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Abstract: Electrochemically controlled titrations of the different redox states detected by IR spectroscopy of
Desulfaibrio gigashydrogenase are reported. This enzyme has in common with other metal-containing hydrogenases
the existence of three intense bands at exceptionally high frequencies tBatamatiumvinosumhydrogenase

have been found to arise from two CMind one CO (Happe, R. P.; Roseboom, W.; Pierik, A. J.; Albracht, S. P. J,;
Bagley, K. A.Nature1997 385 126). Here we propose a tentative assignment of these special groups to the three
diatomic active site Fe ligands observed in the crystal structui2estilfaibrio gigas hydrogenase (Volbeda, A;
Garcin, E.; Piras, C.; de Lacey, A. L.; Fernandez, V. M.; Hatchikian, E. C.; Frey, M.; Fontecilla-Campsg, ArG.

Chem. Soc1996 118 12989-12996), based on their interaction with the protein environment. IR states equivalent
to each one of the Ni-EPR detectable states and their corresponding one-electron reduced EPR-silent forms have
been identified byin situ redox titration. The similarity between the IR titration and the reported stoichiometric
reductive titrations of EPR nickel signals Bf. gigasenzyme (Roberts, L. M.; Lindahl, P. Al. Am. Chem. Soc.

1995 117, 2565-2572) suggest that there is a strong electronic interaction between the two metal centers in the
active site. The IR-spectroelectrochemical technique used here allows for further insight into the activation,
inactivation, and catalytic cycles of the enzyme. The path of activation and the identity of the active states have
been characterized.

Introduction analysis of the hydrogenase has also shown that the active site
.., Is buried in the large subunit and contains two metal ions, one
Hydrogenases are enzymes that catalyze the reversible

activation of HB. The [NiFe] hydrogenase dbesulfasibrio of which is Ni. Later crystallographic data confirmed unam-

. . L . . . L biguously that the second metal in the active site is an iron
gigasis a heterodimeric periplasmic protein consisting of 28 5 .
. . ' =~ atom® Moreover, a new crystal form solved at 2.5 A resolution
and 60 kD subunits. It contains 12 atoms of iron, 12 acid-

. . - shows that the active site Fe binds three non-protein diatomic
labile sulfides, and 1 atom of nickel per molecé€. Eleven ligands and a putative oxygen species that also binds to the Ni
atoms of iron and the 12 sulfides are arranged as two [4Fe- 9 P Y9 P

4SPH1* and one [3Fe-43170 clusters' The X-ray structure center: . , .

of the as-purified enzyme at 2.85 A resolution has been Thg Catglync behay|or oD. gigas hydrogenase can be
published recentl§. The structure shows that the three-F= explained in terms of interconversion between different forms
clusters are distributed almost along a straight line in the small Of the enzyme: thactive state, which is active in all assays,
subunit, with the [3Fe-4S] cluster halfway between the two [4Fe- the unreadystate, which is totally inactive and requires long
4S] clusters. This spatial arrangement of the three Fe-S clusterdncubation under bi(or a reductant) for activation, and theady

in D. gigashydrogenase could provide an electron channel from State, which does not catalyze the activation ef but which

the active site to the molecular surfatelhe crystallographic 1S fapidly converted to the active state by reductani. gigas
hydrogenase preparations isolated under aerobic conditions are

* Address correspondence to Dr. Victor M. Féndaz, Instituto de  characterized by various ratios of two Ni-EPR signals called

Catdisis, CSIC, Campus Universidad Automa, 28049-Madrid, Spain. . . I . .
FAX: 341 585 4760. E-mail: vmfernandez@icp.csic.es, Ni-A and NiB. Usually, a significant fraction of EPR-silent

T Instituto de Caitisis, Madrid, Spain. material is present. The proportion wireadystate correlates
*Unité de Biomergeique et Ingeiérie des Protimes, Marseille, France.  with the Ni-A signal, whereas the proportion ofady state
° Institut de Biologie Structurale, Grenoble, France. correlates with the NB signal® A third signal, named NE,

U Abbreviations: IR, infrared; XAS, X-ray absorption spectroscopy; EPR, . .
electron paramagnetic resonance; ENDOR, electron nuclear double reso-characterizes an activated state of the enzymie. All three

nance.
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EPR signals have been assigned to Ni by isotopic labeling usingIR spectroscopic measurements, whereas EPR spectra of Ni are
6INj.10 Other redox states of the hydrogenase are EPR-silent,recorded at low temperaturgd. We have carried out redox
such as the fully reduced active state (fofR),’° and an titrations of the different IR states of the hydrogenase as well
intermediate state, namesl, obtained by oxidation of active  as kinetic studies of the activation and inactivation processes.
enzymé@! or by partial reduction of the forn®.12 Reduction Additionally, correlations between the different IR states and
of the enzyme in thé form gives an intermediate state that is the catalytic properties of the enzyme have been established.
EPR-silen&13 These states have now been found in many
nickel hydrogenases (see ref 14 for a review). Experimental Section
Fourier transform |_nfrar_ed studies (FTIR) of [NiFe] hydro- Desulfaibrio gigas hydrogenase was purified as descriBedlhe
genase fronc_hromat'um_”mosumthat reveal the presenqe of activity of the preparation used in most of the experiments reported in
three absorption bands in the 23GD000 cnT* spectral region e present work was 50@mol x min-t x mg-* (Hz-uptake assay, 1
have been published recentf?® The frequency shifts of these  mMm methyl viologen, pH 8.5, 25C). The EPR signals of the [3Fe-
bands correlate with changes in the redox state of the enzyme4s] cluster and NA accounted for 0.87 and 0.68 spin/molecule,
generated by different pressures of hydrogen or by slow respectively (no NB was detected). Another preparation, which was
exposure of reduced samples to atmospheric oxygeBagley used in the experiments run at pH 5.7, had an activity of 480 mmol
et al16 concluded that these bands were due to intrinsic, non- Min™* x mg™*, 0.94 spin/molecule of [3Fe-4S] signal, and 0.55 spin/
protein groups situated very close to the nickel center. Fol- Mmolecule of NiA/B of which 6% corresponded to NB: Samples of
lowing the same experimental procedure as Bagtel. 16 sets th_e hydrogenase at different pH yalues were prepared as follows:
. . aliquots of the stock sample were dilutedL00 with the chosen buffer
of three IR bands of similar frequencies were observed for the

diff d . ai hvd 6 vV | followed by concentration on Centricon-30 (Amicon); the dilution and
Ifferent redox states db. gigashydrogenase. Very recently concentration steps were repeated twice. The pH of the buffers were

Happeet al.!” have identified the groups responsible for the IR corrected taking into account of their temperature dependence.

bands inC. vinosum hydrogenase, both chemically and by Activity Measurements. H.-uptake and exchange activities were

isotopic labeling of the enzyme, as two Chind one CO. These  measured as describ&dFor the D/H* exchange assay, 1 mM glucose

groups are most likely the three diatomic ligands of the active in 20 mM Tris buffer, pH 7.8, 7ug/mL glucose oxidase, @g/mL

site Fe observed in the crystallographic analysis ofihgigas catalase, and 0.2 mM ethanol were used to scavenge oxygen. When

enzyme>17 appropriate, sodium dithionite was added to the reaction mixture through
The detailed study of the structure of the active center of @ Septum with a microsyringe. ,

nickel hydrogenases and its catalytic function has great interest Infrared-Spectroelectrochemical Measurements. The infrared

for the synthesis of biomimetic model compounds that catalyze spectra were recorded in a Nicolet 5ZDX Fourier-transform spectrom-

the activation of hydrogen. Several catalytic mechanisms have eter, equipped with a MCT detector and a purge gas system for removal

- of CO, and HO (Peak Scientific). The IR-spectroelectrochemical cell
18-20
been proposed for [NiFe] hy(_jrogenagéb. These propos- . used was as described by Moss et?aRedox equilibrium in the cell
als have been based mainly on EPR measurements withyas reached 23 min after a potential was applied (checked by

important contributions of other techniques such asshbauer,  monitoringin situthe visible spectra of reduced methyl viologen). The
XAS, ENDOR, and visible spectroscopy. Thanks to the cell pathlength was measured by visible absorption spectroscopy of 8
discovery of high frequency infrared-active groups in the active mM cytochromec. An average value of 7.bm was measured from
center of [NiFe] hydrogenases, the active center and its catalyticsix different experiments. Enzyme solution (D7 mM, 10uL) was
activity can now be studied from a different perspective. The used for each FTIR experiment in the presence of 100 mM buffer (Tris,
comparison of FTIR results with those obtained by EPR and phosphate or MES), 100 mM KCI, and a mixture of redox mediators,

. . . 0.5 mM each. The redox mediators used were as follows: methylene
other technlqu_es shoul_d be instrumental for the understandmgblue €' — +11 MV, Merck), indigo-tetrasulfonateEl, — —46 mv.
of hydrogen biocatalysis.

. . L Merck), 2-hydroxy-1,4-naphthoquinong&’'{ = —139 mV, ICN Phar-
_Inthis paper we report the results obtained vd#sulfaibrio  maceuticals), anthraquinone-1,5-disulfonic agig &€ —170 mV, ICN
gigashydrogenase using an IR-spectroelectrochemical cell. This pharmaceuticals), anthraquinone-2-sulfonBte£ —225 mV, Serva),
technique has several advantages by comparison to EPR redoyhenosafranin®, = —252 mV, Merck), neutral redg, = —329 V,
titrations: (1) Besides Ni-EPR detectable states, Ni-EPR silent Serva), benzyl viologerE, = —358 V, Sigma), and methyl viologen
redox states of the hydrogenase active site are detected. (2JE'c = —446 mV, Aldrich). The redox potential was controlled with
The redox potential of the sample is controlledsitu. (3) a BAS CV-27 potentiostat and measured with a Fluke 77 multimeter.

Redox titrations are performed at the same temperature as the\ll redox potentials are given against the standard hydrogen electrode.
The temperature of the cell was controlled by a HETO C7 CV10-

(10) Moura, J. J. G.; Moura, |.; Huyhn, B. H.; Kgar, H. J.; Teixeira, thermostat. The IR spectra were averaged from 1024 scans (unless
M.; Duvarney, R. C.; DerVartanian, D. V.; Xavier, A. V.; Peck, H. D., Jr.;  otherwise stated), and the spectral resolution was ZcrAll spectra
Leaﬁil)l, Fi]-lglorfhimMBIEPZysﬁl %e?ﬂ'B _Cowmﬂ_ﬁt?ji 91553?513‘?;%;9&349 were blank-substracted and baseline-corrected using a parabolically

oberts, L. M.; Lindahl, P. ABiochemis . ;

(12) Roberts, L. M.: Lindahl, P. Al. Am. Chem. S04995 117, 2565 's:hap_ed curve. Th_e areas of overlapping bands were calculated by
2572 ourier deconvolution with the program OMNIC from Nicolet.

(13) Teixeira, M., Moura, |.; Xavier, A. V.; DerVartanian, D. V.; LeGall,

J.; Peck, H. D., Jr.; Huyhn, B. H.; Moura, J. J. Eur. J. Biochem1983 Results
130, 481-484. ] ] )
(14) Albracht, S. P. JBiochim. Biophys. Actal994 1188 167-204. Redox Titration of Unready States. By controlling the

S (F}Sa'_338233’&EﬁAWVﬂ‘B?Ofﬁ::;g’t&gséfgg”ézMz'g_Dgiz%E' C. Albracht, raqox potential of the IR-spectroelectrochemical cell, two

(16) Bagley, K. A.; Duin, E. C.; Roseboom, W.; Albracht, S. P. J.; diﬁerent spectra Qf as isolated. gigas hydmgen_ase were
Woodruff, W. H. Biochemistryl995 34, 5527-5535. obtained at 15°C in the presence of redox mediators, each
(17) Happe, R. P.; Roseboom, W.; Pierik, A. J.; Albracht, S. P. J.; Bagley, spectrum consisting of three bands. -A20 mV the infrared

K. A. Nature 1997 385 126.
(18) Teixeira, M., Moura, |.; Xavier, A. V.; Moura, J. J. G.; LeGall, J.; spectrum showed bands at 1947, 2083, and 2093 omhereas

DerVartanian, D. V.; Peck, H. D., Jr.; Huyhn, B. Bl Biol. Chem1989 at—300 mV bands at 1950, 2089, and 2099 énvere observed
264, 16435-16450.

(19) Huang, Y. H.; Park, J. B.; Adams, M. W. W.; Johnson, Mlarg. (21) Cammack, R.; Fernandez, V. M.; Hatchikian, E. Kethods
Chem.1993 32, 375-376. Enzymol.1994 243 43-68.

(20) Bagyinka, C.; Whitehead, J. P.; Maroney, MJJAm. Chem. Soc. (22) Moss, D.; Nabedryk, E.; Breton, J.;"Nale, W.Eur. J. Biochem.

1993 115 3576-3585. 199Q 187, 565-572.
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Figure 1. Absolute infrared spectra of 1.7 mMesulfaibrio gigas T T T N
hydrogenase in 100 mM Tris buffer, pH 8.3, 100 mM KCl, at°Tsin 2150 2100 2050 2000 1950 1900
the presence of redox mediators with an applied potential of{2) -1
mV and (B)—300 mV. Wavenumber (cm™')
Figure 3. Absolute infrared spectra of 1.3 mBesulfaibrio gigas
hydrogenase in 100 mM Tris buffer, pH 7.7, 100 mM KClI, at>@in
the presence of redox mediators with an applied potential5f0 mV
at different times: (A) 15 min, (B) 30 min, (C) 45 min, (D) 60 min,
[¢) D\cy (E) 77 min, and (F) 105 min. Spectra were averaged from 124 scans.
24 ° reversibility (Figure 2). The experimental data of the plot of
g the integrated intensity of the main band of each of the states
v (at 1947 and 1950 cm, respectivelyyersusthe redox potential
- can be fitted to the theoretical Nernstian equation for a one-
g 14 electron redox process. A midpoint potentig},() of —245+
ag)]
=
b
o

5 mV was obtained for this redox process at pH 8.3 by
calculating the mean value of the two curves. Redox titrations
made at different pH’s showed th&at decreased from pH 5.5
* to 8.5 (not shown).E,' changed-55 mV/pH unit, which is in
01 — ° agreement with a redox process in which one proton is involved.
Activation. In order to investigate the possibility of activat-

T T T ing the hydrogenase in the IR-spectroelectrochemical cell, a
0 -100 -200 -300 -400 redox potential of~500 mV was applied in the presence of
E (mV VS. NHE) redox mediators as indicated above at°@ The IR spectra
measured at different times are shown in Figure 3. After 77

apparent integrated absorption intensity of the 1950%dsand; (open min the spectra did not change further at this temperature. The

circles) apparent integrated absorption intensity of the 1947 band. final spectrum obtained was identical to the spectrum of
Solid lines are the best-fit curves for one-electron Nernstian processes.}"ycjr"-’genase ob. gigaswhich had been underzfor 2 h at
The same results were obtained for oxidative and reductive titrations. 40 °C.° We conclude then that the hydrogenase can be activated

Same conditions as in Figure 1. inside the IR-spectroelectrochemical cell. As shown in Figure
4, the plot of the logarithm of the integrated intensity of the
(Figure 1). It is known that activation of the hydrogenase band at 1950 cmt bandysthe activation time is linear. Thus,
proceeds very slowly at this temperattrd@herefore, these two  activation of the hydrogenase can be explained as a first-order
spectra can be attributed to anreadyoxidized state (fornh\) reaction of theSU state. From the slope of this plot a first-
and to arunreadyreduced state (forrBU). The conversion of  order rate constant and the half activation time can be calculated
one redox state to the other can be titrated with complete (Table 1). The influence of pH and redox potential on the

Figure 2. Potentiometric titration of th&/SU couple: (filled circles)
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Table 1. Kinetic Constants of Activation
E (mV) pH k& (h= trz(min)
—500 7.7 2.3 18
—400 7.7 1.1 38
—325 7.7 1.3 32 : . : .
—400 8.6 12 35
_500 81 19 20 2150 2100 2050 2000 1?50 1900
—450 7.1 0.9 46 -
300 £ 19 oy Wavelength (cm™" )
aMeasured at 40C. Figure 5. Spectra of 1.7 mMDesulfaibrio gigashydrogenase in 100

mM Tris buffer, pH 7.7, 100 mM KClI activated at 4C in the presence
kinetics of activation was studied. In all cases the experimental of redox mediators with different applied redox potentials:) ¢ at
data could be fitted to a first-order process. The calculated ~210 mV, (B) 2h at-300 mV, (C) 2 h at-400 mV, (D) 2 h at-500
constants were of similar magnitude and no trend could be MV: @nd (E) 2 h at-600 mv.
observed when the redox potential was more negative-t3ab Table 2. Midpoint Potentials
mV (Table 1). An average value of 1.5hfor the rate constant

was obtained. Although the rate constant was nearly indepen- redox equilibrium En? (MV)
dent of redox potential at values lower tha825 mV, the final A/SU —210+5
spectrum after the activation process varied with the applied g{/SCIZ :éggig
redox potential (Figure 5). An interesting result was that at C/IR —430+5
—210 mV a significant proportion of the enzyme remained in

the unready state®(andSU) after 6 h. At 0 mV no activation “Measured at pH 7.7 and 4C.

took place (not shown). I .
Rezox Tigration of Ac)tivated Enzyme. After the activation curves, probably due to _eqU|I|pr_|um of formsandR with H,
process four different redox states could be detected by IR atP" duc;ed by th? cgtalytlc activity of the hydrogen&seThe
selected redox potentials (Figure 6). These spectra were exactl)}'mdpomt pgtenhal increased with the p_H _for _the three redox
the same as those obtained in a normal IR cell by activation of ProCcesses in the range 5:8.0, but the_vananon is smaller than
D. gigashydrogenase underzténd slow reoxidation with aft. the theoretical vallue of 62 mV/pH unit for a one protc_)n-redox
The spectra were attributed to forrBs SI, C, andR. Each process at 40C: —36, —47, and—43 mV/pH unit were
redox state has three IR bands, one intense band and two Iesgﬂeasured for th.B/SI’ SliC, gand .C/R couples, respe_ctlve_ly.
intense bands at higher frequencies. An exception is the so- .TWO .SI Species. Redox titrations of enzyme activatead .
calledSI form, where two bands at lower frequencies and four .S'tu at_(j|fferent PH values showed that the rafio of absorption
bands at higher frequencies were observed, that is, two sets O]mtensmes between the two sets of bands of$hepectra was

. . L pH-dependent (Figure 8). Because of this, we were able to
m;efng%ngzrt]ga;ft'g:éid;geug?g?_?l;s;yis zuiéid%xéligﬁgr;of establish that the bands at 2075 and 2085%cwere related to

o ; the 1934 cm® band (formSlig39, whereas the bands at 2055
The titrations were completely reversible at 4C. The 1 ’
experimental data could be fitted to one-electron Nernstian and 2069 cm’ were related to the 1914 ah band (form

curves and midpoint potentials could be calculated for each of S:_}gﬁ)‘ hAt ?r']_' Iovggrl than t7 ?nI¥SI1934C|js dgte(;?(t;dﬂ/]\_/hereasltat
the redox processes (Table 2). At redox potentials lower than P MINET than ©5l1014 Starts 1o predominate. - 1his resu

—500 mV the experimental data deviated from the theoretical suggests th".’lt the.re IS an a@kiase equilibrium betwegn the
two Sl species withSlig34 being the protonated species and
(23) Although all three bands of each redox state titrate simultaneously, Sly914 the unprotonated one. From tlyaxis intercept of the
only the one with lowest frequency is taken into acount as it is much more
intense than the other two and because some states have in common the (24) A spectrum with only NiSli914could not be obtained because the
frequency of one of the less intense bands. enzyme was not stable at pH 10.5.
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Figure 8. Spectra of 1 mMDesulfaibrio gigas hydrogenase in the
Sl state at 40C and at different pHs: (A) 100 mM MES buffer, pH
5.7, (B) 100 mM phosphate buffer, pH 7.1, (C) 100 mM Tris buffer,
pH 7.7, (D) 100 mM Tris buffer, pH 8.1, and (E) 100 mM Tris buffer,
pH 8.6.

of Sl, the rate of disappearance of the IR bands associated to
form Sl was measured at different temperatures when a potential
of 0 mV was applied. The data could be fitted to first-order
kinetics and the rate constants calculated (Figure 9). This
constant was highly temperature-dependent. An activation
energy of 79 kJ/mol for the process was calculated from the
Arrhenius plot (inset, Figure 9). The same experiment was done
at pH 5.7, in which onlySlig34 is detected (not shown). The
results were very similar to the ones obtained at pH 8.1 with
an activation energy of 88 kJ/mol.

Correlation between Redox State and RH™ Activity.
Two samples of 0.1 mM hydrogenase in 100 mM Tris buffer,
pH 8.1, 100 mM KCI, were incubated undep Fbr 3 h at 40
°C. IR spectra in a normal transmission IR cell and th&D

enzyme: (open circles) apparent integrated absorption intensity of IR exchange activity were measured after activation. Next, one

bands at 1946 cmi; (filled circles) 1914+ 1934 cm! bands (it is

of the samples was put in a°C bath and the other one left at

assumed that both bands have the same extinction coefficient); (open40°C. Both samples were bubbled with Ar in order to eliminate

triangles) 1952 cm; (filled triangles) 1940 cm! band. Solid lines

H, and oxidized with 1 mM 2,6-dichlorophenol-indophenol

are the best-fit curves for one-electron Nernstian processes. Same(DC”:,) for 15 min under anaerobic conditions at 0 ancP@0

conditions as in Figure 6.

plot of log(B1914B1934 versus pH, an apparenKparound 8

can be estimated for the aeithase equilibrium (not shown).
Inactivation Kinetics. When redox titrations were attempted

at 25°C all redox conversions were reversible with the exception

of the step betwee8I andB (not shown). Reduction of form

B to Sl state was a quick reaction, but oxidationSifstate to

respectively. Subsequently the IR spectra and théHD
exchange activity were measured for each sample. Table 3
contains the specific activities of each of the samples and the
main bands observed in the IR spectra as well as the corre-
sponding redox states. The enzyme incubated undenad

full exchange activity and there was no increase of activity, in
the presence of sodium dithionite. The IR spectra corresponded

B was very slow. Therefore redox equilibrium was not reached to formsR andC. When oxidized with DCIP at 46C the IR

when tuning the potential in the oxidative direction. In order

spectra corresponded to forBr The exchange activity was

to ascertain if there was some kinetics barrier for the oxidation almost completely lost, and therefore enzyme in this state is
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0

Table 3. Correlation between Hydrogenase/lB" Exchange
Activity (umol HD min~* mg™) and IR Spectra

IR band$ redox
samplé activity?  activity? (cm™) states
AH 107 107 1940; 1952 R; C
AH + DCIP, 40°C 3 103 1946 B
AH + DCIP, 0°C 54 54 1914, 1934, 1947SI; A

a Exchange activity measured before addition of sodium dithionite.
bExchange activity measured in the presence of 1 mM sodium
dithionite. ¢ Only the lowest frequency band of each IR state is given.
d All samples were 0.1 mM solutions &f. gigashydrogenase, pH 8.1,
incubated under gifor 3 h at 40°C (AH, first row) and subsequently
bubbled with Ar and oxidized with 1 mM DCIP at £C (second row)
or at 0°C (third row).

unable to catalyze the heterolytic cleavage ef Activity was
quickly recovered upon addition of sodium dithionite to the
reaction vessel. When the addition of DCIP was done‘&,0
50% of the activity remained, and no increase of activity was

de Lacey et al.

Figure 10. Coordination of the active site metals in the crystal structure
of as-purified Desulfaibrio gigas hydrogenase. The nature of the
protein environment of the putative CO group (labeled L3 in ref 6) is
entirely hydrophobic (not shown). The much more hydrophilic CN
groups (previously labeled L1 and L2) are tentatively assigned to two
diatomic ligands that may be involved in hydrogen bonding interactions
with the protein, as indicated by the dashed lines. The question mark
labels a metal-bridging coordination site that in the “as purified”
unreadystate of the enzyme is occupied by an oxygen species. This
figure was adapted from Figure 4 in ref 6 and made with the program
MOLSCRIPT (ref 41).

indicates that the hydrogenase in foBhgs, State is catalytically
active and can be oxidized to forBior A.

Discussion

Structural Assignment of the IR-Active Groups. IR bands
in the 2106-1900 cn1? spectral region have been observed in
many metal-containing-Hactivating hydrogenases but not in
metal-free hydrogenases or in other proteins with Eelusters
or Ni atoms?® In previous works it has been argued that the
three observed IR bands are due to the three diatomic ligands
of the active site Fe detected in the X-ray structure of
Desulfaibrio gigashydrogenas&-17 Such non-protein groups
are probably common to the active site of all [NiFe] hydroge-
nases and [Fe] hydrogenagesVery recently, Happet al.l’
have identified the three ligands as two Clind one CO using
15N and 13C substitutedC. zinosum hydrogenase in FTIR
experiments. Taking into account the nearly identical IR
features ofC. vinosunt® andD. giga® enzymes and using the
X-ray structure of the lattérthe more hydrophobic CO ligand
may be assigned to what we previously called ligand L3, as it
is entirely surrounded by hydrophobic residues. The more
hydrophillic CN~ ligands may be assigned to ligands L1 and

measured in the presence of sodium dithionite. The IR spectralL2 (Figure 4 in ref 6), since these are in an environment that

corresponded to a mixture & 1914 Slig34 andA forms. This
indicates that the enzyme in at least one of the 8¥dorms
catalyzes the BJH* exchange. However, since the sample
obtained at OC could not regain full activity after exposure to
dithionite, it is likely that some oxygen entered the sample
during manipulation and partially oxidized it t& (see the
Scheme 1). No oxidation to forf took place as this process
is very slow at low temperatures. Accordingly, no increase of
the activity was detected in the presence of sodium dithionite.
A similar experiment was run at pH 5.7. At this pH, the sample
anaerobically oxidized with DCIP at @ displayed a mixture

of the IR bands corresponding to forr8$,934 and A, with no
increase in exchange activity upon dithionite addition. Oxida-
tion at 40°C produced fornB, and now the exchange activity

allows hydrogen bonding interactions (Figure 10).

The IR spectrum of the enzyme is rather sensitive to changes
in the redox state of the active site (see Figures 1, 3, 5, and 6).
If the assumption of the diatomic ligands of the active site Fe
as the IR-active groups is correct, the shifts of the IR bands are
likely due to a change in the electron density of the active site
Fe center, either by a change of its oxidation state or by changes
in its coordination sphere. An increase of the electron density
on the Fe should cause an increase ofsthdonating effect to
the 2pr* orbital of a CO ligand or a decrease of thedonation
from the S orbital of a CN ligand and therefore a shift(fCO)
or v(CN) to lower frequencie¥ A decrease of the electron

(25) Van der Spek, T. M.; Arendsen, A. F.; Happe, R. P.; Yun, S.; Bagley,
K. A.; Stufkens, D. J.; Hagen, W. R.; Albracht, S. PElir. J. Biochem.

greatly increased in the presence of dithionite (not shown). This 1996 237, 629-634.
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density on the Fe would cause the opposite effect. Thus, thekinetics and that the rate constants were independent of the
magnitude and direction of the shifts observed in the IR spectrapartial pressure of hydrogen during activation. The results
of D. gigas hydrogenase at different redox states reflect the presented here suggest that the rate-determining step of activa-
changes that are taking place at the active site Fe center duringion is a slow process in which tigU form is converted into

the processes of activation, catalytic cycle, and inactivation of an active state. This step has first-order kinetics relativ@do

the enzyme. However, other factors like hydrogen bond concentration (Figure 4). The rate constant of the reaction is
formation with protein residues (Figure 10) could induce shifts not significantly dependent on the pH or the applied potential
of the IR band frequencies as has been clearly demonstrated tmnce formA has been completely reduced to foBt (Table
occur in coordination compounds of well defined structifre.  1).

Activation. It has been generally thought that the reduction It has been reported that the rate of activation was strongly
of either formA or form B generates the same EPR-silent sthte.  temperature-dependent and that no mechanisms of intermolecu-
However, in this work we have shown that the one electron lar electron exchange were involvédThe rate constants for
reduction of formsA and B gives rise to different states as the activation proce$sand the disappearance 8U (Table 1)
observed by IR spectroscopy (compare spectrum A of Figuresare very similar (1.3 and 1.5k at 40°C, respectively). The
1 and 6, respectively). We have maintained $ielesignation activation experiments reported here at different redox potentials
for one-electron reduced form &, whereas we have named show that complete activation (measured byHD> exchange)
the one-electron reduced formAfasSU. There is considerable  of hydrogenase does not require reduction to f@er R, since
difference between th&l and SU forms. Not only do they complete conversion @Uto Sl took place at-300 mV (Figure
have different IR band frequencies and midpoint potentials but 5, spectrum B). We suggest that t8&/Sl transition involves
they also differ in their functionality:SI can catalyze BH™ a slow change in the coordination in the active site metal
exchange (Table 3), where&tJ cannot. Therefore, we can  coordination. In the X-ray structure of as-prepai2dgigas
considerSU as arunreadyreduced stafawvhich can be oxidized hydrogenase a putative oxygen has been detected bridging the
reversibly to formA at low temperatures,515 °C (Figure 2). Ni and the Fe centefs.Thus it is possible that the slow change
The A/SU midpoint redox potential of-245 mV measured in  in the coordination of the active site metals centers during
this work (Table 2) is similar to the values obtained when activation consists in the loss of this oxygen species (see also

measuring the disappearance of theANEPR signaf13 In Figure 10) after a one-electron reduction of the Ni center in
addition, we have observed by IR spectroscopy that one protonform A to form SU.

and one electron are involved in the reduction of the féxm Two Sl Species. An interesting result of this work is the
(not shown), in accordance with earlier EPR restilts. discovery of two isoelectronic species that correspond to the

The frequency shifts of the IR bands in going frénto SU Sl state. The IR spectra &l at different pH values show that
are small when compared to those observed for other redoxthe two species are in an aeilase equilibrium with a g,
processes of the enzyme with the bands moving to slightly about 8. This value is within thelqy range of cysteine thiol
higher frequencies. This shift is in the opposite direction to group$! suggesting that one of the cysteine residues of the active
what it should be expected for an increase in the electron densitysite could become protonated in the fofifigss The observed
at the active site Fe centéand suggests that the electron goes 20 cnTt increases of the IR bands frequencies are consistent
to another redox center at the active site. Interestingly enough,With a decrease of electron density at the active site Fe in the
the only significant shift of the NiK absorption edge spectra  Protonated form due to the higher electron-donor ability of a
of D. gigashydrogenase—{1.3 eV) is the one observed when thiolate when compared to a thiol. However alternative sites
comparing theA andSI forms (theSU, B, andC forms of D. of protonation cannot be excluded at present.
gigas hydrogenaskave not been well characterized by XAS  Inactivation. Hydrogenases are quickly inactivated when
as yet)82° Consequently from the IR, EPR, and XAS data €xposed to aif.3° Under anaerobic conditions, inactivation of
we can conclude that in the reduction of fornto form SU the D. gigas hydrogenase can be achieved by addition of
the Fe is not involved and that the electron goes to the Ni center, 0xidants32or by electrochemical oxidatiot. We reported that
although it cannot be excluded the reduction of a sulfur ligands €xposure of the enzyme in ti& form to air caused oxidation

at this step® mainly to formA, as observed by IR spectroscdpyBy contrast,
As the enzyme in th&U form has no catalytic activity and ~ ©xidation of Sl by slow diffusion of oxygen produced mainly
the midpoint redox potential of tha/SU equilibrium (210 B. Once the enzyme is oxidized Boit is stable in the presence
mV at pH 7.7 and 40C, Table 2) is much more positive than of air and does not convert 8.5 It is noteworthy th_at these
the corresponding potential of the"HH, couple 478 mV), results are almost identical to those found wih vinosum

what is the nature of this state? From the results presented inlydrogenase. Other reports have shown that anaerobic oxidation
Figures 3-5 it is clear that reduction o& to SUis an obligatory ~ ©f activeD. gigashydrogenase results in the appearance of the
step in the activation process. This is in agreement with the EPR signal of NiB.%%2 As shown here, the IR-spectrum of
results previously obtain8evhen studying the activation process form B can be obtained by electrochemically-controlled oxida-

of D. gigashydrogenase where it was observed that thesNj-  tion of SL.3* Enzyme in theSI form is capable t(lactivatezl,-l
EPR signal disappeared upon reduction with &t other ~ Whereas formB is not, as indicated by the AH™ exchange

reductants before activation took place. Lissel@l® reported activity of the two states (Table 3). Therefore two ways of

that hydrogenase activation under, Hbllowed first-order (30) Lissolo, T.; Pulvin, S.; Thomas, J. Biol. Chem1984 259, 11725~
11730.

(26) Nakamoto, K. Ininfrared and Raman Spectroscopy of Inorganic (31) Fersht, A. InEnzyme Structure and Mechanisiv. H. Freeman
and Coordination Compoungdohn Wiley & Sons; New York, 1986. and Company: San Francisco, 1977; p 2.

(27) Onaka,S.; Furuta, H.; Takagi,Mgew. Chem., Int. Ed. Endl993 (32) Barondeau, D. P.; Roberts, L. M.; Lindahl, P.JAAm. Chem. Soc.
32, 87-88. 1994 116, 3442-3448.

(28) Scott, R. A.; Wallin, S. A.; Czechowski, M.; DerVartanian, D. V.; (33) Mege, R. M.; Bourdillon, CJ. Biol. Chem.1985 260, 14701
LeGall, J.; Peck, H.; Moura, . Am. Chem. S0d.984 106, 6864-6865. 14706.

(29) Gu, Z.; Dong, J.; Allan, C. B.; Choudhury, S. B.; Franco, R.; Moura, (34) Although the IR-spectroelectrochemical cell is not completely gas
J. J. G.; Moura |.; LeGall, J.; Przybyla A. E.; Roseboom, W.; Albracht, S. tight, the oxygen that diffuses into the cell is quickly reduced by the redox
P. J., Axley, M.J.; Scott, R. A.; Maroney, M. J. Am. Chem. Sod.996 mediators present in the sample, therefore anaerobic conditions are
118 11155-11165. maintained.
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inactivating the enzyme are possible. The first one is exposure Scheme 1
to air, a quick process that leads to foAnwhich probably has

a tightly bound oxygenated ligand in the coordination sphere

of the active centef. Subsequent reactivation is then very slow.

The second mechanism is a slow reaction which leaBsuader

anaerobic conditions or under low oxygen tension (with oxygen

behaving as an oxidant rather than a coordination ligand). Form

1940
"fully reduced"
4

<, H¥ | Em’ = 445 mV
y
*

B can be reduced quickly back &I, C, or R at low redox Cios2
potentials. The midpoint redox potential measured in this work "active”

at pH 8.0 for theSI/B couple was—150 mV, which is very sSu 4

similar to the corresponding redox potential 6f140 mV 1950 _
measured by Roberts and Lind&hior the redox titration of "unready, reduced” g, 88 ki/mol e HY | B’ =-380mV

the NiB EPR signal at the same pH. Mege and Bourdifon ’

reported that the midpoint redox potential for anaerobic Activation |:SI H | g :l
inactivation, followed by the decrease of the-ttptake activity e, H¥| Epy’=-230 mV 1914 Km0 1934
of the D. gigasenzyme, was-190 mV at pH 8.0. This in ‘)/ nactive. oxidized"
agreement with our statement that foBhis anactive state, * _Aerobic ’

whereas fornB is areadystate and therefore inactive as long Aioa7 Inactivation ot | Ba=79 1W/mol
as the enzyme stays oxidized. Coremanal. 3 found that the “unready” R s
reversibility of theB/SI transition in Chromatiumzinosum Em'=-150mV | inactivation
measured by EPR, was strongly dependent on pH and temper- "

ature. At pH 6.0 and 2C reduction ofB was completely B
irreversible. Here we have found that oxidation of fofhto "rea(liygl:w

B in D. gigashydrogenase is also highly temperature-dependent
with activation energies of 79 and 88 kJ/mol for for®Eo14 o o o
and Slyea4 respectively. Such a high kinetic barrier could titrations have a very similar behavior, it can be concluded that
account for the fact that the [3Fe-4S] cluster is reoxidized before there is a strong electronic interaction between the two metal
the appearance of the EPR Ni-B signal upon anaerobic oxidation&0ms of the active site. The addl_tlon of 1 equiv of r_eductant
of form C, although the [3Fe-4S] cluster has a more positive Produces a change of the EPR signal and concomitantly the
redox potential than thB/SI couple? On the other hand, the ~ conversion of one FTIR state into another. As discussed above,
activation energy for the activation processiofeadyenzyme  the A — SU transition involves most probably a one electron
is 88 kd/mol’ Although anaerobic activatiorsU — Sl) and ~ reduction of the Ni site. On the other hand, tBe— SI
inactivation ©I — B) have similar kinetic barriers, both  transition involves most probably a changes of redox state of
processes have different mechanisms. The coordination of thethe Fe site, as there is a great shift to lower frequencies of the
active center in thed and B forms should be different, as 'R bands.

reflected by their different EPR and IR spectra. The quick  Several mechanisms have been proposed for the catalytic
reactivation of the fornB with a reductant may reflect either ~ cycle of [NiFe] hydrogenases that considered the Ni atom as
the absence or a different binding mode of the putative oxygen the only metal in the active site!!14182038 Not all of them

ligand present in forn (Figure 10). contemplate changes of the valence state of the Ni atom during
Redox States of the Active Site and Catalytic Cycle.In the catalytic cycle. Thus, Teixeiret al® proposed that the

Scheme 1 we propose reactions that correlate the different redoxdisappearance of EPR-Ni signals associated to the activation

states detected by IR spectroscdpyFormsR, C, and SI of the enzyme was attained through antiferromagnetic coupling

participate in the catalytic cycle of the hydrogenase, whereas Of the Ni(lll) center §= 1/2) and a reduced [4Fe-4S]cluster

A, SU, andB are involved in the activation and inactivation (S = 1/2). Later, Bagyinkaet al*® suggested that the redox
processes, as discussed above. The same redox transitions afd1€mistry occurred at a sulfur ligand rather on the Ni. The
observed by IR spectroscopy and EPR spectroscopy. Furtherdiscovery of a Fe atom as the second active site metal in the
more, the midpoint redox potentials reported here are very Crystal structure ob. gigashydrogenase strongly suggests that
similar to the ones based on EPR titrations and have similarit has a role in the catalytic mechanism. Based on the
pH-dependence in most of the cad@d218 crystallographic results, mechanisms for the catalytic cycle
considering a binuclear active center have been progo¥ed.

Reductive stoichiometric titrations of EPR signaldofgigas
g fuig rlIn one of thesé? the oxidation state of Ni does not change

hydrogenase fit best to a model that assumes one-electro . . .
differences between the identified redox states of the active tNfough the catalytic cycle. Ni would have the role of being
sitel2 Our experimental data (Figure 7) also fit best to one- the transient binding site for Hin the base-assisted heterolytic

electron transitiond’ On the one hand, it has been shown that cleavage of K Subsequent one-electron transfer steps would

the EPR signals arise from a paramagnetic Ni in the activdite, INvolve the Fe.  This latter assumption is justified by the
and, on the other, it is assumed that the IR-active groups aredifferences observed in the IR bands when comparing the spectra
the diatomic ligands of the active site Fe. As EPR and IR Of theR, C, andSIforms and by recent XAS results on several
[Ni-Fe] hydrogenaseé8 which suggest that reduction of form
(35) Coremans, J. M. C. C.; van der Zwaan, J. W.; Albracht, S. P. J. Sl to C or R does not involve a change in the electron density
Biochim. Biophys. Actd992 1119 157-168. at the nickel. In this mechanism, the two metal atoms of the

(36) For the sake of clarity, only the lowest frequency value of the IR : : : ek 39
spectrum of each one of the redox states is given in Scheme 1. The values"’u:tlve site are formally monovalent in t&# form (Ni*--Fe").

of Em at pH= 8.0 shown in this scheme have been calculated from those Accordingly, the conversion d§l to form B would involve a

of Table 2 by taking into account their dependence of the pH, as determined

in this work. The states for which Ni is EPR-detectable are marked with (38) Teixeira, M.; Moura, |.; Xavier, A. V.; Huynh, B. H.; DerVartanian,

an asterisk. D. V.; Peck, H. D., Jr.; LeGall, J.; Moura, J. J. G.Biol. Chem.1985
(37) The electron balance 8&U conversion tdSI form has not yet been 260, 8942-8950.

quantified. (39) Fontecilla-Camps, J. @BIC 1996 1, 91-98.
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one-electron oxidation to Ni-Fe#+ and the conversion &k to hydrogenase have given valuable information about the redox
SU would consist in the transition Rii--Fe&#t — Ni2t--Fe?*. reactions that take place in the activation, inactivation, and
Activation, in turn, would involve the loss of the oxygenated catalytic cycle of [NiFe] hydrogenases. The remarkable coin-
ligand with a change of the formal oxidation states of the metals, cidence between EPR and IR spectroscopies concerning the
in order to obtainSI (Ni*--Fet). potentials of the various redox states implies that the active site
We have also proposed an alternative mechanism for theNi and Fe centers are strongly coupled. Next challenges will
catalytic cycle assuming that in for@l there is a bridging  be the determination of the nature of the bridging ligand between

hy(_]lride betwgen Fhe two metals.(*l‘iH‘F.e3+ or Ni2+H‘Fe2+)..6 ~ the Ni and Fe centers and the clarification of the role of the
This mechanism is also compatible with the results obtained in two S| species. High resolution crystallographic analysis of
this work. The slow anaerobic inactivation 8f to B could the enzyme in theeady and active states should be of great

be explained as an one-electron oxidation through theS=e  help in elucidating the catalytic mechanism of [NiFe] hydro-
clusters and subsequent replacement of the bridging hydride,genases.

presumably tightly bound, by a water molecule or a hydroxide.
Proton and deuteron ENDOR measurements have detected an

: . . 10
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hand, would be a fast process because oxygen would react
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