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Abstract: Iron-sulfur clusters with [3Fe-4S] cores are widely distributed in biological systems. In the oxidized
state, designated [3Fe-4S]+, these electron-transfer agents have an electronic ground state withS ) 1/2, and
they exhibit EPR signals centered atg ) 2.01. It has been established by Mo¨ssbauer spectroscopy that the
three iron sites of the cluster are high-spin Fe3+, and the general properties of theS ) 1/2 ground state have
been described with the exchange HamiltonianHexch ) J12S1‚S2 + J23S2‚S3 + J13S1‚S3. Some [3Fe-4S]+

clusters (type 1) have theirg-values confined to the range betweeng ) 2.03 and 2.00 while others (type 2)
exhibit a continuous distribution ofg-values down tog ≈ 1.85. Despite considerable efforts in various
laboratories no model has emerged that explains theg-values of type 2 clusters. The 4.2 K spectra of all
[3Fe-4S]+ clusters have broad features which have been simulated in the past by using57Fe magnetic hyperfine
tensors with anisotropies that are unusually large for high-spin ferric sites. It is proposed here that antisymmetric
exchange,HAS ) d‚(S1 × S2 + S2 × S3 + S3 × S1), is the cause of theg-value shifts in type 2 clusters. We
have been able to fit the EPR and Mo¨ssbauer spectra of the 3Fe clusters of beef heart aconitase andDesulfoVibrio
gigasferredoxin II by using antisymmetric exchange in combination with distributed exchange coupling constants
J12, J13, andJ23 (J-strain). While antisymmetric exchange is negligible for aconitase (which has a type 1 cluster),
fits of the ferredoxin II spectra require|d| ≈ 0.4 cm-1. Our studies show that the data of both proteins can be
fit using the same isotropic57Fe magnetic hyperfine coupling constant for the three cluster sites, namelya )
-18.0 MHz for aconitase anda ) -18.5 MHz for theD. gigas ferredoxin. The effects of antisymmetric
exchange andJ-strain on the Mo¨ssbauer and EPR spectra are discussed.

Introduction

Clusters with [3Fe-4S] cores are found in simple ferredoxins
or more complex proteins such as the so-called 7Fe ferredoxins,
NiFe hydrogenases, glutamate synthase, succinate dehydroge-
nase, and nitrite reductase.1 Discovered by Mo¨ssbauer studies
of the 7Fe ferredoxin fromAzotobacterVinelandii,2 the clusters
were soon shown by chemical analyses, [3Fe] to [4Fe-4S]
cluster conversions and spectroscopic studies to contain a
cuboidal [3Fe-4S] core. High-resolution X-ray structures have
been published for a variety of [3Fe-4S] cluster-containing
proteins, among themDesulfoVibrio gigas (Dg) ferredoxin II
(FdII) and beef heart aconitase, the proteins of interest in the

present work.3,4 A recent review by Johnson, Duderstadt, and
Duin5 gives comprehensive data on many systems containing
this cluster type. [3Fe-4S] clusters have been studied exten-
sively in two oxidation states, namely the oxidizedS) 1/2 [3Fe-
4S]+ form and the reducedS) 2 [3Fe-4S]0 state. In this report
we will be concerned with the electronic structure of the
oxidized form, which we will designate for brevity as 3Fe
cluster.

A variety of spectroscopic techniques have been applied to
investigate the electronic structure of 3Fe clusters. Of particular
relevance for the present study are EPR,6-9 Mössbauer,10-14
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ENDOR,15 and NMR12,16-18 results. EPR studies have revealed
anS) 1/2 ground state with features centered aroundg ) 2.01;
for a compilation of EPR data from various proteins see for
instance refs 5-7. Mössbauer studies of a variety of 3Fe cluster-
containing proteins have established that the clusters, in their
oxidized state, contain three antiferromagnetically coupled high-
spin Fe3+ sites. The general features of the observed57Fe
magnetic hyperfine interactions were explained by the spin-
coupling of Kent et al.19 In this model three high-spin ferric
sites (S1 ) S2 ) S3 ) 5/2) are coupled by isotropic exchange
interactions,

For Jij > 0 and roughly equalJij (see ref 19) the coupled
system produces two low-lyingS) 1/2 multiplets whose energy
difference,δ, depends on differences between theJij (see eq 5
below). The next group of excited states in the spin ladder of
oxidized 3Fe clusters are four multiplets withS) 3/2, centered
at energy 3J/2. Recent studies of the spin-lattice relaxation
rates7,20 have shown that theJij are the same (J12 ≈ J13 ≈ J23 )
J) within 10 cm-1. Low-temperature magnetic susceptibility21

and room-temperature NMR studies ofDg FdII17 have estab-
lished that theJij are larger than 200 cm-1; J > 200 cm-1 by
magnetic susceptibility andJ ≈ 300 cm-1 by NMR. Jij values
around 300 cm-1 are also compatible with room-temperature
NMR studies of the ferredoxins fromPyrococcus furiosus (Pf
Fd)18a andRhodopseudomonas palustris.22

While the general features of the spin structure of 3Fe clusters
are well understood, some conspicuous features of the EPR and
Mössbauer spectra have not been explained. First, the EPR
spectra of most 3Fe clusters exhibit broad tails at the high-
field end. This broadening is particularly evident forDg FdII,
Pf Fd, and a ferredoxin fromDesulfoVibrio africanus.6 Second,
because the constituent Fe sites are high-spin ferric, isotropic
57Fe magnetic hyperfine interactions,AiSi‚I i, are expected.
However, the Mo¨ssbauer spectra of all 3Fe clusters, in particular
those ofDg FdII andPf Fd, have broad features that cannot be
simulated with (nondistributed) isotropic hyperfine fields. To

simulate these spectra we10-12,14 and others13 have used aniso-
tropic A-tensors (anisotropicA-values produce orientation-
depended magnetic splittings and thus broaden the spectra).
While some anisotropies have been observed for the high-spin
ferric sites in rubredoxin (anisotropy< 3%) and in [2Fe-2S]1+

clusters (typicallyAx ≈ -53 MHz, Ay ≈ -48 MHz, Az ≈ -43
MHz),23 it was evident that the isotropic coupling model of Kent
et al. had to be amended by terms capable of describing the
peculiar features observed by EPR and Mo¨ssbauer spectroscopy.
The unusual properties of 3Fe clusters are also evident in their
ENDOR spectra. Thus, well-defined57Fe ENDOR resonances
were observed atg ≈ 2.02 but signals were difficult to detect
when the EPR was tuned tog-values belowg ) 2.00.15

To explain the unusual EPR spectra of 3Fe clusters Bertrand
and co-workers have considered mixing of excitedS) 3/2 states
with the S ) 1/2 ground state by zero-field splitting (ZFS)
interactions,∑Si‚Di‚Si, of the local ferric sites (D/J mixing).
Because the ZFS interactions are anisotropic, such mixing can
produce the desired anisotropic Zeeman interactions. By as-
suming that the ZFS parameters are distributed about their mean
values, these authors were able to produce very good fits to the
EPR spectra for a variety of 3Fe ferredoxins.6 However, the
fits required thatDi/J ≈ 0.05 for Dg FdII and because the
intrinsic Di values of tetrahedral Fe3+S4 sites are∼2 cm-1,
J-values of about 40 cm-1 were anticipated from the mixing
model. When the subsequent magnetic susceptibility21 and NMR
studies17 of Dg FdII showed that theJij were substantially larger,
it became clear thatD/J mixing could not explain the experi-
mental data.

One interaction, rarely considered in the literature, that can
produce anisotropic Zeeman interactions in Fe3+-containing
clusters is antisymmetric (Dzyaloshinskii-Moriya) exchange.
Antisymmetric exchange between two spinsS1 andS2 can be
written as S1‚JAS‚S2 where JAS is an antisymmetric tensor.
Alternatively, this interaction can be written asd12‚S1 × S2

whered12 is pseudovector. For three Fe pairs this interaction
becomesHAS ) d12‚S1 × S2 + d23‚S2 × S3 + d31‚S3 × S1. As
long as mixing with theS ) 3/2 states is negligible, the three
pseudovectorsdij can be combined into one,24 with the result
that the antisymmetric exchange term can be written as

Tsukerblat and co-workers24 have studied extensively the
consequences ofH ) Hexch + HAS on the electronic properties
of trinuclear clusters. In particular the paper by Fainzil’berg,
Belinskii, and Tsukerblat25 provides an incisive theoretical
analysis of EPR and Mo¨ssbauer properties that derive from the
combined eqs 1 and 2 forJ13 ) J23. These workers, as well as
Rakitin et al.,26 have shown that antisymmetric exchange in
trinuclear iron clusters can lower theg-values of theS ) 1/2
ground doublet by mixing of the twoS ) 1/2 states that occur
in the coupled system. Using Mo¨ssbauer spectroscopy we have
recently studied antisymmetric exchange in the antiferromag-
netically coupled diiron cluster of methane monooxygenase and
a synthetic complex.27 These studies yielded surprisingly large
values for d, namely d ≈ 2.2 cm-1 and d ) 1.5 cm-1,
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respectively. These values, however, are similar tod ) 1.4 cm-1

reported from EPR analysis of trinuclear iron acetate.26 If 3Fe
clusters containing ferric FeS4 sites would exhibitd values
around 0.5 cm-1, antiferromagnetic exchange could produce
g-values in the range observed for 3Fe clusters.

In the present report we present evidence that antisymmeric
exchange in combination with narrowly distributedJij values
can account for the features of the EPR and Mo¨ssbauer spectra
of 3Fe clusters ofDg Fd II. We will also show that the
Mössbauer spectra of aconitase andDg FdII can be fitted using
the same isotropic magnetic hyperfine coupling constant for each
iron site.

Materials and Methods

Dg FdII was purified as previously described.17,28 Samples were
prepared in 10 mM phosphate buffer, pH 7.6.

EPR spectra were recorded on a Bruker ESP 300 equipped with an
ESR 910 helium continuous-flow cryostat and an Oxford temperature
controller.

For the interpretation of the EPR spectra of Figure 7 we have used
a program written by Dr. M. P. Hendrich of Carnegie Mellon University.
We have used a line width tensor ing-space with Gaussian widthσgx

) σgy ) 0.01 andσgz ) 0. This tensor was used to compute for each
orientation of the magnetic field,B(Θ,Φ), a σ-value in B-space,σg-
(Θ,Φ). To this was added a fixed width inB-space,σB, to obtainσ )

xσg
2(Θ,Φ)+σB

2. The width atB(Θ,Φ) was thus a Gaussian of widthσ.

Theoretical Background

The principal features of oxidized 3Fe clusters are well
described by the Heisenberg-Dirac-vanVleck exchange Hamil-
tonian of eq 1. NMR, susceptibility, EPR, and Mo¨ssbauer studies
have shown that theJij > 200 cm-1 and that the threeJij-values
are equal to within 3%. Without loss of generality we assume
thatJ23 g J12 g J13. ForS1 ) S2 ) S3 ) 5/2 two configurations
with S) 1/2 occur in the coupled system. These may be obtained
by couplingS2 andS3 to an intermediate spinS23 ) 2 or 3, and
then couplingS23 to S1 to obtain the system spinS. Using the
nomenclature|S23,S1;S,M〉, the two doublets withS ) 1/2 have
the form

whereR is the mixing parameter given by Kent et al. as

with

The valuesJ13 ) J12 * J23 yield R ) 0 and|2,5/2;1/2,M〉 is the
ground state. This doublet is separated byδ ) 3(J23 - J13) from
the excited|3,5/2;1/2,M〉 doublet. The other extreme occurs for
J12 ) J23 * J13, giving R2 ) 0.25; all solutions are described
by 0 e R e 1/4.19 The energy splitting,δ, between the two
doublets depends on the difference between theJ-values and is
given by

with ω ) (J12 - J13)/(J23 - J13) and 0e ω e 1. Electron spin-
lattice relaxation studies of Telser et al.7 have shown thatδ )
13 cm-1 for the 3Fe cluster of aconitase andδ ) 26 cm-1 for
Dg FdII. By estimating the inequivalence of the exchange
coupling constants from magnetic hyperfine interactions ob-
tained by Mössbauer and ENDOR spectroscopy, these authors
have also estimated thatJ23 - J13 ≈ 5 cm-1 for aconitase and
≈ 10 cm-1 for Dg FdII. These values constrain the permissible
differences of theJ-values in eq 5.

To describe the Zeeman interactions and the57Fe magnetic
hyperfine interactions we augment the Hamiltonian of eq 1 by

wheregi andai refer to the individual sites (i ) 1, 2, 3). EPR29

and Mössbauer30 studies of monomeric ferric FeS4 sites sites
have shown thatgi and ai are isotropic to within 1 and 3%,
respectively. Using the Wigner-Eckart theorem, we can replace
the operators of the site spins in eqs 5 and 6 by the operator of
the system spin

with

Ki ) 2 〈21|Siz|21〉 are the spin projection factors. Figure 1 shows
the dependence of the effectiveA-values, or alternatively the
spin projection factors, asJ12 is varied betweenJ13 andJ23. The

(28) Bruschi, M.; Hatchikian, C. E.; LeGall, J.; Moura, J. J. G.; Xavier,
A. V. Biochim. Biophys. Acta1976, 449, 275-284.

(29) (a) Gebhard, M. S.; Deaton, J. C.; Koch, S. A.; Millar, M.; Solomon,
E. I. J. Am. Chem. Soc.1990, 112, 2217-2231. (b) Brandt, G.; Ra¨uber,
A.; Schneider, J.Solid State Commun. 1973, 12, 481-483. (c) Sweeney,
W. V.; Coffman, R. E.Biochim. Biophys. Acta1972, 286, 26-35.

(30) (a)Schulz, C.; Debrunner, P. G.J. Phys.1976, C6-37, 153-158.
(b)Moura, I.; Huynh, B. H.; Hausinger, R.; LeGall, J.; Xavier, A. V.; Mu¨nck,
E. J. Biol. Chem. 1980, 255, 2493-2498.

|21, M〉 ) (1 - R2)1/2 |2,5/2;
1/2,M〉 + R|3,5/2;

1/2,M〉 (3)

|22, M〉 ) -R|2,5/2;
1/2,M〉 + (1 - R2)1/2 |3,5/2;

1/2,M〉 (4)

R2 ) 1/2(1 - 1/x1 + x2)

x ) x3
J12 - J13

2J23 - J12 - J13

δ ) 3(J23 - J13)x1 - ω + ω2 (5)

Figure 1. EffectiveA-values for sites 1, 2 and 3 calculated as a function
of ω using a(57Fe) ) -18 MHz for the local magnetic hyperfine
coupling constants. The right and left arrows indicate the average
ω-values used to calculate the Mo¨ssbauer spectra of aconitase andDg
FdII, respectively. The labeling of the three sites follows from the choice
J23 > J12 > J13.

HZeeman) ∑
i

âSi‚gi‚B (6)

Hhf ) ∑
i

(Si‚ai‚I i - gnânB‚I i) (7)

HZeeman) âS‚g‚B (8)

Hhf ) ∑
i

S‚A i‚I i - gnâB‚I i (9)

g ) ∑
i

Ki‚gi (10)

A i ) Ki‚ai (11)
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effectiveA-values can be very sensitive to small variations of
the J-values. For instance, minor variations ofJ12 around its
mean value can lead to considerable broadening of the Mo¨ss-
bauer spectra. This broadening is illustrated in Figure 2 which
shows theoretical spectra for site 3 of the aconitase cluster for
fixed J13 ) 300 cm-1, J23 ) 305 cm-1 and J12 ) 304 cm-1

(solid lines) and for the case whereJ12 has a Gaussian
distribution (dashed) withσJ12 ) 1 cm-1 centered aroundJ12

) 304 cm-1. The broadening introduced by the distributedJ12

can easily be mistaken for the presence of anisotropic magnetic
hyperfine interactions, especially when the spectral contributions
of the three sites overlap.

The principalg-values of Fe3+ ions with tetrahedral sulfur
coordination have been found to be confined to values between
2.016 and 2.033.29 By using these extremes in eq 10 and
orienting theg-tensors of the individual sites such as to produce
maximal anisotropy ofg, one finds that theg-values of the
system should be confined the range between 1.99 and 2.05.
Theg-values of about a dozen 3Fe clusters have been reported,
and forPf Fd the EPR spectra of six mutants have been studied;
see Table 5 and Figure 4 of ref 5 (The mentioned variants
involve mutations of the proximal aspartate ligand; this ligand
coordinates to the fourth Fe site in the [4Fe-4S] form of the
ferredoxin). These studies have revealed that the largestg-value
is confined to the narrow range between 2.018 and 2.032. The
smallestg-values, however, were found to be as low as 1.70.
Clearly, an explanation of the unusualg-values of the 3Fe
clusters requires an additional term in the electronic spin
Hamiltonian. In the following we will argue that antisymmetric
exchange can provide the desired correction.31

The antisymmetric exchange term of eq 2 will mix the two
S ) 1/2 doublets,21 and 22. Because the interactions in eq 1
and 6 are isotropic, the AS exchange term introduces the only
physically distinct direction into the electronic Hamiltonian.
Without loss of generality we call the direction ofd the
z-direction, dz ) d, and thus the antisymmetric interactions
between the three Fe sites are described by one parameter.
Because thegi in eq 6 are expected to be isotropic to within
1%, we will treat them as a scalarg0.

The Hamiltonian

splits the twoS ) 1/2 doublets by (see eq 5)

in zero field and, in the limit|d|, âB , δ, the effectiveg-values
of the ground doublet (Figure 3) are25,26

It is important to note that the AS exchange term produces axial
EPR spectra withg⊥ < g|. Equation 14 yields for|d|/δ ) 0.02
g-values as low as 1.90. For|d|/δ values as small as 0.02 the
energy splittings measured by Telser et al. are essentially a
measure ofδ, that is,δ ≈ ∆. For the following discussion of
the EPR and Mo¨ssbauer spectra of 3Fe clusters the reader may
take as a guide that the threeJij values differ by less than 10
cm-1, thatJij ≈ 300 cm, and that|d| e 0.5 cm-1.

The effects of antisymmetric exchange on the Mo¨ssbauer
spectra are very different for the three Fe sites of the cluster.
Ford ) 0 and isotropic ai the internal magnetic fields measured
by Mössbauer spectroscopy,Bint(i) ) -ai 〈Si〉/gnân, are collinear
with the applied fieldB (The 〈Si〉 can be obtained from Figure
1 by dividing theAi-values by 2ai ) - 36 MHz). Ford * 0
and forB parallel tod the magnitude ofBint is modified, but
the internal field is still collinear toB. For applied fields
perpendicular tod the internal field acquires a component
perpendicular both toB and d (this is the effect of the cross
terms in eq 2). The parallel component has a contribution
proportional to〈Si〉 and a contribution proportional tod2/δ2. The
transverse component is proportional tod/δ.25 As shown in
Figure 1 the spin expectation value〈Sz3〉 can be small or zero
(for ω ) 0.35). Under these circumstances the magnetic splitting
is dominated byHAS. This is illustrated in Figure 4A which
showsB ) 0.06 T spectra generated ford/δ ) 0.02 (dashed)
and ford/δ ) 0. In an applied field of 6.0 T the antisymmetric
contribution is dominated by the nuclear Zeeman term, and the
spectra become quite insensitive tod.

For the analysis of the Mo¨ssbauer spectra we have written a
computer program that computes spectra from

where i sums over the three sites. Equation 16 describes the
quadrupole interactions of the three Fe sites;η ) (Vxx - Vyy)/

(31) Guigliarelli and Bertrand32 have suggested in a recent review article
that antisymmetric exchange can mix the twoS ) 1/2 states and that such
mixing should be explored by a quantitative model.

(32) Guigliarelli, B.; Bertrand, P.AdV. Inorg. Chem.1999, 47, 421-
497.

Figure 2. Mössbauer spectra illustrating the effect of a distributed
J12. Spectra, corresponding to site 3 of the 3Fe cluster of aconitase,
were calculated for a) -18 MHz, J13 ) 300 cm-1, J23 ) 305 cm-1.
Solid line: J12 ) 304 cm-1. Dashed:J12 ) 304 cm-1 distributed with
Gaussianσ ) 1 cm-1. Spectral areas are normalized.

Figure 3. Effectiveg-values for theS) 1/2 ground doublet as a function
of d/δ according to the expression of eq 14 (dashed line) and according
to the exact expression25,26 (solid line). δ is defined in eq 5.
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Vzz is the asymmetry parameter. The three electric field gradient
(EFG) tensors of a [3Fe-4S] cluster are expected to have
different principal axis systems. However, the EFG-tensors of
the three sites are small, and the spectra are quite insensitive to
details of the quadrupole interactions. Therefore, we have kept
the three EFG-tensors collinear in our simulations.

We have solved eq 15 by diagonalizing the matrices of the
whole system in the coupled representation|S23,S1;S,M〉. Choos-
ing the coupled representation allowed us to explore mixing of
the multiplets by zero-field splitting and antisymmetric exchange
terms and truncate the system later by retaining only the
configurations that mattered, namely the twoS) 1/2 multiplets.

Results

Aconitase. The EPR spectra of the 3Fe cluster of aconitase
are quite sharp and confined to a very narrow range ofg-values;
see for instance Beinert and Ruzicka9 and Telser et al.7 We have
obtained very good simulations to an X-band spectrum33 for gz

) 2.029, gy ) 2.022, andgx ) 2.006 by assuming that the
g-values are distributed (g-strain) with Gaussian widthsσgz )
0.0035,σgy ) 0.005, andσgx ) 0.005. Theg-values differ
slightly (<0.005) from those obtained at Q-band by Telser et
al.;7 however, it should be noted that the samples were from
different preparations and that the spectrometers used different
detection modes. Since allg-values of aconitase are aboveg )
2.00, we see no need to consider antisymmetric exchange for
the aconitase cluster.

Mössbauer spectra (4.2 K) of aconitase are shown in Figure
5. These spectra were fitted by Surerus and co-workers10 with
an isotropicA-value of +21.1 MHz for site 2. However, the
spectra of site 1 were simulated with anA-tensor that had 10%
anisotropy, and more to the point, a fit to the spectra of site 3
required anA-tensor of considerable anisotropy, namelyAx(3)
) -2.3 MHz, Ay(3) ) -21.9 MHz, andAz(3) ) -7.4 MHz.
As pointed out above, such a large anisotropy is unprecedented
for a high-spin ferric ion, and therefore we and others have
searched for a more physical explanation of the broad spectral
features. Inspection of Figure 1 reveals that an explanation for

the broad features observed for sites 1 and 3 can be obtained
by assuming that theJij-values are distributed about their mean
values, and keeping alla-values isotropic.34 The valueδ ) 13
cm-1 reported by Telser and co-workers indicates, eq 5, that
the Jij differ by about 5 cm-1. For the considerations below
only the differences between theJij-values matter but not their
absolute values. Therefore, and taking into account the results
of magnetic susceptibility and NMR studies, we will quite
arbitrarily choose for the lowestJ-value,J13 ) 300 cm-1.

Inspection of the graph in Figure 1 shows that one can
significantly broaden the spectra of sites 1 and 3 by choosing
J13 ) 300 cm-1, J23 ) 305 cm-1 and distributingJ12 over the
very narrow range of 2-3 cm-1 centered at 304 cm-1 (ω )
0.8, see right arrow in Figure 1). We have therefore explored
whether the Mo¨ssbauer spectra of aconitase can be fitted by
assuming that all three Fe sites have the same local isotropic
magnetic hyperfine coupling constants,a1 ) a2 ) a3. There is
nothing special aboutJ12, except thatA1 and A3 are more
sensitive to variations ofJ12. Of course, a distributedJ12 would
suggest that the other twoJ-values are distributed as well.
However, the spectra of the three sites are not well enough
resolved to discriminate between individual variations of the
three J-values. Therefore, we have confined our analysis to
variations ofJ12 alone.

To analyze the data of Figure 5 we have chosenJ13 ) 300
cm-1, J23 ) 305 cm-1 and calculated spectra for 301 cm-1 e
J12 e 305 cm-1 at 0.5 cm-1 intervals. We have then tested
whether the data could be explained by assuming thatJ12 has a
Gaussian distribution. This assumption, however, produced poor
fits to the spectra. We have therefore used a least-squares fitting
routine to determine the fractional populations that best represent
the entire data set. Our simulations revealed that spacing the
grid of J12 values in 1 cm-1 intervals produced rather satisfactory
representations of the data. The theoretical curves drawn through
the data of Figure 5 were obtained by summing spectra
generated for differentJ12 values given in the caption. It is
noteworthy that the spectra can be simulated very well by
assuming the same, and isotropic, magnetic hyperfine coupling
constant for all three Fe sites,a ) -18 MHz.

DesulfoWibrio gigas FdII . The EPR spectra ofDg FdII are

(33) The spectrum was recorded by K. K. Surerus in 1986 on sample
provided by Drs. H. Beinert and M. C. Kennedy. The spectrum was recorded
at 9.228 GHz and≈ 8 K at a microwave power of 0.1 mW, with a
modulation amplitude of 1 mT.

(34) While writing up the present work we were informed by Dr. B. H.
Huynh of Emory University that Dr. C. Krebs in his laboratory has fitted
the spectra of a type 1 3Fe cluster by using a distribution ofJ-values while
keeping theA-tensors isotropic.

Figure 4. Calculated Mo¨ssbauer spectra illustrating the effects of
antisymmetric exchange. The spectra correspond to those of site 3 of
Dg FdII for J13 ) 300 cm-1, J23 ) 310 cm-1, J12 ) 304 cm-1, a3 )
-18.5 MHz,∆EQ ) 0.52 mm/s andη ) 0. Parallel field 0.06 T spectra
(A) and 6.0 T spectra (B) were computed ford ) 0 (solid lines) and
d ) 0.6 cm-1 (dashed).

Figure 5. Mössbauer spectra of the [3Fe-4S]+ cluster of aconitase
recorded at 4.2 K in parallel applied fields of 0.06 T (A), 2.5 T (B),
and 6.0 T; same spectra as those reported previously.10 Solid lines are
theoretical spectra computed for a1 ) a2 ) a3 ) -18 MHz usingJ13

) 300 cm-1, J23 ) 305 cm-1, and J12 ) 301.5 (4%), 302.5 (21%),
303.5 (30%), 304.5 (34%), and 305 cm-1 (11%); the numbers in
parentheses give percentages of the subcomponent in the summed
spectra. For the quadrupole splittings we used∆EQ ) 0.73 mm/s and
η ) 1 for all sites.
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substantially broader than those of aconitase. Comparison of
the shapes of published spectra for this ferredoxin have revealed
substantial variation in the shapes of the signal. We have made
similar observations for our preparations. This is illustrated in
Figure 6 which shows spectra from two preparations, sample
A and B, ofDg FdII recorded under nonsaturating conditions.
Note that the maximumg-value,g|, differs by 0.005 between
the samples and note the broader features of sample B (solid
line) below g ) 2. We have also observed small line shape
changes after thawing and refreezing a sample. It is known that
the Dg FdII cluster is very sensitive to perturbations of the
protein structure. For instance, using NMR, EPR, and Mo¨ssbauer
spectroscopy Macedo et al.17 have shown that the oxidized 3Fe
cluster exhibits two spectral forms, FdIIOX and FdIIint, depending
on whether cys-18 and cys-42, which are positioned∼12 Å
from the 3Fe cluster, form a disulfide bridge or exist as thiolates,
respectively. The FdII samples used in the present work were
obtained either after aerobic purification of the protein or by
exposure of a reduced sample to air at 4°C for at least 12 h.
After either procedure, FdIIint will be absent. Given that the
shapes of the FdII EPR spectra depend on the preparations in
a way presently not understood, it is apparent that there is not
one particular distribution of parameters that characterizesDg
FdII samples.

Telser et al.7 as well Bertrand and co-workers6b have analyzed
the EPR spectra ofDg FdII with a distributed set ofrhombic
g-values. The former group treated the threeg-values as random
variables while the latter used a model involving mixing ofS
) 1/2 and S ) 3/2 by local zero-field splittings (D/J mixing).
BecauseD/J-mixing involves the S ) 3/2 manifolds, the
quantitiesDi/J are too small to affect theg-values in a significant
way (see Figure 1 of ref 6b forD/J < 0.01). As pointed out
above, antisymmetric exchange mixes the two closely spaced
S ) 1/2 manifolds and producesaxial g-tensors given by the
expression of eq 14. If antisymmetric exchange is indeed
responsible for the observation ofg-values belowg ) 2.0, one
should be able to simulate the spectra of FdII with a distribution
of axial g-tensors. If we ignore fine details such as minor
rhombicities of the localg-tensors, it is the quantityd/δ that
will control the g-values and their distribution. Becaused/δ
depends ond, and implicitly onJ12, J13, andJ23, the distribution
of at least four parameters can effect the EPR spectrum. The
theoretical spectra shown Figure 7 (dashed) were obtained by
simulating 14 axial spectra with fixedg| (see caption) andg⊥

at 2.01, 2.00, 1.99...1.87. We then used a least-squares fitting
program to determine the weights of the individual spectra in
the distribution (Figure 8). Telser et al.7 suggest that the
uncertainty inδ is ( 4 cm-1. If we take these uncertainties as
a guide and allow that thed-values are distributed between 0.3
and 0.5 cm-1, the above range ofg⊥-values can be explained
(The reader may also keep in mind that the reportedδ-value
must reflect an average over an unknown distribution.). From
the fits shown in Figure 8 we conclude that the spectra ofDg
FdII are compatible with a distribution ofaxial spectra.

Mössbauer spectra recorded at 4.2 K in parallel applied
magnetic fields are shown in Figures 9 and 10. To give the
reader an appreciation for the need of distributed parameters,
we have plotted in Figure 9 a theoretical spectrum forJ13 )
300 cm-1, J12 ) 304 cm-1, J23 ) 310 cm-1, andd ) 0 assuming
that each Fe site has an isotropic magnetic hyperfine coupling
constantai ) -18.5 MHz. Although the simulations give
roughly the correct line positions for the spectra of the three
sites, the broad features of the 60 mT spectrum of FdII are not
properly represented by using isotropica-values and fixed
J-values.

The shape of the EPR spectrum ofDg FdII can be described
by the distribution of one quantity, namelyd/δ. The Mössbauer
spectra, in contrast, depend in a complex way on the distribu-
tions of d, J12, J13, andJ23, as can be seen from the following
argument. Consider, for instance, variations of theJ-values.
Suppose thatJ12 is close toJ13, that is, ω is close to zero.
Inspection of Figure 1 reveals that a large variation ofJ23 is
required to produce a substantial change of the effectiveA-values
(Recall that the graph covers the entire range of possible

Figure 6. X-band EPR spectra of two preparations ofDgFdII recorded
at∼8 K under nonsaturating conditions. The spectra of sample A (solid
line) and B (dashed) were recorded on different instruments. Protein
concentrations were∼0.8 mM. Sample A was obtained by reoxidation
of a dithionite-reduced sample while sample B was obtained by aerobic
purification of the protein. Conditions for sample A: 9.63 GHz,
microwave power, 126 mW; modulation, 0.5 mT. Sample B: 9.65 GHz,
2 µW, 0.4 mT.

Figure 7. Spectral simulations (dashed) forDg FdII samples A (top)
and B (bottom) using axial spectra withgz > gperpwith the distributions
of subspectra shown in Figure 8. For samples A and B we usedg0 )
2.0027 and 2.0022, respectively. For line width parameters see Materials
and Methods.

Figure 8. Distribution of subspectra used to generate the theoretical
spectra shown in Figure 7. Circles refer to sample A and triangles to
sample B.
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A-values). A large variation ofJ23, in turn, leads to a large
variation ofδ, eq 5, and thus to a large spread ofg⊥. In contrast,
variation ofω by about 0.2 produces substantial changes of the
A-values but only minor changes ing⊥, suggesting that a fit to
the Mössbauer spectra by variation ofJ12 alone will produce a
distribution of g⊥-values that is likely too narrow. Since it is
impractical to consider distributions of all four parameters, we
have chosen to vary onlyJ12, that is,ω, and explored whether
a distribution of this parameter can reasonably explain the
features of the observed Mo¨ssbauer spectra.

Note from the graph of Figure 1 that a site with positive
A-values (site 2) has sharp features whenω is close to 1, while
the spectrum of a site with negativeA-values (site 1) is sharp
whenω is close to zero. If none of the subsite spectra exhibits
sharp features,J12 is roughly halfway betweenJ13 andJ23, that
is, ω ≈ 0.5. Using the preceding argument together with some
initial spectral simulations revealed readily thatω > 0.7 for
aconitase (see arrow in Figure 1). ForDg FdII the component
with the largest negativeA-value has the sharpest features.
Moreover, one of the sites, site 3, has a very smallA-value.
These two observations place the averageJ12 value near the
point whereA3 changes sign.

To generate the theoretical spectra of Figure 10 B-D, we
have produced a large number of subspectra from eq 15 for
fixed J13 ) 300 cm-1, J23 ) 310 cm-1, varyingJ12 in steps of
0.5 cm-1 over the rangeJ13 < J12 < J23, and keepinga1 ) a2

) a3. From studies at temperatures above 77 K it is known that
∆EQ ) 0.53 mm/s and from an 8.0 T spectrum recorded at 150
K (not shown) we could infer that the asymmetry parameterη
> 0.8 for all three sites. We have kept all EFG- tensors in the
same frame, with thez-axis along the direction ofd. Initially
we attempted a Gaussian distribution ofJ12, but this did not
produce good fits to the data. We have therefore used again the
least-squares fitting procedure to determine the distribution of
J12 values that best fit the entire data set. The final spectra,
consisting of a set of three times eight subspectra with the
weights listed in the figure caption, are shown in Figure 10
B-D.

Overall, the shapes of the spectra are quite well represented
by our simple model. It is gratifying to see that the spectra of
all sites can be simulated using one isotropic magnetic hyperfine

constant,a ) -18.5 MHz. All spectra were computed usingd
) 0.4 cm-1 for the antisymmetric exchange parameter.

To illustrate the effect of the antisymmetric exchange
parameter d we have drawn in Figure 10A a 60 mT spectrum
computed ford ) 0. As anticipated from the argument presented
above, the effect ofd is to broaden preferentially the Mo¨ssbauer
spectra of sites with smaller effectiveA-values. Sinced broadens
the spectra it is difficult to distinguish its effects from those
caused by distributedJ-values. Thus, we do not claim that the
Mössbauer spectra of FdII provide evidence of antisymmetric
exchange. However, the effects of this interaction are expressed
in the EPR spectra, and if one accepts the interpretation of the
EPR spectra, the effect of d on the Mo¨ssbauer spectra is roughly
as illustrated by the simulations of Figure 10 A and B.

For d ) 0.4 cm-1, J13 ) 300 cm-1, andJ23 ) 310 cm-1 one
obtains from eq 14g⊥ values between 1.97 and 1.98 asJ12 varies
between 301 and 308 cm-1, that is, a distribution substantially
narrower than indicated by EPR. However, as indicated above
we have not employed variations inJ13, J23, andd. Varying d
up to 0.6 cm-1 would allow g⊥ values down to 1.91 and an
additional decrease ofJ23 - J13 by only 2 cm-1 would allow
for g⊥ values down to 1.85, without substantial changes in the
Mössbauer spectra.

Discussion

The analyses of the EPR and Mo¨ssbauer spectra of aconitase
andDg FdII shows that the peculiar spectral features observed
for oxidized [3Fe-4S] clusters can be explained by the presence
of antisymmetric exchange in combination with heterogeneous
distributions of the Heisenberg exchange coupling constantsJ12,
J13, andJ23. Our studies show that the occurrence ofg-values
below g ) 2.0 can be attributed to antisymmetric exchange.
This interaction, hitherto not demonstrated for iron-sulfur

Figure 9. Mössbauer spectrum ofDg FdII recorded at 4.2 K in a field
of 60 mT applied parallel to the observedγ-radiation. The solid line is
a theoretical spectrum obtained forJ13 ) 300 cm-1, J12 ) 304 cm-1,
J23 ) 310 cm-1 and a1 ) a2 ) a3 ) -18.5 MHz. For the quoted
J-values the three sites have very different, but isotropic,A-values;
see Figure 1. In parallel applied field the nuclear∆m ) 0 lines are
quenched and each site produces a four-line spectrum with a 3:1:1:3
intensity pattern. The outermost lines of each subsite are marked by
the brackets. (As long as we are only concerned with theS) 1/2 ground
doublet, the same theoretical spectra are obtained when all threeJ-values
are multiplied with the constant factor.)

Figure 10. Mössbauer spectra ofDg FdII recorded at 4.2 K in parallel
applied fields of 0.06 T (A, B), 4.0 T (C), and 6.0 T (D). The solid
lines drawn through the data in (B), (C), and (D) are spectral simulations
for d ) 0.4 cm-1, a1 ) a2 ) a3 ) -18.5 MHz,J13 ) 300 MHz,J23 )
310 MHz.J12-values were chosen from 301 to 308 cm-1 in steps of 1
cm-1. The theoretical spectra were calculated for the following
distribution ofJ12, combining adjacent points:J12 ) 301.5 (19%), 303.5
(39%), 305.5 (25%), and 307.5 cm-1 (17%). We used∆EQ ) 0.52
mm/s andη ) 1 for all sites. The solid line in (A) is a calculated
spectrum ford ) 0, with all other parameters the same as above.
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clusters, mixes the two lowestS ) 1/2 manifolds of the spin-
coupled cluster and producesg-tensors ofaxial symmetry.35

Electron spin-lattice relaxation studies7,20 of a variety of
[3Fe-4S] proteins have shown that the twoS ) 1/2 doublets
are separated in energy by∆ ≈ 10-30 cm-1, depending on the
particular system. According to eqs 5 and 13 this splitting
reflects, for smalld-values, the difference in the threeJ-values.
Interestingly, the three coupling constants are the same within
1% for aconitase and 3% forDg FdII,7 in marked contrast, for
example, to the all-ferrous [4Fe-4S] cluster of the nitrogenase
Fe-protein for whichJ-value differences as large as a factor
2.5 have been inferred.36

We are now in the position to address the question why the
EPR spectra ofDg FdII have broad features that extend down
to g ) 1.88 while those of aconitase are sharp and confined to
the region betweeng ) 2.03 and 2.00. Both proteins exhibit
distributed J-values (J-strain). For theDg FdII cluster the
antisymmetric exchange term of eq 2 movesg⊥ below g ) 2
andJ-strain, through theδ-dependence of eq 5, spreadsg⊥ over
the observed range ofg-values, but keepingg| atg0. (We suspect
thatd is distributed as well.) Thed-value of the aconitase cluster
is at least 4 times smaller than that of the FdII cluster, confining
its g-values to values aboveg ) 2 and rendering its EPR
spectrum quite insensitive toJ-strain. However, the broad
features of the Mo¨ssbauer spectra of aconitase indicate that
J-strain is present. Duderstadt et al.8 distinguish between type
1 and type 2 [3Fe-4S]+ clusters; the former have narrow EPR
spectra such as aconitase while the latter have broad features
such asDg FdII. Our studies suggest that the distinguishing
feature between type 1 and 2 is the magnitude of the quantity
d/δ.37 The plots of Figure 8 show that forDg FdII the
distribution ofg⊥ values peaks near 2.0. For some 3Fe clusters
the distribution peaks at lowerg-values. For instance, using the
same method as described above we have analyzed the EPR
spectrum of the D14N variant ofPyroccoccus furiousferredoxin
(shown in Figure 4 of ref 5) and found that itsg⊥ distribution
peaks aroundg⊥ ≈ 1.90, corresponding to|d|/δ ) 0.025.

Type 1 [3Fe-4S]+ clusters seem to lack noticeable antisym-
metric exchange, and therefore their EPR spectra are confined
to g-values aboveg ) 2. Their spectra are characterized by
rhombicg-values that appear to reflect the intrinsic rhombicities
of the ferric sites. The spectra of the 3Fe clusters of aconitase
and theD. gigas hydrogenase,g ) (2.032, 2.024, 2.016),7

represent this type of cluster. It is interesting to note that those
type 2 EPR spectra that have been analyzed can be fitted either
with distributed rhombicg-values or, as shown here, with
distributed axialg-values. Given the broad nature of the spectra
these findings are not too surprising. One might argue that one
will generally succeed in fitting the type 2 spectra with
distributions of axial species as long as the distributions are
not constrained. True rhombic EPR spectra for which the g-value
separations are larger than the width of the features at gx, gy

and gz produce double-humped distributions when the spectra

are represented by axial subspectra. While distributions of
rhombic species can fit the data, we are not aware of any
mechanism other than mixing by antisymmetric exchange that
can shift theg-values to values belowg ) 2.

Ideally, we would wish to present fits that use the same
distribution of parameters for the computation of the Mo¨ssbauer
and EPR spectra. As mentioned above, the distributions seem
to be batch-dependent thus our57Fe sample from 1985 is likely
to have a distribution ofJ-values different from the EPR sample
produced 10 years later.38 Moreover, as pointed out above the
EPR spectrum depends on the distribution of (d2/δ2) while the
broad features Mo¨ssbauer spectra are determined by the
distributions of threeJ-values, the antisymmetric exchange
parameterd, some intrinsic anisotropy of theA-tensors, and on
(unknown) orientations of the EFG-tensors. While the Mo¨ss-
bauer spectra may be quite sensitive to the distributions of some
parameters, it is questionable whether one can work out unique
distribution functions from frozen solution samples.

One of the issues that concerned us since the discovery of
3Fe clusters 20 years ago was the apparent anisotropy of the
57Fe magnetic hyperfine tensors. This question has been resolved
by the present study which shows that the Mo¨ssbauer spectra
of aconitase andDg FdII can be fitted with the assumption that
the three sites of the cluster have the same isotropic coupling
constant, namely a) -18 MHz for aconitase anda ) -18.5
MHz for Dg FdII. Mouesca and co-workers39 have defined a
parameteratest) ∑i)1,3Aiso(Fei) whereAiso(Fei) is the measured
isotropic part of the magnetic hyperfine tensor. The published
magnetic hyperfine tensors of aconitase yieldedatest ) -13
MHz, a value substantially smaller than expected for a ferric
site with tetrahedral sulfur coordination, as noted by Telser et
al.7 The present study resolves this concern and provides a good
value foratest, namelyatest) -(18.0-18.5) MHz, for the ferric
sites of oxidized [3Fe-4S]+ clusters of the two proteins. The
reader should not assume that this study establishes that the
A-tensors are strictly isotropic. Since the Mo¨ssbauer spectra have
previously been fitted, and quite well, with anisotropicA-tensors
it is clear that one can trade someA-tensor anisotropy for
J-strain. We cannot rule out some anisotropy, that is, thea-tensor
components of aconitase may deviate by(5% from-18 MHz
and those ofDg FdII perhaps by(10% from-18.5 MHz. In
fact, Hoffman and co-workers have shown with ENDOR that
site 1 of theDg hydrogenase 3Fe cluster has an anisotropic
A-tensor,A1 ) (-51.4, -41.2, -41.2) MHz, Aiso ) -44.6
MHz. This Aiso-value indicates thata1 ≈ -20 MHz.

The main broadening of the Mo¨ssbauer spectra of [3Fe-4S]+

clusters can be attributed to distributedJ-values that mask the
effects of antisymmetric exchange on the spectra. To separate
the effects of antisymmetric exchange in the Mo¨ssbauer spectra
from those associated with distributions of theJ-values, 3Fe
clusters with largerd-values or narrowerJ-distributions have
to be studied. For instance, to observe effects in the Mo¨ssbauer
spectra unambiguously attributable to antisymmetric exchange
for d ) 0.5 cm-1, J13 ) 300 cm-1, J23 ) 310 cm-1, and aJ12

centered at 304 cm-1, the width of the distribution ofJ12 must
be less than 0.5 cm-1, that is, less than 0.2% of the absolute
value ofJ12.

For d ) 0 and well-definedJ-values the low-temperature
Mössbauer spectra provide the quantityω ) (J12 - J13)/(J23 -
J13) but not the absoluteJ-values. The value ofω can then be
inserted into eq 5 to extractJ23 - J13 from the quantity∆ (≈
δ), measured for instance by spin-lattice relaxation studies. This

(35) This is true as long as mixing of theS) 1/2 ground state withS)
3/2 manifolds can be neglected. ForJij > 200 cm-1 and |d| < 1 cm-1 this
condition is fulfilled.

(36) Yoo, S. J.; Angove, H. C.; Burgess, B. K.; Hendrich, M. P.; Mu¨nck,
E. J. Am. Chem. Soc.1999, 121, 2534-2545.

(37) It has been suggested8 that the broader features of the type 2 clusters
suggest less symmetricJ-coupling. As discussed above less symmetric
J-coupling alone will not produce broadening of the EPR spectra. For
broadening to occur noticeable antisymmetric exchange must be present.
Moreover, as can be seen from eqs 5 and 14, larger differences in theJij
will yield larger δ-values and therefore less broadening.

(38) We have just started to investigate systematically forDg FdII the
dependence of the distributions on buffer, pH, presence of cryo-protectants
and freezing rates.

(39) Mouesca J.-M.; Noodleman, L.; Case, D. A.; Lamotte. B.Inorg.
Chem. 1995, 34, 4347-4359.
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still leaves the overall magnitude of theJ-values undetermined.
The J-values can be determined from magnetic susceptibility
studies, provided they are small enough so that theS ) 3/2
multiplets are sufficiently populated at the temperatures of the
measurement. However, as indicated by the study of Day et
al.21 J-values around 300 cm-1 are difficult to measure for
protein-bound 3Fe-clusters; these authors could only establish
a lower bound for theJ-values ofDg FdII, namelyJij > 200
cm-1. Analysis of the contact shifts of the cysteinyl protons by
NMR17,18,22 holds great promise for the determination ofJ,
provided that the isotropic proton hyperfine coupling constants
are known from studies such as electron spin-echo envelope
modulation (ESEEM) or ENDOR.40 Determination of the proton
coupling constants by the latter techniques, however, depends
on the knowledge of spin projection factors, that is, on the
parameterω. Clearly, determination of theJ-values of 3Fe
clusters requires information from a variety of related tech-
niques, such as EPR, Mo¨ssbauer, ENDOR, ESEEM, and NMR
spectroscopies and magnetic susceptibility. It is interesting to
note that the room-temperature NMR spectra ofDg FdII do
not exhibit the heterogeneities observed in the low-temperature
EPR and Mo¨ssbauer spectra; this can be inferred from a
comparison of the observed line widths12,17 with the widths
predicted from theJ-value distribution obtained at low temper-
ature. This observation suggests that the observedJ-strain, which

presumably represents a distribution of protein conformations
“locked in” upon freezing the samples, is averaged out in the
liquid state. (It is interesting to note that the [4Fe-4S]+ ferredoxin
from Pyrococcus furiosusexhibits physical mixtures of S)
1/2 and S) 3/2 statues in frozen solution whereas only an S)
1/2 form is observed in fluid solution.41)

The value found for the AS coupling constant,d ≈ 0.4 cm-1,
is somewhat smaller than thed-values reported for the hydroxy-
lase component of methane monooxygenase,d ≈ 2.2 cm-1,27 a
diferric model complex for diiron proteins,d ≈ 1.4 cm-1,27 and
iron triacetate,d ≈ 1.4 cm-1.26 Moskvin and Bostrem42 have
reported a microscopic theory of antisymmetric exchange for
explaining the experimental data of Fe3+-Fe3+ ion pairs in
orthoferrites. These authors have shown that the Dzyaloshinskii
vectord can be written asd ) d(ϑ)[r10 × r20] where r10 and
r20 are the unit vectors of the Fe3+(1)-O and Fe3+(2)-O bonds
andϑ is the Fe3+-O-Fe3+ angle. Thusd is always perpendicular
to the Fe3+-O-Fe3+ bond or vanishes for collinear superexchange
pathways. The quantity d(ϑ) depends on transfer integrals, and
d was found to differ from the simple relation d≈ (∆g/g)J
proposed by Moriya.43 It will be interesting to develop this
theory further for the geometrically more complex case of
[3Fe-4S]+ clusters.
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