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ABSTRACT Ni and Se x-ray absorption spectroscopic
studies of the [NiFeSe]hydrogenases from Desulfovibrio bacu-
latus are described. The Ni site geometry is pseudo-octahedral
with a coordinating ligand compesition of 3—-4 (N,0) at 2.06 .&,
1-2 (S,CD) at 2.17 A, and 1 Se at 2.44 A. The Se coordination
environment consists of 1 C at 2.0 A and a heavy scatterer M
(M = Nior Fe) at ~2.4 A. These results are interpreted in terms
of a selenocysteine residue coordinated to the Ni site. The
possible role of the Ni-Se site in the catalytic activation of H,
is discussed.

Hydrogenases are vital to the anaerobic metabolism of
sulfate-reducing bacteria and many other types of bacteria.
Hydrogenases catalyze the bidirectional activation of molec-
ular hydrogen

H, =2H" + 2e~

and their activities are routinely determined by H, produc-
tion, H, utilization, or the 2H,~H™* exchange assays (1). In the
past, it was generally accepted that a single hydrogenase
carried out these simple redox reactions (1), but in recent
years the unveiling of the structural diversity of hydroge-
nases has promoted the idea that different hydrogenases
may reflect differences in cellular localization and meta-
bolic function (2). This specificity suggests that structural
differences are the basis for tailoring the hydrogenase reac-
tion to meet metabolic demands. The elucidation of the
structural details of the active sites of hydrogenases is the
first step toward a molecular understanding of the mecha-
nisms involved in the hydrogenase reaction.

In the genus Desulfovibrio, the metabolism of hydrogen
involves at least three types of hydrogenases that may be
distinguished by their heavy element composition, immuno-
logical reactivities, and gene structures (3-6). The [Felhydro-
genases contain only iron-sulfur clusters (7-9), the [NiFe]hy-
drogenases contain nickel and iron-sulfur clusters (10-15),
and the [NiFeSe]hydrogenases contain iron-sulfur clusters
and equimolar amounts of nickel and selenium (16, 17). The
three types of hydrogenase as well as multiple forms of a single
type of hydrogenase can occur within a single bacterium (18).
In Desulfovibrio baculatus, three [NiFeSe]hydrogenases have
been identified, based on their cellular locations: periplasmic,
cytoplasmic, and membrane-bound. Electron paramagnetic
resonance (EPR) studies indicate that these hydrogenases are
spectroscopically distinct as isolated but under reducing con-
ditions exhibit identical EPR signals (19).

A considerable amount of circumstantial evidence indi-
cates that nickel is involved in the activation of H, by the
Ni-containing hydrogenases; however, the [NiFel- and [Ni-
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FeSe]hydrogenases differ in some of their catalytic activities
(19, 20) and sensitivities to inhibitors. These observations
suggested the possibility that one of the sulfur ligands to the
active site nickel is replaced by a selenium ligand in the
[NiFeSe]hydrogenase.

As part of our effort to elucidate the structures of the nickel
sites in the Ni-containing hydrogenases, and to define a
structural basis for the functional differences between the Se-
and the non-Se-containing hydrogenases (19, 20), we report
here the results of Ni and Se x-ray absorption spectroscopic
measurements on the [NiFeSe]Jhydrogenases of D. baculatus.

MATERIALS AND METHODS

Sample Preparation. The D. baculatus [NiFeSe]hydrogenase
sample was prepared according to the procedure described in
ref. 19. To obtain a sample =2 mM Ni and Se, the periplasmic,
cytoplasmic, and membrane-bound fractions were combined.
Total iron was determined by the 2,4,6-tripyridyl-1,3,5-triazine
method (21), and metals were quantified by plasma emission
spectroscopy using a Mark I1 Jarrell-Ash model 965 AtomComp
(Fisher). Nickel was also determined by atomic absorption
spectroscopy. The sample for x-ray absorption spectroscopy
(XAS) was placed in a Lucite/Mylar cell, =80 ul in volume, and
stored in liquid nitrogen until the time of data collection. The
Desulfovibrio gigas [NiFelhydrogenase sample preparation has
been described (22). The structurally characterized Ni model
compounds used for Ni K x-ray absorption edge region com-
parisons were [(C¢Hjs)4PL[Ni(SC¢Hs)s] [a gift from D. Coucou-
vanis (23)], [Ni(TC-6,6)] [TC-6,6 = tropocoronand-(CH,)s,
(CHy)¢] [a gift from S. J. Lippard (24)], (R,S,R,S)-[Ni(tetra-
methylcyclam)Br](ClO,) [a gift from J. H. Espenson and M. S.
Ram (25, 26)], [Ni([9]aneN3),](ClO;); ([9]aneN; = 1,4,7-triaza-
cyclononane) (27, 28), and [Ni([9]aneS;),)(ClOy4); ([9]aneS; =
1,4,7-trithiacyclononane) [a gift from K. Wieghardt (29)]. The
Se model compounds used for comparison of Se K x-ray
absorption edge regions were Fe,;Se,(CO)s (30, 31), and seleno-
cystine and selenomethionine, both purchased from Sigma.

Data Collection. All XAS data were collected at the
Stanford Synchrotron Radiation Laboratory on beam lines
II-3, IV-1, or VII-3, using Si[220] monochromator crystals.
Protein data were measured under dedicated operating con-
ditions at 3.0 GeV, as were most model compounds, with the
exception of some Se compounds measured at 2.0 GeV under
parasitic conditions, At 3.0 GeV, typical electron currents
were between 40 and 70 mA, and at 2.0 GeV, the current was
=15 mA. Data were collected at =10 K with a continuous-
flow liquid-helium cryostat (Oxford Instruments Model
CF1208), except for some Se compounds measured at am-
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bient temperature. Protein XAS spectra were collected in
fluorescence mode with a Stern-Heald-Lytle type fluores-
cence detector (32) purchased from the EXAFS Co., Seattle.
Model compound spectra were collected in transmission
mode using Ny-filled ionization chambers. The model com-
pound samples were prepared by diluting the finely ground
powders approximately 1:3 with boron nitride to minimize
the thickness effect (33). In general, 3 scans were collected on
model compound samples, 3-5 scans for protein edge region
spectra, and 15-28 scans for protein extended x-ray absorp-
tion fine structure (EXAFS) spectra.

Data Reduction and Analysis. Data reduction and analysis
were performed according to our published procedures (34).
For the curve-fitting analyses, the following theoretical
expression for the EXAFS was used:

by = SENART B 52,40 sint2hR,. + a1
s as

For each shell of scatters, s, N is the number of scatterers

at an average distance R, from the absorbing atom (Ni or Se).

02 is the root-mean-square deviation in R,5, which takes into

account both static and thermal disorder. The simulated

EXAFS (from Eq. 1) was adjusted to fit the observed EXAFS
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FiG. 1. Ni K edge region spectra of D. gigas [NiFe]- and D.
baculatus [NiFeSelhydrogenases, compared to various model com-
pounds. Spectra: a, approximately tetrahedral NiN4 compound,
Ni[tropocoronand-(CH;)s,(CH,)¢] (—), and tetrahedral NiS; com-
pound, [Ni(SC¢Hs)4)?~ (---); b, pentacoordinate NiN4Br compound,
[Ni(tetramethylcyclam)Br]*; ¢, oxidized (as isolated) hydrogenases
from D. baculatus (—) and D. gigas (---); d, approximately octahe-
dral NiNg and NiS¢ compounds, [Ni(1,4,7-triazacyclononane),]>*
(—) and [Ni(1,4,7-trithiacyclononane),]** (---); e, approximately
square—planar NiS, and NiSe4 compounds, [Ni(S;C4N2);)%~ (—) and
[Ni{Se,Ca(CF3):}2] ™ ().
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by allowing the R, and o, values for each shell to vary in a
nonlinear least-squares optimization. In each shell, the type
of scattering atom was chosen by selection of the appropriate
backscattering function, appearing in Eq. 1 as amplitude
[Bi|fu(m,k)|] and phase [a.s(k)] components. When |f(,k)|
was taken from theoretical tables (35), B, was adjusted to give
satisfactory fits to the EXAFS of structurally characterized
model compounds.

The backscattering functions for the absorber—scatterer
pairs, Ni-N, Ni-S, and Ni-Se were extracted from [Ni-
{(imid),biphen},;](Cl04), [{(imid),biphen} = 2,2’-bis(2-imidaz-
olyl)biphenyl] [a gift from H. J. Schugar (36)], [(CsH)sN]-
[Ni(mnt),] (mnt=maleonitriledithiolate) (37, 38), and [(Cs4
Hy)4N][Ni{Se,C5(CF;),}5] [a gift from B. M. Hoffman (39)],
respectively. E, for the onset of the Ni EXAFS was chosen
to be 8350 eV. Se scattering functions were taken from
theoretical tables (35), with subsequent refinement of B; and
AE, for each absorber-scatterer pair. Se-C, Se-Fe, and Se-
Ni scattering functions were from PhSeSePh (Ph=phenyl)
(40), Fe,Se;(CO)s (30, 31), and [(C4Hs)4N][Ni{Se,C2(CF3)2}0]
(39), respectively, yielding B;, AE, values of 0.5, —23.6 eV;
0.6, +9.0 eV; and 0.5, —3.3 eV, respectively. E, for the Se
EXAFS was chosen to be 12,675.0 eV.

RESULTS

Ni Edges. The edge region of the Ni K edge x-ray absorp-
tion spectrum generally reveals considerable information
about the electronic and molecular structure of the Ni site
(41). In Fig. 1 we compare the edge spectra of the D.
baculatus [NiFeSe] and the D. gigas [NiFelhydrogenases
and several structurally characterized Ni model compounds.
The signature for tetrahedral geometry is the presence of a
weak but well-resolved 1s — 3d pre-edge transition at ~8332
eV (Fig. 1, spectrum a) (41). In the case of approximate
square-planar symmetry, an intense pre-edge transition is
observed at =8336 eV (spectrum e), ascribed to the 1s — 4p,
(or 1s — 4p, plus shakedown) transition (42). In contrast to
these readily observable transitions, octahedral geometry is
characterized by a rather featureless pre-edge region (spec-
trum d). The edge spectrum of a pentacoordinate NiN,Br
compound (spectrum b) has features of both tetrahedral and
octahedral edges: a weak but well-resolved 1s — 3d transition
at =8332 eV (similar to but less intense than in the edge of the
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F1G. 2. Se K edge spectra of D. baculatus [NiFeSelhydrogenase
compared to various Se compounds. Spectra: a, oxidized (as iso-
lated) D. baculatus hydrogenase (—), Fe;Se,(CO)g (--), [Ni{Se,C,-
(CF3)2}2]™ (---); b, oxidized (as isolated) D. baculatus hydrogenase
(—), selenocystine (--), and selenomethionine (---).
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FiGc. 3. Raw Ni EXAFS of D. gigas [NiFe]- (Upper) and D.
baculatus [NiFeSe]- (Lower) hydrogenases. The general increase in

EXAFS amplitude near k = 9 A~! suggests the presence of heavier
scatterers in the [NiFeSe]hydrogenase data.

tetrahedral compound), a shoulder at ~8338 eV that may be
a poorly resolved 1s — 4p, transition, and a pronounced
broad peak at the edge maximum (similar to but less intense
than that of the NiNg pseudo-octahedral edge). By compar-
ison, the [NiFeSe]- and [NiFe]hydrogenase edges shown in
spectrum c suggest that the Ni sites are either pseudo-
octahedral or possibly pentacoordinate. Distinct differences
in the hydrogenase Ni edges exist, however, and they
indicate a difference in ligands or symmetry or both between
the [NiFeSe]- and [NiFe]hydrogenase Ni sites.

Se Edges. In contrast to the various pre-edge transitions of
the Ni edge region, the edge region of the Se K edge x-ray
absorption spectrum exhibits no pre-edge transitions (Se
having a closed 3d shell electronic configuration). Fig. 2
shows the Se edge spectra of the [NiFeSe]hydrogenases and
various Se compounds. Despite the lack of information
available from any pre-edge transitions, one may make use of
the sensitivity of the edge inflection point to the charge
density of the absorbing atom. For example, a change in
oxidation state or a change in the degree of covalent character
in the metal-ligand bond may shift the edge energy.

The energy of the edge inflection point varies among the
model compounds by =3 eV, the highest energy inflection
point occurring in the selenomethionine spectrum (Fig. 2,
spectrum b, dotted line). In selenomethionine, the Se atom is
bound covalently to C atoms exclusively. In the other model
compounds, Se is bound to higher Z elements and the
corresponding edge spectra have inflection points at lower
energies: selenocystine (spectrum b, dashed line) contains a
Se-Se bond, [Ni{Se,C,(CFs),},]~ (spectrum a, dotted line)
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Fi1G. 4. (a) Fourier transform (FT) of Ni EXAFS of oxidized (as
isolated) D. baculatus [NiFeSelhydrogenase (k = 3.0 — 12.5 A~1, &3
weighting), showing the filter (dotted line) of the first-shell FT peak.
The solid lines in b and c are the first-shell filtered EXAFS data and
the dashed lines are two curve-fitting simulations, using the struc-
tural parameters from fits 1D (b) and 1F (c) (see Table 1).

contains a Se-Ni bond, and Fe,Se,(CO)¢ (spectrum a, dashed
line) has both Se-Fe and Se-Se bonds. The Se edge of the
[NiFeSe]hydrogenase falls at an intermediate energy, 2.3 eV
below the selenomethionine edge. This suggests that Se is not
coordinated exclusively to low Z elements.

Ni EXAFS. Fig. 3 compares the raw Ni EXAFS data of the
[NiFeSe]- and [NiFelhydrogenases. The increase in the
EXAFS amplitude in the [NiFeSe]hydrogenase data near k =
9 A-1suggests the presence of a heavy scatterer not observed
in the [NiFelhydrogenase EXAFS. The Ni EXAFS data for
[NiFeSe]hydrogenase were Fourier filtered as shown in Fig.
4a, and curve-fitting results are shown in Fig. 4 b and ¢ and
Table 1. Examination of the goodness-of-fit (f’) values in
Table 1 shows that including only Ni-(N,0) and Ni-(S,Cl)
shells in the simulation (fits 1A-1D) does not adequately fit
the observed data, even if two separate shells of Ni-(S,Cl) are
used in three-shell fits (fits 1C, 1D; Fig. 4b). Three-shell fits
including Ni-(N,0), Ni-(S,Cl), and Ni-Se shells improve the

Table 1. Curve-fitting results for Ni EXAFS of D. baculatus hydrogenase

Ni-(N,0) Ni-(S,C)) Ni-Se

Fit N; Ras (A) Ao, (A?) N Ras (A) Adl (AY N Ras (A) Adl, (A?) f

1A 3) 2.07 —0.0043 A3) 2.19 0.0042 —_ —_ —_ 0.039

1B “) 2.07 -0.0022 ?) 2.19 0.0008 _ —_ — 0.041

1C ?) 2.03 —0.0060 ) 2.24 0.0012 — —_ —_— 0.019
) 2.00 0.0070

ID A3) 2.03 —0.0043 ?) 2.23 —0.0007 — - — 0.022
(¢)] 1.99 0.0025

1E 3) 2.06 —0.0047 ?) 2.19 0.0098 Q) 2.44 0.0049 0.011

1F “é) 2.07 -0.0038 1) 2.15 0.0003 ) 2.45 0.0044 0.011

1G ) 2.05 -0.0027 —_ —_ —_ ) 2.43 0.0034 0.039

N is the number of scatterers per nickel; R, is the nickel-scatterer distance; o, is a root-mean-square deviation in R.g; Ac2s is 0§ — 0 Zodels
where the models for Ni-N, Ni-S, and Ni-Se were {Ni [2,2’-bis(2-imidazolyl)biphenyl],}>* at 4 K, [Ni(maleonitriledithiolate),]~ at 4 K, and
[Ni{Se,C,(CFs3):}.]~ at 10K, respectively. The k range of the fits was 4-12 A1, f” is a goodness-of-fit statistic normalized to the overall magnitude

of the k3y(k) data:

{21 (obsali) = Xearc)]/ N}m‘

f=

Numbers in parentheses were not varied during optimization.

(kJX Jmax — (kSX )min
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F1G. 5. (a) FT of Se EXAFS of oxidized (as isolated) D.
baculatus [NiFeSelhydrogenase (k = 3.0 — 11.0 A~1, k3 weighting),
showing the filter (dotted line) of the first-shell FT peak. The solid
lines in b and c are the first-shell filtered EXAFS data and the dashed
lines are two curve-fitting simulations, using the structural parame-
ters from fits 2A (b) and 2B (c) (see Table 2).

fits (1E, 1F; Fig. 4c), yielding a single Se scatterer at a Ni-Se
distance of 2.44 A.

Se EXAFS. Corroborative evidence for the proposed Ni-Se
bond should be available from the Se EXAFS. The position,
size, and width of the Se EXAFS FT peak in Fig. 5a suggest
the presence of a heavy scatterer, and curve-fitting clearly
demonstrates that one or two Se-C interactions alone cannot
reproduce this EXAFS. Table 2 lists two plausible Se
EXAFS simulations and the fits are displayed in Fig. 5 b and
c. Although the fits are not as good as the Ni EXAFS fits, due
to the decreased signal/noise ratio of the Se EXAFS data and
shorter Se EXAFS data range (k = 4-10 A1), a heavy
scatterer (M = Ni or Fe) is identified at a Se-M distance of
2.39 or 2.34 A, respectively. Reasonable fits also require the
presence of a Se-C interaction (Table 2).

DISCUSSION

The Ni and Se K edge x-ray absorption spectroscopic data
have allowed us to define an approximate coordination
structure for the Ni site in the D. baculatus [NiFeSe]hydrog-
enase. As for the D. gigas [NiFelhydrogenase, the Ni site
geometry is pseudo-octahedral with a mixture of (N,0)- and
(S,CD-containing ligands (22). The Ni edge and EXAFS
analyses in combination suggest that the [NiFeSe]hydroge-
nase Ni site may be penta- or hexacoordinate with (N,0) and
(S,CI) ligands and a heavier scatterer with the backscattering

Proc. Natl. Acad. Sci. USA 86 (1989)

characteristics of Se at a Ni-Se distance of 2.44 A. A
hexacoordinate, pseudo-octahedral Ni site is considered
more probable, however, based on the best curve-fitting
results of Table 1 and the assignment of the D. baculatus
hydrogenase Ni EPR signals to a Ni site of distorted octa-
hedral symmetry (19).

Analysis of the Se EXAFS confirms the presence of a
first-row transition metal scatterer at a Se-M distance of ~2.4

and also identifies a single C scatterer at a typical Se-C
distance of 2.0 A. The short range of Se EXAFS data limits
our ability to accurately determine Se distances to heavy
scatterers (the amplitude functions of which peak at high &
values) and is probably the source of the discrepancy in the
Ni-Se (2.44 A) and Se-Ni (2.39 A) distances. We interpret the
Se EXAFS as a Se-Ni bond rather than a Se-Fe bond on the
strength of the Ni EXAFS evidence for a Ni-Se bond.
Further support for the existence of a Ni-Se bond has been
confirmed in EPR experiments on [NiFeSe]hydrogenase
isolated from D. baculatus grown on a medium supplemented
with 77Se0%~ (S. H. He, M. Teixeira, J.L., D. S. Patil,
D.V.D., B. H. Huynh, and H.D.P., Jr., unpublished data).
Thus, the best estimate of the [NiFeSe]hydrogenase Ni site
composition is 3-4 (N,0) at 2.06 A, 1-2 S,Ch at2.17 A, and
1Seat2.44 A.

The presence of a single C scatterer in the Se environment
strongly suggests that it is a selenocysteine residue coordi-
nated to the [NiFeSelhydrogenase Ni site. A recent re-
analysis of the DNA sequence for the D. baculatus [NiFe-
Selhydrogenase gene (J.L., H.D.P., Jr., G. Voordouw,
N. K. Menon, E. S. Choi, and A. E. Przybyla, unpublished
data) has identified a TGA codon, which has been shown to
encode selenocysteine (43-45). The deduced protein se-
quence in the region of this codon is homologous to the same
region of the [NiFe]hydrogenases (5), except that one of the
positions normally occupied by a cysteine is occupied by the
selenocysteine in the [NiFeSe]hydrogenase. Thus, two inde-
pendent pieces of evidence support the existence of a Ni—
selenocysteine bond in this hydrogenase. The presence of
selenocysteine has been demonstrated in the hydrogenase of
Methanococcus vannielii (46).

One of the major functional differences observed between
the [NiFeSe]- and the [NiFelhydrogenases is the H,/H?H
ratio measured in the 2H-H* exchange reaction (19, 20).
This ratio is usually <0.5 for the [NiFelhydrogenases but is
significantly >1 for the [NiFeSelhydrogenases (19). Thus,
the presence of selenocysteine has a significant effect on the
catalytic activity, possibly through its close proximity to the
‘‘active site.”” Our demonstration that the selenocysteine is
directly coordinated to the Ni site in the [NiFeSe]hydroge-
nase strongly suggests that Ni is part of the active site of a
Ni-containing hydrogenase.

The precise chemical explanation for the higher H,/H*H
ratio in the hydrogenases that contain Se will have to await
further experimentation. A higher H,/H?H ratio implies an
increased labilization of the proposed nickel hydride inter-
mediate (19), suggesting an effect of cysteine replacement by
selenocysteine on the nickel electronic structure and, thus,
the nickel hydride bond. Our Ni x-ray absorption edge

Table 2. Curve-fitting results for Se EXAFS of D. baculatus hydrogenase

Se-Ni Se-Fe Se-C
AdZ,, Adl, Ac,
Fit N, Ras, A A? Ns Ras, A A? N, Ra, A A? Vil
2A — — — a 2.34 0.0038 i) 1.9 0.0000 0.062
2B a) 2.39 0.0080 — — — (o)) 1.97 0.0000 0.080

N; is the number of scatterers per selenium; R, is the selenium-scatterer distance; s is a root-mean-square deviation

in Rys; Ao is ofe —

0Zodel, Where the models for Se-C, Se-Fe, and Se-Ni were PhSeSePh at ambient temperature,

Fe,Se;(CO)s at ambient temperature, and [Ni{Se,C2(CF3),)2] at 10 K, respectively. The k range of the fits was 4-10 A~?
f' is described in Table 1. Numbers in parentheses were not varied during optimization.
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spectra of [NiFelhydrogenase (22) suggest a very covalent
environment, with a significant chalcogenide (S, Se) partic-
ipation in the active site valence molecular orbitals. Redox
changes at the active site must then involve the S, Se ligand
atoms in addition to the Ni, providing the mechanism for the
Se substitution influence on the catalytic activity.
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