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Abstract: The interaction between two paramagnetic metal centers, a [3Fe—4S]* cluster and a [NiFe] center,
is investigated in the hydrogenase from Desulfovibrio vulgaris Miyazaki F by pulsed ELDOR (electron—
electron double resonance). The distance between the metal centers is known from X-ray crystallography.
The experimental dipolar spin—spin interaction deviates from the value expected for two point-dipoles located
at the centers of the metal clusters. An extended spin-coupling model accounting for the spin coupling in
the [3Fe—4S]" cluster yields the observed interaction under the assumption of a particular magnetic coupling
scheme for the three Fe ions. These results demonstrate that pulsed ELDOR can be used to gain insight
into the inner structure of a multinuclear metal cluster.

1. Introduction Ni @
The [NiFe] hydrogenase frorDesulfaibrio (D.) vulgaris CYS231 Fe @

Miyazaki F enzymatically catalyses the heterolytical cleavage 1_\_‘

of hydrogen molecules: = H* + H~. O Fel CYS252

The structures of this “standard” hydrogenase in the oxidized
as well as in the reduced state are known from X-ray crystal-
lography at 1.4 and 1.8 A resolutions, respectivélyThis
hydrogenase is similar to that frol. gigas for which the

CYS249 51

structure has also been solv&tihe cleavage of hydrogen takes
place at the [NiFe] center in the large subunit of the protein.
The electrons are subsequently transferred to the surface of thngure 1. Cofactors in the hydrogenase frddn sulgaris Miyazaki F. The
protein by an electron-transfer chain which involves one f3Fe [NiFe] center and the [3Fe4ST" cluster with ligating cysteines are shown.
4S] cluster and two [4Fe4S] clusters. The [4Fe4S] cluster Numbering of the Fe ions is equivalent to the X-ray structure (RBip://
close to the [NiFe] center is called the “proximal”, the one close Www.rcsb.org entry 1H2A). Distances of the Fe ions to Ni{Fel)=

to the protein surface, the “distal” cluster. The [3HS] cluster 2.229 nm.r(Fe2)=2.012 nm(Fe3)= 2.172 nm.

is located between the two [4F4S] clusters. genase fronD. vulgaris Miyazaki F contains about 30% Ni-A
In the oxidized state, the hydrogenase contains two para-2and 70% Ni-B.
magnetic species, the [NiFe] center and the [3&8]" cluster The electron spin density distribution around the [NiFe] center

(Figure 1), whereas both [4F@SP+ clusters are diamagnetic S Well-known from*H ENDOR;* ®Ni EPR? %S EPR? and

in their ground states. TR = Y signal of the [NiFe] center  °'F& ENDOR which revealed the hyperfine coupling of the
consists of two different paramagnetic states called Ni-A and "espective nuclei. The spin densities have subsequently been
Ni-B (for Ni-A: gy = 2.317,g, = 2.229,g; = 2.014; for Ni-B: calculated by DFT methods, and it was shown that the spin

01 = 2.333,0, = 2.163,g; = 2.010). The as-isolated hydro-  density of the [NiFe] center is mainly located on the Ni fon.
EPR analysis of hydrogenase single crystals yielded the orienta-
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A . applied on the second paramagnetic center and its position within
vy i d ey the echo sequence is changed in time. Because of the dipolar
/2 - IV(t) coupling between the two spin systems, the amplitude of the
v 1 1 NL two-pulse echo is modulated.
T T From the frequency of this modulation, the distance between
B ;T the two spins usually is derived using the point-dipole ap-
vo ——F1 proximation
/2 T s IV(t) )
“ J_\.__T’_‘?_{\ T 1 T /\ _ GaePinvits 4o 3 CO§I9 -1
vg= g : (1)

Figure 2. ELDOR pulse sequences; and v, are the microwave r

frequencies. (A) three-pulse ELDOR and (B) Four-pulse ELDOR. The time
t is incremented during the experiment. wheregqger and giny are the effectivgg-values selected by the

respective frequenciegeandviny, r = | T | is the length of the

The [3Fe-4S]" cluster in the hydrogenase fron gigashas  vectorT connecting the two spins, antis the angle between
been characterized by EPR spectroscbphhe cluster consists  the connecting vectdf and the static external magnetic field
of three formally Fe(lll) ions with spin§ = %/, which are B.
antiferromagnetically coupled and give rise to an EPR signal  pulsed ELDOR experiments have been primarily performed
of a S= 1/, ground stat& with g; = 2.032,g, = 2.024, and  on systems with two organic radicals, for example, two spin
g3 = 2.016* A recent study of the [3Fe4S]* cluster inD. labels separated by anthracéfgolystyrene!® or a polypep-
vulgaris Miyazaki F has shown that the electronic properties tide 20 Examples of pulsed ELDOR experiments involving metal
of the clusters are similar to thatih gigasand the full rhombic ions are measurements on photosystem Il involving thg Mn
g-tensor ¢, = 2.0257,0> = 2.0174,gs = 2.0114) has been  cluster and the tyrosine Y radicaf22and on sulfite oxidase

resolved by high-field/high-frequency EPRENDOR experi- involving an Fe(lll) and an Mo(V) ioR?

ments on protons in the vicinity of the [3F4S]" cluster In this work, we present pulsed ELDOR experiments on the
revealed that also the protein environments of the {3#8]" [NiFe] center and the [3Fe4SI* cluster in the hydrogenase
clusters are similar in the two hydrogenade! from D. vulgaris Miyazaki F. The ELDOR modulations are

Mdssbauer spectroscopy was used to elucidate the electronicanalyzed with respect to the X-ray structure and results from
structure within the [3Fe4S]" cluster of the hydrogenase from  Mgssbauer spectroscopy. We show that the dipolar interaction
D. gigas The spin distribution of the [3Fe4S]" cluster was  petween two paramagnetic centers depends on the inner structure
analyzed by measuring the hyperfine coupling of the Fe ions, of the [3Fe-4S]' cluster. Calculating the distance between the
and spin projection factons; of +2.28,—0.28, and—1.00 for metal center with the point-dipole approximation regarding the
the three Fe ions were calculat€d? In the hydrogenase, the [3Fe—4S]" cluster as a localize8 = 1/, spin yields a distance
assignment of the spin projection factors to the individual Fe which deviates from that known from the X-ray structure.
ions is not known from Mesbauer spectroscopy. Therefore, the analysis of the pulsed ELDOR data allows insight

Pulsed electronelectron double resonance (ELDOR) is a into the inner structure of multinuclear metal centers.
two-frequency EPR experiment used to determine distances
between two spin centers. This method is also referred to as
double electrorrelectron resonance (DEER). A detailed discus-  In a multinuclear paramagnetic center, the magnetic moment
sion of this method is given for example in refs 16 and 17. In is delocalized over the ions of the cluster. Hence, describing
the pulsed ELDOR experiment, the electraglectron dipolar the dipolar coupling between such a metal cluster and a second
coupling between two spins is measured. This is determined spin system within the point-dipole approximation (eq 1) in
by the distance between and the relative orientation of the spins.general yields inaccurate restif<Consequently, the magnetic
The geometrical arrangement can be resolved for spins with ainteractions between all ions of a metal center and the second
separation in the range of about £8 nm1’ A constant time spin have to be explicitly consider@lThis approach has been
two-pulse echo with fixed interpulse delay performed with a successfully applied to calculations of hyperfine tensors in
microwave frequencyge: probes one paramagnetic center (the ENDOR experiments on multinuclear metal centérd’ We
pulse sequence is shown in Figure 2). Within the evolution herein adapt the spin-coupling model for the interpretation of

2. Theoretical Background

period, an inversion pulse with a microwave frequemgy is pulsed ELDOR experiments.
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_ The energy of the spin system in an external magnetic field
B is described by a Hamiltonian

H = H, + Hy + Fey + Hyp @)
which accounts for the Zeeman interactidhs the intracluster
spin—spin coupling (exchange and dipole interactibiy) within
the [3Fe~4§]+ cluster, the exchange interactiblgy, and dipolar
interactionHgp of the [NiFe] center with the [3Fe4S] cluster.

The dipolar coupling can be described by

int

/40 8
47r|_

A

Haip = (M|M4 3(@n; )(tgn 4)) 3

With 4 = —uggiS; Fia =Tidlria ij = 1, 2, 3 denoting the three
S = %, spins of the [3Fe-4S]" cluster; and, j = 4 denoting
the S = 1/, of the [NiFe] center. The exchange interaction
between the proximal [4Fe4S] cluster and the [NiFe] center,
which are separated by about 12 A, was determined as
4 x 1073 cm 128 Because of the exponential distance depen-
dence of the exchange interact#nthe exchange interaction
between the [3Fe4S]' cluster and the [NiFe] center is expected
to be in the order of 6 magnitudes smaller, that is, less than
1074 MHz, and therefore neglected in the following analysis.
The Hamiltonian (eq 2) is dominated by the intracluster spin
spin couplingHiy, of the [3Fe-4S]* cluster. Therefore, the three
spins§ = 5/2 of the Fe ions couple to an effective srﬁﬁbs—
Sl + & + & with a ground statéeS = 1/, which is well
separated from the first excited stdfelhe [3Fe-4S]" cluster
can be described within the spin-coupling model in which the
individual spins are substituted according to the Wigrteckart
theorem

3 = K; _éFeS (4)

where K; are the spin projection factors of the individual
[3Fe—4S]" cluster ionst?

Using eq 4, the Zeeman interactidt, can be replaced
analytically within theS.s = ¥> multiplet and yields

Hz = /"BBgNiS\li + #BBgFesSFes (%)

with gres = YiKigi. In contrast, it is impossible to replace the
dipolar couplingHi,; between a metal cluster and a second spin
by a Hamiltonian which solely depends on the interaction of
two point-dipoles. Each magnetic moment, of the coupled
spin system has to be considered individually using the spin
projection factors introduced in eq 4.

The spin projection factor&; of the three iron ions were
determined for the [3Fe4S]" cluster by M®sbauer and
theoretical studie¥1>but Mossbauer spectroscopy is insensitive
to the location of the iron ions. Assignment to which iron ion
the individual spin projection factors correspond is in principle
possible with paramagnetic NMR.Analyzing the hyperfine
interaction of3-CH, protons of ligating cysteines yields this

(28) Dole, F.; Medina, M.; More, C.; Cammack, R.; Bertrand, P.; Guigliarelli,
B. Biochemistry1996 35, 16399-16406.

(29) Moser, C. C.; Keske, J. M.; Warnke, K.; Farid, R. S.; Dutton, ANa&ture
1992 355 796-802.

(30) Telser J.; Lee, H.-1.; Hoffman, B. M. Biol. Inorg. Chem200Q 5, 369~

(31) Macedo A. L.; Moura, |.; Moura, J. J. G.; LeGall, J.; Huynh, Blbrg.
Chem.1993 32 1101 1105
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assignment. No such assignment has been performed for any
of the iron—sulfur clusters in hydrogenase yet.

In the following, we show that the dipolar coupling measured
in pulsed ELDOR experiments can be used for this assignment.
Using eq 4,I:|dip can be expressed as

#0“3 3 i O

i B

with i denoting the three iron ions of the [3F4S]" cluster

and FeS and Ni denoting the [3F4ST" cluster and the [NiFe]
center, respectively. Thg-tensor of the [3Fe4S]" cluster
shows little anisotropy. Therefore, we assume thagttensors

of the individual iron ions have small anisotropies and are equal,
Ores = Gi. Equation 6 shows that the dipolar interaction is the
sum of the dipolar tensors between the Niion and the individual
ions of the coupled cluster ([3FelS]") weighted by the
projection factorsK;. The individual dipolar tensors are, in
general, diagonal in different principal axis systems due to their
dependence on. If the distances; between the iron ions are
small compared to the distance between the two paramagnetic
centers, this can be neglected. Consequently, the dipolar
coupling can be reduced to the expression

A

Ki(SresSui = 3(Seed n) (SuTi) (6)

dip -
ri N|

3codwy, — 1
Ki )

I Ni

gNigFesﬂBZﬂO 3
47th

Vq=

whered; values are the angles between the magnetic field axis
B and the vectors; ni. The dipolar frequency depends on the
distances of the individual Fe ions from the [NiFe] center
weighted by the spin projection factors. This equation can be
used to evaluate the dipolar interaction of a metal cluster which
is described by the spin-coupling model and a second spin. If
the positions of the metal ions are known, for example, from
X-ray crystallography, the dipolar interaction solely depends
on the spin coupling in the metal cluster. Pulsed ELDOR
therefore is a method to assign the spin projection factors to
the individual ions in a multinuclear metal cluster.

Pulsed ELDOR experiments involving one or two metal
centers differ in two main respects from experiments on organic
radical pairs. In the following, differences arising from relaxation
behavior and distincg-anisotropies which often are found in
metals are discussed.

The pulsed ELDOR method measuring the dipolar interaction
between two spins always competes with the relaxation by
dipolar spir-spin interaction which is enhanced in transition
metal centers. In metal clusters, spins of the individual ions
couple to a total spin and the intracluster spapin interaction
is a fast relaxation pathway. At 5 K, the [3F4S]" cluster has
a phase memory timgy of approximately 360 ns and the [NiFe]
center of 800 ns. This diminishes the time available for acquiring
pulsed ELDOR data significantly compared to those of experi-
ments on organic radicals and results in reduced frequency
resolution.

With the microwave pulses, molecules in certain orientations
with respect to the magnetic fieB are selectively excited. In
a two-spin system, which can be completely excited by the
pulses, the ELDOR experiment results in the full Pake pattern
of the dipolar coupling between the spins from which the
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principal values can be obtained directly. In the hydrogenase, Ginv
the oxidized [NiFe] center shows granisotropy overAg = gual
0.3, whereas the excitation width of a (32 nspulse in X-band A \

is aboutAg ~ 0.003 (afg ~ 2). Mainly, because af-anisotropy
of the [NiFe] genter, itis |mpo§s!ble to excite the complete EPR T aoa o00  1.05
spectrum. This leads to deviations of the frequency spectrum

g
from a full Pake pattern, since, in the spectrum, lines appear
only where both spin systems are excited. The pulsed ELDOR g
spectrum depends on the angles between all selected orientations .,

and the dipolar axis. The orientational selective excitation yields © 200 400 600 800 1000 1200 1400 1600
t [ns]

a single crystal-like selection of individual lines. This effect
can sometimes be seen even in systems with two organic
radicals, for example, two nitroxide spin labéfs2°

3. Material and Methods 0 5 1 15 20 25 3
v [MHz]

3.1. Simulation. For the simulation of pulsed ELDOR spectra, &  Figure 3. (A) Two-pulse field-swept echo EPR spectrum of hydrogenase
program which calculates the dipolar interaction between multinuclear (vymy = 9.7057 GHz). The spectrum of the [3F4S]* cluster is scaled
metal centers has been written. The simulation routine accounts for down (by about fifty) to render the [NiFe] spectrum visible. (B) Three-
the effects of spin coupling and orientation selection. The pulsed pulse ELDOR time trace recorded at83400 G with a detection frequency
ELDOR spectrum is calculated by the uniform samplingBefield Vdet = 9.7077 GHZ Goer = 2.040) and an inversion frequeney, = 9.5983

. ) . L . GHz (@inv = 2.017); theg-values are indicated in the 2P-EPR spectrum.
orientations within the metal center which is used for detection. The (C) ELDOR frequency spectrum and simulation (dotted line) assuming 30%

program assumes a well-defined orientation betweemgttemsors of Ni-A and 70% Ni-B.
both spins described by three Euler angles. Also, the orientation of the
dipolar axis is assumed to be well-defined with respect tgttensors (t + T —1) — m — v — detection. Accumulated time-domain data

and described by two Euler angles within th¢ensor system of the  yere fitted with a monoexponential decay function which was
detected spin. In the present case, the three Euler angles between thg,psequently subtracted. The frequency domain spectra were obtained

gtensors have been evaluated from single-crystal studies on thepy Fourier transformation after zero-filling and multiplication with a
individual spin centef81® and the two Euler angles for the dipolar Hamming window function.

coupling from the X-ray structureOnly that fraction of the powder
sample is considered for which tigevalues of both spins are within 4. Results and Discussion
the excitation bandwidth. The excitation bandwidth is convoluted with

a line width function to account fay-strairf2 and hyperfine interactions. The two-pulse EPR spectrum of the hydrogenase fibm
The dipolar interaction (eq 7) for the selected orientations is vulgaris Miyazaki F is shown in Figure 3A. The signal on the

calculated according to the spin projection factors of theidtes in high-field side is associated with the [3F4S]" cluster and

the cluster, the distances between theiétes and the Ni, and the angle  scaled down compared to the broad signal on the low field side

between the Fe-Ni connection vectorsi i and the magnetic fiel@. which is associated with the [NiFe] center. To perform pulsed

From this a weighted frequency histogram is constructed and convolutedE. DOR experiments, the two-pulse Hahn echo sequence with
with a Gaussian line-shape to account for inhomogeneous line broaden-pe frequencygerwas applied on the [NiFe] center. The second
Ing. _ _ _ frequency v,y was set to invert the spin of the [3F4S]"
Mij’;zé k??ﬁ;?ggsﬁ E‘:pir'\ggﬂs Zﬁiﬁ’ﬁ;:g;‘ieagggm;‘ﬁ?O"’:gisn cluster. Pulsed ELDOR experiments were performed on various
: . . . field positions and frequency differences in a narrow experi-
lut buffered with 25 mM trisHCI (pH 7.4) with 50 mM NaCl . . .
SOlTion was buTiered Wi mM trisHC (p ywi miviTa mentally accessible range (representative spectra are shown in

and 0.05% Nab| . 3 d he 2 ) 3
The pulsed ELDOR measurements were performed on a Bruker ESPFlgures and 4). In the 2P-EPR spectra (Figure 3A), a

380E X-band FT spectrometer equipped with an ER 4118-MD5-w1- '€Presentative pair gfvalues of the pulsed ELDOR experiment
EN dielectric ring resonator and an Oxford CF 935 helium flow cryostat Of Figure 3B are marked. Figure 3B shows the time dependence
controlled by an Oxford ITC4. For the second frequency, the cw Of the two-pulse echo amplitude Bt= 3400 G, while the pump
microwave output of a Bruker ER 042 MRH E bridge with frequency pulse withvi,, = 9.5983 GHz §i,, = 2.017) is incremented in
stabilizer was connected to one of the pulse forming units of the ESP time between the two pulses of the detection frequengy=
380-1010 bridge. 9.7077 GHz §er = 2.040).

All experiments have been performed at a temperature of S K. The  The main feature in the Fourier transformed pulsed ELDOR
microwaves-pulses of both frequencies were adjusted to 32 ns, the time trace (Figure 3C) at 8.5 MHz is assigned to the dipolar
m/2-pulse, to 16 ns. For ELDOR experiments, the following pulse . - -

interaction between the NiFe center and the [3&8]" cluster,

sequences, also depicted in Figure 2, have been used. (i) Three-pulse. o . .
ELDOR: (1/2) — t — 7 — (r — 1) — 7 — 7 — detection. (ii) For Since it is absent in experiments where the two ELDOR

dead-time free experiments, a four-pulse sequence (four-pulse DEER)T€duUeNcies were chosen to excite spins which are not within
was introduced Because of a weak signal intensity, we used an the spectral range of the [3FdS]" cluster ground state, for
asymmetric version of the four-pulse ELDOR, where more time can €xample, aB = 3250 G withvget= 9.7077 GHZ §aet= 2.134)

be used for acquiring ELDOR datam/@Qx — T — tx — t — o — andvipy = 9.6071 GHz §i,, = 2.112) (data not shown).
It is also possible to detect pulsed ELDOR modulations on
32) Hagen, W. R.; Hearshen, D. O.; Harding, L. J.; Dunham, WI.R4agn. ; i — i —
(32) o g g the very intense [3Fe4S]" signal atB = 3380 G Withve:
(33) Yagir,] T, Kimllira, K.; Daidoji, H.; Sakai, F.; Tamura, S.; Inokuchi, H. 9.7029 GHz @qet= 2.015), when parts of the weak [NiFe] signal
Biochem. (Tokyo)l976 79, 661—-671. ; B ; : —
(34) Martin, R. (E P);fm%\ier, M.; Diederich, F.; Gramlich, V.; Hubrich, M.; Spiess, are inverted. A corr_espondlng tlm_e trace withy = 9'8684_'
H. W. Angew. Chem199§ 110 2994-2998. GHz (@inv = 2.050) is shown in Figure 4A. The modulation

J. AM. CHEM. SOC. = VOL. 124, NO. 42, 2002 12609
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Figure 5. Simulation of the hydrogenase pulsed ELDOR spectrum for
different arrangements of spin projection factors as indicated in Table 1
(solid line Ni-A, dotted line Ni-B).

Table 1. Permutations of Spin Projection Factors K; (2.28, —0.28,
—1.00) with Respect to the Fe lons of the [3Fe—4S]" Cluster as
Used for Simulation@

i Fel Fe2 Fe3
0 5 10 15 20

A b
v [MHz] B 2.28 —0.28 -1.00
Figure 4. (A) Three-pulse ELDOR time trace, detection on the C 2.28 —1.00 —0.28
[3Fe—4S]* cluster atB = 3440 G withvget = 9.7029 GHZ uer = 2.015) D —1.00 —0.28 2.28
andvin, = 9.8684 GHz Gy = 2.050). (B) Asymmetric four-pulse ELDOR E —0.28 —1.00 2.28
atB = 3880 G withvge= 9.7015 GHz uer = 2.051) andviny = 9.5390 F —1.00 2.28 —0.28
G -0.28 2.28 -1.00

GHz (ginv = 2.016). (C) Fourier transforms of time traces 3B (narrow line),
4A (dotted line), and 4B (thick line).

. . . aFor numbering of the Fe ions, see Figure Spin S= 1/, at an average
depth of the echo in this case is significantly smaller compared Fq distance of 2.14 nm.

to that of the detection on the [NiFe] center. This is due to the
fact that only a small part of the [3F&ST" cluster echo As described in section 2, it is necessary to consider the inner
intensity is effected by inversion of an orientation selected structure of the [3Fe4ST" cluster explicitly using the spin
fraction of the [NiFe] spins. The ratio of the modulation depths projection factors; and the distances of the individual Fe ions
in the two cases is consistent with the relative signal intensities to the [NiFe] center.
involved in detection and inversion, respectively. The experi-  Since the positions of the ions in the [3F4ST" cluster and
ment yields a similar spectrum compared to that of the detection the [NiFe] center in the hydrogenaBe vulgaris Miyazaki F
on the [NiFe] center (Figure 4C). are known from X-ray analysis, simulations of the pulsed
To achieve a dead-time free measurement, a four-pulse ELDOR spectrum can be employed to assign the spin projection
ELDOR sequence on a refocused eéhas performed (Figure  factors to the individual Fe ions by computing spectra for all
4B) atB = 3440 G, detecting withvge; = 9.7015 GHZ yet = possible permutations of the three spin projection factors (Table
2.051) and the inversion pulse set to excite spins of the{3Fe 1). In Figure 5, simulations of an experimental spectrum (Figure
48]t cluster withvin, = 9.5390 GHz ¢,y = 2.016). However, 3) for all possible arrangements of spin projection factors are
because of the prolonged delay between the initig-pulse shown. In simulations 5B and 5C, the largest spin projection
and the detection, the obtainable signal-to-noise ratio was factor K = 2.28) is located on the Fe ion most remote from

significantly reduced.
Under the approximation that the tv®= Y/, spins interact

the [NiFe] center (Fel); in simulations 5D and 5E, it is located
on the intermediate Fe ion (Fe3). These four simulations bear

as point-dipoles (eq 1), a pulsed ELDOR experiment should no resemblance with the experimental spectrum.

yield a frequency of 6.6 MHz if the spin of the [3F4S]"

Simulation 5F and 5G, where the largest spin projection factor

cluster is located on the Fe ion closest to the [NiFe] center (Fe2; is located on the Fe ion closest to the [NiFe] center, reproduce
for numbering of Fe ions, see Figure 1) and 4.8 MHz if the the main features of the spectrum. Therefore, it is concluded
spin is located on the most remote Fe ion (Fel). Figure 5A that the largest spin projection factkr= 2.28 is associated
shows the calculated spectrum for two spis 1/, in a distance with the Fe ion closest to the [NiFe] center (Fe2). The
of 2.14 nm (average distance betweendrel Ni) with a peak differences between simulations 5F and 5G are too small for
at 5.2 MHz. These frequencies are well below the measuredan unambiguous assignment of the other two spin projection
frequencies in the different experiments. Using the point-dipole factors to the remaining Fe ions Fel and Fe3. It was also
approximation, the measured frequency 8.5 MHz in Figure 3 possible to simulate the other recorded spectra with this
corresponds to a distance of 1.84 nm, which is 0.3 nm shorterarrangement of spin projection factors.

than the average distance between the [NiFe] center and the For the discussion of which effects could affect the reliability
[3Fe—4S]" cluster. of the assignment made above, we first consider the assumed
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distance between the spin centers that has been derived fronwas investigated by pulsed ELDOR spectroscopy. The dipolar
the crystal structure. Minor changes in the distance of the two interaction obtained here was analyzed with respect to distances
spin centers could be a consequence of the different samplederived from the X-ray structure and spin projection factors
conditions used in X-ray crystallography and here. As stated obtained by Masbauer spectroscopy and showed to be in good
above, translating the observed ELDOR frequency into a agreement with those data.

distance between the spin centers results in an apparent distance It was shown that the delocalization of the magnetic moment
of 18 A. The assignments of the spin projection factors for of the [3Fe-4S]" cluster over the Fe ions requires a treatment,
simulations B-E (in Table 1 and Figure 5) yield peak ELDOR  where the contribution of each individual spin to the total spin
frequencies equal or smaller than the point-dipole approximation is considered explicitly by their spin projection factors. The
(simulation A). Therefore, a distance reduction of at least 3 A frequency of the dipolar interaction observed in ELDOR
would be necessary for one of the assignmentsEBbeing frequencies crucially depends on the arrangement of the spin
compatible with the experimental results. We regard alterations projection factors within the cluster. By simulating experimental
in the protein structure of this hydrogenase resulting in a changespectra, it is possible to assign spin projection factors of a metal

of 3 A for a distance of 21 A to be extremely unlikely. cluster to the ions. For the [3F&S]" cluster in hydrogenase,
Another important parameter which strongly affects the it was found that the largest spin projection factor is located on
calculated frequency spectra is the angle betweergffaxis the Fe ion closest to the [NiFe] center. Because of the location

of the [NiFe] g-tensor and the vector connecting the two spin of the second spin, the [NiFe] center, the assignment for two
centers. EPR experiments on single crydfadsd orientation of the spin projection factors remains ambiguous. To distinguish
selected ENDOR experiments on frozen soluttdrave shown between the remaining two possibilities, a second spin would
virtually identical orientations of theys-axis of the [NiFe] ideally be located in the extension of the FeHe3 connecting
g-tensor with respect to the protein. According to the protein axis. Pulsed ELDOR experiments between the [3#8]"
structure, this yields an angle betweengg@xis and the vector  cluster and that spin would yield different results, depending
connecting the spin centers of almosf 98ny deviation from on the arrangement of spin projection factors, thus mapping the
this almost perpendicular arrangement of these axes would resulspin coupling of the [3Fe4S]" cluster.

in a decrease of the calculated dipolar frequencies and, thus, The dependence of the dipolar interaction between a multi-
further exclude assignments other than for simulations F and G meric metal cluster and a second observer spin on the inner

made above. structure of the metal cluster has to be considered also in other
Because of the smadf-anisotropy of the [3Fe4S]' cluster, systems, for example, the tetrameric Mn cluster in photosystem

the orientation of thisg-tensor has little influence on the Il. We, therefore, conclude that distance determinations between

calculated dipolar spectra, and therefore, potential errors in thethe Mn, cluster and other paramagnetic states in photosystem

orientation do not affect the assignment made above. [l should be reconsidered.
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