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ABSTRACT. For the first time, the nickel site of the hydrogen sensdralstonia eutrophathe regulatory

[NiFe] hydrogenase (RH), was investigated by X-ray absorption spectroscopy (XAS) at the nickel K-edge.
The oxidation state and the atomic structure of the Ni site were investigated in the RH in the absence
(air-oxidized, RH¥) and presence of hydrogen (REP). Incubation with hydrogen is found to cause
remarkable changes in the spectroscopic properties. The Ni-C EPR signal, indicative of Ni(lll), is detectable
only in the RHH? state. XANES and EXAFS spectra indicate a coordination of the Ni in the Rhtl

RH™H2 that pronouncedly differs from the one in standard [NiFe] hydrogenases. Also, the changes induced
by exposure to Kare unique. A drastic modification in the XANES spectra and an upshift of the K-edge
energy from 8339.8 (RM) to 8341.1 eV (RHM) is observed. The EXAFS spectra indicate a change in
the Ni coordination in the RH upon exposure ta Bne likely interpretation of the data is the detachment

of one sulfur ligand in RFM? and the binding of additional (O,N) or H ligands. The following Ni oxidation
states and coordinations are proposed: five-coordinat&@iil),S; for RHo* and six-coordinated N -
(O,N)zX1S; [X being either an (O,N) or H ligand] for RH2. Implications of the structural features of

the Ni site of the RH in relation to its function, hydrogen sensing, are discussed.

[NiFe] hydrogenases are widespread among prokaryotes (1) The membrane-bound hydrogenase (MBH) is linked
and lower eukaryotes. They catalyze the reversible heterolyticto the respiratory chain.2] The main function of the
cleavage of molecular hydrogen into two protons and two cytoplasmic soluble NAD-linked hydrogenase (Shf to
electrons. [NiFe] hydrogenases are redox proteins possessingrovide reducing equivalents for GQixation (9). (3) A
an active site which contains one Ni and one Fe atom (for particularly interesting new type of hydrogenases has only
reviews, see refd—5). Hydrogenases represent phyloge- recently been discovered iR. eutropha the so-called
netically ancient systems, developed for energy production regulatory hydrogenase (RH1@. The RH belongs to the

in extreme and often anaerobic environmery @As a subclass of ktsensing [NiFe] hydrogenaseklj. H, sensors
consequence, most hydrogenases are inactivated by moleculasf the RH type have also been found Rhodobacter
oxygen. capsulatug60) and Bradyrhizobium japonicuni61).

The facultative chemolithoautotrophic bacteri@alstonia The RH ofR. eutrophads the subject of this study. It senses

eutropha(formerly designatediicaligenes eutrophishas the presence of small amounts of hydrogen in the medium,
acquired the ability to use hydrogen as an energy sourcethereby initiating a complex signal transduction cascade
under aerobic conditions. Genetic exploration of the synthesiswhich finally leads to the expression of the energy-converting
and regulation of the three [NiFe] hydrogenases resident in hydrogenases3( 11). Unlike the oxygen-sensitive “standard”
this organism has revealed a complex multicomponent hydrogenases from most other organisms, the physiologically
system, designed to efficiently detect and process the smalldistinct [NiFe] hydrogenases &. eutrophaare fully active
hydrogen molecule? 8). in the presence of molecular oxyges).(
Recent studies of the RH have revealed unusual biochemi-
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hydrogen cleavage, however, is at least 100 times lower thandialyzed against 20 mM Tris-HCI buffer (pH 8), concentrated

that of standard [NiFe] hydrogenasd$), From FTIR and

with Centriprep-10 and Microcon (Amicon) instruments

EPR experiments, it has been concluded that, unlike otheraccording to the manufacturers’ instructionst60 mg/mL
[NiFe] hydrogenases which exhibit up to seven redox states protein (0.57 mM RH), and directly frozen in liquid nitrogen.

(for a review, see refl), the RH exists in only two redox

Protein concentrations were determined by the method of

states, namely, in the air-oxidized form and in a second form Bradford @1). H,-oxidizing activity was quantified by an

which develops upon exposure tg.H he latter exhibits an
EPR signal 13, 15) due to a paramagnetic state of the Ni,
termed Ni-C, which has also been observed in other
hydrogenases and is now commonly attributed to a Ni(lll)
oxidation state 13, 16). The binding of two CN ligands

amperometric Hluptake assay as described previoudl§) (
Seven different preparations of the RH with specific activities
of 0.5+ 0.1 unit/mg were used in this work. RH samples
were used as aerobically isolated (R or the purified
enzyme was incubated with 100% hydrogen fer25 min

and one CO group to the Fe in the RH active site has been(RH"?). Hydrogenase samples were added to sample holders

revealed by FTIR experiment&§). In this respect, the RH
resembles the standard type of [NiFe] hydrogenasd T,

18). Interestingly, unlike in standard cases, no indications
for redox reactions of FeS clusters have been obtained for
the RH. On the other hand, in the presence gfthe EPR-
invisible reduction of a nonmetal cofactor, possibly a two-

with Kapton windows for XAS and EPR measurements (ca.
40 uL of protein solution per sample holder) under an argon
atmosphere and rapidly frozen in liquid nitrogen.

X-ray Absorption Spectroscopy:-ray absorption spectra
at the nickel K-edge were collected at beamline D2 of the
EMBL Hamburg outstation (HASYLAB, DESY). Fluores-

electron-accepting nucleotide derivative, has been detecteccence-detected X-ray absorption spectra were measured at

by optical spectroscopylp). As the RH forms a double
dimer (7, 10), the nonmetal cofactor may accept one electron
from each RH unit 15).

It is commonly believed that the properties of the Ni site
are critical for hydrogen cleavage by all [NiFe] hydrogenases

20 K as described elsewher22( monochromator detuning
to 70% of the maximum intensity, scan range of 829200
eV). An absolute energy calibration was performed by
monitoring the Bragg reflections of a crystal positioned at
the end of the beamliné€8). For each element of the 13-

(3, 4, 20). The crystal structures of several [NiFe] hydroge- element solid state germanium detector that was used, the
nases from anaerobic organisms have been resoR/& total count rate was kept below 30 000; the output signal
and references therein). They revealed the binding of the Niwas corrected for detector saturation. The spot size of the
atom by four thiol groups of cysteine residues of the protein X-ray beam on the sample was 4.75 nxrl mm; not more

and a Ni-Fe distance 0f2.5-3 A, depending on the redox  than three scans with a duration-®60 min were taken on
state. So far, crystals of hydrogenases from aerobic source¢he same spot of the sample. Comparison of the first and
have not been obtained. Thus, at present, the reasons for th#hird scan revealed no evidence of radiation damage to the
“unusual” catalytic behavior of the RH are unclear, and samples (the Ni K-edge energy remained constant within
information about the coordination of the Ni atom in the +0.1 eV). Eight to twelve scans, obtained on four separate
active site is required to provide clues about the mechanismspots of the samples, were averaged for each EXAFS

of hydrogen sensing.

In this work, we contribute the first X-ray absorption
spectroscopy (XAS) results on the structure of the Ni site in
the RH. XAS can resolve the neighboring atoms of the Ni
(27, 57, 74), thereby, in principle, allowing for the construc-
tion of an atomic model of the Ni site at subangstrom
resolution. We find pronounced changes in the Ni coordina-
tion in the RH upon its exposure to,HPossible relations

between the structural features of the Ni site of the RH and

its special catalytic properties are discussed.

MATERIALS AND METHODS

Purification of the Regulatory Hydrogenase (RH) and
Sample PreparationThe RH was isolated frorR. eutropha
HF371(pGE378), a derivative &. eutrophaH16 that allows
RH overexpressiorl{l). The strain was cultivated in mineral

spectrum.

Spectra were normalized and EXAFS oscillations extracted
as described in ref2. The energy scale of Ni EXAFS spectra
was converted to & scale using aii, of 8333 eV @4); Eo
was refined to 8335 eV during the simulation of EXAFS
spectra. Unfilteredc-weighted spectra were used for least-
squares curve fitting [with the in-house software Sin28){
and for calculation of Fourier transforms. The shown Fourier
transforms represektvalues ranging from 1.85 to 12.8°A
The data were multiplied by a fractional cosine window (10%
cosine fraction at low and higlk side). For EXAFS
simulation, complex back-scattering amplitudes were calcu-
lated using FEFF 75Q); the value ofS?, the amplitude
reduction factor, was 0.9. This value facilitated the correct
determination of the coordination number of six from the
EXAFS spectrum of the Ni(kD)s complex. The given “K-

medium under hydrogenase derepressing conditions at 302dge energies” refer to 50% of the normalized absorption at
°C. Cells were harvested by centrifugation, washed once inthe Ni K-edge.
50 mM potassium phosphate buffer (pH 7), and stored frozen EPR SpectroscopyEPR spectroscopy was performed

in liquid nitrogen. For RH purification, 90 g of cells (wet
weight) was resuspended in 35 mL of 50 mM Kpauffer
(pH 7) containing 0.1 mM phenylmethanesulfonyl fluoride.

using a Bruker ESP 300E spectrometer equipped with a
helium cryostat (laboratory of W. Lubitz and F. Lendzian,
Technical University Berlin, Berlin, Germany). EPR mea-

Cells were disrupted in a French pressure cell at 1100 Ib surements were carried out at a temperature of 6.5 K; the

per square inch. The soluble extract was prepared by high-

speed centrifugation (10009Cfor 60 min at 4°C). RH
purification included a heat treatment step, hydrophobic

other conditions were as follows: microwave frequency of
9.59 GHz, microwave power of 25@W, modulation
frequency of 10 kHz, and modulation amplitude of 2 mT.

interaction, and anionic exchange chromatography as de-EPR spectra were normalized with respect to the same

scribed previously X5). Finally, the purified sample was

enzyme content of samples.
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Table 1: Ni K-Edge (XANES) Features of the RH in the Absence and Presence of Hy#irogen

Ni oxidation K-edge energy maximal pre-edge peak area
RH state state (eV, £0.1) intensity @0.03) (x102eV,+0.5) K-edge shape

RH*, as-isolated, fully air-oxidized  Ni(ll) 8339.8 1.07 3.9 rounded, shoulder&a37 eV
RH™2, flushed with B for 10 min  Ni(lll) 8341.1 1.35 2.4 sharp
RH, as-isolated, incompletely Ni(I1)/Ni(lm) 8340.6 1.14 3.1 intermediate

air-oxidized
RH, as-isolated, incompletely Ni(ll) 8339.5 1.05 4.1 rounded, shoulder-a8337 eV

air-oxidized, with DTT
RH, flushed with H for 3 min Ni(I)/Ni(Ir) 8341.0 1.25 2.6 intermediate
Ni(H20)s Ni(ll) 8341.9 1.82 2.2 sharp

aK-edge energies correspond to 50% of the normalized fluorescence intensities (see Figure 1). The pre-edge peak areas were determined from
the integration of pre-edge peaks as shown in Figure 1 (see the legend). The Ni(lll) oxidation state is characterized by the Ni-C EPR signal. The
maximal intensity refers to the normalized fluorescence at 8350 eV on top of the K-edge. Th®)lildta have been derived froa 5 mM
aqueous solution of NiGl

N of the normalized intensity) equals 8339.8 eV (Table 1). In
the RH™2, the edge becomes much sharper, showing a
pronounced peak at8350 eV which is almost absent in
the RHX. The edge position, 8341.1 eV, is clearly shifted
by 1.3 eV to higher energies in the REf. A shift to higher
energies from~8330.5 t0~8331.5 eV is also apparent in
the position of the maximum of the pre-edge peak feature
(inset in Figure 1).

Increasing the hydrogen incubation time from 10 to 25
min did not increase the differences in the XANES spectra
(not documented). Shorterlhcubation (3 min) resulted in
a spectrum (Figure 1, trace f) that was between (Table 1)
the RHX (trace a) and RH™ (exposure to K for 10 min,
trace b) spectra. Thus, it is likely that the latter sample has
been essentially completely00%) in the RHH? state. In
some preparations of the RH, the “as-isolated” state revealed
a XANES spectrum with a K-edge shape somewhat sharper
and a maximal intensity higher (Figure 1, trace d) than those

normalized fluorescence

) —powat — — — - ’/ \\ observed in the RM sample (Figure 1, trace a). According

) to the observation of a small Ni-C EPR signal (not shown;

8330 8332 see below) in this sample, it contains a small portion of the
L L ALIL RH*2 state. Since the purification protocol for the RH

8320 8340 8360 8380 8400 includes a heat treatment step that is carried out in the
presence of hydrogerl), the population of reduced RH

photon energy / eV proteins that sometimes appear in as-isolated samples can
FicURE 1: XANES spectra of the RH as a function of redox poise: be explained by incomplete reoxidation of the protein which
(a) RHP* (as-isolated, fully air-oxidized, thin line), (b) R#? (H> is due to the high stability of the Fnduced state 15).

flushing for 10 min, thick line), (c) Ni(HO)s from a S mMaqueous — |hcypation of this sample with a chemical reductant (DTT,

NiCl, solution, (d) RH (as-isolated, incompletely air-oxidized, _ )
medium line), (€) RH (incompletely air-oxidized with 0.5 mM DTT, B 7= —330 mV) produced a XANES spectrum (Figure

thin line), and (f) RH (H flushing for 3 min). The inset shows the 1, trace €) similar to the one observed for the°Rsample
isolated pre-edge peaks as obtained after the subtraction of a(trace a). Apparently, DTT reduces all residual Ni(lll) to the

polynomial from the XANES spectra for removal of the edge Nij(ll) oxidation state. Consequently, we conclude th80%

background: (a) RF, (b) RH™? and (c) Ni(HO)s. Spectrahave ¢ Njj \as present as Ni(ll) in the RMsample. The above
been equally scaled and in part vertically displaced for better . furth | iqnifi ) )
comparison. The arrows mark the shoulder in the rising part of the EXPEriment furthermore rules out any significant contamina-

edge. tion of the samples with free Ni [the XANES spectrum of
aqueous NP (HO)s (Figure 1, trace c) is insensitive to DTT].
RESULTS In general, the K-edge shape and energy of protein-bound

metals are expected to be sensitive to the ligand environment
XANES Spectra of the metal and to its oxidation state6 27, 74).
XANES spectra at the Ni K-edge (Figure 1) were recorded Consequently, information about the first coordination sphere
with the RH in the air-oxidized form (R#™, trace a) and  of Ni can be obtained by analysis of XANES spectra.
after flushing of the enzyme with hydrogen for 10 min K-Edge EnergyAn energy value describing the position
(RH™?2 trace b). Visual inspection of the spectra im- of the K-edge has diagnostic value in the determination of
mediately reveals that exposure tpdduses a drastic change the oxidation state; frequently, an increase in this edge energy
in the shape of the Ni K-edge. In the RHFigure 1), the upon oxidation of the metal is observed (for a review, see
edge is relatively broad and exhibits an unresolved shoulderref 74). However, a less straightforward relation has been
at~8337 eV. The edge energy (energy corresponding to 50%observed in Ni model compound28, 29) and in [NiFe]
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Ficure 2: EPR spectra of the RH in the presence and absence of
H,. EPR spectra have been obtained from the same samples that
have been used for XAS: PH(as-isolated, fully air-oxidized,
dotted line) and RH"2 (H, flushing for 10 min, solid line). Only

the low-field parts of the spectra are shown because in the region
aroundg = 2 a sharp signal from the acrytiglass sample holders
was overlapping. The indicategvalues are similar to the previously
observed oneslf).

K-edge magnitude at 8350 eV

hydrogenases, in the presence of mixed [(O,N),S] ligation
of the Ni. The largest edge shifts to higher energies upon 0 1 2 3 4 5 6
oxidation of Ni(Il) to Ni(lll) (up to ~1.5 eV) are observed i

in Ni models with only (O,N) ligands. In Ni oxy compounds, _ nu_mber of S llgaHQS _
the Ni K-edge position has been found to be linearly related FIGURE 3: K-edge intensity vs the number of S ligands to the Ni.
to the Ni oxidation state, yielding values o8338.0 eV for ~ Data from Ni(ll) model compounds (small empty symbols) have

. . . been taken from ref&8, 29, 32, 33, 52, 53, and 73. Data from
Ni(l), ~8338.7 eV for Ni(ll),~8341.0 eV for Ni(lll), and Ni(Ill) compounds (small filled symbols) have been taken from

~8342.8 eV for Ni(lV) compounds 3Q). Intermediate  refs 29, 30, and 33. Only models with pure N/S or O/S Ni
K-edge shifts are obtained for mixtures of (O,N) and S coordinations have been considered. Straight lines represent linear
igands (0.4-0.6 ev), and negligible shifts are observed when % 6 2% SEETTERT FA0 8 dhed ). and four-coordmated
only S ligands are preserﬁQ). The Observatlor_l of overall < a’ndO, dotted line) Ni(II)/(iII) compounds. The large symbols
smaller edge shifts in the presence of sulfur ligands can begenote data from [NiFe] hydrogenasess) RH, (0) RH2, ()
explained by the more covalent character (compared to thatoxidized D. gigas (24, 25), () oxidized and Ni-C ofT. roseo-

of O or N ligands) of their binding to Ni. The latter situation ~ persicina(63), (#) Ni-Si_; (lower point) and Ni-C (upper point)
may cause significant unpaired spin density on the sulfur ©f C- vinosum(37), and @) oxidized SH ofR. eutrophaaverage

; ; w P of data from ref24 and34). Data for specific model compounds
ligands and thereby a higher degree of “delocalization” of J 'c.own as for NS (lower point) and N(O,N)S, (upper point)

the Ni charge 29, 72). In line with this view, a ligand  (32) and x for P,S; (lower point) and gH; (upper point) 29) (in
exchange from b5, to N4S; in Ni(ll) compounds already  the latter case, the P ligands are here considered to be equivalent
may yield an edge shift 0f0.5 eV @9). to S ligands). For further details, see the text.

Taking these results together, the large edge shift uponye RH*, is indicative of larger numbers of “soft” sulfur
formation of the RH"? state (1.3 eV) points toward (i) the ligands @8, 29, 52).
presence of a mixed (O,N),S coordination of the Ni in the i Figure 3, relevant information from the literature (see
RH, (i) an increase in the (O,N) to S ratio in the RH,  ho legend of Figure 3) about the intensity of the Ni K-edge
and (iii) a change of the oxidation state from Ni(ll) to Ni- j, relation to the coordination number and to the (O,N)/S
(Il1) in the RH*2. ratio of ligands is compiled. In Ni(ll) model compounds,

To verify the Ni oxidation state, we carried out EPR  the maximum (at 8350 eV) decreases approximately linearly
measurements on the same samples that have subsequentlyith an increasing number of S ligands (small empty symbols
been used for XAS investigations. In the Rdample, no  and straight lines in Figure 3). At a given number of S
EPR signal was detected [Figure 2-)]. In the RH™, on ligands, the highest maxima are observed in six-coordinated
the other hand, a typical Ni-C EPR signal was observed compounds, intermediate ones in five-coordinated com-
[Figure 2 ()]. This result is consistent with previous pounds, and the smallest values in four-coordinated com-
observations 3, 15). The Ni-C EPR signal has been pounds. [We note that the straight lines in Figure 3 are not
proposed to be due to's spin state arising from Ni(lll) or  intended to mean that the correlation between the edge
Ni(l) species 81, 32). A pure Ni(l) oxidation state is unlikely  maximum and the number of S ligands is strictly linear.
in the RH™2 because the K-edge energy in Ni(l) compounds However, at present, there seems to be no indication of a
is obviously too low {-8335-8338 eV) 80, 33). Thus, the  systematic deviation from linearity. Thus, the lines represent
XANES data of the RHH? strengthen the notion that in the 5 reasonable approximation of the data. We have also
Ni-C state a formal Ni(lll) oxidation state is present. included data points for Ni(lll) compounds in Figure 3 (small

Magnitude of the K-Edgélhe “sharpness” and height of filled symbols). These points fall very close to the lines
the maximum of the Ni K-edge have been empirically related drawn through the data denoting Ni(ll) compounds, as
to the ligand environment of the Ni in model compounds; a expected on basis of the observation that the edge maximum
sharper edge with a greater maximum, as in the™®H  and shape in isoleptic models are only marginally affected
(Figure 1), is indicative of a Ni environment dominated by by the Ni oxidation state29).] The magnitude of the K-edge
“hard” (O,N) ligands, whereas a more rounded edge, as inof the oxidized standard [NiFe] hydrogenase frdbe-
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sulfavibrio gigas (24, 55) [Figure 3 (&)] where the Ni is Effect of Binding of H to the NIn standard hydrogenases
known to be QS,;-coordinated17) fits well to the data from and in the RH, evidence has been obtained by EPR
five-coordinated model compounds [Figure 3 (dashed line)]. measurements8, 54) and by DFT calculations1@, 42—

The magnitude of the K-edge of the RHis represented by  44) that in the Ni-C state [e.g., in the REP (15, 53, 54)] a
empty triangles 4) in Figure 3. The comparison with the hydride is present as a bridging ligand between the Ni and
literature results suggests for the RIf) a five-coordinated Fe atoms. Could the binding of H to the Ni account for the
Ni and (ii) the presence of three S ligands. drastic changes in the XANES spectrum of the'®#? There

In the RH™2, a pronounced increase in the K-edge &€ three options for hydride binding: (1) H replaces an S
maximum is observed. Such an increase is not observed inl9and, (2) H replaces an (O,N) ligand, and (3) H binds as
standard hydrogenases upon formation of the Ni-C state (seé®" additional ligand to the.Nl. Both XAS studies on Ni model
refs 24 and 37 and Figure 3). A XANES spectrum with a ¢0mpounds and on [NiFe] hydrogenases and XANES
maximum higher than the one observed in other standargSimulations contnbut(_e r_e_l_evant information for distinguishing
hydrogenases has only been obtained in the hydrogenase ofetween these possibilities. , .
Thiocapsa roseopersicin@4, 41). In the latter enzyme, the The first option leads to agreement with the result obtamed
Ni has been proposed to be five-coordinated to six- N2 model studyZ9) that th_e re_placement of a soft S ligand
coordinated and, independent of the oxidation state, by only With H (PsS vs BH coordination) strongly increases the
two S ligands from EXAFS analysig¢{, 63). The XANES maximum of the K-edge [Figure 3<)] to a value which is
spectrum off. roseopersicinis compatible with this notion ~ Similar to the one obtained via a replacement with29)(
[Figure 3 @)]. In the RH2, the maximum is larger than in If H replaces S, it seems to “mimic a har(_d (O,N) ligand.
any of the investigated standard hydrogenases. Upon oxida#\ccordingly, the exchange of (O,N) with H is not expected
tion from Ni(l1) to Ni(lll) in isoleptic Ni model compounds, ~ t© cause a significant change in the K-edge maximum, thus
without a change in the number and chemical identity of réndering the second option unlikely. The question how
ligands, the overall edge shape and magnitude remain abouf'dride binding without replacement of any ligand (third
the same29). We conclude that (i) the strong change in the option) affects th'e XANES spectrum is more dlffllcult to
Ni K-edge in the RHH2 cannot simply be explained by a  anSWer. In th_e [NiFe] hydroge_znase fradinromatiumeino-
redox change in the Ni. It is rather indicative of a change in SUM N the Ni-S_, state the Ni seems to be bound by only
the Ni coordination. (i) The magnitude of the K-edge of four S I|gand§ whe(eas in the N|-C.stat_e asllghtly mcregsed
the RH2 in Figure 3 (0) implies a six-coordinated Ni and K-edge maximum is observed which is compatible with a

(iii) is most compatible with only two S ligands. five-coordinated Ni [Figure_ 3¢)] (37). However, t_he small _
. . pre-edge peak in the Ni-C state is suggestive of six-
Pre-Edge Peak Area and ShoulderThe intensity (area) coordinated Ni; the sixth ligand has been attributed to (O,N)

of the pre-edge peak of the K-edge-#331 eV is attributed  (37) £ he Ni-C state is converted to a Ni-L state, a transition

to the dipole-forbidden electronic transition of the 1s core | 1ich has been proposed to reflect solely the photolysis of

electron to bound un_occgpied d levels. If a distortion from 14 pound HT72), the edge maximum remains approximately
the octahedral coordination geometry occurs, the~13d unchanged; the pre-edge, however, now suggests a five-

transition gains intensity due to enhanceddpmixing (26, coordinated Nig7). At variance with additional H binding,
27).. The pre-edge p_eak area (Figure 1, inset, trace a; Tablean additional (O,N) ligand [BE; vs Ne(O,N).S, coordination]

1) is larger than in more symmetrical four- and Six- j, 4 Ni model B2) decreases the pre-edge peak area and, at
coordinated Ni compound=§), suggesting a five-coordi-  ha same time, pronouncedly increases the K-edge maximum
nated Ni in the RI¥. Further evidence for a five-coordinated [Figure 3 &)]. Assuming the presence of hydride in the Ni-C
Ni comes from the observation of a shoulder@337 eV giate the diverging results about the number of Ni ligands
in the rising part of the edge [Figure 1, trace a and also trace yptained for standard hydrogenases can be reconciled if the
e (see below), arrows]. Thl_s shoqlder has been ascrlb_ed to &inding (or photolysis) of aradditional H in a given Ni
low-energy 1s— 4p, transition (with shakedown contribu-  cqordination only marginally affects the K-edge maximum
tions) which is (_)bse_zrved if a distortion from the ideal p,t affects the pre-edge peak magnitude. This conclusion
octahedral coordination geometry occus,(52, 56, 74). renders unlikely the possibility that in the RH the hydride

An octahedral geometry is present, e.g., in the Ni hexaquo pinding takes place without sulfur replacement (third of the
complex [Ni(HO)s] where such a shoulder is absent (Figure 5pove options).

1, race c). Thus, in the R¥ the geometry of ligands Ab initio simulations of the Ni K-edge on the basis of full
deviates from an octahedral coordination as is expected formultiple-scattering calculations using the FEFF 8.2 cdifie (
a five-coordinated Ni. see the legend of Figure 4 for details) reproduced the above

In the RH™?, the pre-edge peak area (Figure 1, inset, trace effects of changing numbers and chemical identity of Ni
b; Table 1) was approximately halved. In isoleptic model ligands on the XANES spectra. XANES simulations were
compounds, on the other hand, it has been shown that uporcarried out on the basis of the crystal structure (1.4 A
oxidation of Ni(ll) to Ni(lll) the pre-edge peak area is resolution) of the reduced state of thesulfaibrio vulgaris
approximately doubled2Q). The decrease in the pre-edge [NiFe] hydrogenase where the Ni is coordinated by four thiol
peak area thus most likely cannot be explained by a redoxligands (see the inset of Figure 45. A simulation of the
change in the Ni but rather by the presence of a six- reported structure yielded a XANES spectrum [Figure-J] (
coordinated Ni in the R, Both the similar pre-edge peak similar to the ones typically observed for standard hydro-
area in the RH™ and in the Ni(HO)s complex (Figure 1, genases. A simulation after the insertiohaoH atom into
inset, trace c; Table 1) and the absence of a shoulder in thethe structure in a bridging position between the Ni and Fe
edge of the RH™2 corroborate this notion. atoms (1.8 A away from the Ni) and leaving the other
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FiGurRe 4: Results ofab initio simulations of the Ni K-edge.
Calculations were carried out using FEFF 865)(with the full
multiple-scattering and self-consistent-field options activated and
otherwise using default parameters of the program. To obtain
coordinates of the atoms of theNFe site, the crystal structure of
the reduced standard [NiFe] hydrogenas®ofulgaris Miyazaki

F [structure 1H2R in the Protein Data Bank, 1.4 A resolutian, S
Ni coordination 65)] was used and supplemented with capping
hydrogens (see the inset). The following simulations are shown:
1H2R structure (solid line), 1H2R structure with an H atom in a
bridging position (denoted by X) between Ni and Fe (1.8 A from
the Ni) (dotted line), 1H2R structure with an O atom in a position
similar to that of the H (1.95 A from Ni) (dashed line), and similar
with an H atom in a bridging position and additionally moving the
lower bridging S (see the inset) to 3.8 A from the Ni (dashed and

dotted line). All simulated spectra have been smoothed by adjacent,

averaging over 7 eV and multiplied by a factor of 0.96 for better

comparison between calculated and experimental spectra. No
attempts have been made to optimize the simulations by manipula-
tion of simulation parameters. The thin line represents the experi-

mental XANES of the oxidizedD. gigas hydrogenase (data
reproduced from reb5) where the Ni is known to be 34
coordinated 17).

atoms in their original positions produced a spectrum with
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Ficure 5: Fourier transforms of EXAFS spectra of the RH: (a)
RH* (as-isolated), (b) RH? (H; flushing for 10 min), and (c)
Ni(H.0)s from a 5 mM aqueous NiCl solution. In traces ac,
experimental data are shown as thin lines and thick lines represent
the results of simulations (see Table 2) according to approaches V
(RH®), IX (RH*H2), and X [Ni(H,O)g], respectively. Spectra have
been vertically displaced for better comparison. The inset shows
the back-transforms of Fourier transforms into kh&pace using a
window of 0.8-3 A. The arrow marks the shoulder on the main
FT peak possibly attributable to a contribution from a-Re vector

(see the text).

of Figure 5 shows the Fourier isolates (back-transforms of
appropriately “windowed” FTs into thespace). Immediately
evident is the drastic decrease in the FT magnitude of the

approximately the same magnitude of the edge maximum RH*"2, suggesting a significant structural change at the Ni

[Figure 4 ¢-+)]. Upon the insertion of an oxygen as the fifth
ligand (1.95 A from Ni), however, a significant increase in
the K-edge maximum was observed [Figure 4+ —)],
similar to that in the XANES spectrum of the oxidized form
(O1S4 Ni coordination) of theD. gigashydrogenase (shown
in Figure 4 as a thin line for comparison). An even larger

in line with the XANES results. Both EXAFS spectra exhibit
one major peak around 1.8 A of a reduced distance (the latter
is ~0.4 A smaller than the actual absorbéack-scatterer
distance). The spectrum of NiB)s (Figure 5, trace c) also
shows one major peak, but located at a smaller reduced
distance £0.2 A shorter). Thus, from qualitative comparison

increase in the K-edge maximum was obtained if one of the of spectra, it is immediately obvious that Ni in the RH is
bridging sulfurs was detached from the Ni in the presence likely mixed ligand-coordinated [by (O,N), typical N(O,N)

of the bridging H [Figure 4 €--)].

In summary, (i) the pronounced change in the edge shapeOf

and intensity in the RH™ cannot be explained simply by

the additional binding oa H species leading to a six-

coordinated Ni in the Ni-C state. A further structural change
is likely. (ii) Assuming the presence of a bound H in the
Ni-C state, the following possibilities best explain the
changes in the XANES spectrum: one S ligand is detache
from the Ni and is replaced with either the H or an (O,N)

ligand; in the case of replacement by hydrogen, one further

(O,N) ligand binds.

EXAFS Spectra

Figure 5 shows the Fourier transforms of the EXAFS
spectra of the RM (trace a) and RH*? (trace b). The inset

bond lengths of~2 A, and by S, typical Ni-S bond length
~2.2-2.4 A (55)]. A smaller magnitude of the EXAFS
oscillations of the RHM? [comparable to the spectrum of
the Ni(HO)s complex, inset of Figure 5] at higkhvalues is
observed. In thik region, the oscillations are expected to
be dominated by the contributions from high&rback-
scatterers, i.e., sulfur atoms. This observation suggests a

gdecrease in the number of S ligands in the™RH

Simulation of EXAFS OscillationEXAFS spectra of the
RH%¢and RH"2 samples were simulated under variation of
the numbers of S and (O,N) ligands, furthermore guided by
our results of the XANES analysis. The simulation param-
eters are listed in Table 2. Simulation curves are shown as
thick lines in Figure 5. The EXAFS spectrum of the RH
was first simulated using only two shells of ligands [(O,N)
and S] and assuming a five-coordinated Ni. Oxygen and
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Table 2: Simulation Parameters of EXAFS Spectra of thé RH

coordination distance o Re (%)

state  fit shell no.N,perNi R(A) (A) (1.3-25A) BVS

RHx I O,N 3 2.07 0.06 18.7 1.99
S 2 2.18 0.04

I O,N 2 2.06 0.05 15.6 2.25
S 3 217 0.04

m s 4 2.18 0.05 22.7 2.07

IV O,N 1 2.06 0.03 20.7 2.48
S 4 2.17 0.06

vV  ON 2 2.06 0.05 16.9 2.27

RH*M2  via O,N 4 2.04 0.12 3.7 2.96
S 2 2.22 0.06

Vib O,N,(H) 3 2.01 011 3.8 rfd
S 2 222 0.06

Vila O,N 3 2.03 0.15 4.0 3.21
S 3 2.22 0.07

Viib O,N,(H) 2 1.97 0.14 45
S 3 2.21 0.07

VIII O,N 2 205 0.14 9.1 3.44
S 4 2.20 0.09

IX ON 4 204 011 3.0 2.96
S 2 2.22 0.06
Fe 1 3.00 0.12

RH™M2  Vvia O,N 4 2.04 0.12 3.7 2.96
S 2 2.22 0.06

Ni(H20)s X O 6 2.03 0.07 10.4 2.13

a Coordination numbers anB: values in parentheses refer to the
figures which are obtained if the coordination number is not fixed to
integer values during the simulation procedure. The filtdRefdctor
(49), R, represents the deviation between data and simulation (in
percent) for reduced distances here ranging from 1.3 to 2.5 A. he 2
value is the EXAFS DebyeWaller factor. The bond valence sum
(BVS, eq 1 in the text) was calculated wittBeof 0.37 60), usingRu;
values for Ni(ll) of 1.647 A for N-O and 1.937 A for Ni-S and, for
Ni(l1), of 1.731 A for Ni—O and 2.040 A for Ni-S vectors (data taken
from ref39). TheR values are derived from the EXAFS analy$ihe
Fe atom has not been included in the BVS calculatié®mulations

where the BVS has not been calculated (nd) have been carried out under

reduction of the number of (O,N) ligands in the corresponding

Haumann et al.

A; fit IV in Table 2). This result implies that the bond lengths
of the putative terminal and bridging sulfurs deviate by not
more than~0.1 A. Such a small deviation precludes a
reasonable splitting of the single sulfur shell into two such
shells in the simulations. A splitting is furthermore prob-
lematic as can be concluded on basis of the Nyquist theorem
giving the number of parameters which can be determined
independently from simulation of a single EXAFS spectrum
(68 and references therein). Usinghk of 10.5 A1 and a
ARof 1 A, the maximally allowed number of parameters is
calculated to be approximately seven. Thus, the use of three
ligation shells would imply that the number of parameters
is at the upper limit. It should be noted that, if a simulation
is nevertheless carried out with two S shells, the fit quality
is not improved (not documented).

In the crystallized standard [NiFe] hydrogenases, the Fe
atom has been located with8 A of Ni (2, 20, and references
therein). Including an Fe atom in the simulation procedure
of the EXAFS spectrum of the RMyields reasonable results
(fit V) but does not improve the quality of the fit. However,
this simulation approach more readily accounts for the
shoulder on the main FT peak at a reduced distance203
A (Figure 3, trace a, arrow). [A shoulder on the main FT
peak was also observed (not shown) in the incompletely
oxidized as-isolated sample (see Figure 1), indicating that
this feature is not due to noise contributions.] The putative
Fe coordination shell shows a relatively large Deby¢aller
parameter (Table 2) pointing to a large statical disorder in
this shell (large distance spread) or to contributions from
secondary back-scatterer shel&l) If an Fe atom can be
discerned in the EXAFS spectrum, its distance from Ni
should be 2.73 A in the RM
The XANES spectrum of the RH? implies a six-

approaches by one to mimic the presence of a Ni-bound H Spec|escoord|nated N| S|te, Wlth an II’ICI’eaSEd number Of nOh-SU|fur

(see the text).

nitrogen can hardly be distinguished by EXAFS analysis

because of their similar back-scattering amplitude. (So far,

however, no nitrogen ligation of Ni has been observed in

ligands. The first problem in the EXAFS simulations is the
chemical nature of the sixth ligand. One possibility is that it
is a hydride §3, 54) (see the XANES section). Such a bound
H is not expected to be visible in the EXAFS spectrum due
to the fact that its back-scattering amplitude is almost

any of the crystal structures; the presence of just oxygen negligible compared to those of (O,N) or S ligangs, ©4).

ligands thus seems to be more likely.) Simulations with
(O,N)S; and (O,N)S; coordinations (fits | and Il, respec-
tively) yield a somewhat better result for the (O;8)
approach as judged by the smalky (see the footnote of

We simulated the RH™? spectrum by assuming a six-

coordinated Ni site with only (O,N) and S ligands and,
alternatively, by reducing the number of (O,N) ligands by
one (to mimic the presence of a bound H which was not

Table 2). The approach with three S ligands seems also toexplicitly included in the fits). The assumption of an (O,8})

be more compatible with the XANES (see Figure 3). A
simulation with exclusively four S ligands yields a clearly
larger R- value and, thus, a less favorable result (fit IIl). A
simulation with (O,N)S, (fit 1V) is somewhat worse than
the (O,N}Ss approach. Furthermore, in this case, the bond

or (O,N)(H1)S; coordination of the Ni yields very good fit
results (very lowR: values) (Table 2, fits Vla and VIb). A
simulation with (O,N}S; or (O,N}hH;S; produces a compa-
rable fit quality (Table 2, fits Vlla and VIIb). An (O,N$;

or (O,N)%H;S; coordination, however, may be more compat-

valence sum (BVS; see below) is calculated to be 2.45 (Tableible with the XANES spectrum of the RHM? (compare

2) and thus at the upper limit of the range of£25% (39)
which is compatible with a Ni(ll) state.

Figure 4). Using four S ligands [(O,b8,] yields a result
which is not in good agreement with the EXAFS data (the

In several XAS studies on [NiFe] hydrogenases, others Rr value is approximately doubled; fit VIII). Inspection of

have attempted by simulation of EXAFS spectra to discrimi-

the fit results from the above approaches reveals that the

nate between terminal sulfur ligands and those that bridge Debye-Waller parameterso of the S shell are relatively

the Ni and Fe atoms2@, 34, 37, 55). The bond lengths of
bridging ligands have been frequently observed to signifi-
cantly exceed the ones of terminal ligands (seesteind
references therein). In the case of the ‘RHeven the
simulation with four S ligands [(O,N$, approach] yields a
small Debye-Waller parameter of the sulfur shedt ¢ 0.06

low. Splitting the S shell into two such shells consequently
results in Ni~S distances which differ by not more tha.1

A: however, this does not improve the fit results (not shown).
On the other hand, the Deby#&Valler parameter of the (O,N)
shell is large when, for instance, compared to the result of
the simulation of the EXAFS spectrum of the NyBs



Regulatory [NiFe] Hydrogenase & eutrophaStudied by XAS

complex (Table 2, fit X). This result implies the presence of
ligands with significantly different Ni-(O,N) bond lengths

in the RH™2, This finding may support the idea that one
(O,N) ligand is in fat a H ligand. As already observed in
the case of the R#, the inclusion of a further Fe atom does
not yield improved fit results (fit IX represents an example
of such an approach). If Fe is detectable, in the"FéHts
distance from the Ni would be larger than in the RH
(namely, 3 A). Simulations according to approach IX,
including an Fe atom of several spectra from incompletely

oxidized as-isolated and short-time hydrogen-incubated RH

samples (see Figure 1) with various mixtures of the®RH
and RH states, yielded NiFe distances between 2.74 and

Biochemistry, Vol. 42, No. 37, 20031011
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2.91 A (not documented). These values which are larger thanggre6: Plot of the Debye Waller parameter vs the coordination

the one derived for the pure RH2.73 A) further corroborate
an increased NiFe distance in the RH?. It is worth noting
that an increase in the NiFe distance has also been observed
in other hydrogenases upon oxidation of the Bd4-(37).

In the RH™2, a lengthening of the NiS vectors is also
observed (Table 2). Upon formation of Ni(lll), a shortening
of Ni—S distances is expecte®8), whereas an overall
lengthening is expected if the Ni coordination changes from

number of the S shell. Points are the result of simulationk'of
weighted @) andk3-weighted ®) EXAFS oscillations using one
(O,N) and one S shell of back-scatterers in the first Ni coordination
sphere with variation of the number of S ligands. The common
error factors (here defined & = Rej® + Rris’) are shown in the
insets. Points are connected by smooth lines to guide the eye: (left)
RHo* and (right) RHH2, Vertical lines mark the positions of the
crossing points on thbls scale.

five to six (55). Thus, the observed distance increase may RH™ and RH"? spectra under variation ®s (the coordina-

be taken as further evidence for the presence of six-

coordinated Ni in the RH*?. For both the RI¥ and the
RH™M2, the average NiS bond lengths determined here are
at the lower limit of what has been reported both for five-

tion number of the S shell) are shown. In both cases, a plot
of 205 versusNs results in approximately straight lines for
k- andk3-weighted spectra, however, with different slopes.
The crossover point of these lines (equal 8, Zertical lines

and six-coordinated Ni model compounds and also for the in Figure 6) is found alNs ~ 3.1 in the case of the RHM

Ni—S bond lengths of bridging S ligand§5). However,
there is clearly no indication for NiS vectors to the RH
EXAFS of significantly more than-2.2 A. Any inclusion

of longer Ni~S distances, namely, of 2:2.6 A (which have
been reported for bridging S ligands), in the simulations (with
or without the further inclusion of a NiFe vector) yields
unsatisfying results showing unreasonably highvalues
and/or irrationally large or physically meaningless negative
Debye-Waller parameters of the S shells (not documented).
As noted previously 37, 55), to render the EXAFS oscil-
lations of long Ni~S vectors almost invisible, they have to
be comparable in length to the-Ne vector. Such a situation
will give rise to destructive interference between both

oscillations due to their almost counter-phasic behavior. To

obtain such a situation, in the case of the RH, the-8li
distance has to be 2.6 A, and thus unreasonably long for

an S ligand in the first coordination sphere. Because of these

principal limitations of the EXAFS analysis, we cannot

and at a lowelNs value (~2.2) in the case of the RH?.
Only using thesd&ls and 2y&? pairs, the common error factor
becomes minimal (insets of Figure 6). These results are
compatible with the notion that the number of S ligands in
the RH* (Ns = 3) decreases in the R to a value of 2.

Bond Valence Sum Calculationshe method of bond

valence sum calculation (BVS) has been successfully used
to test the validity of oxidation state assignments and metal
coordination number determinations in metalloenzyn3&s (
If a structural model is deduced from XAS data, the BVS
can be used to confirm the compatibility of the model with
a given oxidation state. The BVS is calculated (for values
of Ry andB, see the footnote of Table 2) according 89\

BVS = Zlexp[(Rm — R)/B] @

completely rule out the presence of sulfur at greater distancesWith the possible exception of fit IV (four S ligands), the

from the Ni in the RH; however, we consider it to be less
likely.

Comparison of k and K-Weighted SpectraDue to the
fact that in EXAFS simulations the coordination numtkg) (
and Debye-Waller parameter (@) are highly correlated

BVS values are close to 2 for all fit approaches used for the
RHx EXAFS (Table 2) and, thus, compatible with the
assumed Ni(ll) oxidation state in the RtHAssuming a Ni-
(I yielded BVS values clearly deviating from 3 (not
shown). Again, with the possible exception of fit VIII (four

for a given first-sphere back-scatterer shell, the uncertainty S ligands), all BVS values that were calculated for the"féH

in the coordination number is on the order #fL in the

are close to 3, in agreement with the assumption of a Ni(lll)

simulations presented in Table 2. Here, this uncertainty is state (Table 2). Apparently, the BVS calculations seem to
specifically relevant with regard to the number of S ligands be again more compatible with a coordination of the Ni by

that coordinate the Ni which, in standard hydrogenases, less than four S ligands in both forms of the RH. Taking the

largely determine the overall structure of the Ni site. It has results of the analysis of XANES and EXAFS spectra and

been shown that uniqué and 252 couples can be obtained of the BVS calculations together, we feel that the corre-

if a simulation ofk!- and k®-weighted EXAFS oscillations  sponding EXAFS simulation approaches where the number
is performed under minimization of a common error factor of S ligands decreases by one in the ®H(e.g., from 3 to

(67, 68). In Figure 6, the results of such a simulation on the 2) are more likely.
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DISCUSSION " ON
ON S 2 ON O,N,H
Comparison of the Ni Sites in the Oxygen-Insensiéind \Nm 7 N \Nim
Standard [NiFe] Hydrogenased he analysis of Ni XAS S \s S S
spectra of the hydrogen sensor, RH, in this work unravels a ON ON
feature, namely, a pronounced structural change at the Ni RHox RH+H2 (Ni-C)

site upon formation of the Ni-C state of the enzyme, that is . rc 7: Coordination of the Ni in the RM and RH2 (Ni-C
seemingly unprecedented in any of the oxygen-sensitive state) derived from XAS data analysis.
[NiFe] hydrogenases studied so far. A marked, but not
identical, structural change has only been detected in onebinding of Ni, furthermore depending on the oxidation state.
other oxygen-resistant hydrogenase, the SRoéutropha |t is tempting to speculate that the specific Ni coordination
(24, 34). Crystallography, 20, and references therein) and and its dynamics in the catalytic cycle are crucial for the
XAS studies g4, 37, 40, 55) on several standard hydroge- specific functions and for the oxygen insensitivity of the
nases have consistently revealed that the Ni binding is hydrogenases oR. eutropha Further studies using site-
facilitated by four thiol ligands which originate from directed mutagenesis of the RH are underway and expected
conserved cysteine residues that are present in all sequences allow for the discrimination of the Ni-binding cysteines.
of the large subunits of [NiFe] hydrogenases known so far  |nterestingly, in the Ni-C state, the Ni(lll) has been found
(for a review, see ref). X-ray analysis as well as XAS  to be coordinated by different numbers of thiol ligands,
studies revealed that the nickel binding by the four cysteine namely, by four P. gigas (17), D. vulgaris (65), and C.
residues is independent of the oxidation state of these,inosum(37)], four or three Pesulfaibrio baculatus(36)
enzymes; e.g., in th€. vinosumhydrogenase, the Ni is  and SH ofR. eutropha(24, 34)], or two [T. roseopersicina
coordinated by the four cysteine ligands in all seven oxidation (63) and RH ofR. eutropha(this work)]. In all of the latter
states of the protein3(). In the hydrogenase fronT. enzymes, a “normal” Ni-C EPR signal with discernible but
roseopersicinathere is indication for a Ni that may be bound  only minor variations ing values has been observet#(
by only two cysteine ligand24, 41), this feature, however, 15 63, 69—72). The latter is true§9) even for the NiFeSe
being again independent of oxidation sta&)( hydrogenase ob. baculatuswhere the Ni is coordinated
At first glance, several findings may imply a binding of by three thiol groups and one Se from a selenocyst&fe (
the Ni in the oxygen-insensitive hydrogenaseRoéutropha Seemingly, the presence of similar EPR signals characteristic
similar to the one observed in standard hydrogenases. In caséor the Ni(lll)-C state does not necessarily indicate that the
of the RH, the amino acid sequence of the large subunit Ni ligand environment is identical.
HoxC also contains four conserved cysteine residues which Apparently, several different Ni coordinations in [NiFe]
have been designated as putative nickel-binding ligaht)s (  hydrogenases are compatible with the same function, hy-
In case of the SH, studies with site-directed mutant proteins drogen cleavage. A similar observation has been made in
revealed that three of the four conserved cysteine residuesother metalloenzymes where catalytic activity is in part
of the large subunit HoxH are required for proper nickel retained if ligands to the metal are exchanged by site-directed
insertion and that all four residues are essential for the mutagenesis (for an example, see BE). The unusual
formation of a catalytically active SH proteif2). However, combination of Ni coordinations and oxidation states in the
XAS studies on the RH (this work) and on the SH (r2fs RH (see below) and the SHLZ, 14) suggests that also
and 34 and unpublished observations of T. Burgdorf and mechanistically these enzymes differ from the standard
M. Haumann) clearly imply a different situation in the hydrogenaseslg, 42—44). The specific coordination of the
oxygen-insensitive [NiFe] hydrogenases, namely, (1) the Ni in the RH may “tune” the Ni site with respect to a
coordination of Ni by fewer than four thiol ligands and (2) particular physiological function, i.e., hydrogen sensing
a change in the number of S ligands upon formation of the versus hydrogen cleavage.
Ni-C state. We have found in this work that in the oxidized  Structural Changes at the Ni and a Tent&iScheme for
state of the RH the Ni(ll) is likely bound by only three sulfur Hydrogen Sensing by the RHhe data that have been
ligands that presumably originate from cysteine residues. In derived directly from our XAS analysis are summarized in
the hydrogen-treated state of the RH (Ni-C state), the numbera model of the structure of the Ni site of the RH as illustrated
of S ligands that bind the Ni(lll) is likely reduced by one as in Figure 7. In the absence of hydrogen, the Ni(ll) in the
detected by XAS. In the SH, the opposite has been observedRH is five-coordinated, implying one vacant binding site.
The presence of only two or even fewer S ligands to the By analogy with the standard hydrogenases, we anticipate
Ni(ll) has been detected in the oxidized SHi(34; see also that the RH* is in a formal “ready” state, termed Ni-S in
Figure 3). If a Ni-C EPR signal [Ni(lll)] can be observed the context of the standard hydrogenasgd, (37, 41),
for the SH after harsh chemical reductidd), however, the accounting for the capacity of the RH to immediately react
number of S ligands to the Ni has been reported to be with hydrogen without the necessity for reductive activation
increased to 3 or 424, 34). [Whether the reported Ni-C  (15). Upon the addition of hydrogen, a pronounced structural
state of the SH is physiologically relevant or whether it is a change occurs. Then, a saturated six-coordinated Ni(lll) is
result of the harsh reductive treatment of the enzyme is underformed. The absence of,@nd CO binding to Ni in the Ni-C
debate 12) and will be investigated in a forthcoming state of the RH15) is compatible with this notion. The Ni
publication (Burgdorf et al., 2003, manuscript in prepara- coordination environments shown in Figure 7, however,
tion).] Thus, it seems as if only a specific subset of the four pronouncedly differ from the respective ones of standard
putative cysteine ligands found in the amino acid sequenceshydrogenases. In both states, the number of S ligands to the
of both the RH and the SH are actually employed in the Ni is fewer than four. Moreover, a decrease in the number
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Ficure 8: Two alternative schemes for structural changes at the [NiFe] site in the hydrogen sensor RH.

of S ligands by one is postulated upon formation of the Ni-C the sulfur and the Ni as suggested by DFT calculatidi, (
state. causing a decrease in the number of S ligands to the Ni of
It is tempting to speculate about a more detailed model of one (Figure 8A). Alternatively, concomitantly with the
the reactions of the RH during hydrogen sensing on the basishydride binding, a terminal sulfur may be detached from the
of the XAS results of this study and on the basis of the Ni and replaced with an (O,N) ligand (Figure 8B). (3) One
biochemical and spectroscopic data outlined in feffs13, specific feature of the RH is the absence of the binding of
and15. In previous studies, it was shown by FTIR analysis O, and CO to the Ni-C statelf). These molecules might
that the [NiFe] active site of the RH contains one CO and be excluded from the active site by their limited accessibility
two CN ligands attached to the F&3 15). EPR studies  from the bulk. A more likely option for preventing their
revealed that the Ni and not the Fe is redox active. The EPRbinding is an (O,N) ligand from an amino acid or from an
spectra of the Ni-C state of the RH were very similar to intrinsic water molecule that occupies the sixth ligand
those obtained for the standard hydrogena$8sl®). Since position at the Ni. A further possibility, although elegant,
the amino acid sequence of the RH large subunit, HoxC, namely, the formation of a CN bridge between Ni and Fe
also contains the four conserved cysteine residues (sedrom a CN ligand of the Fe as proposed from DFT
above), it was proposed in the previous studies that the calculations 42), may be less likely on the basis of FTIR
structure of the RH [NiFe] active site is very similar or even results {5). (4) In the RH, the electron that is derived from
identical to those of the standard hydrogenases. A detailedthe oxidation of the Ni is possibly directed not to an+&
ENDOR study showed for the first time experimentally the cluster but to the putative nonmetal redox cofactds) ( It
binding of a hydrogen ligand in the bridging position between has been shown in studies with Ni model compounds that
the Ni and the Fe in the Ni-C state of the R&B(54). Upon the mixed ligation of Ni by S and, for example, heterocyclic
illumination at low temperatures, the Ni-C state is converted N ligands increases the midpoint potential of the Ni(lll)/Ni-
to Ni-L in standard hydrogenases; the latter state has been(ll) pair compared to predominant coordination of Ni by
proposed to result from the photolysis of the bridging electron-rich (thiolate) ligand3®, 47). Thus, the midpoint
hydride, yielding a formal Ni(l) oxidation stat&Z?). This potential of the Ni(lll)/Ni(Il) pair may be too positive to
theory has gained strength from the analysis of ENDOR datareduce Fe S clusters in the presence of a more (O,N)-rich
of the RH 63, 54); the light sensitivity that has also been ligation of the Ni, compatible with the absence of-F&
observed in the RH1@, 15) was due to the photolysis of cluster reduction in the RH?? (13, 15). (5) The Ni(lll) state,
the bridging H ligand. The Ni-L EPR signal reveals while being a formal “active” (Ni-C) state, is nevertheless a
somewhat alteredy values with respect to the standard “blind alley” (in terms of hydrogen turnover) where the RH
hydrogenases; the photolyzed H was found to be in the becomes temporarily stuck, leading to the unusual stability
vicinity (~4 A) of Ni (53, 54). of the Ni-C state in the RH1@, 15). A sulfur-rich Ni
The information from these data in combination with the coordination has been postulated to be a prerequisite for the
XAS results of this study is summarized in Figure 8, showing formation of a transient Ni(l) state involved in hydrogen
structural models for the RH active site which have been cleavage subsequent to the formation of the active Ni(lll)
constructed in analogy to the structure of the active site in (Ni-C) state in standard hydrogenasgg, @3, 48). The more
standard hydrogenases, assuming the presence of two sulfufO,N)-rich Ni coordination in combination with the loss of
bridges between Ni and Fe in the RH(1) Upon exposure  one sulfur bridge may thus trap the [NiFe] site in a
of the RH to hydrogen, in the Ni-C state a hydride is inserted configuration which mimics certain features of the transition
as a bridge between the Ni and Fe atoms. (2) Two state structure [the presence of a NiHH bond, for
possibilities for the detachment of a sulfur from the Ni in example] but which lacks the key elements that promote
the Ni-C state are advisable. They are depicted in structuresnormal reactivity, thereby blocking the formation of subse-
A and B of Figure 8. At variance with the situation in quent reaction intermediates in the RH. The nature of these
standard hydrogenases, concomitantly with the hydride key elements still needs to be elucidated. (6) The electron
binding the protonation of one bridging sulfur may occur. that is released from the [NiFe] active site upon binding of
The protonation leads to the loss of the coordination betweenH; is transferred to the nonmetal redox cofactor. In the"'®RH
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state, the RH activates the HoxBloxA two-component 16
system that controls the expression of the energy-converting
hydrogenases. The signal is switched off when the electron
flows back from the nonmetal cofactor to the [NiFe] active
site, finally releasing an Hmolecule and reconverting the

RH into its RH* state. Thus, the RH is a very efficient “all-

or-none” hydrogen detector that triggers hydrogenase gene »q.

expression irR. eutropha

CONCLUSIONS

X-ray absorption spectroscopy at the Ni K-edge on the
oxygen-insensitive regulatory [NiFe] hydrogenase (RH) from 53
R. eutrophareveals that a pronounced structural change at

the Ni is induced in the presence of hydrogen. The XAS 24.

data are best explained under the assumption that the
aerobically isolated Ni(ll) state (R¥) with (O,N),S; coor-
dination is converted to a Ni(lll) (Ni-C) state (RI?) with
(O,N)X1S; coordination [X may be an (O,N) or H ligand].
There is evidence for a bound H in the Ni-C state; the origin
of the new (O,N) ligand is an open question. Further studies
on site-directed mutants may help in elucidating the role of
specific amino acid residues in the structure and function of
the RH Ni site. The XAS data from the RH provide first
clues that its function, hydrogen sensing, may be largely
determined by the unusual Ni ligand environment and its
“dynamic” behavior.
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