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ABSTRACT. The reaction between hydrogen and the [NiFe]-hydrogenase Albmohromatiumezinosum

in its inactive form has been studied by stopped-flow infrared spectroscopy. The data, for the first time,
clearly show that at room temperature enzyme in the unready state, either oxidized or reduced, does not
react with hydrogen. Enzyme in the ready state reacts with hydrogen after a lag phase of about six seconds,
whereby a specific reduction of the enzyme occurs. The lag phase and the rate of reduction of the ready
enzyme are neither dependent on the enzyme concentration nor on the substrate concentration, i.e.,
substoichiometric and 8-fold excess amounts gfrétiuce the ready enzyme at the same rate. Oxygen
delays this reaction but does not prevent it. The infrared changes lead us to suggest that the hydroxyl
group, bridging between the Ni and the Fe atom in the active site, becomes protonated during this reduction.
At physiological temperatures, this property of the inactive ready enzyme enables a full development of
activity by substoichiometric fHconcentrations.

Hydrogenases (reaction: ;4= 2H" + 2e”) are among
the oldest enzymes in nature and occur in a wide variety of
microorganisms and some primitive eukaryotds. (All
hydrogenases contain transition metals. Three main classes
can be distinguished. Two of them have been rather well
characterized: (i) [Fe]-hydrogenases with Fe as the only
metal; (ii) [NiFe]-hydrogenases, containing Ni, Fe, and Mg
(1—4). The third class has long been thought to contain no
metals at all §, 6), but was recently shown to contain an
essential Fe atonvj.

This study focuses on the membrane-bound [NiFe]-
hydrogenase fronAllochromatiumeinosum Like the en-
zymes from Desulfaibrio gigas Desulfaibrio wulgaris
Miyazaki F,Desulfaibrio fructosaorans Desulfomicrobium
baculatum andDesulfaibrio desulfuricans for which the
crystal structures have been solvéd-(16), the A. vinosum
enzyme belongs to the class of “standard” [NiFe]-hydroge-
nases. These enzymes consist of at least two subunits of about

865
60 and 30 kDa. The crystal structures revealed that the activeF'lGURE 1. Structure of the active site of standard [NiFe]-

o : L . hydrogenases based on the X-ray structure ofxhgigasenzyme
site Is ‘?‘ Ni-Fe center bounq to thef protem via thiols from ., (2frv (9)) and FTIR studies on th&. sinosumandD. gigasenzymes
four strictly conserved cysteine residues in the large subunit (18 19”21). In this representation, the bridging oxygen points
(Figure 1). There are three bridging ligands between Ni and toward the reader with the CO pointing in the opposite direction
Fe: two thiols and one nonprotein oxygen ligand, presumed (see text for further details).

to be an OH group. In addition to the two bridging thiols, Fe is coordinated by three other nonprotein ligands which

have been characterized by infrared spectroscopy (ETIR)
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(R = Cys). The small subunits of all [NiFe]-hydrogenases Centricon YM-10 centrifugal filter unit. The enzyme was
have a conserved cysteine motif, CX}(GxXCxxxGx,GCPP then incubated for 30 min at 50C under 1 bar K
(n=61to 106,m = 24 to 61 @)), that binds one [4Fe-4S]  Subsequently, the atmosphere in the bottle was replaced with
cluster. This cluster is located 14 A from the-Nfe active 1 bar CO and the enzyme was then reoxidized at room
site and is called the “proximal” cluster. Many hydrogenases temperature by the slow admittance of air via a thin needle
contain two additional FeS clusters located in the small though the septum. These methods are based on published
subunit which together with the proximal cluster form an procedures32). Preparations containing a mixture of the
almost linear array for facile electron transf&; 0). Like Ni* and Ni,* states were obtained in the same way as the
the D. gigasenzyme, theéA. vinosumenzyme contains one  Ni* samples, but with air replacing pure,d-or every set
[3Fe-4S] cluster and two cubane cluste®?)( The 3Fe of experiments, a freshly thawed batch of enzyme was
cluster lies between the two cubane clusters and is calledconverted into the required state. This meant that experiments
the “medial” cluster. The second cubane cluster is the “distal” performed on different days, although qualitatively reproduc-
cluster and has one edge exposed to solvent at the surfacéle, could not be compared on a precise quantitative basis,
of the protein. since the procedures described above to prepare the different
Traditionally, EPR has been used to monitor the redox states always gave slightly different ratios of ready and
changes of the Ni and the F& clusters in the enzyme (for unready enzyme.
a review see re3). Since the discovery of the CNand CO The various concentrations ofHCO, or G and their
ligands in theA. vinosumenzyme by infrared spectroscopy ~Mixtures were obtained by diluting gas-saturated buffer with
(17, 18), this technique has greatly contributed to the further an anaerobic buffer (flushed with oxygen-freg) Mr by
understanding of the properties of the active site, not leastmixing Hz, CO, and air-saturated buffer using Gastight
because it enables EPR-silent states to be studied. It is nowHamilton syringes. Dilutions were done in syringes without
generally accepted that redox changes in theR¥di site occur @ headspace to avoid equilibration with a gas phase. Syringe
close to (or at) the Ni site2@, 24). The low-spin Fe(ll) ion, plungers were moved slowly to avoid the generation of partial
which was first observed (but not recognized as belonging vacuums and any consequent outgassing.
to the active site) in Mssbauer spectra of theyteduced SF-FTIR Measurements and Data Analyslafrared
A. vinosumenzyme 22), does not undergo a redox or spin measurements were performed with a modified Bruker
state change when the enzyme is oxidized or redu28d (  IFS66/S spectrometer (Bruker UK Ltd., Coventry, UK)
When purified aerobically, [NiFe]-hydrogenases are in- equipped with an MCT dgtector cooled with liquid nitrpgen.
active. However, they can be activated by incubation with The stopped-flow circuit and cell were home-built as
H,. In this paper, we report the kinetics of the reaction of described previously26, 27, 33). The drive system and
theA. vinosumhydrogenase in the inactive ready and unready Stopped-flow cell were entirely contained within an anaero-
states with H and with mixtures of Hand CO or @. The  bic, dry glovebox €2 ppm Q; Belle Technology, Porte-
recently developed technique of stopped-flow Fourier trans- Sham, Dorset, UK)J7). The sample cell temperature was
form infrared spectroscopy (SF-FTIRR&—28) has been malntal_ned at 28C for all experiments by_ means of a water-
used for the first time with any hydrogenase system to cooled jacket and thermostated circulation system. The path
continuously monitor infrared changes starting ca. 60 ms after/ength of the IR cell was 4&m. The data were collected

initiating the reaction. from 2200 to 1700 cmt using a narrow band-pass filter
located in front of the MCT detector to improve the signal-
EXPERIMENTAL PROCEDURES to-noise level. All spectra were measured with a resolution

of 4 cm! with symmetric interferograms and a mirror

Enzyme Purification and Sample Preparatidiie growth  velocity of 160 kHz. With the enzyme concentrations used,
of A. vinosum (strain DSM 185) and the solubilization, these settings gave the best compromise between noise and
purification, and activity measurements of the membrane- collection time on our instrument. The time resolution for
bound hydrogenase were performed as described previoushthese settings was 60 ms (i.e., the time to collect one
(29). The preparation used in this and the accompanying spectrum). The reaction time of the first spectrum, collected
paper in this issue30) had a specific BBV activity of after the flow stops, is 10& 20 ms. This spectrum and
300 U/mg (pH 8, 30°C). The quality of the preparations sometimes the second spectrum (16020 ms) showed
was also checked by SB®AGE and by comparing the  background absorption offset effects related to relaxation of
protein concentratiorB(l) with the concentration determined  small cell deformations that occur during the flow phase.
by double integration of the EPR signals of the nickel or This phenomenon did not preclude the analysis of these
the [3Fe-4S] cluster in the oxidized enzyme. Enzyme was spectra since these offsets are readily subtracted. All reaction
dissolved in 50 mM Tris-HCI buffer (pH 8.0), concentrated times in this paper have an uncertainty 6f20 ms. It is
(80-90uM), and stored at-80 °C. This enzyme preparation  possible to obtain spectra at times as short as 18 ms with a
and buffer were used throughout unless otherwise stated. precision of about 2 ms with our SF-FTIR apparat84)(

Enzyme mainly in the Nf state was obtained by first  This was considered inappropriate for these experiments
reducing the enzyme under 1 bag tdr 30 min at 50°C in since, at this time resolution, spectroscopic signal-to-noise
a septum-capped bottle. Subsequently, the enzyme wasand wavenumber resolution are compromised. During the
reoxidized at O°C by quickly replacing the atmosphere in SF-FTIR experiments, the enzyme syringe (syringe 1)
the bottle with 1 bar @ by evacuation and flushing. To contained hydrogenase preconditioned as described in the
prepare enzyme mainly in the Nistate, the enzyme was text. The reactant syringe (syringe 2) contained the standard
first rebuffered in 50 mM MOPS buffer (pH 6.3) by repeated buffer (50 mM Tris-HCI, pH 8.0) with the additions specified
concentration and dilution (at least 20 times) in a Millipore in the text. Both syringes were of equal size, and their
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Ficure 2: Schematic overview of the different (redox) states of the [NiFe]-hydrogenaseNroimosum (I) The states are those observed

in redox titrations. The subscripts u, r, and a stand for unready, ready, and active, respectively. States marked with an asterisk (*) show a
S = 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. The upper block shows states of inactive enzyme. The lower
block shows the states of the active enzyiNete that the NiS, Nj-S, and Ni-S states are isopotentidDashed arrows represent very

slow reactions (periods of hours). (Il) Infrared bands arising from the active site are represented as stick spectra. All of the states except
two have infrared bands assignedd@€N)sym (CN)asym and(CO) stretching vibrations. The(CN) bands are above 2000 cin(thin

lines), while they(CO) bands are below 2000 cin(thick lines), except for the 2054 crhband from extraneous CO bound to nickel. The
Ni-S;931and Ni-S states have the same set of infrared bands and can only be distinguished by their activity or by their reactions with CO.
Enzyme reduced with 1 baréxists mainly in two Ni-SR states. The MiSRy 3¢ Nix-SRyg2; ratio increases at lower pH values. Frequencies

are taken from re#t1, as obtained at 2 cm resolution. Peak positions observed in the present study may differ slightly due to the resolution
used (4 cm?).

contents were mixed in a 1:1 (v/v) ratio. Data were analyzed in the active site (Figure 1). This is an oxygen species in
using the Bruker OPUSNT software package and home- theD. gigasenzyme 8, 9), but a sulfur species in the enzyme
written customized fitting programs (George, S. J., unpub- from D. vulgaris Miyazaki (11). Two different oxidized states
lished observations). of the A. vinosumand D. gigas enzymes were initially

EPR Measurement&PR spectra and integrations mea- identified by EPR. They both exhibit signals from Ni in the
sured in the Amsterdam laboratory were obtained as de-3+ oxidation state. The two states are called “ready’"{Ni
scribed previously35). Enzyme samples prepared for SF- and “unready” (Ni¥) on the basis of their differential rates
FTIR measurements were routinely characterized in the Of activation by hydrogen as monitored by lag phases in
Norwich laboratory using an X-band Bruker 200D EPR activity assays using low-potential electron acceptors. The
spectrometer interfaced with to an ESP 1600 computer andready state shows a hydrogen-uptake activity within minutes,

fitted with an Oxford Instruments ERS900 liquid helium Wwhile the unready state requires hou8638). A proton-
cooled flow cryostat. hyperfine splitting observed in theg, line of the EPR

spectrum of the ready, but not of the unready enzyme from
A. vinosumsuggested that the OHigand is probably located

RESULTS AND DISCUSSION in a different position in each stat83). It was therefore
speculated that in the ready enzyme the Qjfoup was no
Rationale behind the Experimental Desidro facilitate longer in a bridging position between Ni and Fe. However,

the understanding of the experimental design and executionrecent X-ray structures d. fructosaorans[NiFe]-hydro-
in this and the accompanying pap&0), a short overview  genase in the i state showed the presence of a bridging,
of the present knowledge of the multiple states of e  nonprotein species (presumably oxygen; Volbeda, A., Martin,
vinosumenzyme follows. A schematic representation of the L., Cavazza, C., Matho, M., Faber, B. W., Roseboom, W.,
states, together with their IR characteristics, is given in Figure Albracht, S. P. J., Garcin, E., Rousset, M., and Fontecilla-
2. Camps, J. C., unpublished experiments).

Most [NiFe]-hydrogenases are purified aerobically in an ~ The NE* in the ready and unready states can be reduced
oxidized, inactive state. X-ray structures show that this stateto an EPR-silent Ni" form; the corresponding states are
has an extra bridging, nonprotein ligand between Ni and Fe termed Nj-S and Ni-S, respectively. In redox titrations in
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the presence of mediating redox dyes, thg*No Ni,S reaction is extremely slow (days}4—46). The reaction is
conversion is a reversibla = 1 reaction 89, 40). The reversible in the presence of redox mediatd®.(There is
reversibility persists at 2C (29). The pH dependence of evidence that NiFe site in the NjC* state contains a
the midpoint potential of the \i/Ni ,-S couple indicates that  hydride in a position bridging between Ni and Fk 48,
the single electron transfer is accompanied by a single proton49). When the hydrogen concentration is increased the Ni

transfer. The N¥ to Ni-S conversion is alsom= 1 reaction, C* state converts into the EPR-silent MR state. The
but the involvement of a proton has not been shown. reaction Ni-C* + H, < NixSR is theonly equilibrium
Curiously, this conversion is not reversible at@ (29). It reactionof hydrogen with the enzyme in the absence of redox

requires an elevated temperature (30) to behave as a  mediators 45).
normal reversible redox transition. Infrared studies suggest Excess CO converts active enzyme into an inactive EPR-
that there are two forms of the N& state that differ in their  gjlent state (NiS-CO). The added carbon monoxide binds
protonation state4(). to the actives site, as inferred from FTIR studi4®)( X-ray

The response of the IR band arising from the indigenous diffraction studies showed that the added CO binds to nickel
CO of the Ni-Fe center to reduction with redox dyes is quite opposite to the bridging thiol provided by the last Cys residue
different for ready and unready enzyme. For the unready in the C-terminus of the large subunits¢gin Figure 1) (L5).
state (Ni*), the 1945 cm* band shifts to 1948 cnt upon All these states have different infrared spectra (Figure 2). A
reduction to the N}S state. Reduction of ready enzyme at more detailed description of the properties of active enzyme
2 °C shifts they(CO) band from 1943 cnt (Ni*) to 1910 can be found in the accompanying pap&o)(

cm™* (at pH 9; here called the NS00 state) or 1931 crt Reaction of Hydrogen with Enzyme in the, Ntate at
(at pH 6; termed the NS0z State) ¢1). For the Ni-S state p1 6.3. Enzyme (90% in the Nt state as determined by
prepared at pH 6 and Z, it has been found that the Ni — EpR) was mixed with bisaturated buffer. As indicated in
Fe distance is 2.60 A, which is 0.25 A shorter than the Ni pane| | of Figure 3, the first two spectra with valid data
Fe distance |n_OX|d|zed enzyme4). .Th(.a coordination (spectra two and three, representing the time lapses 60
number of the nickel decreases from five in thg*Ntate to 120 and 126-180 ms) had a higher background absorbance
four in the Ni-S state (at low pH). Furthermore, the oxygen qye to slight pressure-induced deformations of the IR cell
ligand could not be detected in the Ni-EXAFS spectra of after mixing. Since in all time-dependent changes a reference
this Ni-S state. wavelength was used, these two spectra were included in
At room temperature the NS state converts very slowly  our analyses. The three-dimensional representation of the data
to the Ni-S state 29, 42). In the A. vinosumenzyme, the  further shows only one(CO) band at the start of the reaction
Ni* and Ni* states cannot interconvert without reduction. (at 1945 cm?') and two smallz(CN) bands (at 2093 and
All of these states (Nf, Ni*, Ni-S, and the two NiS states) 2082 cmY). These three bands belong to the;Nstate
display no enzymic activity43). (Figure 2). It can be clearly observed in this plot that after

Under reducing conditions and at physiological temper- @ lag phase during Which_ essentiall_y no spectral changes
atures (i.e., 2530 °C for A. vinosun), standard [NiFe]- occurred, the(CO) bgnd shifted toa_lh|gher frequ_ency (1948
hydrogenases can be activated (minutes to hours). X-ray¢m *). At the same time, changes in théCN) region were
diffraction studies showed that in the reduced active enzymesdetected. Important here is the appearance of a band at 2100
the bridging O or S species is absent, while the-Ré cm1, which is characteristic for the NS state (FlgU(e 2).
distance is ca. 0.25 A shorter than that in the oxidized enzyme TWO very faint bands at 1936 and 1921 ctmassociated
(12, 13). As remarked above, EXAFS studies with the with thg Nla-SR states, also appeared and increased very
vinosumenzyme indicated that the removal of the O bridge Slowly in amplitude.
and the shortening of the NiFe distance from 2.85 to 2.60 The kinetics of the changes at 1945 and 1948 Gwith
A has already occurred at the level of the-Bistate prepared  the absorbance at 1963 chas an internal reference, are
at 2°C and pH 6.0 (the NiS;93; State) 24). However, this plotted in panel Il of Figure 3. It can be seen that the lag
state is not yet active4@). Hence, our working hypothesis phase is ca. 120 s. Over the next 100 s, a slow disappearance
is that the OH bridge in the Ni* state is still present inthe  of the 1945 cm® band occurred and simultaneously, the
Ni-Sie10State, but becomes protonated at low pH leading to strong(CO) band at 1948 cm appeared. These changes
the Ni-Spe3; State with the resulting water molecule not were complete at 250 s. It is obvious from this figure that
coordinated to the nickel. At 2C, the water molecule the Ni* state does not rapidly react with,HOnce the Nj-S
remains captured in the active-site pocket and sterically state was formed (at 250 s), a subsequent very slow decrease
hinders the reaction with /At room temperature, however, of the 1948 cm® band (Figure 3lI, trace B) occurred. Hence,
we assume that this water molecule is released therebyalso the Nj-S state does not react rapidly with.H
allowing the enzyme to convert into an active state without  ag will be shown later, enzyme in the Kitate can react
any change in its IR spectrum (the-Bio3: state; Figure 2).  with H, within seconds and then becomes active. We

The Ni—Fe site in active enzyme can exist in three therefore interpret the events in Figure 3 at this point as
different redox states (Figure 2). The most oxidized state is follows. The small amount of ready enzyme in the prepara-
designated as MiS, the most reduced state as-SR (which tion (10%) is responsible for the reaction with..Fslow
can exist in two pH-dependent substates) and an intermediatentermolecular electron transfer from this portion of reduced
state as NiC*. Only the Nii-C* state shows an EPR signal active enzyme to oxidized unready enzyme subsequently
from the Ni-Fe site (S= 1/2 system, indicated by the results in the reduction of the latter to the, /8 state (1948
asterisks). The MiS to Ni-C* transition is induced by very ~ cm™* band). It is known for theA. vinosumenzyme that
low concentrations of hydrogen (0.01 bar); the reverse under reducing conditions the N6 state can very slowly
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Ficure 3: The reaction of BHlwith enzyme in the Ni state at pH 6.3. Syringe 1 contained enzyme that was 90% in tffestdite and 10%

in the Ni* state (in 50 mM MOPS buffer, pH 6.3). Syringe 2 contained the same buffer saturated w{B806iuM). Panel I: Three-
dimensional representation of the spectral changes occurring during 10 min after mixing (1:1, v/v). The time @&<pruns from back

to front, the absorbance axis (0.004 units) runs from bottom to top, while the wavelength axis runs from 21§@ftjrito 1850 cnt?

(right). The arrows indicate key features in the spectra. The first spectrum is not reliable. The second and third spectra have a background
shift due to slight deformations of the infrared cell that occur immediately after mixing. Panel II: Time-dependence of the amplitudes of
the 1945 (A) and 1948 cmi (B) bands. The absorbance at 1963 émwas taken as a reference.

(hours) convert into the NIS state 29, 42). The same has The same type of experiment was performed with progres-
been shown for th®. gigasenzyme 21). This explains the  sively lower hydrogen concentrations i.e., 200, 100, 50, 25,
very slow decrease of the 1948 chband (between 250 and 12.5M H; (concentrations after mixing). The lag phase
and 600 s). Once formed, the N8 state converts into active  preceding the decrease of the 1943-énband did not
enzyme, which then reacts with KFigure 2) forming mainly noticeably change and was albo s at all hydrogen
the Ni-SR states (1936/1921 crhbands). It is concluded  concentrations. The time courses for the reactions with 25
at this point that both the Niand Ni,-S states do notreadily — and 12.54M H, are shown in Figure 4ll,11l. The lag phases
react with H. However, the data do not exclude a slow (7 and 6 s, respectively) artg, times (9 s in both cases)
(minutes) reaction. Before investigating this reaction in more were the same within error. There was a remarkable transient
detail, it is necessary to describe the kinetic properties of appearance of a 1950 cfband (Nj-C*), peaking at 17 s,
enzyme in the ready state. during the disappearance of the 1943 ¢éinand (Figure 4ll,
Reaction between Hand Enzyme in the Ni State. trace B and Ill, trace C). Instead of the 1936/1921 tband,

(a) Effect of Different Hydrogen ConcentratioriEhe A. now a single band appeared at 1931"¢rflag phases 11
vinosumenzyme can be converted to 95% or more into the @nd 16 sfi, times 12 and 11 s with 25 and 1244 H,

Ni,* state by full activation with H at pH 9.0 followed by respectively). Although these hydrogen concentrations are
subsequent oxidation of the enzyme by a quick dilution into lower than that of the enzyme (4M), the lag phase and
oxygen-saturated buffer3p). We obtained concentrated the initial rate of decrease of the 1943 chband were the
enzyme preparations (8EM) with 95% of the enzyme in ~ Sa@me as those observed with higherddncentrations. The
the Ni* state, as determined by EPR, following essentially Only difference was that the rate toward the end of the
the same procedure used at pH 8 (outlined in Experimental€@ction slightly diminished (see arrow in Figure 4lll, trace
Procedures). Enzyme in this state was mixed witg H A)- This suggests that under the present conditions the ready
saturated buffer (800M). The observed changes were now €nzyme has a high affinity for Hand can still react with
much faster and the lag phase was much shorter than in thdydrogen concentrations about 20-fold lower than that of
previous experiment. The changes at 1943 (disappearancdh€ enzyme.

of the Ni* state), 1950 (appearance of the 0* state), A clear difference between the experiments with the
and 1936 cm?! (appearance of the NBR state) are shown different hydrogen concentrations was the final redox state
in Figure 4l. The final spectrum did not show any of the of the enzyme (Figure 41V). At the higher concentrations
2100 cntt band arising from the NiS state (Figure 41V, (100 to 400uM H,), an equilibrium mixture of the NiSR
trace A). After a lag phase of abbé s (at 25°C and with (1936/1921 cm! bands) and NiC* (1950 cm'!) states was

40 uM enzyme), the ready state disappeared (decrease ofobtained. The final spectra obtained with substoichiometric
the 1943 cm? band). The development of the bands at 1950 H, concentrations (25 and 12:8V) looked very different.
cm ! (NigC*) and 1936/1921 cmt (Nig-SR) showed thata  The main band was at 1931 ciand is due to the NS/
mixture of active enzyme states was produced simulta- Ni-S;93; States. Small bands were observed at 1910'cm
neously. (Ni-Sy010 state), 1950 cmt (Ni,C* state), or 1943 cmt
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‘ T o A in the Ni* state to 2.60 A in the NiS;gs; State, so a
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1o of the high redox potential of the 3Fe cluster10 mV at
_ ! A pH 8), the reaction in eq 3 is essentially irreversible. We
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T R~ | LARRRI AN S0 RRARRRRAMS MARAL that have a cubane cluster instead of the 3Fe cluster, the
2100 2000 1900

Time (s) Wavenumber (cm) reductive activation by Hmay proceed differently, since
FicURe 4: The reaction of enzyme in the Kistate with different the redox potential of the cubane cluster is much lower than

concentrations of b Syringe 1 contained enzyme that was 95% that of thoe 3Fe cluster. _ ,
in the Ni* state and 5% in the Nf state (pH 8). Syringe 2 was At 25 °C, the water molecule in the N&o3; State is
filled with buffer containing different hydrogen concentrations. The proposed to be released within a few tenths of a second from

panels | to Il show the time-dependent changes of selected IR bandsthe active-site pocket producing the M8l state (eq 4).
(as indicated; 1963 cm absorbance as reference) after mixing with

buffer containing 80«M H; (1), 50 uM H; (ll), and 25uM H, i N
(II). Panel IV shows the infrared spectra obtained 10 min after Ni;-S1931(0r0) = Ni-Syg3,(0ro) + H,O (4)
mixing with five different hydrogen concentrations (concentrations o ) . . )

after mixing as indicated). The spectra in this and the following Recent kinetic electrochemical studies with thevinosum

figures were baseline corrected. enzyme are in agreement with such a reactii). (The Ni-
Sie31(0ro) state has a very high affinity for,HWhen no

(Ni* state). For an explanation of these results, it is useful oxidants are present hydrogen binds essentially irreversibly

to introduce the following short-hand notations for the as a hydride in a fast reaction (ms time scale) to form the

various enzyme species since in addition to the & center Ni,-C* state. During this reaction, the Ni is oxidized and an

(n = 1 redox component), the F& clusterstf = 1) will electron is initially transferred to the proximal cluster as in

also undergo redox changes in the reaction wit{rH= 2). eq 5.

The ready state can be written agH®OH")Nis"-P**M D2+

where OH stands for the bridging oxygen specie3' Ror Fe -Ni*-PP"MD*" + H, —

T

the oxidized proximal [4Fe-43] cluster, M' for the oxidized E (HOINI*-PTMOD2 + H (5
medial [3Fe-4S] cluster and B' for the oxidized distal [4Fe- (H) ®)
4SP* cluster. We will also refer to this state as/b0o0), Since the redox potential of the distal cluster is higher than

where “0” stands for an oxidized F& cluster (order:  that of the proximal cluste#d(), the electron is rapidly passed
proximal, medial, distal). With 12.5 and 28/ H,, concen- on to the distal cluster (eq 6).

trations significantly less than that of the enzyme (4\0),

the data are consistent with the following sequence of events.Fe*(HT)Ni**-P*M°D?" — F&*(HNi**-P**M°D™ (6)
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With excess Hthis Ni,-C*(orr) state reacts with yet another

400 pM H
(third) H, molecule in a reversible reaction to form the:Ni A Atgaz - Avges K
SR states (eq 7).
A=0.0002
+ i \N 3T P2 O
Fef (H)Ni -P*"M°D +H,— 40 pM enzyme

FE (H)Ni*"-P"M°D* + 2H" (7)

The reactions of active enzyme are studied and discussed in
detail in the accompanying pape(j.

With (sub-)stoichiometric kiconcentrations, not all of the
ready enzyme can react in this way. Once activated by one
hydrogen molecule, the enzyme can very rapidly and tightly
bind a second hydrogen to form the stablg-®¥ state, and
so all of the hydrogen will be consumed by only part of the
enzyme molecules. The remaining oxidized enzyme is
subsequently reduced via (slower) intermolecular electron
transfer by the reduced distal [4Fe-4S] cluster in enzyme C
that has reacted with HThe data of Figure 4ll,11l show
that the reducing equivalents from the bound hydride in the
Ni,-C* state are also redistributed, since the increase of the
1950 cn1! band was only a transient one. After the redox
equilibration with substoichiometric amounts of (12.5 and
25uM), the final products are a mixture of oxidized enzyme 0 100 200 300 400 500 60O
(Ni* state; 1943 cm?), enzyme in the NiS;3/Ni-S states Time (s)

(the majo_r part; we cannot distinguish bgnNeen Fhese two Ficure 5: Reaction of different concentrations of ready enzyme
states by infrared spectroscopy), enzyme in the(istate with H,. Syringe 1 contained enzyme that was 90% in the Ni
(1950 cn1l) and a small amount of the NB;¢10State (which state (pH 8). Syringe 2 contained buffer saturated with(800
is proposed to have an OHbridge present). This result «#M). The three traces show the time-dependent changes of the 1943
(Figure 41V, traces D and E) is in qualitative agreement with CM > band for 40uM (A), 20 uM (B), and 10uM (C) enzyme

. final concentrations). The 1963 cfhabsorbance was used as the
the expectations. In fact, the spectra show that the degree ot uterence.
reduction is a little higher than expected, possibly due to an

overestimation of the enzyme concentration and/or an concentration becomes less than ca. 5% of the enzyme

underestimation of the hydrogen concentration. . concentration). Under those conditions, the formation of ES
(b) Effect of Varying the Ready Enzyme Concentration on (eq 8) became rate limiting.

the Reaction with Hydrogemn this set of experiments, the
hydrogen concentration was kept constant (400 after
mixing). An enzyme preparation with at least 90% in the
Ni* state was used at final mixed concentrations of 40, 20
and 10uM. The changes observed at 1943 ¢rare shown

in Figure 5. The lag times and kinetics of the 1943 ém
decrease were comparable at all three enzyme concentrationg
(lag phases 6, 7, and 11tgp times 9, 9, ad 9 s for 40, 20,
and 10 uM enzyme). This is consistent with hydrogen
reacting directly with the active site in the ready enzyme
gzgu\r/\r/;:éc.)ut any further intermolecular enzyme reactions gen and oxygen. The contrpl experiment with only (B00

Since the lag phase and timétial rate of the reaction did #M after mixing) is shown in Figure §, trace A. )

not depend on the enzyme concentration or on the H When 25uM oxygen was also present the reaction
concentration, we conclude that under these conditions bothProceeded with essentially the same time course (Figure 6,
of these parameters may be determined by rate-limiting trace B). However, on increasing the oxygen concentration
intramolecular reactions occurring after formation of the (© 62.5uM, the lag phase was clearly extended and the rate

A=0.0001

20 yM enzyme

A=0.0001

10 uM enzyme

(c) Effect of the Presence of,©n the Reaction of Ready
Enzyme with KB The short lag phase in the reaction of the
ready enzyme with hydrogen and its independence of either

' the H, concentration or the enzyme concentration could have
been due to the presence of residual oxygen in the enzyme
reparation. However, if this were the case, the rate of
Xxygen consumption by the enzyme would have been
expected to be dependent on the enzyme concentration. To
further investigate this, anaerobic ready enzyme was mixed
with buffer containing known concentrations of both hydro-

E—H, complex (eq 8). of decrease of the 1943 crhband diminished noticeably
(Figure 6, trace C). The lag phase in the absence of oxygen
E+ S— ES— EP (8) (7 s) was nearly the same as that in the presence a5

O.. It increased to 20 s with 62,6M O, (Figure 6). The
We hypothesize that these intramolecular reactions arehalf times of the 1943 decrease were 10, 12, and 28 s,
associated with the rearrangement in the active site on goingrespectively. The experiment shows that oxygen does not
from the Ni*(0o0) state (Ni-Fe distance 2.85 A) to the Ni prevent the reaction between hydrogen and the ready enzyme,
Sieai(0ro) state (Ni-Fe distance 2.60 A). Figure 4 showed but merely delays it. When oxygen was absent, the final
that with very low H concentrations (e.g., 12:8M) the rate hydrogen concentration after completion of the reaction is
of the reaction slowed (see arrow in Figure 4lll, trace A) about 200uM minus the amount of Hconsumed by the
during the last phaseof the reaction (where the H enzyme during the reaction. When 629 O, was present,
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200 yM H, +62.5 UM O, C

FiIGURE 7: Reaction of a mixture of ready (46%) and unready (54%)
™ enzyme with H in the presence of carbon monoxide. Syringe 1
contained enzyme (pH 8). Panel I: (A) Control; spectrum 3 min
after mixing with anaerobic buffer; (B) control; spectrum 10 min

FiIGURE 6: The effect of oxygen on the reaction of enzyme in the after mixing with buffer containing 100@M CO; (C) spectrum
B e e O e it S 1544 1y o
6 in the Ni* state (p . Syringe 2 was filled with buffer - : - .

containing: 40QM H, (traces A; the spectrum in panel Il trace 1929 cm* (B) bands (absorbance at 1963 ras reference) during
A is the same as the spectrum in Figure 41V, B), 400H, + 50 the reaction with H plus CO resulting in spectrum C in panel I.
uM O, (traces B), or 40«M H, + 125 uM O, (traces C). The

concentrations after mixing are given in the figure. The spectra in the Ni* and Ni,* states (see Figure 2). Spectrum B shows
panel Il were obtained 10 min after mixing. another control. Mixing the enzyme preparation with CO-
I - d that th Id saturated buffer did not affect the 1944 chiband. A very
':"S ar;tlmpar:e ! dat the oxygeln wou ¢ on?L||_|me 1‘2% faint band at 1929 cnit (<2% of the totaly(CO) band area)

2 and so the reducing equivalents o (8 of Ha wou was observed, which may arise from a small amount of active
remain fo.r equilibration with 4Q:M enzyme. Th's final enzyme or from a reaction withHmpurities in the CO gas.
condition is comparable to that of the reaction with 100 When both H (80 M) and CO (400uM) were present
H, in the absence of added oxygen (Flgure 4). Indeed, theafter mixing, the 1929 crt band diagnostic of the S
deg:tr'l\JAmootha_med a6f|t|er the r?:ac_'uon W'th. Zilm H2 Ig!us CO state appeared (Figure 71, trace C). The other bands

SuM O (Figure 6l1, trace C) is very similar to Figure  oa4teristic of this state, twgCN) bands at 2080 and 2068

4.IV,_ trace .C. However, it QOes differ from the spectrum cm? plus a»(CO) band at 2054 cni from extraneous CO
obtained with 20QuM H (Figure 6ll, trace A); the latter 4 1o Ni. can also be seen. In addition, clear bands

spectrum clearly shows a higher degree of reduction (MOre ¢4 4 steristic of the Nf state were identified (a CO band
NirSR (1936/1921 crm) relative to NiC* (1950 le))'_ at 1945 cm?* and a CN band at 2093 crt). The appearance
This shows that the added oxygen in the experiment of Figure ¢ ye 1929 cmt band £, = 24 s) accompanied the decrease
6 is consumed. This important observation explains the of the 1944 cm* band €y = 20 s) within error as shown in

delaying effect of oxygen displayed in the kinetic trace riq 1o 7). We assign these changes to the reaction of ready
(longer I_ag phase, slower rate of d_ecrease of the 1943 cm enzyme with H and the subsequent reaction of the resulting
band; Figure 61, trace C). From this trace, the rate constant, ivated enzyme with CO. The product, enzyme in the Ni
for oxygen consumption under these conditions is estimatedg, state, cannot react with,Hand so tﬁe reaction ceases
to be about ca. 0.03°§ which is 4 O“P'GVS of m?gnltude with all of the H-activated ready enzyme trapped in this
slower than the rate of the?HB_V reacjuon (470's%). ) state. The 1945 cn band in the final spectrum (Figure 71,
"Reactions of Enzyme Comprising Mixtures of the: ind trace C) is responsible for the shoulder in the control
Ni,* States. spectrum (see arrow in trace A). The amplitude of this band
(a) Reaction with Hydrogen in the Presence of @arbon  did not change between 30 s and 10 min. As no 2100'cm
monoxide is a strong inhibitor of the enzyme. Since it only band could be detected, we assign it to enzyme in th& Ni
binds to active enzyme, this property can be used to trapstate. This experiment, for the first time, directly demon-
active enzyme in the BMS-CO state. Thus, when a mixture  strates that enzyme in the unready state cannot react with
of ready and unready enzyme is reacted with ifl the H, at 25°C.
presence of CO, within seconds the ready enzyme should (b) Reaction with Different HiConcentrationsWhen using
be trapped in the inactive NC-CO state allowing the 400 uM H, (after mixing), virtually no changes were
reaction of H with the Ni;* state to be studied without any  observed over the first 43 s (Figure 8l, traces@ and
interference from the ready enzyme. Figure 9, trace A). Subsequently, the 1944 &iwand, which
Figure 71, trace A shows a control spectrum in the absenceis a composite of the 1943 crhband from the NF state
of CO and H (mixing with N-flushed buffer) with a(CO) and the 1945 cnt band from the Nj* state, started to
band at 1944 cmtand a clear shoulder on the high-frequency decrease in amplitude over the next ca. 30 s and then leveled
side. They(CN) bands are not resolved. Both features are off at about 75 s after initiating the reaction. Simultaneously,
in agreement with the expected overlap of the spectra froma band at 1948 cmt appeared (initially as a shoulder)

L 1 1 1 ] A AR
0 40 80 120 160 2100 2000
Time (s) Wavenumber (cm™)
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Ficure 8: The reaction of a mixture of ready (35%) and unready (65%) enzyme with hydrogen. Syringe 1 was filled with enzyme (pH
8.0). Syringe 2 contained buffer with various hydrogen concentrations. Panel I: syringe 2 contained 800 After mixing, spectra

A—H were obtained at the indicated times. Panel II: spectra obtained 10 min after mixing with buffer with different hydrogen concentrations
(concentrations after mixing are indicated).

together with small bands at 1936 and 1921 trithe latter investigated. The kinetics of the changes at 1944%cnere
two bands are due to the N&R states. The 1948 crhband the same as with 400M H; (Figure 9, traces BD), but
is mainly due to the NiS state since also a well-resolved the reaction with all three hydrogen concentrations showed
band at 2100 crt is observed (see arrows in Figure 8, a shorter lag phase (about 22 s). The spectra obtained 10
traces F-H). At longer times (Figure 8l, trace H), the 1948 min after mixing were diagnostic of a mixture of several
cmband (Ni-S) very slowly decreased with a simultaneous states and depended on the hydrogen concentration (Figure
increase of the 1936/1921 cfbands (Ni-SR). As previ- 8l1). At 400 and 20uM H,, the Ni-SR states (1936/1921
ously shown by EPR studied®), and in the accompanying cm™t) were clearly present, together with bands from the
paper by SF-FTIR30), active enzyme in the presence of Niy-S state {(CO) at 1948 cm! and»(CN) at 2100 cm?).
excess H is mainly in the Ni:SR state. Only 1815% As explained above, a small peak at 1950 &rtNi,-C*)
remains in the NtC* state. In Figure 8I, traces-BG, up to should also be present. With 100 H, bands from the
half of the enzyme is in the NMSR state. It then follows  Ni;SR state were absent. However, a small band at 1931
that under 40QuM H,, a small percentage of the enzyme cm™ (Ni;S/Ni-S;o31 States) was seen. Bands from theg-Ni
(<5%) must be in the MiC* state with ay(CO) band around  state were still prominently present. With 20 H, (and
1950 cnrt. This small band will be obscured by the more 40 uM enzyme, essentially stoichiometric) only two clear
intense 1948 cmt band of the Nj-S state. Thus, between 1  »(CO) bands at 1945 and 1931 chwere observed. The
and 10 min the spectrum represents a mixture of theS\i 1945 cn! band is assigned to unreacted enzyme in th& Ni
Ni-C* and Ni-SR states. state. It should be mentioned that during the reactions with
These data can be compared with those shown in Figures100uM H, weak transient bands from the MR states were
3 and 4, and the explanation is similar to that given there. observed. With 50uM H, no transient N}SR states
After the lag phase, enzyme in theNstate is reduced to  appeared; instead only a weak transient band from the Ni
the Ni-S;93; State according to eq 3, activates toSi (eq C* state was seen (data not shown). We tentatively conclude
4), binds H to form the Nj-C* state (eqs 5 and 6) and from this observation that the most effective reductant for
subsequently reacts with a third kholecule resulting inthe  enzyme in the N state is probably an enzyme molecule in
formation of the Ni-SR states (eq 7). Reduced enzyme reacts the Ni-SR state.
with enzyme in the Ni state, converting it to the NiS These experiments show that the length of the lag phase
state. The subsequent extremely slow decrease of the 1944nd the rate of the reaction of,hvith a mixture of ready
cm! band (between 50 and 300 s in Figure 9, trace A) is and unready enzyme is not dependent on theddcentration
due to the Nj-S to Ni-S conversion: the disappearance of over a 20-fold range (400 to 5M) down to a concentration
the 1948 cm? band from Ni-S (Figure 8l, traces £H) also close to stoichiometric with that of the enzyme (but see
influences the absorbance at 1944-¢érto a small extent. below). In experiments with several different, freshly pre-
In turn, the Nj-S state reacts with Ho form an equilibrium pared mixtures of ready and unready enzyme, we noticed
mixture of the active states, causing the increase of the 1936/that the duration of the lag phase varied with the preparation.
1921 cm?! bands. Within a set of experiments with one preparation, however,
The effect of lower hydrogen concentrations (reaction of the results obtained with different amounts of hydrogen were
200, 100, and 5«M H, with 40 uM enzyme) was also  reproducible, i.e., the lag phase was independent of the
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A =0.00025 Ficure 10: Effect of the enzyme concentration on the reaction of
hydrogen with a mixture of ready (35%) and unready (65%)
\ 50 uM H enzyme. Syringe 2 contained buffer with 828 H,. Syringe 1
\_,L_\ ek contained 80uM (A), 40 uM (B), or 20 uM (C) enzyme
T (concentrations after mixing are indicated in the figure).

0 R 200 300 are not uncommon for solubilized membrane-bound en-
Time (s) . . . 1
— - _ zymes. The relative changes in amplitude of the 19441cm
FiIGure 9: Time dependence of the decrease in amplitude of the 34 (expressed in absorption units) are 4, 2, and 1, which
1944 cm?! band in the experiment shown in Figure 8. The H lat Il with th trati £40. 20 d
concentrations after mixing are indicated. The absorbance at 19p3c0ITelate well with the enzyme concentrations o » €U, an
cm~! was used as a reference. 10 //lM, reSpeCtlvely. This and the fact that Only one
exponential phase is observed indicate that these amplitude
changes represent teenultaneouslisappearance of the Xi
(1943 cmY) and Ni* (1945 cmY) states. From a comparison
with the data of enzyme mainly in the ready state (Figures
4 and 5), especially with respect to the lag phases, it can
then be concluded that the ready enzyme molecules in the

. . . ready/unready mixture used in Figure 10 do not react with
(c) Reactions of Hydrogen with a Mixture of Ready and i3 independent way; i.e., their behavior is dramatically

Unready' Enzyme_ at Difftoarent Enzyme oConcentraticms. influenced by the presence of unready enzyme molecules.
preparat:;)n_rcf:]ontamlvg SE/o'reaédy .ar?thS Ajdgfr;ready ENZymey e presently do not understand this. A more detailed kinetic
was used. The results obtained with three different enzyme , i< using a range of time-resolved spectroscopic tech-

concentrations are presented in Figure 10. As before, theni ues is bevond the scope of the present study but is clearl
1944 cnm? band decreased due to the disappearance of the d y P P y y

1943 cn1t band from Nj* and the 1945 cm! band from merited.

Nig*. At the same time the NiS (1948 cm?) and Ni-SR CONCLUSIONS

(1936/1921 cmt') appeared. In this case, a pronounced

dependence of the kinetics on the enzyme concentration was For clarity, the major conclusions of this study are
observed. Dilution of the enzyme increased the lag phasesummarized below and depicted in Figure 11.

and decreased the rate at which the intensity of the 1944 (1) Enzyme in the unready state, either oxidized {Nor
cm ! band was lost. In contrast to the reactions of ready reduced (Nj-S), does not react with HThe Ni* state can
enzyme with H, these results show that the overall reaction only be reduced via an intermolecular reaction with reduced
of hydrogen with a mixture of ready and unready enzyme is active enzyme, or by reduced artificial electron donors. Under
very dependent on the enzyme concentration. We do not fully reducing conditions, the MS state slowly (hours) converts
understand these observations. After a lag phase, the readjo the Ni-S state, which subsequently activates. This is the
enzyme in the mixture is activated by reactions with K only route for activation of unready enzyme.

then transfers electrons to unready enzyme in an intermo- (2) Enzyme in the Nt state has high affinity for Kl After
lecular reaction. The rate of the overall process, i.e., the a lag phase of about 6 s, the enzyme is reduced. The rate of
disappearance of the 1944 chband, clearly decreases on reduction is the same witho enzyme concentration ratios
diluting the enzyme. The relative rates are estimated as 2.5,0f 10:1 to 1:20. The observations are consistent with the idea
1.6, and 1 for 40, 20, and 1M enzyme, respectively. The that the Nj* state is directly converted to the NB,93; State
deviation from a second-order reaction (squared dependencén the initial reaction with hydrogen and that the bridging
on total enzyme concentration) can be explained by complexOH™ in the active Ni-Fe site may function as the base for
formation between the two enzyme forms. Such complexesthe heterolytic cleavage of Hn this initial reaction. At 25

hydrogen concentration. However, we did notice that it was
important to carefully remove all oxygen from the solutions
before starting the experiments. Residual oxygen is probably
the reason for the slightly longer lag phase in Figure 9, trace
A, this being the first experiment in this series (see also
Figure 6 for the effect of oxygen).
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Ficure 11: Schematic overview of the proposed reactions of the
A. vinosum[NiFe]-hydrogenase with hydrogen. In addition to the
short-hand notations used for the active site in Figure 2, also the
status of the FeS clusters have been introduced for the inactive
enzyme states. For example, the ready state can be written as
FeT(OH)Nis*-P>*M D2t where OH stands for the bridging
oxygen species,? for the oxidized proximal [4Fe-48j cluster,

M* for the oxidized medial [3Fe-4S]cluster, and B" for the
oxidized distal [4Fe-4ST cluster. We will also refer to this state
as Ni*(ooo), where “0” stands for an oxidized F& cluster
(order: proximal, medial, distal). The only states that can react
with H, are the Ni*, Ni;S, and Nj-C* states. The NiSR state
can release K but the Nj-S,93; State cannot. The MV/Ni S and
Ni*/Ni-S1910 redox transitions can only occur with electrons
provided by redox dyes or by reduced, active enzyme via an
intermolecular electron-transfer reaction.ddacts directly with the
Ni—Fe site of the NF state to give the NiS;o3; State. It is proposed
that during this reaction the bridging OHs protonated to water
which is no longer bound to the NiFe center, but remains in the
active site pocket. This allows a decrease of the & distance
from 2.85 to 2.60 A. Activation is achieved by the loss of this
water molecule from the active site pocket, which is proposed to
be controlled by the temperature-dependent dynamics of the protein
(i.e., water is retained at ZC, but lost at 25°C).

°C the inactive NiS;g31 State converts to the active N

state within a few tenths of a second. These reactions are 1°

proposed to form the basis of the mechanism of activation
of ready enzyme by K It is proposed that the [3Fe-4S]
cluster plays a vital role in this activation and that [NiFe]-

hydrogenases without such a cluster probably use a different 16

reaction route for activation.
(3) Oxygen delays the reaction of ready enzyme with H

but it does not prevent it. In the presence of hydrogen, ready ;,

enzyme reduces oxygen with a rate of ca. 0.08 s
While not yet providing a complete kinetically defined

mechanism of hydrogenase activation, we consider the g

present and accompanying papd)(to significantly increase
our understanding of these complex processes and demon-

anaerobic stopped-flow FTIR spectroscopy for hydrogenase
research.
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