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Abstract: In the catalytic cycle of [NiFe] hydrogenase the paramagnetic Ni—C intermediate is of key
importance, since it is believed to carry the substrate hydrogen, albeit in a yet unknown geometry. Upon
illumination at low temperatures, Ni—C is converted to the so-called Ni—L state with markedly different
spectroscopic parameters. It is suspected that Ni—L has lost the “substrate hydrogen”. In this work, both
paramagnetic states have been generated in single crystals obtained from the [NiFe] hydrogenase from
Desulfovibrio vulgaris Miyazaki F. Evaluation of the orientation dependent spectra yielded the magnitudes
of the g tensors and their orientations in the crystal axes system for both Ni—C and Ni—L. The g tensors
could further be related to the atomic structure by comparison with the X-ray crystallographic structure of
the reduced enzyme. Although the g tensor magnitudes of Ni—C and Ni—L are quite different, the orientations
of the resulting g tensors are very similar but differ from those obtained earlier for Ni—A and Ni—B
(Trofanchuk et al. J. Biol. Inorg. Chem. 2000, 5, 36—44). The g tensors were also calculated by density
functional theory (DFT) methods using various structural models of the active site. The calculated g tensor
of Ni—C is, concerning magnitudes and orientation, in good agreement with the experimental one for a
formal Ni(lll) oxidation state with a hydride (H™) bridge between the Ni and the Fe atom. Satisfying agreement
is obtained for the Ni—L state when a formal Ni(l) oxidation state is assumed for this species with a proton
(H*) removed from the bridge between the nickel and the iron atom.

Introduction hydrogenase$,and the “metal-free” hydrogenasesAmong
those, [NiFe] hydrogenases represent the largest class.

The standard [NiFe] hydrogenase comprises a large conserved
subunit (60 kDa), which contains the active site, and a small
subunit harboring three irersulfur clusters: X-ray crystal-

Hydrogenases catalyze the reversible oxidation of molecular
hydrogen and play a vital role in anaerobic metabolisms of a
wide variety of microorganisms. In many anaerobes that use
Hz as a source of energy, hydrogenases couplexttiation to|ooahic studies of the oxidized enzyme fradesulfaibrio
the reduction of electron acceptors such as carbon d|0X|de,(D_) gigas’ D. wulgaris® D. fructosaorans® and D. desulfu-
sulfate, or sulfut The latter two possess a central function in ricans ATCC 277749 have revealed details of the heterobime-
the energy generatin_g mechanisms of sulfate reducing bacterig)ic catalytic center (Figure 1). The Ni atom is coordinated
of the genusDesulfaibrio. by the sulfur atoms of four cysteine residues. Two of them act

Three different kinds of hydrogenases have been characterizedys a bridge between the metals, and two of them are bound to
that can be distinguished by their metal content: the niekel  Nj as terminal cysteines. The X-ray structure indicated that the

iron ([NiFe]) hydrogenasésincluding the subfamily of the jron is further ligated by three inorganic diatomic ligarfd&?
nickel-iron—selenium ([NiFeSe]) hydrogenas&sie iron ([Fe])
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called Ni—L, is generated (for NiL, g ~ 2.29, 2.11, 2.053.It

is stable at temperatures below 100 K. At higher temperatures,
a conversion back to NiC is observed.The EPR properties

of Ni—L are different from those of the other forms; in
particular, the smallestj tensor component is shifted from
gs ~ 2.01 togs ~ 2.05.

Upon further reduction of the enzyme, the iresulfur clusters
are reduced. The proximal [4F4S]" cluster § = /,) magneti-
cally interacts with the unpaired spin at the [NiFe] center in
both forms, N+-C and Ni-L. This interaction leads to a splitting
of the EPR lines detectable below 105 K (termed “split”
Ni—C or Ni—L).17.18 At higher temperature, this interaction is
not seen in the spectra because of increased relaxation rates of

i 9

Figure 1. 2F,—F electron density map and atomic structure of the active the Iron__SUITur clusters. N
site of D. vulgaris Miyazaki F as obtained from X-ray structure analysis. Investigations and analyses of the EPR spectreiiii-
(Ni: green. Fe: Dink-feCySZ yellow. Diatomics: blue. Bridge: violet) substituted hydrogenase indicated that the Ni atom bears the
Left: The oxidized staferesults from a mixture of the NiA, the Ni—B, f f B ; . Pr
and probably the oxidized EPR silent state-ISi. Right: The reduced state main part .Of the spin density Oeféhfz active site in the oxidized
(probably a mixture of Ni-C and Ni-R),13 the third bridging ligand is lost @S Well asiin the_lzlreduced stateS: > ENDOR measurements
upon reduction. on an®’Fe-substituted samgferevealed that only a vanishingly

small part of the spin is found at the iron atom in all states.

They have been identified by FTIR spectroscopy as one CO Thus, the [NiFe] center of hydrogenases can safely be assumed

and two CN for the hydrogenases frollochromatium(A.) to be a bimetallic cluster with an iron atom in the low spin
vinosumandD. gigas!'*20n the basis of X-ray structure and Fe(ll) (S = 0) state. The oxidation and spin state of Ni is,
mass spectrometric analysis, one SO, one CO, and/orliaMe however, less clear.

been proposed for the hydrogenase fidmulgaris Miyazaki The active sites of [NiFe] hydrogenases are transition metal
F;813.14 however, FTIR spectroscopic investigations revealed clysters with four cysteines being “noninnocent” ligands. They
only the presence of CNand CO* are capable of delocalizing metal d electrons and consequently

In the as-isolated, that is, oxidized enzyme, a third bridging may carry significant amounts of unpaired spin den&igp.
ligand between the nickel and the iron atom was found whose Thus, the model of clearly defined oxidation states, as commonly
chemical nature is still a matter of debate. The small ligand applied in chemistry, should be used with care. In the following,
may be either an oxygen, as discussed in refs 15 and 16, or ahe oxidation states of Ni will be addressed@snal oxidation
sulfur specie§:1° The latter assignment is based on the long states to emphasize whether a formal reduction or oxidation
ligand—metal distance, the bond angle of only°9and the  has taken place, leading to a new paramagnetic state. Recently,
temperature factor that attains a reasonable value when sulfuit has been shown that density functional theory (DFT)
is taken for the structure refinemei® The coordination calculations can accurately probe the electronic structure of
geometry of the nickel ion in the oxidized state can best be bioinorganic complexe¥:2’With the availability of an efficient
described as a slightly distorted octahedron with one unoccupiedand reliable treatment of scalar relativistic (SR) effects and
ligand position. In the reduced enzyme, the bridging ligand is spin—orbit (SO) couplings in the ZORA Hamiltoni&@fpne can
absent in the X-ray structui(see Figure 1). calculate magnetic resonance parameters, that Eectron-

During catalysis, the hydrogenase cycles through various nuclear hyperfine, and electric quadrupole coupling tensors,
redox states and several of them are paramagnetic. These ardirectly from a Kohr-Sham wave function. We have demon-
termed Ni-A, Ni—B, and Ni~C. In aerobic enzyme prepara- strated the accuracy of this method for several transition metal
tions, a mixture of the paramagnetic “ready” (forN\B, g tensor
principal values are 2.33, 2.16, and 2.01) and “unready” (for (17) Cammack, R.; Patil, D. S.; Fernandez, V. Blochem. Soc. Trand.985
Ni—A, g ~ 2.31, 2.24, 2.01) forms is found, differing in their (18) #%if;fa_él\?f;' Moura, I.; Xavier, A. V.; Moura, J. J. G.; LeGall, J.; Der
activation rate. Ni—B is easily activated by hydrogen within a Vartanian, D.; Peck, H. D., Jr;; Huynh, B. H. Biol. Chem.1989 264,
few minutes, whereas NiA needs longer incubation times, up (19 gjgﬁ;}eﬁﬁsg; More, C.. Fournel, A Asso, M.: Hatchikian, E. C.:
to a few hours. In reductively activated enzymes, an EPR Williams, R.; Cammack, R.; Bertrand, Biochemistry1995 34, 4781-
detectable species is obtained, denominatedN{g; ~ 2.19, (20) 4A7||z9>)r2{cht, S.P.J.; Graf, E. G.; Thauer, R.FEBS Lett1982 140, 311—
2.14, 2.01% Upon illumination of the Ni-C state, a new species,

313.
(21) Moura, J. J. G.; Moura, I.; Huynh, B. H.; Kger, H. J.; Teixeira, M.;
DuVarney, R. G.; DerVartanian, D. V.; Xavier, A. V.; Peck, H. D., Jr.;
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systemg?:30 for evaluatingg values and the spin populations
of the paramagnetic states of [NiFe] hydrogents®sand for
explaining the difference between [NiFe] and [NiFeSe] hydro-
genase$! The method can thus be used to get insight into the
electronic and geometrical structures of the intermediate state
of the catalytic cycle of the hydrogenases by comparing

calculated magnetic interaction tensors obtained from geo-

metrically optimized models of the enzyme with tensors
measured by EPR techniques.

EPR spectroscopic studies in frozen solutions yield, however,

only theg tensor principal value® A direct determination of
the orientation of the principal axes of theensor with respect

S,

used for EPR experiments was approximate2Imm x 0.5 mm x

0.5 mm. The methyl viologen soaked crystals (1 mM methyl viologen
in the precipitant solution) were placed in thin walled quartz capillaries
that were marked to indicate the initial position for the angular
dependent EPR experiments. These capillaries were then transferred
to quartz EPR tubes (Wilmad 707SQ, i.d. 3 mm, 0.d. 4 mm or 705PQ,
i.d. 2 mm, o.d. 3 mm). The orientation of the crystal axes relative to
the laboratory axes system was determined by a preceding fit of the
angular dependence of the EPR transitions of the oxidized crystals at
room temperature by use of the known direction cosines af teasors

of Ni—A and Ni—B (for details see ref 34). These crystals were then
reduced under pure hydrogen gas at°87and atmospheric pressure
for 2—3 h. The position of the crystals in the tube was not changed

to the crystal structure, which can be related to the molecular during this procedure. The EPR spectra of the crystals were subse-

structure, is available from EPR studies on single crystals. Thi
has been demonstrated earlier by3Ger et a3 and Trofanchuk

et al3*for the oxidized states of the enzyme using single crystals

of the hydrogenase froD. vulgaris Miyazaki F.

In this work, we present the results of single-crystal EPR
studies of the hydrogenase in the-N0 and the Ni-L state.
The availability of an X-ray structure at high resolution of the
reduced hydrogenase frobh vulgaris Miyazaki F-3 allows us
to relate theg tensor orientation of the NiC and Ni-L states

s quently tested at room temperature /B EPR transitions disap-

peared, and a new set of signals belonging te-Gliemerged. The
crystals were then rapidly frozen in liquid nitrogen. lllumination of
the crystals, to gain the NiL state, was performed with white light
(halogen photo optic lamp, 250 W) at liquid nitrogen temperature
(77 K).

Solutions & 2 M NaCIO/HCI, pH = 1.5, with variable amounts of
anhydrous CuS£(100-500uM) were used as a EPR standard for the
spin quantification that was carried out as described in ref 38.

EPR Experiments and Data AnalysisEPR measurements on single

to the molecular structure. Furthermore, we compare the derivedcrystals were performed at X-band with a Bruker ESP 300E spectrom-

experimental tensor magnitudes and orientations with those
proposed by density functional theory (DFT) calculations,
performed on various geometrically optimized models of the
active sites in the NitC and Ni-L form. The results are
compared with the work of Mier et al.3®> who determined the
g tensor orientation for NiC based on EPR and ENDOR data

on two different hydrogenases in frozen solution and obtained

a different orientation. On the basis of our experimental and

eter equipped with a Bruker dielectric ring resonator (ESP380-1052
DLQ-H) and an Oxford helium cryostat CF 935200 K). Enzyme
solutions were measured in a Bruker double resonator (4105DR)
equipped with an Oxford helium cryostat ESR 910. The field was
calibrated with a Bruker ER035 teslameter, and the microwave
frequency was measured with a Hewlett-Packard 5352B frequency
counter. CW EPR spectra were recorded at 298 K andT = 50 K.
g Tensor Analysis.Theg tensor is characterized by three principal

values: g1, g2, andgs. The orientation of the principal axes with respect

theoretical work, we will address several of the open questionS ; the laboratory frame is obtained from analyzing the angular

in hydrogenase research, namely the formal oxidation states ofgependence of EPR transitions of single crystals. Experimentally, the
nickel in all its paramagnetic intermediate states, the structure respective spectral positiong6,¢) are obtained from the resonance

of the [NiFe] cluster, including the type of the third bridging

ligand between the metals, and the functional role of the active

center of the enzyme in the hydrogen conversion process.

Materials and Methods

Sample Preparation. The membrane-bound hydrogenase frbm
vulgaris Miyazaki F was isolated and purified as described previotfsly.

condition

hv = g(60.¢)5B, 1)
whereh is Planck’s constant; is the spectrometer frequengyijs the
Bohr magneton, and(6,¢) is the effectiveg value. The angle§ and
¢ describe the orientation of thgtensor principal axes with respect to

Single crystals of the hydrogenase were grown by the sitting drop vapor the magnetic fieldB,. Depending on the numbgrof magnetically

diffusion method from 33% MPD (2-methyl-2,4-pentane-diol) and 25
mM TrisHCI buffer solution at pH 7.47 The crystals belong to the
orthorhombic space group2;2:2; and contain four magnetically

inequivalent molecules per unit cell (sites), we observe a corresponding
number of resonance positioftdn the case of the space groBg2:2,
four magnetically distinct molecules are found in the unit cell; thus,

inequivalent molecules (sites) per unit cell. Their respective orientations one expects a maximum of four resonance lines in the EPR spectrum.

are related to each other by a &rew axis. The size of the crystals

(29) Stein, M.Insight into the Mechanism of [NiFe] Hydrogenase by means of
Magnetic Resonance Experiments and DFT Calculatibugtoral Thesis,
Technische UniversitaBerlin, Berlin, Germany, 2001.

(30) Stein, M.; van Lenthe, E.; Baerends, E. J.; Lubitz, WWPhys. Chem. A
2001, 105 416-425.

(31) Stein, M.; Lubitz, WPhys. Chem. Chem. Phy2001, 3, 5115-5120.

(32) Moura, J. J. G.; Teixeira, M.; Moura, |.; LeGall, J. Tie Bioinorganic
chemistry of nickelLancaster, J. R., Jr., Ed.; VCH: New York and VCH
Verlagsgesellschaft mbH: Weinheim, Germany, 1988; Chapter 9, pp 191
226.

(33) GéBner, C.; Trofanchuk, O.; Kawagoe, K.; Higuchi, Y.; Yasuoka, N.; Lubitz,
W. Chem. Phys. Lettl996 256, 518-524.

(34) Trofanchuk, O.; Stein, M.; @aer, C.; Lendzian, F.; Higuchi, Y.; Lubitz,
W. J. Biol. Inorg. Chem200Q 5, 36—44.

(35) Miller, A.; Tscherny, I.; Kappl, R.; Hatchikian, E. C.; ttarmann, J.;
Cammack, RJ. Biol. Inorg. Chem2002 7, 177—194.

(36) Yagi, T.; Kimura, K.; Daidoji, H.; Sakai, F.; Tamura, S.; Inokuchi, H.
Biochem. (Tokyol976 79, 661-671.

(37) Higuchi, Y.; Yasuoka, N.; Kakudo, M.; Katsube, Y.; Yagi, T.; Inokuchi,
H. J. Biol. Chem.1987, 262, 2823-2825.

If the magnetic field is located in a crystallographic plane, two signals
pairwise coincide and a maximum of two signals is observedy 5B
parallel to one of the crystallographic axes, only one 4-fold degenerate
resonance line is detected.

In our work, theg tensor principal axes have been determined by
investigation of arbitrarily oriented single crystals. Three right-handed,
orthogonal reference frames were defined: the laboratory frame (
the crystal frame @), and the intrinsic framel}. In the latter, they
andg? tensors are diagonal ane- 1, 2, 3 represents the tensor principal
axes. These three frames are related by rotations, which can be described
by three Euler angles each. In our analysis, we determined the direction
cosines of they tensor principal axes (1, 2, 3) in the crystal frame
(a, b, ¢). The fit routine always attributes the largest princigalalue

(38) Weil, J. A;; Bolton, J. R.; Wertz, J. [Electron Paramagnetic Resonance;
Jon Wiley & Sons: New York, 1994.
(39) Morton, J. R.; Preston, K. B. Magn. Reson1983 52, 457-474.
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Figure 2. Composition of the model of the active site used for DFT
calculations: X denotes the bridging ligand (in the reduced states a

T T T T
2.3 2.2 2.1
g-value
Figure 3. EPR spectra of reduced (NC) and illuminated (Ni-L) solutions
of the [NiFe] hydrogenase from. vulgaris Miyazaki F and the respective
simulations (dashed). The simulations were performed using an in-house
simulation prograrf? with the following parametersg; = 2.195, 2.144,

hydrogenic species or empty) and Cys denotes ethanethiolate residues as 8 010 (error+ 0.002) and a line width of 141.3 mT (for Ni=C), gi =

model for the cysteines. The arrow points to the vacant axial sixth
coordination site at the nickel. Note that the structure shown is the result
of the geometry optimization for NiC with X = H~. (Figures 2 and 68

were generated using the program MOLSCROT.

to g1 and the smallest tgs. Detailed information about the fit algorithm
used can be found in ref 33.

The effectiveg values of the four siteg gj(6,¢), were collected
from EPR spectra of single crystals in an arbitrary orientation rotated
about an axis perpendicular to the magnetic field by an angRy a
simultaneous fit of all four sites using a numerical fit routine based on
a simplex algorithm described in detail in ref 40, the three prinajpal

values and the six Euler angles defining the relations between the frames

L andC and betweerC and| have been determined.

DFT Calculations. We performed relativistic DFT calculations
within the “zero-order regular approximation” (ZORA) for relativistic
effectd?3. The ZORA formalism as implemented in the Amsterdam
Density Functional (ADF) package was appliéd® The calculations
are single-point calculations at nonrelativistic (NR) or scalar-relativistic
(SR) geometrically optimized structures, since no gradients for ZORA
calculations with spir-orbit coupling are availabl&. For all calcula-
tions, we used the BP86 exchange-correlation functférfdithat has
been shown to yield good results in calculatqignsors'’® Geometries
were optimized with an all-electron doubleSlater-type basis set with
polarization functions (basis Il in ADF nomenclature). A model cluster
was constructed from the PDB coordinates of the enzyme (2BRV
The model consists of a nickel, an iron atom, two Cihd one CO as
terminal ligands to the iron atof,and four-S—CH,—CH; moieties

2.296, 2.118, 2.046 (errat 0.002) and a line width of 0:40.6 mT (for
Ni—L). Experimental conditions: X-Band, 9.6 GHE= 50 K, microwave
power 1 mW, field modulation 100 kHz, modulation amplitude 1 mT,
accumulation time 420 s, each.

vulgaris Miyazaki F, it was not chosen as a ligand in the model, as
spectroscopic properties such gwalues could not be reproduced,
see!62529 During the geometric optimizations, no constraints were
imposed on the cluster.

Results and Discussion

EPR Measurements and Fit of the Data.Representative
EPR spectra of NiC and Ni-L in frozen solutions are shown

in Figure 3. The principad) values,gi, g2, andgs, that are very
similar to values measured for [NiFe] hydrogenases from other
organism& have been found by simulations (see Figure 3,
caption).

For the determination of thg tensor principal axes with
respect to the spatial structure of the active site, a knowledge
of the orientation of the crystallographic axes, p, c) is
required. In previous work of our group, tgeensor orientations
of the states Nt A and Ni—B with respect ta, b, andc have
been determined by a combination of EPR spectroscopic and
X-ray diffraction data334 By using these knowrg tensor
parameters, we assigned the crystal axes orientation for our
specifically mounted crystal in the oxidized state ()/B).

representing the cysteine amino acids (Figure 2). Even though an SOSince the orientation of the crystal was not changed during

is proposed as a terminal ligand to the iron in the active sit®.of

(40) GeBner C.NiFe—Hydrogenasen: Beitige der EPR-Spektroskopie zur
Strukturaufklaung des aktien Zentrums Doctoral Thesis, Technische
Universita Berlin, Berlin, Germany, 1996.

(41) van Lenthe, E.; Baerends, E. J.; Snijders, JJ.GChem. Phys1993 99,
4597-4610.

(42) van Lenthe, E.; Baerends, E. J.; Snijders, JJ.&Chem. Phys1994 101,
9783-9792.

(43) van Lenthe, E.; Ehlers, A.; Baerends, E1.Xhem. Physl999 110, 8943
8953

(44) Scientific Computing and Modelling NV, ADF Program Systesiease
2000.02; Vrije Universiteit, Theoretical Chemistry: De Boelelaan 1083,
1081 HV Amsterdam, The Netherlands.

(45) te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca-Guerra, C.; Van
Gisbergen, S. J. A,; Snijders, J. G.; Ziegler,JT.Comput. Chem2001,

22, 931-967.

(46) Becke, A. D.Phys. Re. 1988 A38 3098-3100.

(47) Perdew, J. PPhys. Re. 1986 B33 8822-8824.

(48) Perdew, J. PPhys. Re. 1986 B34, 7406.

(49) Belanzoni, P.; van Lenthe, E.; Baerends, El. Chem. Phys2001, 114,
4421-4433.
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activation and conversion to NiC, we related the orientation

of the crystal axes of the oxidized to that of the reduced state.
After illumination of the sample with white light, a partial
conversion of Ni-C to Ni—L was achieved. This allowed us
to measure thg tensor orientation relative to the crystal axes
of both forms in the same crystal and in one set of angular
dependent EPR spectra (Figure 4).

According to our EPR experiments, no major structural
changes of the protein took place upon reduction and the single
crystalline character of the sample was fully retained. Additional
evidence for that came from X-ray structure analysis. The atomic
coordinates hardly differed from those of the oxidized enzyme
concerning the direct Ni coordination sphere. The rms (root-
mean-square) deviation of the distances for atomic positions
between the oxidized and reduced structure was 0.29 A for the
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Figure 5. Angular dependence of the effectig&values. The dots represent
10° experimental values derived from the spectra depicted in Figure 4. The
0 black dots @) are the values taken for the fit routine. The curves show the
theoretical resonance positions for\C (- - -, top) and Ni-L (-+-, bottom)
calculated by a simultaneous fit of all four sites to the resonances of the
respective stat& The four sites per unit cell are marked by roman numbers.
\ T T T A 180 rotation of theg tensor orientation of site | about the crystal axis
300 320 340 360 yields site Il, aboub yields site Ill, and about yields site 1V, respectively.

R [mT] Note that a relation between the site numbering of ®iand Ni-L cannot
0 be given a priori (see text).
Figure 4. Angular dependence of EPR resonance positions of the reduced ) ) )
and illuminated [NiFe] cluster in a single crystal of [NiFe] hydrogenase concentration of 40t 10% relative to that observed in the
from D. vulgaris Miyazaki F containing both NiC (--) and Ni-L (- - -). oxidized state (N A/Ni—B), in agreement with values found

Rotation of the sample in an arbitrary orientation about an angle . . 0 P
perpendicular to the applied magnetic field. The dominant signglat in the literature It can be assumed that the rest is in the EPR

2.00 results from reduced methyl viologen; gt~ 2.06, a signal of the  Silent state (Ni-Si).2 Under hydrogen gas atmosphere, the-Ni
dielectric ring resonator due to €t impurities is observed that shows no  A/Ni—B signals in the single crystals vanished completely and

angul_ar dependence. Experimental condition§: X-Band, 9.8 CFHz,SO_ a new species, NiC, appeared. Only one set of four resonance

K, microwave power 1 mW, field modulation 100 kHz, modulation i t . b dinth tra (dat t sh

amplitude 1 mT, accumulation time 140 min for each trace. |ne.S a. m{mmum was observed in the spectra (da ‘? nots .OWD)
which indicated the presence of one paramagnetic species in

metal centers and 0.24 A for the main chain atém the the reduced single crystal. By illuminating the crystal at low
active site, the Ni-S(Cys) bond angles were changed by less temperatures, an additional set of resonance lines, which could
than 7 and the respective bond lengths varied $9.08 A be assigned to the NiL species, was generated (see Figure 4).
compared with those of the structure of the oxidized state. The effectiveg values of the EPR transitiorg(6,¢) were

The EPR spectra of oxidized (data not shown) and reduced directly taken from the EPR spectra (erraknc ~ + 1°, Ag =+
single crystals exhibited resonance lines that varied systemati-0-002). Because of the strong superimposed EPR signal of
cally with the orientation of the crystal relative Ba. According methyl viologen ag ~ 2.00, we only considered the range of
to the space groufP2,2:2:, the periodicity of the angular 2291 0i(0,¢) = 2.033 in our analy5|s.. The results of the fits
dependent spectra is 180n the case of oxidized single crystals, or Ni—C and for Ni-L are shown in Figure S.
the spectra exhibited two sets of four lines that correspond to _ 1he fit procedure yielded the principg values and the
the presence of the two paramagnetic species,B\Nand Ni— direction cosines of thg tensor principal axes with respect to
A. In the oxidized enzyme, ratios of EPR active species of about the crystal frame (Table 1). Thg tensor principal values
70 + 10% Ni—B and 30+ 10% Ni—A were found both in the  determined from the analysis of single crystal EPR spectra were
protein solution and in the single CrySté‘@“‘ Upon reduction (50) Coremans, J. M. C. C.; van der Zwaan, J. W.; Albracht, S. Bioghim.
of the solution with hydrogen, we typically obtained a spin Biophys. Actal992 1119 157-168.
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Table 1. Principal Values and Direction Cosines of the g Tensors
of Ni—C and Ni—L in Single Crystals of the [NiFe] Hydrogenase I
from D. vulgaris Miyazaki F@

Ni—C
1 2 3
o] 2.198 2.142 2.012
lai 0.461 0.455 —0.762
i —0.204 —0.781 —0.590
lci —0.864 0.428 —0.267
Ni—L
1 2 3
o] 2.298 2.116 2.045 I
lai 0.556 0.355 —0.751
i —0.325 —0.739 —0.590
lci —0.765 0.572 —0.296

ag;: gtensor principal values € 1, 2, 3) as obtained from the fit routine.
li: direction cosines of thg tensor principal axesi = 1, 2, 3) in the
crystal axes systemk(= a, b, ¢) for the respective sites | of the four
magnetically inequivalent sites.

identical within error to the values for NIC and Ni-L in frozen M
solutions (Table 1). The error of thgetensor orientations was
determined to be less thaf.2According to the space group
P2,2,2,, four differentg tensor orientations were obtained. The
direction cosines of the principal axes of tgeensor of the
remaining three sites can be obtained by appropriate rotations
about one crystal axisa( b, or ¢), which corresponds math-
ematically to a permutation of signs. This has been done
independently for Ni-C and Ni-L.

Experimental g Tensor Orientation of the Ni—C State.In v
the next step, thg tensor axes in the crystal frame had to be
assigned to the four possible sites in the unit cell. In principle,
this is not possible from the EPR data alone. However, when
the four possible assignments are compared, one assignment is
favored on the basis of molecular orbital and crystal field theory
considerations as detailed later. The four possipleensor
orientations of the NtC state of the active site of the
hydrogenase frorD. vulgaris Miyazaki F are overlayed to the ) ) ) i . )

X-ray siucture ofthe reduced enzyifer Figure 6. Since the  F047e &, Streaviews of e foutpossiiptenser sriniatons e |

largest part of the spin density of the [NiFe] cluster is located enzyme. The roman numbers correspond to the labeling of the four sites as
at the Ni atomd® 22 and the nickel ion contributes most to the indicated in Figure 5, top.

g anisotropy (via its dominant spirorbit coupling?), the

displaveda t tered on this at values are notably larger than 2. This indicates a formal Ni(lIl)
|S_I[_Jhaye g.elnsors are C(:nhere oln ) IS atom. ddh in a Siz ground state in all three cas&swhich is also
he spana structure of the catalytic center. andd ensor supported by the results of DFT calculati&mas discussed later.
orientations are closely related to each other, since the interactiony/han the coordination geometry and the nature of the ground
of the unpair ed electron spin at_the metal_ site _W'th the state of the active state are taken into account, the directions of
surrounding ligands largely determines the orientation of the the gs axis should be retained in all these states, that is, along

) . s .
?‘Xes‘? In _the O_X'dlzed forms, the coqrdlnatlon Of_ the Ni _atom the Ni—=S(Cys549) bond and pointing to the unoccupied sixth
in the active site can be described either as a slightly distorted coordination site in the X-ray structure (Figure 1)

octahedron where one ligand position is empty or as a strongly  \\/a calculated the angles between gitensor principal axes

digtor_ted _square pyramid (l_:igure 1). Upon reduction, the and the respective NiS bonds of the coordinating cysteines
bridging ligand is removed (Figure 1) and supposedly replaced for all four possibilities using the coordinates of the X-ray

by a hydrro]gelnic species; thus, ?coordination sphere similar 0 .\, tre of the reduced enzyt¢Table 2). Only one out of
Ni—A/B should be retained (see later). EXAFS studies indicated the four given orientations fulfilled the above-discussed criterion,

that t'he formal o>§idation state of the N! center is Ni(lll) in-Ni as all other orientations notably deviate from the-S{Cys549)
A, Ni—B, and Ni—C 52 The gz values in all these states are bond (see Figure 6)

close to the free electron valigs, and the other principay The following assignment of thgtensor axes for the NiC
(51) Salerno, J. C. IBioinorganic chemistry of nickeLancaster, J. R., Jr., state Is therefore, PrOposed: Tg@dl'rectloln is retained with
Ed.; VCH: New York and VCH Verlagsgesellschaft mbH: Weinheim, —respect to the oxidized states, and it deviates only by an angle

Germany, 1988; Chapter 3, pp-531. o ; i R34 :
(52) Davidson, G.; Choudhury, S. B.; Gu, Z.; Bose, K.; Roseboom, W.; Albracht, of 7° from thegs axis of Ni-B;* g andg, are eXChangeq with
S. P. J.; Maroney, M. Biochemistry200Q 39, 7468-7479. respect to the oxidized states-NA and Ni—B. Thegs axis of
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Table 2. Angles (deg) between the Ni—S(Cys) Bonds of the X-ray Table 3. Comparison of Calculated g Tensor Principal Values for
Structure of the Reduced Hydrogenase from D. vulgaris Miyazaki Various Complexes with Different Types of the Bridging Ligand X
F13 and the g; Tensor Principal Axes (i = 1, 2, 3) of the Ni—C and between Ni and Fe with Experimental Values of Ni—C and Ni—L
the Ni—L States for the Four Different Sites — -
oxidation state type of bridge o 92 O3
N—C Nt NI vacant bridge 228 203 199
site direction 1 2 3 1 2 3 Ni(l1) H ~ axial2 vacant bridge 2.13 206  2.02
. i e
| Ni—S(Cys81) 12 90 78 17 80 76 N!(III) H N axial2 H™ bridge _ 2.13 2.02 1.96
i Ni(l11) H +—S(Cys546), H bridge  2.24 2.06 1.99
Ni—S(Cys84) 87 14 76 77 19 77 . o
i Ni(l1) H ~ bridge 2.20 210 2.00
Ni—S(Cys546) 84 17 74 86 15 75 . -
i Ni(l) vacant bridge 2.26 2.10 2.05
Ni—S(Cys549) 85 88 5 87 88 3 Nifl H- brid 209 203 203
Il Ni-S(Cys8l) 45 74 49 51 68 48 in ridge : ' :
Ni—S(Cys84) 78 45 48 84 42 48 Ni—C (expt) 220 214 201
Ni—S(Cys546) 74 38 57 82 33 58 Ni—L (expt) 2.30 212  2.05
Ni—S(Cys549) 41 50 83 30 61 84
1l Ni —S(Cys81) 32 60 80 42 49 82
Ni—S(Cys84) 72 63 33 69 67 32 aligand bound to Ni at the sixth position (see arrow in Figure®2jh

Ni—S(Cys546) 62 65 39 59 70 38 ref 2, a value of 2.19 was found.
Ni—S(Cys549) 81 20 72 71 27 72

v N‘i:gggzzgig gg ig gg 2? gé Zg DFT Calculations of the g Tensor Orientation in Ni—C.
Ni—S(Cys546) 51 54 60 44 62 59 In the crystal structure of the reduced form, the bridging ligand

Ni—S(Cys549) 58 74 36 61 68 38 found in the oxidized forms NtA and Ni—B58is removed
and its position is vacaft:’® EPR spectroscopy cannot detect
. . . a potential substrate @gfor product (H or H™) binding in this
Ni—C deviates from the NtS(Cys549) bond by an angle of = gjie since the hyperfine interaction is smaller than the EPR line
only 5°; g1 lies near the Ni-S(Cys81) bond. The orientation of |\ iqth. ENDOR investigations of the NiC state of [NiFe]
the g, axis corresponds approximately to the S(Cys54%6)- hydrogenases were performed, in bo©OHnd RO, on [NiFe]
S(Cys84) direction (see site | in Figure 6). hydrogenases fromhiocapsa (Th.) roseopersicitfaand from
Our proposedg tensor orientation is supported by the giga$® and found large BO exchangeable hyperfine
following experiments: (i) Guigliarelli et al. analyzed the couplings of about A(HL} 17 and 20 MHz, respectively. It

solution EPR spectra of “split” NiC of the hydrogenase from a5 proposed that this coupling belongs to a hydrogenic species
D. gigasrecorded at different microwave frequenciésVhen directly bound to the Ni center, probably in an in-plane position

the principalg values of the proximal [4Fe4S]" cluster are  rgjative to the 3d orbital 58 This result was considered in finding

assumed to be similar to those of [4F4S]" ferredoxins, the 4, appropriate structural model for the catalytic site in the®li
EPR spectra have been simulated by considering the magnetiG;ate for our DET calculations.

interactions between two point dipoles, namely the [NiFe] center
and the proximal irorsulfur cluster. The relative arrangement
and g tensor orientation of the Ni center with respect to the axially coordinated H, and with an axial H. Neither yielded

proximal cluster were obtained. The resultggensor orienta- g yajyes in good agreement with experiment (Table 3). A formal
tion is similar to gz‘e one we determined for the oxidized states, () oxidation state with an empty bridge or a bridging hydride
Ni—A and Ni—B,* which have theys axis in the same direction 4|4 also not reproduce the experimental results. The involve-

as the reduced states. (i) Orientationally selected ENDOR mant of the ligating cysteine residues in the hydrogen cleavage
spectroscopy was performed recently on the-Qistate in @ 55 4150 been tested. Protonation of a bridging cysteine led to

related [NiFe] hydrogenasé.*® The ENDOR spectra were g preakup of coordination to one metal fitherefore, a proton
analyzed in detail and could only be simulated Sssatlsfactorlly bY at one of these sulfur atoms could be excluded. The terminal
usmg our pror;c;seg tgnsor orientation (§|te P)“.: . cysteines may however act as base in the heterolytic hydrogen
Mller et al® published ag tensor orientation for NiC cleavage process. Assuming that the hydride remains in the
derived from the analysis of orientationally selected ENDOR position of the bridging ligand and, for example, Cys546 is
spectra of the [NiFe] hydrogenase frob. gigas and the  raonated in the NiC state, one obtaing values that do not
[NiFeSe] hydrogenase from. baccglatum both measured N agree well with experimental data (see Table 3). Only when an
frozen solution. They performed a simultaneous fit of the proton Ni(I11) with an H- bridge located between Ni and Fe was used,

hyperfine couplings at the respective positions, ¢heensor good agreement with thgtensor magnitudeandthe principal
orientation, and the spin density distribution to the ENDOR data. ;4es orientation has been obtained. The calculgtéensor

The proposed) tensor orientation by the authors significantly  rientation shows thags is indeed retained compared to the
deviates from all four possiblg tensor orientations obtained  jirection in Ni-A/B: it lies close to the N#-S(Cys549) bond.
by our single crystal EPR studies and can therefore not be e g1 andg, axes are approximately interchanged compared
correct. to the oxidized forms; in the NiC state, they; axis with the
largest principalg value points toward the position of the

First, we have calculated a formal Ni(lll) oxidation state with
a vacant bridging position, with a bridging proton, with an

(53) Ni—C was studied in the regulatory [NiFe] hydrogenase fi@aistonia
(R.) eutrophathat shows EP®R55and FTIR+67.68signals typical for the
Ni—C state in standard hydrogenases and is thus a good model for this (56) Garcin, E.; Vernede, X.; Hatchikian, E. C.; Volbeda, A.; Frey, M,

systen®* Fontecilla-Camps, J. GStructure1999 7, 557-566.

(54) Brecht, M.Hochfeld und Puls EPR Untersuchungen an den Kofaktoren (57) Whitehead, J. P.; Gurbiel, R. J.; Bagyinka, C.; Hoffman, B. M.; Maroney,
von [NiFe]-Hydrogenasen: Beitige zur Klaung des Mechanismus der M. J.J. Am. Chem. S0d.993 115 5629-5635.
biologischen Wasserstoffspalturigpctoral Thesis, Technische Univefrsita (58) Fan, C.; Teixeira, M.; Moura, J.; Moura, |.; Huynh, B. H.; LeGall, J.; Peck,
Berlin, Berlin, Germany, 2001. H. D., Jr.; Hoffman, B. M.J. Am. Chem. S0d.991, 113 20—24.

(55) Buhrke, T.; Brecht, M.; Lubitz, W.; Friedrich, Bl. Biol. Inorg. Chem. (59) Pavlov, M.; Siegbahn, P. E. M.; Blomberg, M. R. A.; Crabtree, RJH.
2002 7, 897-908. Am. Chem. Socd998 120, 548-555.
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Ni-C An indication that theg tensor orientations of NiC and
Ni—L are similar comes from studies of Dole etf&These
authors analyzed the “split” NiC and Ni-L EPR spectra in
frozen solutions of the standard hydrogenase fiongiga$®
which result from the magnetic interaction with the proximal
[4Fe—4S]" cluster § = ). It was found that the relative
orientations of the magnetic axes of the proximat-Becluster
and the [NiFe] center in the NiL state and the NtC state are
not greatly changed by the photodissociation process. The
deviations between thg tensor axes of the two investigated
states were found to be relatively small {26r g3).5° It can be
assumed that the electronic structure andjttensor orientation
Ni-L of the iron sulfur cluster are not affected by the illumination.

Comparing the EPR spectra of hydrogenase in the different
paramagnetic states, one finds that-Nino longer exhibits a
resonance line neay~ 2.0 as Ni-A, Ni—B, and Ni~C. The
lowestg value is now shifted tg ~ 2.05. It has been proposed
that this finding indicates a ground state different frorrizSd
and a formal Sﬁ_yz ground state has been discussed for this
situation (see ref 32 and references herein). If we assume a
?,diz_y2 ground state, thg tensor axes should not deviate much
from the Ni-S(cysteine) bonds, the same holds if the,3d
ground state is retained. In Table 2, the deviation of theNi
Figure 7. Stereoviews of the resultingtensor orientations of NiC and g tensor axes from the NiS(Cys) ligand bond directions are
Ni—L obtained from DFT calculations on the geometrically optimized given for the four different sites in the crystal unit cell. Only
structures shown. Note that the Cys residues are truncated for clarity. . . . . S

one out of four possible orientations, namely site I, which is
very similar to theg tensor orientation of NiC, fulfilled the
requirement of minimal deviations between tipéensor axes
and the Ni-S(Cys) bonds. The same assignment has been found

Cys81, 12 betweeng, and Cys84, and %betweengs and as the most likely one in the case ofNC (see above), showing

Cys549. The respective experimental angles (site 1) afe 12 that the twog tensor orientations are indeed very similar.

14°, and 5 (see Table 2). The other three possible experimental  For the Ni-C state, we have shown that this species is best

orientations, belonging to the other three sitespatagree with ~ described by an Ni(lll) bearing a hydride bridge (Fbetween

the calculations. the nickel and the iron atom. Earlier EPR and ENDOR
We subsequently took a closer look at the electronic structure €xperiment¥’ on standard hydrogenase conclusively showed a

of the Ni atom in the Ni-C form. A natural atomic charge large exchangeable proton hyperfine coupling that was lost upon

(NAC) analysis yielded an orbital occupation of the unpaired conversion of Ni-C to Ni—L. This effect was interpreted as a
electron of 3@02, T 3d/—0-05 9 and 3§* and thus photodissociation of a hydrogenic species bound to the EPR

showed the clear preference of thze;g:,)ibital. The remaining ~ active centéy:5857%ithat probably leads to a redistribution or
spin density is delocalized over the sulfur atoms of the anincrease of the electron density at the [NiFe] site, as detected
coordinating cysteine amino acid residues (see ref 25). It shouldPY IR spectroscop¥:®2XAS data do not show a pronounced
be mentioned that we also obtained good agreement betweerlNi K-edge shift upon conversion from NC to Ni-L that
the calculated and available experimeritd] 5’Fe, and®INi would indicate a metal centered two electron photoreduction
hyperfine coupling constants for NC in the chosen geomet?§. ~ Process at the [NiFe] sifé€:5" Also, a change in the number of
orientations and the hfc's of various magnetic nuclei indicates EXAFS; however, the determination of the absolute number of

that the structure of the NiC intermediate is basically correct.  ligands is quite difficult, especially in the case of hydrogen being

Experimental g Tensor Orientation of the Ni—L State. a possible candidaf&:5” We assume that in this dissociation
The set of direction cosines for NL derived from the fit ~ Process the bridging hydrogen is lost, either asdd as H,
routine is very similar to that of NiC (see Table 1). However, the latter leading to a formal reduction of the [NiFe] site in the
the assignment to the four molecules in the unit cell for-Ri Ni—L state. In this limited valence picture, one would obtain a
and Ni~L is a priori not known. A possible assumption is that ~ formal Ni(ll) d” or a formal Ni(l) & species, respectively. This
the orientation is not significantly changed in the light-induced 9uestion can be solved by a comparison of the experimgntal
process at low temperatures (although gttensor magnitudes ~ tensor magnitudes and orientations with those calculated by DFT
are). On the basis of this model, we looked for the most similar ON various structural models of the active site as detailed below.
axes orientations. The result is shown in Figure 8 in which both
experimenta tensors of Ni-C and Ni-L are assigned to site  (60) BDOE‘?Z)'C:H?EM?‘S({?E@%?3'\é'°£%?’g-5?;§gg“ma0kv R.; Bertrand, P.; Guigliarell,
I. In this assignment, thgz axis is retained in both states (61) van der Zwaan, J. W.; Albracht, S. P. J.; Fontijn, R. D.; Slater, EEBS
(deviation of 2), whereas those a@f; andg, are rotated in plane Lett. 1983 179 271-277.

(62) Bagley, K.; Duin, E. C.; Roseboom, W.; Albracht, S. P. J.; Woodruff, W.
by 10°. H. Biochemistryl995 34, 5527-5535.

(bridging) hydride (see Figure 7). The calculatgdtensor
orientation compares remarkably well with the experimentally
determined site |. The calculated angle is betweeng; and
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Table 4. Comparison of Calculated and Experimental g Tensor Principal Values and Orientations of Ni—L. Deviations of the g Tensor Axes

Orientation from the Nickel—Ligand Bonds Are Given in Degrees

g values g tensor axes orientation
0 % Us 0 (9:-S(Cys81)) 0 (9:-S(Cys84)) U (gs—S(Cys549))
Ni—L2 ZORA® 2.276 2.101 2.054 17 49 37
Ni—LP ZORA® 2.257 2.097 2.049 22 34 23
Ni—LP QR ROKS! 2.291 2.112 2.067 24 18 15
Ni—LP QR UK& 2.211 2.138 2.090 22 13 8
Ni—L (expt) site | 2.298 2.116 2.045 17 19 3

a Geometry of Ni-C retained for this calculatio®.Optimized geometries of NiL used forg tensor calculations. ZORA denotes the “zero-order regular
approximation” Hamiltonia#? which treats spirorbit coupling self-consistently! QR is the “quasi-relativistic” Hamiltoni#fwhich allows a spin-restricted
(ROKS) and spin-unrestricted (UKS) approximate treatment of-spihit coupling.

DFT Calculations of the g Tensor Orientation in Ni—L.
On the basis of the structural model of the-\listate developed
in the previous section, we have performed relativistic DFT

principal axes are somewhat more closely oriented along the
Ni—ligand bonds.

The deviation between the measured and calculgtedsor

calculations to accurately describe the electronic structure of grientations for Ni-L (see Table 4) is larger than that for the

this species and to obtain the relagg¢and hyperfine) tensors
(cf. also refs 16 and 29).

The following reactions are in principle possible. (i) Photo-
dissociation of a hydride: The hydride is removed from Ni(lll)
and takes its two electrons with it.

Ni(Il1) —C_L:; Ni(IlT) —L

Here, the Ni would remain in a formal Ni(lll) state but a nearby
hydride acceptor would have to be found. The calculation yields

Ni—C form. This may be due to the fact that the photodisso-
ciated proton, which is probably transferred to a nearby amino
acid, has not been included in our calculations. Nevertheless,
we can reproduce the overall experimergabnsor orientation
(see Figure 7). From the calculations alone, a definite conclusion
about the structural parameters of the active site upon illumina-
tion cannot be made. The electronic structure is not greatly
affected by relaxing the structural constraint of the—ISi
conformation.

In the ZORA Hamiltonian, the spirorbit coupling is treated

g values of 2.28, 2.03, and 1.99 (Table 3), which do not agree Variationally in a self-consistent spin-restricted manner. We have

with the g values measured for the enzyme. (ii) The bridging

also performed spin-unrestrictgdensor calculations in which

ligand is removed as a proton: The two electrons remain at the the spin-orbit coupling is treated perturbationally in a quasi-

nickel atom and formally reduce the metal from an Ni(lll) in
Ni—C to an Ni(l) in Ni—L.

Ni(lll) —C == Ni() —L

relativistic (QR, Pauli Hamiltonian) calculatié®.The same
functional, basis set and integration scheme were used. Because
of the perturbative treatment of sptorbit coupling, the
obtainedg tensor principal values are more erroneous than those
obtained from the ZORA Hamiltonian (see Table 4). One can
show that the effect of spin polarization significantly influences

The proton is transferred to a nearby acceptor, probably a basichoth the g tensor principal values and the orientation by

amino acid like arginine. This leads tpvalues of 2.26, 2.10,

comparing spin-restricted (ROKS) and spin-unrestricted (UKS)

and 2.05 (Table 3), which are in remarkably good agreement calculations. When spin polarization is considered, one obtains

with the experimental values. In particular, the shiftgefto a
value significantly different fronge is reproduced. Thus, a loss
of a proton and a change of the ground state irrINare very
plausible. The calculategltensor orientation is similar to that
obtained for the Ni-C form (see later).

Since the Ni-L state is generated by the illumination of
Ni—C at low temperatures<(100 K), it remains to be seen
whether the protein environment is going to relax to the
energetic minimum at such low temperatures or whether it will
be frozen in the Ni-C conformation. Evidence for conforma-

tional changes comes from the fact that in [NiFe] hydrogenases

at least two different Ni-L states can be observét3.64When

the model cluster is geometrically optimized upon removal of
the bridging ligand, the NiFe distance elongates from 2.62 A
in the Ni—C form to 2.71 A. The calculateg tensor principal
values sligthly decrease upon relaxation of the active site
structure (see Table 4). The overall orientation of ghtensor
principal axes is retained, but in the relaxed structure, the

(63) van der Zwaan, J. W.; Albracht, S. P.; Fontijn, R. D.; Mul,Br. J.
Biochem.1987, 169, 377—384.

(64) Pierik, A. J.; Schmelz, M.; Lenz, O.; Friedrich, B.; Albracht, S. FEEBS
Lett. 1998 438 231-235.

a better agreement with the experimental site | forghiensor
orientation in Ni-L (see Table 4).

In the Ni~L state, the NAC analysis yields: Jtf, 3,
3, 3%, and 3¢:*% The total unpaired spin density at the
nickel nucleus increases. This is in agreement with experimental
observations of th€Ni hyperfine splitting in the Ni-C and
Ni—L forms® The relative weight of the 3e,2 orbital
compared to that of the Zdrbital increased from 20% in NiC
to 40% in Ni—L. But still there is a predominant preference of
the 342 orbital in this analysis which explains @ tensor
orientation of the Ni-L state similar to the N+C state and
supports our assignment to site I.

(65) Schreckenbach, G.; Ziegler, J.. Phys. Chem. A997 101, 3388-3399.

(66) Foerster, SEPR spectroscopic irestigation of the actie site of [NiFe]-
Hydrogenase: A contribution to the elucidation of the reaction mechanism
Doctoral Thesis, Technische Univeisierlin, Berlin, Germany, 2003.

(67) Pierik, A. J.; Roseboom, W.; Happe, R. P.; Bagley, K. A.; Albracht, S. P.
J.J. Biol. Chem1999 274 3331-3337.

(68) Kleihues, L.; Lenz, O.; Bernhard, M.; Buhrke, T.; Friedrich,JBBacteriol.
200Q 182 2716-2724.

(69) Kraulis, P. JJ. Appl. Crystallogr.1991, 24, 946-950.

(70) Fahnenschmidt MDe nao synthetisierte Proteine mit Metalloporphy-
rinkofaktoren Doctoral Thesis, Technische UniversitBerlin, Berlin,
Germany, 2000.
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Conclusion and Outlook Ni-A

In this work, the active state NiC in the reaction cycle of
[NiFe] hydrogenase and the related light induced-Nistate
have been studied by EPR at low temperatures for the first time
in reduced and illuminated hydrogenase single crystals from
D. wulgaris Miyazaki F. This allowed a precise determination
not only of theg tensor magnitudes but also of tigetensor
axes orientations with respect to the crystal axes. On the basis
of various experimental and theoretical results, a plausible
assignment of theg tensors to a specific site and thus to the
atomic structure of the active NiFe center could be achieved Ni-B
for both Ni—C and Ni-L. The axes are compared to those
obtained earliéf for the oxidized states NiA and Ni—B in
Figure 8.

For the reduced NiC as well as for the oxidized statesNA
and Ni—-B,34a formal Ni(lll) in a 3d, electronic configuration
is proposed and for all three states a simjjaensor orientation
is obtained. Thejs axis is almost parallel to the NiS(Cys549)
bond. However, in the NiC state, an exchange of tige and
g2 axes occurred with respect to-NA and Ni—B. Apparently,
the exchange of the bridging oxygenicX@H"; see ref 7) or
sulfuric (27/SH™; see refs 8 and 13) ligand for a hydrogenic
species (H, HT, or Hp; see ref 13) does not change its preferred
direction but leads to a difference in tigetensor magnitudes
and the spin density distribution. In the-NL state, experiments
indicate a formal Ni(l) redox state, which is obtained via
reversible photodissociation of a proton from the bridging
position. A g tensor orientation resembling the orientation in
the Ni—C state was determined, although théensor magni- Ni-L
tudes are quite different.

The experimental results have been compared with relativistic
DFT calculations within the ZORA approximation performed
on geometrically optimized model structures for the active site
of the [NiFe] hydrogenase. In these calculations, the oxidation
state of the nickel (either formal Ni(l) or Ni(lll) oxidation states),
the type of the third bridging ligand X between nickel and iron, - rigure 8. Overview over they tensor orientations as determined from EPR
and possible protonation sites have been varied. The limited- studies of single crystals of the hydrogenase fidmulgaris Miyazaki F
size models used are already able to reproduce well the of the paramagnetic states-NA, Ni—B,3¢°Ni—C, and Ni-L (this work).

. Thegtensors are depicted in the respective X-ray crystallographic structures
exper!mentally observegltensors. A 9°°d agreeme_nt bet_ween of the oxidized and the reduced ford®.In the latter, the bridging position
experimental and calculated magnitudes and orientations ofis empty (see Figure 1).
magnetic resonance parameters was obtained when a formal
Ni(lll) state with a hydride (H) bridge was chosen for NiC performed on the Nt C and Ni-L state that the proposal of a
and a formal Ni(l) with a vacant bridge was chosen for-Ni hydride bridge in Ni-C, which is lost upon illumination, is
The detailed analysis of DFT calculations showed that in both correct®* This shows that the hydrogen is cleaved heterolytically
states the majority of unpaired spin density is at the nickel (51% by the enzyme and the hydride is bound between the Ni and
and 76% for Ni-C and Ni-L, respectively?) and only a small Fe. It is expected that the released proton is transferred in an
amount is at the Fe. However, a considerable fraction of the intermediate step to a sulfur or oxygen (water) species near the
unpaired spin density is found at the sulfur ligands (see ref 25). active metal center and is subsequently released. The reversible
A natural atomic charge (NAC) analysis shows that-Riis photodissociation of the MNC state to form Ni-L, the
correctly described by a 3dground state, whereas in NL a temperature and wavelength dependence of this process, and
substantial fraction of the unpaired electron is additionally found the detailed mechanism of the postulated proton transfer to a
in the 3de-y2 orbital. This explains the experimentally observed nearby acceptor remain to be determined in the future.
difference of theg tensor values.
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