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ABSTRACT. The soluble NAD-reducing Ni-Fe hydrogenase (SH) frorRalstonia eutrophaH16 is
remarkable because it cleaves hydrogen in the presence of dioxygen at a unidreedstive site (Burgdorf

et al. (2005)J. Am. Chem. Soc. 12876). By X-ray absorption (XAS), FTIR, and EPR spectroscopy, we
monitored the structure and oxidation state of its metal centers dugrigribver. In NADH-activated
protein, a change occurred from the (CNND' (u-S),F€'(CN)3(CO) site dominant in the wild-type SH to

a standard-like MNi"(u-S)kFe!'(CN),(CO) site as the prevailing species in a specific mutant protein, HoxH
H16L. The wild-type SH primarily was active ingtleavage. The nonstandard reaction mechanism does
not involve stable EPR-detectable trivalent Ni oxidation states, namely, the Ni-A,B,C states as observed
in standard hydrogenases. In the HoxH-mutant protein H16loxidlation was impaired, buttbroduction
occurred via a stable NiC state (NI'—H~—F¢'), suggesting a reaction sequence similar to that of standard
hydrogenases. It is proposed that reductive activation by NADH of both wild-type and H16L proteins
causes the release of an oxygen species from Ni and is initiated by electron transfer from-a$pFe
cluster in the HoxU subunit that at first becomes reduced by electrons from NADH. Electrons derived
from H, cleavage, on the other hand, are transferred to NAia a different pathway involving a
[4Fe—4S] cluster in HoxY, which is reducible only in wild-type SH but not in the H16L variant.

The cytoplasmic soluble NiFe hydrogenase (SHplays HoxU HoxF
an important role in energy conservation in the facultative
aerobic, chemolithoautotrophfzproteobacteriuniRalstonia H
eutrophaH16 as it catalyzes electron transfer from molecular 2
hydrogen to NAD, thereby producing reducing equivalents
for CO; fixation in the form of NADH (). With regard to 2H*
its primary sequence and cofactor content, the SH displays

NADH

NAD*

extensive similarities to NADH-ubiquinone-oxidoreductase HoxH HoxY (\( Hoxlﬂﬂi}
(complex 1) @). As compared to the standard-type het- T _
erodimeric Ni-Fe hydrogenases (e.g., frobesulfaibrio Ficure 1: Scheme of the organization of the protegofactor

; ; ; e di complex of the soluble NAD-reducing NiFe hydrogenase (SH)
gigas which have been crystallize@)), the SH is different from R. eutropha Only those Fe S clusters are shown that

n t_he following fegtures (Figure 1). ) . presumably are involved in activation and catalysis on the basis
() The SH consists of a hexameric HoxHYUHirotein this study. The HoxFU subunit (NADH-dehydrogenase) most likely

complex @). The HoxHY module functions as a hydrogenase carries additional FeS clusters §). FMN-a, possibly bound to

and the HoxFU module as a NADH-dehydrogenase (or HoxY (6), is stabilized in the semiquinone state upon reduc-

diaphorase). The HoxH subunit carries the-Re active site, 1N (16)

and the small HoxY subunit probably accommodates one

[4Fe—4S] cluster proximal to the NiFe site ) and one
"Financial support by the Deutsche Forschungsgemeinschaft FMN group (FMN-a) 6). The diaphorase part comprises

w(ijthir:jSFB-498 (Projects C1, C8, C9, and A8) is gratefully acknowl- further the [2Fe-2S] and [4Fe-4S] clusters §), one FMN
edged. ’

* Corresponding author. Tel:+49 30 8385 6101; fax:+49 308385  (FMN-b) (7), and the NAD binding site 8). The sequence
6299; e-mail: haumann@physik.fu-berlin.de. of electron-transfer steps from the Nte to the NAD

P Freie UniversitaBerlin. binding site has not been elucidated yet. (ii) Hydrogen
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I Technische UniversitaBerlin. cleavage activity of the SH is highly insensitive t@ @nd

L Abbreviations: DCIP, dichloroindophenol; EPR, electron para- CO (9) so that the SH is a promising candidate fog H
magnetic resonance; EXAFS, extended X-ray absorption fine structure; biotechnological applicationd (). (iii) In the oxidized state,

FTIR, Fourier transform infrared spectroscopy; NANADH, oxidized/ i eFie i ;
reduced nicotinamidadenine-dinucleotide; SH, NAD-reducing soluble the SH shows a unique structure of th active site

hydrogenase; XANES, X-ray absorption near-edge structure; XAs, With five diatomic groups (CN)@Ni(u-CysS)Fe(CN)(CO);
X-ray absorption spectroscopy. both the Ni and the Fe atoms bind an extra CN molecule
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(11 12) One O ligand at Ni maY stem fr_or_n a peroxidic Table 1: Relative Activities of Wild-Type (WT) and H16L Mutant
species that blocks the access ofiithe oxidized state of  proteins of the SH

the SH (1, 12). It has been proposed that the other two g, sample
terminal O ligands of Ni are derived from two of the four
conserved cysteines present in the large subunit of all Ni 1 NAD* 0.75 mM, H 45 M
Fe hydrogenases,(12), which are oxidized to sulfenates  H16L

(CysSO0) in the SHX1). (iv) An unprecedented mechanism

addition of activity
H; cleavage (%)
100

0.3
H, production (%)
100

of H, cleavage seems to operate in the SH, not involving \,ﬁllTb«,_ NADH L5 mM 6.8
stable EPR-detectable trivalent Ni oxidation sta@&sl(), WT NADH 1.5 mM, FMN 2uM 121
namely, Ni-A/B with oxygen species bridging the Ni and  H16L 8.0

: WT NADH 1.5 mM, 127
Fe (13) and, more importantly, also not the NC state as H16L sodium-dithionite 20 mMm 9.1

characterized by a hydnde (hiin the bridging position a2 The absolute K cleavage activity of WT as determined by the

| L

between NI' and Fé (14, 36). Instead, H activation photometric assay was 60 U/mg (L00%).P The absolute kiproduc-

apparently takes place solely at the ML), tion activity of WT as determined by amperometry was 0.41 U/mg (
A particularly interesting but barely understood feature of 100%).

the Ni—Fe site of the SH is its structural flexibility. Under
harsh and prolonged reducing conditions, the two sulfurs of  ;,4er aerobic conditions Hcleavage activity was

thiol groups not dir_ectly c_oqrdinated to Ni in the oxidized determined either with a Clark-type electrodg)(or by a
enzyme become direct Ni ligand$X 15). Both the extra  pnotometric assay using either NADr benzy! viologen as
CN on the Ni and the Fe are lost). Thereby, a (Cys3)i an artificial electron acceptor in 50 mM Tris-HCI buffer,
site is formed that is _sm_ular to t_hat of stano_lar_d hyo_lrog_enasespH 8 (18), and H production was assayed amperometrically
(3). The native SH in its oxidized state is inactive in H using a Clark-type electrode in 50 mM phosphate buffer,

cleavage. It can be rapidly activated by the addition of 1y 5's ajl puffers for amperometry were saturated with N
catalytic amounts of NADH, whereby an oxygen ligand at heore use, but assay conditions were not strictly anaerobic.

the Ni is removed, opening a binding site fos (11). Recent . .
studies by van der Linden et all§) have shown that under EPR was per_formed in the laboratory of Prof. R. Bittl (Free
S . " University Berlin) on a Bruker Elexsys E580 spectrometer
distinct reducing conditions (excess NADH and pH 6), a equipped with a helium cryostat (Oxford) (microwave
certain amount of the protein exhibits the EPR-visible-i quipp Y
state of standard hydrogenases fre_quency 9.41 GHz, modulation frequency 100 kHz, modu-
X lation amplitude 10 G). IR spectra were recorded on a Bruker

In .th'S study,_we have analyzed the struc’FuraI a_nd IFS66VS spectrometer equipped with a photovoltaic MCT
functional properties of a selected SH mutant protein carrying detector at a resolution of 2 crhas in ref19. IR spectra

the His16Leu (H16L) exchange in the active site containing were baseline corrected using the software available with

subunit HoxH. Histidine-16 is a conserved residue of the X .
the spectrometer. Atomic absorption spectroscopy was car-

so-called LO motif at the N-terminus of the large subunit . . X
widely conserved among energy converting-Re hydro- neql out in the I_aboratory O.f Dr. K Iirgang at the Technlcal
University Berlin as described in réfo. X-ray absorption

genasesl(7). In theD. gigashydrogenase, the corresponding spectroscopy (XAS) was performed at beamline D2 of the

histidine residue (H20) is located at a distance of about EMBL outstation (at HASYLAB, DESY, Hamburg, Ger-

11 A from the Ni-Fe site and the proximal [4Fe4S] cluster .
in the small subunit, close to the interface between the two many). Fluorescence-detected XAS spectra at the nickel and

; . iron K-edges were collected at 20 K as previously described
subunits 8). The SH-H16L mutant has a particularly . . .
interesting phenotype since it is almost inactive in H (11, 19) during two measuring periods. XAS spectra were

A . . averaged (six to 12 scans) after energy calibration of each
oxidation but still able to catalyze hydrogen production. scan (L, 19) and normalized, and EXAFS oscillations were

MATERIALS AND METHODS extracted as described in r20. The energy scale of EXAFS

. . spectra was converted to thescale usingE, values of
. dThe "‘g'd':ype a”dt.H16L T}“tam SH .fPrgtfeg‘s Otf WO g333 eV (Ni) and 7112 eV (Fe). Unfilterekf-weighted
mh epeg en pr(ipatrzijlonz ceac w;re pug.'t? m’g ro- i pectra were used for least-squares curve-fitting and for the
P aafn18cogcetn_rae unl er aero ('jc con ||§)ns 33 F‘:ic” €Ccalculation of Fourier transforms (FTs). The shown FTs
In ret 16. Frotein samples were degassed under For represenk-values ranging from 2 to 13 & (Ni EXAFS,

treatments in the presence of,Hhe atmosphere was 1
. up to 650 eV abové,) and from 2 to 16 A! (Fe EXAFS,
exchanged by repeated degassiig).( Reductant stock up to 1000 eV above,). EXAFS simulations11, 19) were

solutions were freshly prepared (NADH, sodium-dithionite) ; : ; y
in 20 mM Tris-HC buffer, pH 8 and bubbled with nitrogen performed using phase functions calculated with Fefj.(

for 15 min. Samples finally contained concentrations of rResyLTS

25uM or 10 mM NADH, or 10 mM dithionite, and protein

concentrations of 1.041.28 mM, pH 8. After reductants The SH-H16L mutant protein has been reported to form
were added, the samples were incubated at room temperatura stable hexameric complex, to incorporate Ni at the active
for 10 min, and then~20uL was filled under Ar atmosphere  site, and to display a #H* exchange activity similar to the
into specialized sample holders, which were immediately wild-type SH (WT) (8). Although the H cleavage activity
frozen in liquid nitrogen. The same samples were used for of H16L was found to be negligibly low, the Hbroduction
XAS and EPR measurements carried out before and afterrate amounted to about 10% of the WT level if dithionite
XAS. An aliquot of each sample was frozen separately for was used as an external electron donor (Table 1). Figure 2
IR experiments. shows that upon addition of NADH, Hs rapidly produced
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FIGURE 2. H, production of the wild-type (WT) and the H16L .

mutant proteir? of SH. Conditions: tpyrI())tei(n l)nM and NADH reduced distance [A]

1.5 mM. Dashed lines denote the initial rate of ptoduction (for Ficure 3: Fourier transforms of EXAFS oscillations at the Fe

specific activities, see Table 1); dotted lines refer to the subsequentk-edge predominantly due to the +8& clusters in the oxidized

H, cleavage only in WT. The arrows mark the addition of NADH. SH proteins. Experimental data: open circles, wild-type (WT) and
solid circles, H16L mutant protein. The line represents a simulation

by WT, accompanied by NAD formation, but came to a with two shells of Fe-backscatterer interactions with the following
y f parameters (coordination number per Fe attifre—backscatterer

Stop W'tthZ min. Rate a_md yield were lower with HlGL distanceR/Debye-Waller parameter @&): shell I, Fe-S interac-
but continued over a period of8 min. After these time  tjons, 3.9/2.26 A/0.007 A shell II, Fe-Fe interactions, 2.6/2.72
intervals, the redox potential proportional to the NAD  A/0.011 A The error factor35) R: was 9.7%. The value of the
NADH ratio in the assay mixture presumably becomes so Eurgb?r of FefF;;gtiractionSNu =t_§|.6, a-‘thYﬁ" as the mea?tlr-']e t
it 7 | n . I m 1 Wi I n I
pOSItlve_ that H prOdu.Ctlon no longer proceed.s. Thab H foeur [ige(—:is?] clustersa(fhfge lgg:e gistanceg Beerslgecf;(?m) a%?j °
production was sustained for Ionger. time perlods'ln. bqth with at least one [2Fe2S] cluster (one FeFe distance per Fe
enzymes exposed to the lower potential of 20 mM dithionite atom) in both SH proteins. This result is in line with the content of
(not shown) corroborates this interpretation. Thereafter, only 19 + 2 Fe atoms per SH complex both in WT and in H16L
in WT, but not in H16L, the slower disappearance of the Preparations as determined by atomic absorption spectroscopy (data
previously produced Hwas observed (Figure 2). The not shown). Inset: respective Fe K-edge spectra that are almost
) . indistinguishable.
apparent lower rate of Hcleavage in the WT protein, ca.
10% of the H production activity, may point to different
rate-limiting steps in Ni-Fe — NAD* and NADH —
Ni—Fe electron transfer. The lower rate of initial, H
production in H16L points to changes in the catalytic
behavior. It is worth noting that we attribute thel0% H,
production activity to the main population of the (spectro-
scopically somewhat heterogeneous) H16L protein as this
particular level of activity was well-reproducible in several
independent preparations. In any event, the H16L derivative
of the SH is able to produce Hat a significant rate and
without subsequent consumption of the product.

To investigate whether the lesion in Eleavage in H16L
is due to changes at its F& clusters, XAS at the Fe K-edge

WT

5K, 2.5 mW

30 K, 1 mW
60 K, 35 mW

EPR [a.u.]

30K, 1 mw

was performed. Fe XANES and EXAFS spectra of the . +NADH+H
oxidized WT and H16L proteins indicate that the-f® N',c : — N —
cluster complement is dominated by [4M&S] clusters 22 21 20 19
and is compatible with the presence of at least one further g-value

.[2':?_.28] F:Iuster as proposed prey|ogsg2,(23). TI_’le_aImost FIGURE 4: EPR spectra in the X-band of the SH proteins at the
indistinguishable XAS spectra indicated a similar—+& indicated microwave power and temperature settings in the presence
cluster complement with respect to the structure and oxida- of 25 M NADH and 100% H. Open arrow, signal attributable
tion state in both enzymes (Figure 3, see legend). Hence,to a [4Fe-4S]" cluster and solid arrow, signal attributable to a

the lack of H cleavage in H16L likely is not due to major [2Fe—-2S]" cluster. The inset shows an enlarged view of the ®li
region of the spectrum of the H16L mutant. The narrow signal

changes at the FeS clusters. aroundg = 2 is due to the FMNM semiquinone radical(s); spectra
The functioning of the redox cofactors in electron transfer were approximately normalized according to the latter signal for

was investigated by EPR. Spectra resulting from reduced better comparison.

Fe—S clusters in the two proteins obtained in the presence

of NADH and H; (i.e., under conditions where autocatalytic [4Fe—4S]" cluster(s) 22), is observed for WT, whereas

activation of wild-type SH is achieve®,(11)) are different H16L shows a nonsplit [FeS]" signal, suggesting the

(Figure 4). Aroundg = 1.94 at 30 K, a split signal, presence of only one type of reduced+&cluster. At 5 K,

presumably containing contributions from [2F2ST" and the WT spectrum is dominated by the [4FS]" cluster as
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Ficure 5: IR spectra in the €N and G=0 stretching vibration
modes of (A) wild-type and (B) H16L protein of the SH in their

oxidized (top) and NADH-reduced (bottom) forms. Spectra were
normalized to about equal absorption of the whole CO band region.

indicated by a prominent signal at = 1.86 due to the
saturation of the [2Fe2S]" signal at the high microwave
power that has been employed. On the other hand, at 60 K
the spectrum largely reflects the [2FBS]' cluster since the
[4AFe—4S]" signal is almost invisible due to relaxation
broadening 22, 23). The shape of the [FeS]" signal of

Biochemistry, Vol. 45, No. 38, 2006.1661

[4Fe—4S] cluster was observed in WT where this reaction
is functional. On the other hand, the [2F2S] cluster
presumably located in HoxUBJ becomes reduced both in
WT and in H16L. This cluster may be part of a different
electron-transfer pathway from the NADinding site to the
Ni—Fe site employed during reductive activation of the SH
(vide infra).

IR spectroscopy was employed to monitor changes of the
diatomic ligands at the Ni and Fe atoms (Figure 5). The
presence of four dominant IR bands in the CN spectral region
and of one band in the CO region in oxidized WT (Figure
5A) indicates the binding of three CN and one CO to the Fe
and of one CN to the Nig, 11, 12) in contrast to the two
CN and one CO ligation pattern at the Fe in standard
hydrogenase6). The four CN and the one CO stretching
modes are also found in the oxidized H16L protein at nearly
the same frequencies. However, H16L displays additional
bands in the CO stretching region, and a more detailed
inspection of the spectra reveals further bands in the CN
stretching envelope. Thus, these findings suggest that the
H16L sample contains (at least) two types of active sites.

\Whereas in one portion of the sample, the-IRe center

possesses essentially the same coordination pattern and active
structure as the WT protein, for the remaining portion(s),
the ligation pattern is modified. Such a heterogeneity, which

H16L was found to be independent of the microwave power is found to a much smaller extent in the WT preparation,
and temperature and largely invariant toward the reducing can also account for the different relative intensities in the
conditions (i.e., reduction by NADH in the presence or IR spectra of both enzymes. Upon reduction under activating

absence of KHor by dithionite (data not shown)). Further-
more, no significant differences as compared to the 60 K
[Fe—SJt spectrum of the WT protein were observed. On the
basis of these findings, we propose that in H16L, external
reductants are capable of reducing the [2B8] cluster but
not the [4Fe-4S] clusters.

Interestingly, in (NADH+ Hy)-reduced H16L (Figure 4)
and in (NADH-only)-reduced H16L (not shown), a sizable
EPR signal from the NiFe site typical of the NiC state
(14) is observed withgy- and gy-values of 2.21 and 2.14

conditions FNADH), the prominent CO stretching bands
of the WT and H16L proteins (1956 crf) remain un-
changed, and the bands around 2098 tshift to lower
wavenumbers12). However, for the mutant, a substantial
loss in intensity is observed concomitant to considerable
increase of the second CO stretching mode at 1943'cm
(Figure 5B). Such a low frequency CO band has been
interpreted in terms of a reduced standard ligation pattern
(i.e., no extra CNs at the Ni and the FE5)). This view is

in line with the distinct intensity decrease of the CN band

(9. could not be obtained because of the strong overlap of at 2071 cm?. Also, in the WT protein, a shoulder at ca.

EPR signals from FeS clusters and FMNsemiquinone
radical(s) aroundy = 2) at a pH of 8. In the presence of
dithionite, the N+C signal was smaller (not shown). In
contrast, the Ni-C state could not be induced in WT under
activating -NADH) or autocatalytic conditions{NADH

+ Hy) at pH 8. Oxidized WT and H16L are EPR-silent
aroundg = 2.3—2.1 (not shown), suggesting the absence of
the Ni-A/B oxidation states containing 'Ni(14) in both
proteins. Formation of Ni-A/B requires binding of an oxygen
species in a bridging position between Ni and E8, @4),
whereas in the case of the NC state, the bridging species
is a hydride 14, 36). The observation of a NiC signal at
pH 8 only in H16L implies significant coordination changes
in the environment of both Ni and Fe, at least for a portion
of the protein preparation.

1945 cmt with a relatively weak intensity is observed,
indicating redox-linked coordinative changes of the active
site, albeit in a much smaller fraction of the protein than for
the H16L variant.

For both the WT and the H16L mutant, we have measured
XAS spectra at the Ni K-edge to investigate the atomic
structure of the Ni site. In the XANES region, information
mainly on the ligands in the first coordination sphere of Ni
is obtained (Figure 6). The large primary maximum of the
Ni K-edge of ~1.5 and the absence of a pre-edge peak
around 8336 eV in oxidized WT (solid arrow) indicates a
nearly octahedral coordination of the Ni by two CysS, one
CN, and three oxygen ligands as previously fouht).(The
smaller edge maximum and less steep edge slope in the
NADH-activated WT reflects the loss of one oxygen species

As a tentative interpretation of the EPR results, we suggestfrom Ni. It is replaced by a hydrogen species under

that the [4Fe-4S] cluster, which is not reduced in H16L, is
the one presumably bound to the HoxY subu8ijt proximal
to the Ni-Fe site. This Fe S cluster seemingly cannot be

autocatalytic conditions (NADH Hy), giving rise to an
increase in the edge maximum and to the resolved pre-edge
peak at~8336 eV (Figure 6) due to the enhancement of

reduced by external reductants as it was not reduced in thedipolar-forbidden 1s—~ 3d electronic transitions in the more

presence of NADH or dithionite in H16L. Apparently, its
reduction is achieved only by electron transfer from the

asymmetrically coordinated Ni as discussed inI&f
Already in the oxidized state of H16L the primary edge

Ni—Fe site upon hydrogen cleavage because a reducedmaximum is largely diminished, which immediately reveals
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Ficure 6: XANES spectra at the Ni K-edge of WT and H16L
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proteins under the indicated redox conditions. The open arrows FiGURe 7: Fourier transforms of Ni EXAFS oscillations in the
denote the primary maximum of the K-edge; the solid arrows point NADH-reduced SH proteins. The inset shows the backtransforms

to the peak features in the preedge region.

into the k-space of Fourier isolates from 1 to 2.5 A of reduced
distance. The lines in the inset represent simulations with parameters
given in Table 2 (fit 1l). The open arrow points to the peak

a coordination change at the Ni, most likely caused by the tentatively attributed to Ni'S vectors of about 3.5 A lengti.{).

replacement of hard oxygen ligands by soft sulfurs from thiol
groups of cysteines2¢). For the NADH- and (NADH+

H,)-reduced H16L, the edge maximum was found to be even for two different Ni—S bond lengths27). Such a fit reveals
smaller, suggesting a similar coordination change as in thethe presence of one CN, two oxygen, and two CysS ligands

WT protein. Previously, it has been showhl) that the
presence of a sizable pre-edge peak-8836 eV is related

at Ni in the WT protein, as previously describedil),
whereas the simulation of the spectrum of H16L requires

to the presence of Ni-bound hydrogen species in the SH. Asfour CyssS ligands and, optionally, one CN in accordance
there is such a pre-edge peak under both the previousW'th the XANES spectra. In line with these results, the FT

conditions in H16L, a hydrogen species seems to be boundP€ak at~3.5 A'in the EXAFS spectrum of the WT protein,

to Ni even in the absence of externally added Further

which also has been observed previoudly) @nd attributed

evidence for this view comes from the spectrum recorded to the S atoms of the two cysteines that do not bind via their

in the presence of dithionite where the edge maximum is S &toms to Ni 11), is absent in H16L (Figure 7). The
smaller and the pre-edge peak converts to a shoulder in theXANES and EXAFS, therefore, allow the conclusion that
rising part of the edge, suggesting a decrease in energy othe two CysS groups that presumably are more remote from

1s — 4p, transitions in pentacoordinated Ni (Figure 6).

Ni in the WT become direct Ni ligands in H16L, resulting

Presumably, the stronger reductant induces further reducedn @ (CysS)Ni site in NADH-activated H16L that is similar

states of the Ni in line with the EPR and FTIR results. The

to that of standard hydrogenases.

flat edge slope and the small maximum hardly exceeding DISCUSSION

unity in the dithionite-reduced enzyme strongly suggest the

binding of four CysS to Ni in H16L (cf. refil). The Ni
XANES indicates a similar coordination change under
activating reducing conditions in WT and H16L, namely,

Comparison of the WT and H16L mutant affords new
information on structural and functional properties of the
particularly complex NAD-reducing NiFe hydrogenase

the loss of one oxygen ligand to open a hydrogen binding from R. eutrophaH16 (Figure 8). In the WT, we observed
site at the Ni. In addition, the coordination pattern by cysteine reduction of at least two F€S clusters that are proposed to

seems to change in the activated enzymes to (CysSO)
(CysS)HNi in WT and (CysS)Ni in H16L (the attribution of

correspond to a [4Fe4S] cluster putatively bound to the
HoxY subunit in a proximal position to the MNiFe site and

the O ligands to sulfenates is tentative but based onto a[2Fe-2S] cluster in HoxU. In H16L, however, only the

conservative considerations; see 14j.
More quantitative information on the Ni site structures was
obtained by the analysis of EXAFS spectra from NADH-

[2Fe—2S] cluster was reduced. These findings provide first
evidence for two different electron-transfer pathways in the
SH. The [2Fe-2S] cluster seems to be part of the electron-

activated enzymes (Figure 7). The primary peak in the FT transfer chain from NADH to the NiFe site upon reductive

of EXAFS oscillations from H16L is clearly shifted to larger
distances pointing to the prevalence of longer-Rivectors
over shorter Ni-(O,C) vectors in H16L, which is in contrast
to the opposite tendency observed for the WT protein.
Accordingly, EXAFS simulations using only two coordina-
tion shells yielded a lower coordination number of the (O,C)
shell but a higher coordination number of the sulfur shell in
H16L as compared to WT (Table 2, fit ). A more elaborated
simulation approach (fit Il) takes into account the CN ligand
at Ni as detected by IR spectroscopy, the-Re distance,
and splitting of the sulfur shell into two shells to account

activation of the enzyme. This pathway is functional in both
WT and H16L. On the other hand, the [4HS] cluster
seems to be involved predominantly in electron transfer from
the Ni—Fe site to NAD operating in the direction of H
cleavage. This pathway is active in WT but not in H16L.
Midpoint potentials of about-325 mV for the [2Fe-2S]
cluster and of less than or equal te445 mV for the
[4Fe—48S] cluster(s) at pH 8 have been reported previously
(22). Consequently, activation with NADH (reduction
potential of ca.—350 mV at pH 8) cannot reduce the
[4Fe—4S] cluster. Thus, only the [2F€S] cluster (and the
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Table 2: Simulation Parameters of EXAFS Oscillations at the Ni K-Edge of NADH-Reduced Ptoteins

preparation shell N; (per Ni) R (A) 202 (A2 Rr (%)
WT + NADH C —/1* —/1.98 —/0.00Z 13.54/10.5
(6] 3.3/2% 2.03/2.03 0.015*/0.004
S 1.7/1* 2.21/2.25 0.008+%/0.003
S —/1* —[2.47 —/0.006
Fe —/1# —/2.56 —/0.013
H16L + NADH C —/1* —/1.82 —/0.00Z 13.5¢/8.9
(0,C)/0 1.6/— 2.15+ 0.015%—
3.4/3* 2.18/2.17 0.008*/0.009
S —/1# —/2.58 —/0.008
Fe —/1* —/2.63 —/0.015

aN;, coordination numbers3;, Ni—backscatterer distances; ana?2 Debye-Waller parameters. Two sets of parameters (fit I/fit 1) are shown,
corresponding to a joint simulatiod4) of the two spectra (fit I) using two backscatterer shells and to simulations of the individual spectra (fit I1)
using five backscatterer shells. The following restrains were used in the simulations: #, parameter fixed at the given value; 8, the sum of the
coordination numbers of shells 1 and 2 was set to a value of 5; *, the respective-D&fayler parameters were coupled in the joint simulation
to yield equal values for both spectra; andR&,value for the joint fit. The error sum&§) (35) were calculated for reduced distances ranging from
1 to 3 A. R- represents the deviation between the backtransform intk-tipace of the Fourier transformed experimental spectrum between 1 and
3 A and the simulated spectrum in perceB&)( The error of the derived distancBsis estimated as being abott0.02 A; the uncertainty in &
is about 50% of the given values for best-fit results.

H H*
(Al CN \ , ON oN
'“l-!li'“: . IQ: e
0 S, ° AN
] 1 ¥Y$S ©CN
Cys Cys
NADH —— [2Fe-2S],,,., [4Fe-4S],,,, —— NAD*
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ys H* H2 ys )
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Ficure 8: Summary of the structural features of the-I¥e site and of its changes upon the activation process in the two SH variants.
Oxygen species and CN molecules that leave the metal site are not displayed for clarity. (A) In the oxidized wild-type SH (left), two CN
molecules not found in standard hydrogenases are present, and two O ligands instead of S are bound to Ni. Activation upon electron flow
from NADH via the [2Fe-2S] cluster to the Ni-Fe site in the presence oflihvolves exchange of the third O ligand agaiasH species

at Ni. H, cleavage is the prevailing reaction and generates electron flow from thEeNsite via a [4Fe4S] cluster to NAD. (B) In the

H16L protein already in its oxidized state (left), two O ligands at Ni largely are exchanged against S. The additional two CN molecules,
[CN], are present only in part of the preparation, and further portions are lost upon activation that involves the loss of an O ligand from
Ni as in WT. Because subsequent electron transfer to the-{46¢cluster is impaired in the major portion of the protein containing a
standard-like (CysgNi—Fe(CN)(CO) site after activation, the dominant reaction in H16L isgfoduction, involving a typical NiC

state. Minor populations of species displayed in panel B may be found also in WT protein, and species shown in panel A may appear as
admixtures also in H16L preparations.

FMN molecule(s)) seems to be relevant for electron transfer of these options actually applies remains to be elucidated.
to the Ni-Fe site during reductive activation. In the SH, a second FMN (FMN-a), possibly bound to the
At least three options may explain the lack of electron- HoxY subunit, has been proposed to be involved ixn H
transfer Ni-Fe— [4Fe—4S] in H16L. (i) The redox potential  cleavage). FMN-a is easily lost under reducing conditions.
of the Ni—Fe site is increased due to the observed metal However, H cleavage and production activity of H16L were
coordination changes. Then, only pfoduction from NADH not enhanced upon addition of FMN. Accordingly, there is
should remain functional, similar to standard hydrogenasesno evidence that the lack of Hleavage is caused by the
where the potential of the proximal [4FdS] cluster is only absence of FMN-a in H16L.
about—300 mV 8) such that only Hproduction proceeds The variability of the Ni-Fe site with respect to the
under reducing conditions29). (i) The potential of the number of CN ligands and Ni-coordinating sulfurs from
[4Fe—48S] cluster is lowered. In analogy to structural data cysteine is a striking feature of the SH. We observed that
of standard hydrogenases, the H16L mutation may be rathemi binds two cysteine sulfurs in H16L, which presumably
remote from Ni-Fe (~11 A), but substitution of His-16 (His-  are not bound to the Ni of the WT protein. These two of the
20 in theD. gigashydrogenase) in the conserved LO motif four conserved cysteines may be oxidized to sulfenates
of HoxH may affect the hydrogen bond network between (CysSO) and bind to Ni via their O atom&1( 16). Support
the Ni—Fe site and the proximal FeS cluster and alter its  for such an assignment comes from recent crystallography
potential. (iii) Structural changes due to the mutation may data on the oxidized Ni-A,B states @&. gigas Ni—Fe
have canceled optimair-orbital coupling for effective hydrogenasel@®) where also sulfenates are found and one
electron tunneling between the two redox centers. Which onebinds to the Ni via its sulfur whereas the second bridges the
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Ni and the Fe by coordination through its O and S atom, coordination of additional S atoms to Ni as in H16L seems
respectively. In the SH, such a bridging sulfenate is less likely to enable binding of a NiFe bridging hydride to yield the
in both WT and H16L since the stretching frequencies of stable EPR-detectable NC state.
the CN and CO ligands at the Fe are consistent with two Because of the hexacoordinated Fe, the reactions,of H
bridging thiol groups. Accordingly, in the WT enzyme, two must be restricted to the Ni site in the wild-type SH protein.
of the terminal oxygen ligands of Ni may stem from Thus, the underlying mechanism presumably is different from
sulfenates of Cys-458 and Cys-62 in the HoxH suburiij.( that of standard hydrogenases. Further investigations are
In H16L, either the unmodified cysteines are present or the required to elucidate the catalytic cycle. On the other hand,
sulfenates now bind to the Ni via their S atoms. H, formation in the fraction of the H16L protein that
Activation of oxidized WT and H16L proteins is achieved possesses a standard-like ligation of the active site may occur
within seconds after adding superstoichiometric amounts of via a more conventional reaction patB3] that, however,
NADH or under autocatalytic conditions (substoichiometric appears to be less sensitive to inhibition by dioxygen.
concentrations of NADH under +atmosphere)q; 11, 12). Accordingly, genetically engineered SH proteins, inactive
The primary event of the activation process is the loss of an in H, oxidation, but being able to generate & moderately
oxygen ligand at the Ni (refl and this paper). Activation  reducing potentials and in the presence of oxygen, are
of standard hydrogenases from the inactive unready stateinteresting candidates for future biotechnological applica-

(Ni-A) also requires the reductive removal of an oxygen tions.

species (peroxide) that is bound in aNfe bridging position
(13). However, this activation process takes hoG.(More
rapid activation of the SH may result from binding of the
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hydrogenase ligation-type at the active site since no Ni-A
state could be detected by EPR.

Thus, the prevailing NADH-activated form in the WT is
attributed to a (CN)@Ni" (u-SyFe'(CN)3(CO) configuration
(the O ligands may stem from Cys-SO), whereas in the H16L
variant, the standard-like ;Ni"(u-S)Fée'(CN),(CO) form
coexists with portions where one or both of the extra CN
ligands, [CN], in portions of the oxidized state are still bound
(Figure 8). The H16L exchange may hamper stoichiometric
incorporation of the additional cyanides during maturation,
and/or they may be lost more easily during the purification
procedure or reductive treatments then in WT protein where
standard Ni-Fe sites containing fractions under certain
conditions also are found.§). The SH fractions of the WT
and the H16L protein with standard-like metal ligation exhibit
a Ni—C EPR signal under distinct reductive conditions (ref
16 and this paper), but this state was not achievable in
inactive SH preparationsly). It is worth noting that the
presence of a transient state similar to-Ii, which does
not enrich during catalysis to an amount sufficient for
detection by EPR, may not completely be ruled out also in
wild-type SH. However, only for the H16L variant, formation
of a stable Ni-C state seems to be correlated with H
production.

The H, cleavage activity of SH becomes oxygen sensitive
when the Ni-bound CN is absent. It can be selectively
removed by biochemical treatments of purified enzyd®.(
Isolating the SH from a strain lacking the HypX maturation
protein also yields an £sensitive enzyme3(l), the Ni-bound
CN is absent, but Ni coordination by only two thiols and
three oxygens as in WT appears to be retairgg). (n the
I64A (HoxH) protein that lacks the Ni-bound CN, but
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