffer produced a spectrum with a strong
approach an equilibrium determined by the relative concen- 1950 cm! band (Ni-C*; 63%; Figure 3.1, A), while 37%
trations of reduced and oxidized MV (initially449 mV), was still in the Nj-SR states (1936 and 1921 chbands).
the pH, and the dihydrogen formed. Hence, formation of a This is close to the value obtained with EPR experiments
mixture of the Ni-C* and Nii-SR states was expected, and under similar conditions (1% Hin the gas phase), where

this is what was observed. Within 217 ms, the-BiNi- up to 60% of the enzyme can be obtained in the@li state
Sie31 and Ni-Spo10 States had completely disappeared with at pH 8 and 90% at pH &/(26). After the sample was mixed
concomitant formation of a stable mixture of the J0* with H,-saturated buffer (400M H, after mixing), the 1950
(55%) and Ni-SR (45%)) states. cm ! band decreased to 35% within 158 ms, whereas the

(c) Reaction of the MiS State with COFigure 2I, trace 1936 and 1921 cnt bands increased to 65% (Figure 3l, trace
G shows the spectrum taken 217 ms after mixing enzyme B). As this spectrum had a distorted baseline, we show the
(80uM) in the Ni,-S state at pH 8 with buffer saturated with  spectrum obtained at 276 ms, which was of better quality.
CO (1000uM). One strongy(CO) band at 1929 cni is This fast phase was followed by a slow phage € 6 s)
apparent. In addition, three weaker bands were seen (notduring which the 1950 cnt band decreased to 14%. The
shown): oney(CO) band from the extrinsic CO bound to time-dependent amplitude changes of the 1950, 1936, and
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Ficure 3: The reaction of Hwith enzyme in the NiC* state at pH 8 (I, Il) or pH 6 (Ill). Syringe 1 contained enzyme in the-Glf state;
syringe 2 contained buffer with 800M H,. Panels | and Ill: (A) Controls with syringe 2 filled with anaerobic buffer; a spectrum was
taken after 3 min. (B-E) Reaction with H after 276 ms (B)1 s (C), 8 s (D), and 2 min (E). Panel II: Time dependence of the amplitudes
of the 1950 (A), 1936 (B), and 1921 cthbands (C) in the experiment in panel |. The absorbance at 1963 was used as reference.

1921 cnm! bands are plotted in Figure 3Il. The 1936/1921 SR states disappeared within 100 ms (due to baseline
bands increased concomitantly with the decrease of the 195Misturbances, the 276 ms spectrum is shown), while the 1950

cm* band. cm ! band decreased to 26% of the tatéCO) band intensity
At pH 6 the proximal [4Fe-4S] cluster is largely oxidized (Figure 4, trace B). At the same time a strong band at 1931
in enzyme equilibrated under 1%;}hence, it was antici-  cm* appeared (NiS/Ni-Syo3: States). No further changes

pated that at this pH the reaction with excessight show were noticed during the next 3 min (Figure 4, trace C). The
different kinetics. An anaerobic control showed that 75% of redox potential set by the #toncentration at the start of
the enzyme was in the NC* state (Figure 3llI, trace A) in  the reaction is—375 mV. The midpoint potential of BV is
good agreement with earlier EPR dafaZ6). The infrared —358 mV, but at the start of the reaction the potential is at
spectra show additionally that the rest of the enzyme remainsleast 118 mV higher. Reduction of BV at the expense of
in the (EPR-silent) NiSR states (1936/1921 crhbands). H,, catalyzed by the enzyme, will rapidly come to redox
After mixing with H,-saturated buffer, the system reached equilibrium. The experiment showed that equilibrium was
equilibrium within 158 ms with only 27% NC* present. reached within 100 ms. With 4@M enzyme with a specific
The rest of the enzyme was in the,MR state (Figure 31,  Hz—BV activity of 300 U/mg (pH 8, 30C), it is estimated
traces B-E). that 40uM H, can be consumed in a little more than 2 ms.
The fast reaction can be explained by the fact that enzyme With 4 mM BV and 800uM H; in the reactant syringe
in the Ni-C* state at pH 6 comprises two oxidizing similar fast changes<{158 ms) were observed (Figure 4,
equivalents, Ni* and an oxidized proximal cluster. Hence, traces B-F). In this case, the final potential was lower than
hydrogen can react very rapidly (milliseconds) to form the in the previous experiment because thecbincentration was
Ni;-SR(rrr) state (eq 8). This also holds for the fast phase 10-fold higher. This resulted in more NC* at equilibrium
observed at pH 8 (Figure 3I, traces A and B). The slow phase (61% Ni-C* and 39% Ni-S/Ni-Sy937). In all cases (Figure
in the decrease of the NC* band (1950 cm?) at pH 8 4, traces B-F), the contribution of the NiSR states was
(Figure 3l traces B-D and Figure 3lI; see also Figure 2Ill)  negligible. We note that in FTIR redox titrations with the
is due to the NfC*(rrr) state component present at the start Desulfaibrio gigas enzyme in the presence of mediators,
of the reaction. Because only one oxidizing equivalent is the Ni-C* and Ni-S states, but not the NSR states, could
present, reaction with fHcannot occur (Figure 1). Intermo- be observed between400 and—250 mV at pH 8.3 29).
lecular electron exchange reactions are required to attainThis suggests that the final potential in our experiments was
equilibrium. It is concluded that an oxidized proximal cluster in that range. No slow reactions were observed in Figure 4,
is essential for a fast reaction or, Mith the Nii-C* state. indicating that BV promotes rapid redox equilibration
(b) Reaction of the NiC* State with Benzyl Viologen in ~ between all enzyme states. In both experiments, the H
the Presence of HTo explore which states of the enzyme BV reaction catalyzed by 42M enzyme was too fast to
are involved in the catalytic cycle during the,+BV ~ enable any intermediates to be detected.
reaction, we have studied at pH 8 the reactions of enzyme (c) Reaction of the MiC* State with CO.This reaction
mainly in the Nj-C* state (63%), with BV at different  was studied with 100 and 5QM CO (final concentrations)
concentrations of | On mixing 4 mM BV plus 8QuM H, at pH 8. With 100uM, CO the Ni-SR states (1936/1921
with enzyme (8QuM), the smally(CO) bands from the Ni cm 1) disappeared within 100 ms (Figure 5I, traces A and
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1950 error the same as the spectrum obtained after mixing with
A /\ 1936 191 control Ho-saturated buffer (800M H>), and no intermediates were
observed (not shown). The experiments performed in the
present paper (at Z%&) are considered to be better controlled
IA=0.001 than previously reported freeze-quench experiments, which,
1931 for unknowr_1 reasons, gave slightly_different res_ull§)( _
w\_,_f\,fls\mﬁ (b) Reaction of the MiSR State with Benzyl Viologen in
the Presence of H Hydrogen-reduced enzyme was mixed
with hydrogen-saturated buffer containing 4 mM BV (Figure

E____/\/M 6). The bands of the MNSR states (1936/1921 cr)

26% disappeared completely and a stros(O) band at 1950
cm™! (and two»(CN) bands at 2084 and 2073 ci not
N s [2mmBY + 400 umH, shown) assigned to the NC* state (81%) appeared. A weak
D X 217 ms band at 1931 cmi, from the Ni-S/Ni-Sio3; States, also
61% appeared. The changes were complete within 158 ms and

,_/\__/\/\M/V hence too fast for the SF-FTIR apparatus to obtain a time
E 26 ms course (Figure 6D). Mixing with 10 mM BV plus 8Q@M
H, resulted in a small band at 1950 chand a strong band
F N\ 3 min at 1931 cnt. At 100 ms, only one band at 1950 chwas

61% observed. Subsequently, this band decreased, and a 1931

RN R AL A AR cm! appeared. At 276 ms, the changes were complete
2000 1960 w 1920 P 1880 (spectra not shown since they had large baseline drifts).
avenumber (cm™) . . . .
The rate of H oxidation is expected to be faster with 5

FiIGURE 4: Reactions of enzyme in the NC* state at pH 8 with mM BV than with 2 mM BV. The experiments with 2 mM

4 mM BV plus two different H concentrations. Syringe 1 was filled . . P .
with enzyme in the NiC* state. Syringe 2 contained buffer with BV shows that the reaction was in redox equilibrium within

4'mM BV and 80 or 80QM H,. (A) Control experiment where ~ 158 ms, resulting in a large 1950 cfrband. With 10 mM
the enzyme was mixed with anaerobic buffer; the spectrum was BV, the equilibrium is expected to be reached even faster
recorded 3 min after mixing. (B, C) Syringe 2 contained buffer than this. Both results are in line with the prediction that

with 4 mM BV and 80uM H,. Spectra were taken after 276 ms . e
(B) and 3 min (C). (B-F) Syringe 2 contained buffer with 4 mM 800uM H, can be consumed by the enzyme (4d; specific

BV and 800uM H,. Spectra were taken after 217 ms (D), 276 ms activity 300 U/mg at pH 8 and 3tC) in about 42 ms. With

(E), and 3 min (F). 5 mM BV the only state detectable at 100 ms was thg Ni
_ _ C* state (1950 cmt); the Ni-S state (1931 cni) appeared
B) and a strong band at 1929 cimassigned to the MS: later and concomitantly the NC* state largely disappeared.

CO state, appeared. At the same time, the intensity of theThis is consistent with the view that during the experiment
1950 cn* band decreased from 63 to 31% of the to{&0O) the Ni-SR and Ni-C* states remained in equilibrium with
intensity. At longer times (276 ms), a slow further decrease the rapidly decreasing Hconcentration and that what we
of the 1950 cm? band occurred with a simultaneous increase gpserved at 100 ms was simply the end point of a “hydrogen-
in intensity of the 1929 cm band (Figure 5I, traces C and  depletion titration”. Only after hydrogen in solution was
D). The changes occurred withtg of a ca. 4-6 s (Figure  completely consumed were the reducing equivalents associ-
51). In the 2106-2050 cm* region, three other bands ated with the bridging hydride transferred to BV. This is
characteristic of the MiS-CO state appeared (2080, 2068, consistent with the assumption that under these conditions
and 2054 cm?). The reaction with buffer containing 1000 the Ni-SR—Ni,-C* transition is faster than the Ni
uM CO gave essentially the same results, except that thec*—Ni.-S transition. As mentioned earlier, the A0* to
changes were complete within 217 ms (the 276 ms trace isNi-S conversion is extremely slow (days) in the absence of
shown; Figure 5I, traces E and F). mediators. In view of the size of BV, it is unlikely that it
The portion of enzyme in the NBR(rrr) states, present  can enter the gas channel in the enzyme. Hence, the most
at the start of the reaction, can react with CO according 1o |ikely reaction site is the exposed edge of the distatEe

eq 10. cluster. Thus, the bridging hydride in the MG* state can
o Ot N be rapidly oxidized when electrons are abstracted via the
FE (H)Ni*-P'M°D" + CO+ H" — Fe—S clusters. The experiment supports the view that during

Fe -Ni?*(CO)rP MDD + H, (10) the H,—BV reaction cycling of the enzyme between the-Ni
SR and Ni-C* states is the preferred mode of action.
The reaction of the MiC* state at pH 8 with CO is explained (c) Reaction of the NiSR State with COHydrogen-
as the dissociation of Heq 1) induced by the binding of reduced enzyme (80@M H;) was mixed with a CO-
CO to form the Ni-S:CO(orr) state. With 50M CO the saturated buffer (100@M CO). An essentially homogeneous
reaction was too fast to follow, but at 101 CO the 1950 spectrum (bands at 2080, 2068, 2054, and 1929'km

cm ! band decreased more slowly (Figure 51, tracesD. typical of the Nj-SCO state, was observed within 158 ms

An explanation for the slow reaction is given later. (the 276 ms spectrum is shown in Figure 71, trace B). This
Reactions of Enzyme in the N8R State. is explained by the fast MSR to Ni-S:CO conversion
(a) Decreasing the KHConcentration from 800 to 4Q0M. according to eq 10. A small band at 1950 dnfrom the

When enzyme in buffer with 80@M H, was mixed (1:1, Ni,-C* state remained at about the same intensity as in the
v/v) with anaerobic buffer, the resulting spectrum was within control sample. At longer times>( 20 s), this band
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Ficure 5: Reactions of enzyme in the NC* state at pH 8 with two different concentrations of CO. Syringe 1 contained enzyme in the
Ni,-C* state, while syringe 2 was filled with buffer containing 200 or 108 CO. Panel I: (A) Control experiment. Enzyme was mixed
with anaerobic buffer, and a spectrum was recorded 3 min after mixingD§ESyringe 2 contained buffer with 2QeM CO. Spectra were
recorded 100 ms (B), 276 ms (C), and 3 min (D) after mixing. (E, F) Syringe 2 contained buffer witidDA® and spectra were taken
after 276 ms (E) and 15 s (F). Panel Il: time dependence of the amplitudes of the 195@amd (A) and 1929 cri band (B) in the
experiment with 10tM CO (absorbance at 1963 cfused as reference).

completely disappeared. This slow decrease could be clearlywere different. These data are consistent with competitive
seen in a 1950 minus 1963 citime course (not shown).  binding of H, and CO to Ni* in the active enzyme (eq 10).
The slow reaction of the 1950 cthband (Ni-C*(rrr)) can These reactions were much faster than the reaction of the
be understood in terms of eq 1 with the subsequent formationNi,-C* state with 100uM CO (Figure 5I, traces A and B).
of the Nii-S'CO(orr) state. Note that the slow reaction of This is consistent with the attack of CO on the divalent nickel
the N,-C* state is consistent with our proposal that thg-Ni  (Ni,-SR state), with the concomitant release aof Heing
C* state is not an intermediate in the reaction of-8R with more facile than the attack of CO on the trivalent nickel in
CO (eq 10). The results are in agreement with earlier freeze-the Ni-C* state. Hydride would also be expected to bind
quench datai(), but the conclusion with respect to the more strongly to an Fe&-Ni®* site (Ni,-C*) than to an F&'-
reactivity of the Ni:SR state is not. With EPR the fast Ni?" site (Nir SR state). Such considerations may explain
transition of Ni-SR to Ni-S:CO (eq 10) could not be the large difference in reactivity of the two states.
followed, since both states are EPR silent. As Happe and The fluorescent lighting in the laboratory had no effect
co-workers noticed a transient increase of thg@li signal on the reactions with CO; the IR changes and time courses
(lost already after 40 ms), they made the assumption thatof these experiments were the same in the dark.
the Ni-C* state had to be an intermediate in the conversion Reactions of @with the Nj-SR and Ni-C* States Active
by CO of Ni-SR into Ni-S*CO. Hence, they came to the [NiFe]-hydrogenase fror. vinosumis reversibly inactivated
incorrect conclusion that the NBR state could not react by oxygen. Addition of @ immediately stops hydrogen
with CO. uptake by the enzyme in the presence of artificial electron
Mixing with a 10-fold lower CO concentration (1Q0M) acceptors in a normal activity assay, i.e., there is no
resulted in a mixture of several states (Figure 7II). The noticeable Knallgas reaction. There are at least two mech-
intensity of the 1950 cmit band (Nj-C* state) did not change  anisms by which oxygen could react with reduced enzyme.
with time, not even after 30 min. The 1936/1921¢rband First, oxygen could abstract electrons from the solvent-
from the Ni-SR states slightly decreased to a steady level exposed edge of the distal [4Fe-4S] cluster. Since the reaction
within 276 ms and a band at 1929 chfrom the Ni-S:CO of H, with active enzyme is diffusion controlled, this would
state appeared simultaneously. At longer times, no otherresult in the reduction of ©with concomitant oxidation of
changes were apparent. When the experiment was repeatei, (the Knallgas reaction). When all of the, Hias been
with 150uM CO in syringe 2, a higher intensity of the 1929 consumed, excess,Will convert the enzyme to the Ni
cm™! band was observed (data not shown). Also reactions N,* states with the OH, which bridges the Ni and Fe,
with other H/CO ratio’s (final concentrations 720M Hy/ possibly coming from the bulk solvent. For tie vinosum
75uM CO or 670uM H,/165uM CO) achieved equilibrium  enzyme, this cannot be the sole mechanism of inactivation,
within 158 ms. The spectra always showed an overlap of since the enzyme does not show a Knallgas reaction.
bands as in Figure 7II, trace B, although the relative amounts However, evidence for such a mechanism has been obtained
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Ficure 6: Reactions of Kreduced enzyme with BV in the
presence of hydrogen at pH 8. Syringe 1 was filled with enzyme
in buffer with 800uM H,. (A) Control experiment: syringe 2
contained buffer with 80&M H,; the spectrum was recorded 3
min after mixing. (B) Syringe 2 contained buffer with 4 mM BV
and 80QuM H,. The spectrum was taken 18 min after mixing. (C)
Syringe 2 contained buffer with 10 mM BV and 8081 H,. The
spectrum was taken after 3 min. (D) Time dependence of the
amplitude of the 1950 cmt band for the experiment under B
(absorbance at 1963 crhused as a reference).

by the reoxidation of ktreduced. gigasenzyme in H'’O
with 80,, where!’O binding to nickel in the Nf state was
observed in ENDOR spectr8@). Such a reaction might be
summarized as in eq 11.

FE (HONI**-P'M°D* + 20,4+ "OH™ + 5H" —
Fe (YOH)NI*T-P"M*D*" + 2H,0 + H,0, (11)

A second possibility is that £ assuming it can enter the
gas channel, reacts directly at the—NHe site. When the

enzyme contains two reducing equivalents or more, the likely

products (peroxide or water) will be formed at the-¥fie
site. The resulting oxidized enzyme (Nor Ni,*) might then
have an oxygen species close to nickel derived from
dioxygen. Such a direct reaction would result in an immediate
inactivation with respect to the reaction with,.HAS
demonstrated in the accompanying paper in this isspe H
can still react with enzyme in the Nistate in the presence
of oxygen. However, this reaction only results in a very slow
(0.03 s1) reduction of dioxygen 1), which would go
unnoticed in a standard activity assay.

Reoxidation of H-reducedA. vinosumhydrogenase in
H,%0O by 17O, resulted in &70 species bound close to nickel

George et al.

in both the ready and unready enzynmd)( A reaction with
enzyme containing four reducing equivalents, typically, the
Nig;-C*(orr) state, can be represented by eq 12.

FE (HONi*"-PP"M°D" + 1’0, + 2H" —
Fe (YOH)NI*T-P"MTD*" + H,}0 (12)

How this would lead to either the ready or the unready state
is presently unclear. In this respect, it is worthwhile to
summarize the experience of the Amsterdam group in
preparing the ready or unready vinosumenzyme. Quickly
diluting Hy-reduced enzyme at pH 9 into,®@aturated buffer

is the best method of preparing ready enzyme in good yields
(95% or more 24)). When performing the procedure at lower
pH, or when using air-saturated buffer, morg*Ns always
obtained. Preparation of the unready state requires quite
different conditions. A good way is to take educed
enzyme at pH 6, replace the,Hjas by CO (making
predominantly the NiS-CO(oro) state), and then slowly
admit & (24). A still better method is to first add excess
BV to the enzyme under CO (making the,f8 CO(oro) state

in a 100% yield) and then replace the CO by Blthough

this method also works well at pH 8, it has the disadvantage
that BV is present, which is difficult to remove (Chen, M.,
and Albracht, S. P. J., unpublished observati@13;

Another way to prepare the Nistate, not using CO, is
to take H-reduced enzyme, replace the gbs by Ar, add
excess BV (resulting in the N5(oro) state), and then replace
the Ar by G (Chen, M., and Albracht, S. P. J., unpublished;
31). Again this procedure also works well at pH 8, but has
the disadvantage of the presence of BV. It should be noted
that the best methods of making theNitate utilize enzyme
containing only two reducing equivalents (N-CO(oro) or
Ni-S(oro) states) in the reaction with.@\s the distal cluster
is oxidized, the reaction of £presumably proceeds prefer-
entially at the Ni-Fe site with peroxide as the likely product.
In this respect, it is worthwhile to mention that an irreversible
loss of the enzyme activity and an associated active-site
degradation occurred, when the active enzyme under CO was
first treated with excess 2,6-dichlorophenol-indopheiiggl (
= +230 mV), making a NiS(oo0) state, before CO was
replaced by @ (van der Zwaan, J. W., Chen, M., and
Albracht, S. P. J., unpublishe®3 31). As this state contains
only one reducing equivalent, superoxide formation at the
active site was proposed as the cause of inactiva@2@& (

(a) Reaction of the MiSR State with Oxygetdpon mixing
Hz-saturated enzyme (80@M Hj) with oxygen-saturated
buffer (1200uM Oy) at pH 8, all of they(CO) bands of the
reduced enzyme were replaced by one single band at 1943
cmt (Figure 71, trace E). The reaction was complete within
160 ms (the 276 ms spectrum is shown). In#{@N) region
two bands at 2090 and 2079 chwere observed (data not
shown). This IR spectrum is that of theNstate. This result
is in agreement with earlier freeze-quench EPR experiments
(16). Thermodynamically excess,@ capable of oxidizing
all of the H, and enzyme. If both reactions would be complete
within 160 ms, then the active enzyme should display a
specific H—0, (Knallgas) activity (at 25C) of at least 127
U/mg, which is not the case. Therefore, this experiment
points to involvement of a direct reaction of, ith the
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Ficure 7: Reaction of the bireduced enzyme at pH 8 with carbon monoxide or pure oxygen. Syringe 1 contained enzyme in buffer with
800uM H,. Syringe 2 contained buffer with 10 CO (panel I, traces BD), 1200uM O, (panel |, trace E) or 10@M CO (panel II).
(A) Controls where syringe 2 contained buffer with 0@ H, (spectra recorded 3 min after mixing).{®) Reaction with CO after 276

ms (B), 1 s (C), and 30 min (D). (E) Reaction with @fter 276 ms.
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Ficure 8: Reaction of air with enzyme in the N8R state at pH
6. Syringe 1 contained enzyme in the,{8R state with 80«M

H, at pH 6. Syringe 2 was filled with air-saturated buffer (280
O,). (A) Control where syringe 2 was filled with anaerobic buffer
(spectrum taken after 3 min). (B-) Spectra recorded 100 ms (B),
158 ms (C), 217 ms (D), 335 ms (E),cf s (F) after initiation of
the reaction with oxygen.

Ni—Fe site. With excess O(600 uM after mixing), the
inactive Ni* state is formed (Figure 71., trace E).

When using air (12M O, after mixing), however, we
consistently noticed a large (2-fold or more), transient
increase of the 1950 crhband (Ni-C*). This was particu-
larly obvious at pH 6. An example is given in Figure 8. The
increase at 1950 cm was complete within 100 ms;
thereafter, the band collapsed within ca. 335 ms (Figure 8,
traces B-E). This observation suggests that thg-8F state
might be the first intermediate in the reaction of{$R with
O.. Since the N}-C* state still has bound hydride at the-Ni
Fe site, we assume that this initial rapid reaction of SIR

with O, proceeds at the distal cluster in a two-electron
reaction (eq 13).

FE(HONI*-P'MD* + O, + 2H" —
FE"(HNI*"-PP"M D" + H,0, (13)

As H; reacts extremely fast with the NC(orr) state, the
reaction with Q in eq 13 has to be equally fast or even
slightly faster to enable an increase of steady-state concentra-
tion of Ni;-C*. A fast Hy-oxidation (Knallgas) reaction would

be expected to follow, but as already mentioned above,
oxygen kills any H-uptake in a standard activity assay.
Hence, the NiC*(orr) state, which holds four reducing
equivalents, is considered to be attacked by i® a
subsequent slower reaction involving a direct attack at the
Ni—Fe site as in eq 12. Any oxygen molecule reacting this
way should inactivate one enzyme molecule. The SF-FTIR
experiments indicate that the reaction in eq 12 takes between
100 and 335 ms with 125M O, and 40uM enzyme (Figure

8). With 600uM O, the reaction is faster with no observable
intermediates (Figure 71, trace E). Note that the distat &e
cluster has a solvent-exposed edge enabling a fast access
for O,. For reactions of Hland Q directly at the Ni-Fe

site, the gases have to diffuse through the gas channel. This
forms a rationale for the relative rates of the reactions. As
the reaction in eq 12 becomes slower with lower oxygen
concentrations, a further two-electron oxidation of thg-Ni
C*(orr) state by @ may occur at the distal F€5 cluster (eq

13). It is expected that the bound hydride, the source of
electrons with the lowest redox potential in this state, is then
oxidized, and this would lead to the N&(oro) state. This is
how we explain the transient appearance of the 1931'cm
band in Figure 8 (traces C and D). Reaction of this state,
having only two reducing equivalents, with, @t the Ni-

Fe site is expected to produce the,Nstate. This may
explain the asymmetry of the 1943 chpeak in trace F of
Figure 8: a contribution of the 1945 chband from Ni*.
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FicurRe 9: Reaction of a substoichiometric amount of oxygen with
enzyme in the NiC* state at pH 6. Syringe 1 contained enzyme
in the Ni-C* state. Syringe 2 was filled with £containing buffer
(25uM Oy). (A) Control where syringe 2 was filled with anaerobic
buffer (spectrum taken after 3 min). {EE) Spectra recorded 276
ms (B), 1 s (C), 10 s (D), and 10 min (E) after mixing.

George et al.

the Ni* (1943 cn1?!) and Ni* (1945 cn1?) states to the
1944 cm! band.

The mixture of states (NVNi ,*, Ni -S/Nir-S1931, and Ni-
C*) obtained at 276 ms will subsequently come to redox
equilibrium via slow intermolecular reactions. Complete
reduction of 12.5«M O, to water requires 5@M reducing
equivalents. With 40uM enzyme, this means that after
complete equilibration each enzyme molecule in thg Ni
C*(orr) state should have provided one electron as shown
by eq 14.

Fe (HONi*-PP"MD" —
FE-Ni?-PP"M D" + & + H" (14)

Formation of this NiS state is in accordance with the
observed intense 1931 cfrband in the final spectrum after
10 min.

CONCLUSIONS

The first study of an [NiFe]-hydrogenase by SF-FTIR
allows the following conclusions which give important new
insights into the mechanisms of dihydrogen oxidation and
enzyme inactivation by dioxygen (conclusions are integrated
in Figure 1).

(1) The reaction of excess,hvith enzyme in the NS/
Ni-S;931 State with both cubane clusters reduced is complete
within 217 ms and directly results in the NBR states (eq
4). If both cubane clusters are oxidized, the reaction is
likewise completed within 217 ms, but now the, /iR states

Presently, it is unclear how a peroxide close to the active gre formed with the NiC* state as an intermediate (eqs 7
site is converted to a bridging single-oxygen species asand 8). If one cubane cluster is reduced and the other is

detected in the X-ray structure of the unrealy gigas
enzyme 82, 33).

(b) Reaction of the NiC* State with Q at pH 6. After
mixing enzyme (75% in the NC* state, 25% in the Ni
SR states) with air-saturated buffer (260 O,), a single
strong band at 1943 cm (and »(CN) bands at 2090 and
2079 cnmY), assigned to the Nistate was observed at the

oxidized, the reaction with ftesults in the Ny C*(rrr) state
(eq 5) that cannot be rapidly converted by iHto the Ni-
SR states (see point 2).

(2) Hydrogen does not react with enzyme in the-Gf
state when both cubane clusters are reduced. It is concluded
that an oxidized proximal cluster is essential for this reaction
(eq 8). This provides a rationale for the fact that all [NiFe]-

shortest times (100 ms; data not shown). The reaction of hydrogenases contain a proximal cluster in addition to the
the Ni-SR is explained as in egs 13 and 12, respectively, active site. Together these groups form the effective 2

and the reaction of MiC as in eq 12.
When the reaction syringe contained only28 O,, then

a series of slow changes were observed (Figure 9). The 195
cm ! band decreased, while two bands at 1944 and 1931

redox entity that is essential for the oxidation of. H
(3) Enzyme in the NiS and Ni-SR states reacts with CO

d/vithin 158 ms (eqgs 9 and 10). The reaction of-R¥ with

CO is considerably slower (eq 1, plus the subsequent

formation of Ni-S-CO(orr)). This is presumably because the
replacement of Hby CO on nickel is easier with Kii (Ni;S
and Ni-SR) than with Ni* (Ni-C*). It is concluded that
the Nii-C* state is not an intermediate in the reaction ofNi

cm ! appeared within 276 ms. Over the next 100 s, both the
1944 and 1950 cnt bands diminished significantly. The
1931 cm! band increased and finally became the dominant

band in the spectrum.

At the start of the reaction at pH 6, the majority of the
enzyme was in the NC*(orr) state. This will react with
the 12.54uM oxygen as in eq 12. With 40M enzyme, this
will produce a limited amount of Ni with a 1943 cm?

SR with CO.

(4) Oxygen can react with reduced enzyme in two ways:
an extremely rapid reaction at the solvent-exposed distal
[4Fe-4S] cluster and a slower reaction (£BD0 ms) directly
at the Ni-Fe site. The latter reaction results in the formation

band. As the oxygen concentration is much lower than in of the Ni;* state (presumably with a peroxide as a product
the previous experiments, this reaction will be slower. Hence, formed at the active site) or the Kstate (with water formed
a further oxidation via the distal cluster may proceed in two- at the active site).

electron steps: NC*(orr) — Nig-S(oro)— Niy*. This will
result in bands at 1931 and 1945 cimrespectively; such

(5) The data are consistent with the view that in the
presence of bl and excess BV the MSR — NigiC*

bands were indeed observed within 276 ms (Figure 9, traceconversion is faster than the NC* — Ni;S conversion.
B). Because several bands overlap in the 1950 to 1940 cm The turnover rate of the enzyme with, kit a pyrolytic
region, we cannot distinguish between the contributions of graphite electrode is diffusion controlled and much higher
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than any routine KA activity assay (A= artificial electron
acceptor) 19, 20). This indicates that during the ,HBV
reaction the enzyme presumably cycles between th€Ni
(orr) and Ni-SR(rrr) states (eq 8). If the Aoncentration
becomes very low, as often found in natural habitats sf H
metabolizing bacteria, then the M to Ni-C* transition
(eq 5) may be the main redox shuttle.
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