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Abstract: We have previously shown that the [4Fe-4S] cluster of the Fe protein of nitrogenase fromAzotobacter
Vinelandii can be reduced to the all-ferrous state, [4Fe-4S]0. We have studied here this state with integer-spin
EPR and Mo¨ssbauer spectroscopy, and analyzed the exchange couplings that give rise to a ground state with
cluster spinS ) 4. The results are as follows: The cluster contains four high-spin (Si ) 2) ferrous sites with
isomer shiftδ ) 0.68 mm/s. One site, FeA, has∆EQ ) 3.08 mm/s while the three other sites exhibit∆EQ-
values between 1.2 and 1.7 mm/s. This asymmetry is surprising in view of the fact that the cluster is suspended
at the interface of anR2 protein dimer. A similar 3:1 symmetry is also evident in the magnetic hyperfine
tensors,A(i), of the four sites; three sites have negativeA-values while that of the fourth site, FeA, is positive.
Analysis of the exchange couplings, assumed to be antiferromagnetic, shows that every possibleS) 4 ground
multiplet that can be constructed from four high-spin ferrous sites must have this property. From Mo¨ssbauer
spectroscopy we obtained for theS) 4 multiplet the zero-field splitting parameterD ) -0.75( 0.05 cm-1.
Moreover, the Mo¨ssbauer studies show that the two lowest levels of the spin multiplet are split by∆ground )
0.02 cm-1. Four pairs of levels from theS) 4 multiplet yield integer-spin EPR signals which can be observed,
with only minor broadening, at temperatures up to 140 K. Transitions between the two lowest levels yield a
sharp resonance atg ) 16.4. We have simulated the EPR spectra of the all-ferrous cluster in the temperature
range from 2 to 120 K and have obtained curves that fit the experimental data with high accuracy. The spin
concentration obtained from these simulations is in good agreement with the [4Fe-4S] cluster concentration.
Moreover, analysis of the EPR data has revealed that another spin multiplet, most likely anS ) 3 manifold,
becomes populated above 40 K. Exchange coupling (J) among four high-spin ferrous ions yields 85 spin
multiplets, 15 of which haveS ) 4. To have anS ) 4 ground state, two of the sixJ-values must differ by at
least a factor 3, and two others by a factor 2.5. The computed spin projection factors, together withaiso )
-22.4 MHz of ferrous rubredoxin, yieldAiso-values for three of the sites that are in good agreement with the
experimental data; FeA, however, requires a much smalleraiso-value (-12 to -16 MHz).

Introduction

Nitrogenase, the enzyme system that catalyzes the six-electron
reduction of N2 to ammonia, consists of two separately purified
proteins, the Fe protein and the MoFe protein. The Fe protein
is aMr ≈ 60 000 dimer of two identical subunits that are bridged
by a single [4Fe-4S] cluster coordinated by four cysteine
ligands.1 Each of the two subunits has a binding site for
MgATP.2,3 The MoFe protein is a Mr ≈ 230 000R2â2 tetramer
that has two types of metal clusters, the [8Fe-7S] P-clusters
and the [Mo-7Fe-9S-homocitrate] FeMoco center.4-8 Almost
everything that is known about the mechanism of this enzyme
system comes from in vitro experiments that utilized dithionite

as an electron donor.9 Under those conditions the reactions
sequence is as follows. The Fe protein’s [4Fe-4S]2+ cluster is
first reduced by one electron to the+1 oxidation state. The
protein then binds two molecules of MgATP, undergoes a
critical conformational change, and forms a complex with1/2
of the MoFe protein.4,8,10Within the complex a single electron
is transferred from the Fe protein to the MoFe protein P-clusters
in a reaction that is somehow coupled to the hydrolysis of both
MgATPs.8,11,12 Subsequently, the two proteins dissociate and
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the process is repeated. As the MoFe protein accumulates
electrons one at a time, they are transferred to FeMoco and used
to reduce substrates.8

This one-electron-at-a-time view of nitrogenase has been
challenged recently by the demonstration of the facile reduction
of the Fe protein’s [4Fe-4S]1+ cluster to the unprecedented [4Fe-
4S]0 all-ferrous oxidation state.13 It has been further established
that the all-ferrous Fe protein can bind MgATP, undergo the
conformational change, and form a productive complex with
the MoFe protein.14 The all-ferrous Fe protein can then transfer
two electrons to the MoFe protein in such a way that they are
both used to reduce substrate.14,15It has not yet been established
if both electrons are transferred from the Fe protein to the MoFe
protein prior to complex dissociation. If that is the case,
however, it would provide an explanation for the fact that the
P-clusters and the FeMo cofactor are both double clusters that
might be able to serve as two-electron acceptors. A two-electron-
at-a-time mechanism would also be consistent with the observa-
tion that all known nitrogenase substrates and intermediates are
reduced by multiples of two electrons.8,11

The demonstration that the Fe protein’s [4Fe-4S] cluster can
be reduced to an all-ferrous state has important implications
not only for the mechanism of nitrogenase but also for our
understanding of [4Fe-4S] cluster chemistry. Prior to this
demonstration, clusters of this type had only been known to
undergo one-electron redox cycles using either the [4Fe-4S]3+/2+

or the [4Fe-4S]2+/1+ couple,16 but not both.17 Currently the [4Fe-
4S]2+/1+/0 cluster of the Fe protein is the only example of a
cluster that has been stabilized, in the absence of chaotropic
reagents, in three core oxidation states. It is also the only protein-
bound [4Fe-4S] cluster that has been shown to attain the all-
ferrous state, a state that is also unprecedented in model
complexes with thiolate ligands. For these reasons we have now
performed comprehensive Mo¨ssbauer and EPR studies to
characterize its electronic and spin structure. Here we report a
detailed analysis of the Mo¨ssbauer spectra in the framework of
anS) 4 spin Hamiltonian. We also report parallel mode EPR
spectra of the all-ferrous cluster together with spectral simula-
tions that fit the resonances originating from four pairs of
sublevels of theS) 4 multiplet. Moreover, we provide evidence
for the presence of an excitedS) 3 spin multiplet that becomes
thermally populated above 40 K. Finally, we present a detailed
analysis of the spin coupling scheme of the four high-spin
ferrous ions that gives rise to a ground multiplet withS ) 4.

Materials and Methods

The Ti(III)citrate-reduced Fe protein sample used in the Mo¨ssbauer
studies is the same as described previously.13 Ti(III)citrate-reduced
AzotobacterVinelandiiFe protein (AV2) used for the EPR measurements
was prepared by the addition of excess Ti(III)citrate after the removal
of sodium dithionite on an anaerobic Sephadex G-25 column, equili-
brated with 0.05 M Tris-HCl, pH 8.0, 0.05 M in NaCl. Ti(III)citrate
was then diluted to 0.5 mM and the sample concentrated anaerobically
in a centricon-30 (Amicon) to an Fe protein concentration of 2.1 mM.

For the deazariboflavin-reduced Fe protein sample, sodium dithionite
was removed as described above. An EPR sample containing 0.16 mM
Fe protein, 0.2 mM 5′-deazariboflavin and 2 mM EDTA was il-
luminated outside the glovebox for 2 min using the white light from a
slide projector and then frozen in liquid nitrogen.19

X-ray Radiolytic Reduction of the [4Fe-4S]1+ Cluster. Sodium
dithionite was removed from the Fe protein as described above. A 30%
(v/v) glycerol buffered solution was added resulting in a sample
containing 0.19 mM Fe protein, 0.05 M Tris-HCl, pH 8.0, 0.02 M in
NaCl and 10% v/v glycerol. The EPR sample was irradiated at the
Cornell High Energy Synchrotron Source (CHESS). The frozen protein
sample was placed in a liquid-nitrogen-filled styrofoam dewar with
mylar windows. The sample was irradiated over a 20-mm vertical sweep
using a sweep rate of 5 min/mm; the total irradiation time was 100
min.

Spectroscopy.Mössbauer spectra were recorded with two spec-
trometers operating in the constant acceleration mode. High field spectra
(0.15-8 T) were recorded using a Janis Research Super-Varitemp dewar
equipped with a superconducting magnet. The 3, 6, and 10 mT magnetic
fields were generated by placing two Indox-5 magnets in a Helmholtz
configuration around the tail section of a second dewar. Isomer shifts
are quoted relative to Fe metal at 298 K. Mo¨ssbauer spectral simulations
were generated using the WMOSS software package (WEB Research,
Edina, MN). EPR spectra were recorded using a Bruker ESP 300
spectrometer equipped with an Oxford ESR 910 liquid helium cryostat,
a Au-Fe-chromel thermocouple and an Oxford temperature controller.
A Bruker ER 4116 DM dual mode cavity was used to generate the
microwave fields,B1, parallel to the static field,B. The magnetic field
was calibrated with an NMR gaussmeter and the microwave frequency
was measured with a Hewlett-Packard 5352B counter. Quantitation of
the EPR signals in this work has been done relative to a solution of
CuEDTA. The concentration of the Cu2+ species was determined by
plasma emission spectroscopy.

EPR Temperature Calibrations. The Oxford thermocouple tem-
perature was calibrated using a carbon glass resistor temperature probe
(CGR-1-1000 Lake Shore Cryotronics). The resistor was placed in a
glycerol-filled EPR tube positioned in the sample cavity and connected
to the temperature controller. Helium flow was adjusted to optimum
conditions, and the CGR and thermocouple temperatures were recorded.
EPR spectra of the sample were taken immediately following the
temperature calibration using the same helium flow conditions. A
second temperature calibration was run after the sample measurement.
Comparison of the CGR readings from the two calibrations revealed
that the temperature was reproducible within(1.5 K.

Integer-Spin Simulation Program. Simulations of the EPR spectra
are based on diagonalization of the spin Hamiltonian to determine
resonance positions, transition probabilities and Boltzmann factors for
arbitrary orientations of the magnetic field with respect to theD-tensor.
For each spin doublet having significant intensity, the contribution to
the spectrum at a particular field is summed. The simulated spectra
are normalized for angular grid size and field width, and they
incorporate the appropriate frequency to field conversion required by
normalization of Fermi’s Golden Rule for field-swept spectra.20,21Thus,
the simulated spectra can be quantitatively compared to simulations of
a spin standard which can be a simpleS ) 1/2 complex.

Results

Mo1ssbauer Studies.Figure 1 shows zero-field Mo¨ssbauer
spectra of Ti(III)citrate-reducedAV2. The 130 K spectrum
exhibits two major doublets. The minority species, doublet 1,
has quadrupole splitting,∆EQ ) 2.91 mm/s, and isomer shift,
δ ) 0.65 mm/s; at 4.2 K we observed∆EQ ) 3.08 mm/s and
δ ) 0.68 mm/s.22 These parameters are similar to those observed
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for reduced rubredoxin23 and thus show that the site represents
a high-spin ferrous iron with tetrahedral sulfur coordination.
The broader lines of the majority doublet suggest that it contains
the contribution of three similar yet distinct sites. We have drawn
over the experimental data a theoretical curve generated by
assuming four doublets. Although a unique decomposition of
the experimental spectrum is not possible, the average isomer
shift of sites 2, 3, and 4 is 0.65 mm/s at 130 K and 0.68 mm/s
at 4.2 K (see also Table 1). This value ofδ, again, is strongly
indicative of high-spin Fe2+ sites with tetrahedral sulfur
coordination. Comparison of the average isomer shift of the four
sites (bold arrow in Scheme 1) to those reported for [4Fe-4S]
clusters with established core oxidation states reveals that the
cluster of Ti(III)citrate-reducedAV2 is in the [4Fe-4S]0 state.
Since site 1 is the unique site of the all-ferrous cluster, we will
refer to it with the special designation FeA.

To aid the reader, we present in Figure 2 the energy level
scheme of anS ) 4 multiplet. The electronic splitting of this
multiplet can be described by the Hamiltonian

whereD and E describe the zero-field splittings andg is the
g-tensor. We have previously shown13 that the parameterE/D
is near the rhombic limit (E/D ≈ 1/3) for the all-ferrous cluster.

Figure 3 and Figures 5-7 show Mössbauer spectra of Ti(III)
citrate-reducedAV2 recorded in applied magnetic fields up to
8.0 T. As mentioned above, the zero-field spectra of the all-
ferrous cluster consist of quadrupole doublets (down to 1.5 K).
Figure 3D shows that an applied field as weak as 3 mT induces
already sizable magnetic hyperfine fields. This behavior is
characteristic of an electronic system with integer-spin for which
the splitting between the two lowest sublevels,∆ground, is very
small (for a discussion see ref 24); a fit to the data (see below)
suggests that∆ground≈ 0.02 cm-1. The spin Hamiltonian of eq
1 predicts, forB ) 0, that∆exc (see Figure 2) is substantially
larger than∆ground (∆exc ≈ 22 ∆ground). We have used this

(22) At 4.2 K, the zero-field spectrum exhibits slightly broader absorption
lines than at 40 K. We believe that this broadening is caused by mixing of
the electronicæ1 andæ2 levels by magnetic hyperfine interactions. For a
discussion of this point see ref 54.

(23) Schulz, C.; Debrunner, P. G.J. Phys. C61976, 37, 153-158.
(24) Münck, E.; Surerus, K. K.; Hendrich, M. P.Methods Enzymol.1993,

227, 463-479.

Figure 1. Zero-field Mössbauer spectra of Ti(III)citrate-reducedAV2
recorded at 130 K (A) and 4.2 K (B). Spectra shown were obtained
with the same sample as used for Figures 3, 5, 6, and 7. Protein
concentration was 0.92 mM. The solid line in (A) is a superposition of
four quadrupole doublets of equal intensity generated with the
parameters of Table 1. The four doublets are market by the brackets.
A minor ferrous impurity (2% of total Fe) is indicated by the arrow.

Table 1. Quadrupole Splittings and Isomer Shifts of [4Fe-4S]0
AV2a

∆EQ (mm/s)

temperature (K) site 1 site 2 site 3 site 4 δ (mm/s)

4.2 3.08 1.72 1.48 1.24 0.68
130 2.91 1.70 1.45 1.05 0.65
200 2.75 1.68 1.30 0.96 0.62

a Isomer shifts,δ, are quoted relative to Fe metal at 298 K.
Linewidths were 0.45 mm/s for all components, independent of
temperature.

He ) D[Sz
2 - 1/3(S(S+ 1))] + E[Sx

2 - Sy
2] + âB‚g‚S (1)

Scheme 1.Average Isomer Shifts,δ ) (δ1 + δ2 + δ3 +
δ4)/4 for Cubane [4Fe-4S] Clustersa

a The horizontal bars indicate the range of averageδ-values reported
for a variety of proteins.

Figure 2. Energy level scheme (not drawn to scale) of theS ) 4
multiplet. EPR transitions discussed in the text are indicated. Zeeman
splitting for theæ1,æ2 andæ3,æ4 doublets (solid lines) are shown for
the case that the applied fieldB is along z, whereas the magnetic
splittings (dashed lines) for the upper doublets are indicated forB )
By. Distribution in energies (see text) is illustrated by the shaded areas.
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circumstance to determine the zero-field splitting parameterD
by Mössbauer spectroscopy using the following strategy.

The inset of Figure 4 shows the magnitudes of the expectation
values of the electronic spin,|〈Sz〉|, for theæ1 and theæ3 levels.25

Because∆ground , ∆exc, |〈Sz〉| saturates much faster foræ1.

Therefore, the Mo¨ssbauer spectra associated with theæ1,æ2

levels exhibit in a 10 mT applied field nearly their full magnetic
splittings while those of theæ3,æ4 doublet consists of a slightly
broadened quadrupole doublet.26 As can be seen in Figure 5A,
the 4.2 K spectrum contains a doublet feature which vanishes
when the temperature is lowered to 1.5 K. This feature, shown
as a difference spectrum in Figure 5B, has the same pattern as

(25) When the system is quantized alongz, theæ1,æ2 pair is essentially
the Ms ) (4 doublet.

(26) In weak applied fields, the Mo¨ssbauer spectra associated withæ1
andæ2 are indistinguishable. The same holds foræ3 andæ4.

Figure 3. 1.5 K Mössbauer spectra recorded in parallel applied fields
of 6 mT (A-C) and 3 mT (D). Solid lines in (A) and (B) are simulations
that assume∆ground) 0.015 and 0.03 cm-1, respectively. Solid lines in
(C) and (D) are simulations produced with the parameters listed in Table
2 and with the assumption that∆groundis distributed about a mean value
of 0.02 cm-1.

Figure 4. Expectation values,〈Si〉, of the lowest level of theS ) 4
multiplet, æ1, assuming that the applied field is alongx, y, or z. Inset
shows〈Sz〉 for the ground doublet (dashed lines) for∆ground ) 0.015
cm-1 (top), 0.02 cm-1 (middle) and 0.03 cm-1 (bottom), as well as
〈Sz〉 for the æ3 level (solid line) for∆exc ) 0.44 cm-1. For the given
ZFS parameters, level crossings occur along they-direction with
increasing applied magnetic field. Because the expectation values of
the lowestlevel are plotted, level crossings cause discontinuities in〈Sy〉.

Figure 5. 10 mT Mössbauer spectra of the all-ferrous cluster recorded
at 4.2 K (A, bars) and 1.5 K (A, solid line). The spectrum shown in
(B) was obtained by subtracting the 1.5 K spectrum of A from that
recorded at 4.2 K, after amplitudes of the two spectra were matched at
velocities|V| > 3 mm/s. The difference spectrum of (B) results from
the æ3,æ4 levels.

Figure 6. 1.5 K Mössbauer spectrum of Ti(III)citrate-reducedAV2
recorded in the parallel applied magnetic fields indicated. The solid
lines are theoretical spectra computed using the parameters quoted in
Table 2.
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the spectra of Figure 1, and therefore we assign it to theæ3,æ4

levels. A detailed analysis of the 4.2 K spectrum, together with
a population analysis of 8 and 15 K data, yields the valueD )
-0.75 ( 0.05 cm-1. The EPR data analysis yields∆ground )
0.02 cm-1; this suggests thatE/D ) 0.33.

Figure 6 shows high-field Mo¨ssbauer spectra of the [4Fe-
4S]0 cluster recorded at 1.5 K. Because of the small value of
D, theæ3 state is significantly populated at 4.2 K for nearly all
applied fields. Since each electronic state contributes four
Mössbauer spectra (one for each Fe site), spectral resolution is
enhanced at 1.5 K where only theæ1,æ2 doublet is populated.
For this reason, most spectra were recorded at this temperature.
Analysis of the spectra, which may depend on as many as 45
spin Hamiltonian parameters, is described below.

Finally, the Mössbauer data indicate that the Ti(III)citrate-
reduced [4Fe-4S] cluster ofAV2 is essentially 100% in the all-
ferrous state; the spectra give no evidence for the presence of
[4Fe-4S]2+ or [4Fe-4S]1+ clusters. However, the shoulder in
Figure 1 (arrow) indicates that the sample contains ca. 2% of a
high-spin ferrous contaminant.

Analysis of the Mo1ssbauer Spectra.We have analyzed the
Mössbauer spectra using theS ) 4 spin Hamiltonian

whereS‚A(i)‚I (i) describes the magnetic hyperfine interactions
of the electronic system with the57Fe nuclei,HQ(i) describes
the interaction of the electric field gradient (EFG, principal axes
ê, η, ú) tensor with the nuclear quadrupole momentQ and
-gNâNB‚I (i) is the nuclear Zeeman term. It is unlikely that the
tensors describing the local sites coincide with the global frame
defined by the zero-field splitting (ZFS) tensor of eq 1. However,
to keep the number of unknowns at a manageable level, we
have assumed that theA-tensors of sites 2, 3, and 4 are collinear
with the ZFS-tensor.

In our analysis we describe the orientation of the quadrupole
tensors relative to the ZFS frame by the Euler angles (Ri, âi,
γi). Given thatD andE/D are known and that theg-tensor of
eq 1 is expected to be isotropic within 10% (we have usedgx

) gy ) gz ) 2.0) we are left with 32 unknowns, namely the
hyperfine parameters for each site (Ax, Ay, Az, sign of∆EQ, η,
R, â, γ). The problem is further compounded by the fact that
the æ1,æ2 doublet is magnetically uniaxial for applied fieldsB
e 1 T. Thus, the expectation values of the electronic spin are
highly anisotropic (see Figure 4); e.g.〈Sx〉 ) ( 0.18,〈Sy〉 ) (

0.06 and〈Sz〉 ) ( 3.95 for theæ1,æ2 levels forB ) 0.1 T. For
smallB, the internal magnetic fields,Bint(i) ) -〈S〉‚A(i)/gNâN,
are fixed relative to the EFG-tensors by the polar anglesθi and
ϑi. If A(i) is collinear with the ZFS-tensor,θi andϑi correspond
to âi andγi. The low field spectra of each site then depend on
∆EQ(i), η(i), |Bint(i)|, θi andϑi. It has been shown27-29 that there
exists an infinite manifold of{θi, ϑi, η(i)} values that yield
identical Mössbauer spectra (thisambiguity problemhas been
described in some detail in the analysis of the P-cluster
Mössbauer spectra, see ref 27). In strong applied magnetic fields,
〈Sx〉 and 〈Sy〉 saturate (Figure 4) and each set of{θi, ϑi, η(i)}
produces distinct spectra; consequently, a parameter set that
yields good fits for applied fields of moderate strength may fail
to do so for strong fields.

The theoretical curves shown in Figures 3, 6, and 7 were
obtained with a computer program that generates Mo¨ssbauer
spectra after diagonalization of eq 2. This program (WMOSS)
allows for least-squares fitting of groups of spectra obtained
under different experimental conditions. The fitting option of
the program was used in the final stages of spectral analysis in
order to refine the parameters of each site. Below we describe
a few salient features of the variable-field spectra and establish
an association of the spectral features with individual sites.

Sites 2, 3, and 4 haveA-tensors with negative components
while the unique site, FeA, has positiveA-tensor components.
The following arguments support this statement. The area of
the rightmost band in the 0.15 T spectrum (Figure 6A) is fully
accounted for by the contribution of three sites. This point is
illustrated in Figure 7 which shows, by the solid line drawn
through the data, the superposition of spectra simulated for sites
2, 3, and 4. Comparison of the 0.15, 2.0, 4.0, and 8.0 T spectra
of Figure 6 (data were also recorded at 1.0, 3.0, and 6.0 T)
reveals that the rightmost feature moves uniformly inward with
increasing applied fields. This shows that the applied field
opposes the internal field,Bint(i) ) -〈S〉‚A(i)/gNâN, at all three
sites; i.e.,Bint is negative. At 1.5 K andB > 1.0 T only theæ1

state is populated; thus, the three components of the spin
expectation value,〈Sx,y,z〉, are negative. An inward movement
of the absorption band therefore implies that sites 2, 3, and 4
have negativeA-values. Inspection of the spectra in Figure 6
identifies also an outward moving shoulder at the low energy
end of the absorption spectrum.30 Hence, one of the four sites
has A > 0. Figure 7 suggests that the leftmost line of this
component, which we assign to FeA, should be positioned at
-4.3 mm/s and its rightmost line at+4.3 mm/s. We have
investigated the possibility of FeA contributing to the rightmost
band at +5.8 mm/s. However, this assignment produced
substantially poorer fits.31

(27) Zimmermann, R.; Mu¨nck, E.; Brill, W. J.; Shah, V. K.; Henzl, M.
T.; Rawlings, J.; Orme-Johnson, W. H.Biochim. Biophys. Acta1978, 537,
185-207.

(28) Dabrowski, L.; Piekoszewski, J.; Suwalski, J.Nucl. Instrum. Methods
1971, 91, 93-95.

(29) Torman, J. V. D.; Jagannathan, R.; Trooster, J. M.Hyperfine
Interact.1975, 1, 135-144.

(30) By following the movement of the leftmost line of FeA with
increasing applied field, we noted that this line moved, at intermediate fields,
with a rate faster than that predicted by the simulations. This suggested
that this component may contribute at the left-most edge (at-5 mm/s) of
the absorption spectrum. The new assignment, however, creates a pro-
nounced trough between the outward moving line of FeA and the inward
moving lines of sites 2, 3, and 4, in contrast to the experimental observations.
Rotating the direction of the principal component Az of FeA ca. 30° away
from the zero-field splittingz-axis towards thex-axis, produces the proper
behavior of the left-most line of FeA (at intermediate fields the magnetization
of the electronic system rotates slightly towards thex-axis where the larger
A-value is sampled).

Figure 7. 1.5 K Mössbauer spectrum recorded at a field of 0.15 T
applied parallel to the observedγ-radiation (same spectrum as shown
in Figure 6A). Solid line drawn through the data shows the contributions
of sites 2, 3, and 4. The solid line drawn above the data is the spectrum
computed for site 1 (FeA).

H ) He + ∑
ι)1

4

{S‚A(i)‚I (i) + HQ(i) - gNâNB‚I (i)} with

HQ(i) ) eqVúú(i)/12 {3I ú
2 - 15/4 + η(i)[I ê

2 - Iη
2]} (2)
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The solid lines in Figure 6 show the results of our spectral
simulations; the parameters used are quoted in Table 2. Given
the complexity of the problem, the parameter set fits the
experimental spectra remarkably well. However, we have not
been able to find a set for FeA that is entirely satisfactory;
namely, one that properly accounts for the intensity of the weak
shoulder at+4.3 mm/s in the spectrum of Figure 6A. We have
investigated whether a good fit could be obtained with the 0.15
T spectrum alone (without regards to the high field spectra);
however, least-squares fits to this spectrum starting with different
sets of initial parameters and component assignments produced
results only marginally better than the group fit of Table 2.
However, while the numerical values of theA-tensor compo-
nents might have substantial uncertainty, their signs are well
known. The conclusion that three sites have negativeA-values
and that one site,most likely FeA, has positiveA-tensor
components is in accord with the observation that the ground
multiplet has electronic spinS ) 4. We will show below that
everyS) 4 ground multiplet that results from coupling fourSi

) 2 site spins has this property.
Since the isotropic part of theA-tensors,Aiso ) (Ax + Ay +

Az)/3, is most useful for assessing spin coupling models, we
have estimated the uncertainties forAiso. This was done by
varying the components of theA-tensors of each individual site
upward and downward until unacceptable fits were obtained.
We have also tried different associations for the four iron sites,
including association of the∆EQ ) 1.72 mm/s site with positive
A-tensor components. While these attempts generated fits of
distinctly lesser quality, they yieldedAiso values within the
quoted limits.

Finally, we would like to discuss the weak-field spectra of
Figure 3. The magnetic splittings observed in these spectra arise
due to magnetization of theæ1,æ2 levels along thez direction,
as shown in the inset of Figure 4.25 The slope of these
magnetization curves depend critically on∆ground, and thus the
low-field spectra can be used to determine the value of this
parameter. The solid lines in Figure 3A and B are theoretical
curves obtained from the parameter set of Table 2 for∆ground

) 0.015 and 0.03 cm-1. It can be seen that∆ground) 0.03 cm-1

does not produce a sufficiently large splitting. On the other hand,
∆ground ) 0.015 cm-1 generates a spectrum with sufficient

splitting but too much intensity in the outermost bands. These
observations show that the value of∆groundis between 0.03 and
0.015 cm-1.

Comparison of the simulations of Figure 3A and B suggests
that the sample contains an ensemble of molecules with different
∆ground-values. This distribution in electronic parameters was
also inferred from analysis of the EPR data (see below) which
could be fit by assuming that the ZFS parameterE has a
Gaussian distribution withσE ) 0.06 cm-1. Because∆ground)
2.2D(E/D)4, a distribution inE entails a distribution in∆ground.
The solid lines of Figure 3C and D are simulations produced
using the parameters of Table 2 with∆ground ) 0.02 cm-1 and
the distribution that fits the EPR spectra. While the simulations
suggest that a Gaussian distribution inE is not entirely correct,
they capture the essential features of the spectra.

EPR Studies.The energy level scheme of Figure 2 drawn
for the ZFS parameters obtained in the previous section suggests
that X-band EPR spectra of the all-ferrous cluster should display
a variety of integer spin signals. Indeed, we have observed
resonances arising from four doublets of theS ) 4 multiplet,
as indicated in Figure 2. Figure 8A and B show parallel mode
X-band spectra recorded at 2 and 9 K, respectively. The 2 K
spectrum exhibits a sharp resonance (ca. 0.7 mT width) atg )
hν/âB ) 16.4 which we assign to a transition between the levels
of the æ1,æ2 doublet. At 9 K (Figure 8B), a second broader
feature appears aroundg ≈ 11 which we assign to levelsæ3

and æ4. As the temperature is raised above 9 K, additional
signals resulting from transitions between other members of the
S ) 4 manifold are also observed (see below).

A component of the applied magnetic field along thez-axis
of the ZFS-tensor will split theæ1,æ2 andæ3,æ4 doublets by an

(31) Under conditions where the electronic spin relaxes fast compared
to the nuclear precession frequencies, one can determine the sign of the
A-values for FeA from studies in strong applied magnetic fields. However,
even at 200 K the relaxation rate of theS) 4 system is not fast enough to
permit such studies.

Table 2. Hyperfine Parameters for theS ) 4 State of the
[4Fe-4S]0 State ofAV2a

site 1 (FeA) site 2 site 3 site 4

δ (mm/s) 0.68 0.68 0.68 0.68
∆EQ (mm/s) -3.08 -1.72 -1.48 1.24
η 1.5 0 0 1.6
â 37.5 56.6 92.3 0
γ 0 4.6 0 90
Ax (MHz) 3(3) -11.8(8) -13.7(7) -13.6(8)
Ay (MHz) 3.4(7) -10.4(8) -10(2) -11(2)
Az (MHz) 8.6(3) -11.03 -10.0(3) -9.6(7)
Aiso (MHz) +5.0(15) -11.0(7) -11.4(8) -11.3(12)

a For the simulations we usedD ) -0.75 cm-1 andE/D ) 0.33.R,
â, andγ are the Euler angles that rotate the principal axis frame of the
local EFG-tensor into the frame of the ZFS-tensor; our simulations
suggestR ≈ 0 for all sites. For site 1 thez-axis of theA-tensor was
rotated byâA ) 30 degrees relative to thez-axis of the EFG-tensor.
Numbers in parentheses give estimated uncertainties of the least
significant digits.

Figure 8. Parallel mode EPR spectra of Ti(III)citrate-reducedAV2
recorded at 2 K (A) and 9 K (B). Dashed lines are quantitative spectral
simulations produced with the following parameters:gx ) 2.0 andgy

) gz ) 2.05,D ) -0.8 cm-1, γE ) -0.254 cm-1, σE ) 0.06 cm-1,
andσB ) 0.25 mT. Spectra shown were obtained with the same sample
used for Figures 9, 10, and 11. Protein concentration was 2.1 mM.
Instrumental conditions: microwaves, 0.2 mW, 9.27 GHz; modulation,
0.49 mT, 100 kHz. Spectra are not sensitive togx.
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energy

where∆ is the zero-field splitting for each doublet. ForE/D )
1/3, the effectiveg-value for the ground doublet isgeff ) 2Sgz

) 8gz; for the æ3,æ4 doubletgeff ) 5.5 gz is expected for the
sameE/D value. The observedg-values,g ) hν/âB, will differ
from geff due to∆ and the asymmetry of the line shape. The
observedg-values atg ) 16.4 and 11 are close to the predicted
values forgz ≈ 2 and thus suggest that the resonances belong
to anS ) 4 multiplet.

Simulations generated for anS ) 4 system withD ) -0.8
cm-1 andE/D ) 0.32 (these parameters yield∆ground ) 0.02
cm-1) are shown as the dashed lines in Figure 8. The good
match between theory and experiment provides unambiguous
evidence that the observed signals are indeed associated with a
S ) 4 system. Simulations using any other spin multiplet do
not reproduce both the proper line positions and signal intensi-
ties. Moreover, the ZFS parameters used are in good agreement
with the values obtained from Mo¨ssbauer spectroscopy. Quan-
titation of the signal based on these simulations gave a value
for the spin concentration that was 20% less than the measured
protein concentration.

In the rhombic limit (E/D ) 1/3), theS ) 4 system displays
symmetries that can be used to determine both gy and gz. For
E/D ) 1/3, the Hamiltonian of eq 1 predicts that the members
of the uppermost doublet (æ8,æ9) will be split by the same∆ as
the æ1,æ2 doublet. Thus, an EPR resonance arising from
transitions within theæ8,æ9 doublet should be observed atgeff

(upper doublet)) geff (ground doublet)gy/gz when the static
magnetic field is along the moleculary-axis. We have recorded
variable temperature spectra over a narrow field range centered
around g ) 16.4 (data not shown) and observed that the
resonance broadens by∼0.2 mT to higher fields at temperatures
above 16 K. Thus,gy andgz must be approximately equal; from
the simulations these values were determined to begy ≈ gz ≈
2.05.

Theg ) 16.4 ground resonance is observed in a field region
wheregeffâB . ∆ground; thus, the position of this feature depends
critically on geff but very little on ∆ground (a 50% change of
∆ground will shift the resonance by only 0.05 mT). In contrast,
the EPR spectrum resulting from transitions within theæ3,æ4

doublet is very sensitive to variations in∆exc. The broad features
emerging at 9 K (Figure 8B) suggest that∆exc is distributed for
the ensemble of molecules in the frozen sample (see shaded
areas in Figure 2). We have modeled this distribution by
assuming that the ZFS parameterE has a Gaussian distribution
around a mean value of∆h exc ) -0.254 cm-1 with width σE )
0.06 cm-1. A distribution withσE ) 0.06 cm-1 also improves
the simulation of the 2 K spectrum, especially in the low-field
tail of the g ) 16.4 resonance. We have assumed for all
simulations Gaussian spin packets of widthσB ) 0.25-0.68
mT.32

For E/D ) 1/3, the æ6,æ7 doublet has the same splitting as
the æ3,æ4 doublet, and both pairs of levels will yield the same
EPR features, with intensities governed by the respective
Boltzmann factors. The simulation shown in Figure 9A was
generated with a program that takes into account the Boltzmann
populations of the various levels (as described in the Materials
and Methods section); this simulation thus contains contributions
of resonances arising from four doublets. The inset in Figure

9A shows the spectra of each of the four levels weighted
according to their Boltzmann factors. The parameters used for
the simulations are listed in the caption of Figure 9. It should
be noted that∆h exc ) 0.44 cm-1 is larger than the X-band
microwave quantum, i.e., the excited-state spectrum results from
those molecules (∼20%) that are at the low end of the∆exc

distribution (see ref 24).
The g ) 16.4 resonance can be observed quite well at

temperatures up to 140 K. Because the ZFS parameters of the
S ) 4 multiplet are known from the studies described above,
one can readily compute the intensity of theg ) 16.4 resonance
(s) as a function of temperature. Comparison of the predicted
intensities to the experimentally observed ones would reveal
whether multiplets other than theS) 4 state become measurably
populated at temperatures below 140 K.

The variable temperature spectra, recorded at 2, 10, 16, 24,
39, 51, 67, 80, 96, 109, and 122 K, were analyzed by integrating
the EPR spectra and evaluating the area under theg ) 16.4

(32) Line widths of the spin packets (σG)were increased forT g 40 K in
order to account for lifetime broadening.

δE ) x∆2 + (2âgeff Bz)
2

Figure 9. Parallel mode EPR spectra recorded at 40 K (A) and 120 K
(B,C). Dashed lines of (A) and (B) are simulations of the groundS)
4 multiplet signal; (C) contains an additional 55% contribution of a
resonance arising from anS) 3 excited spin multiplet (see text). Inset
shows the resonances of the (æ1,æ2), (æ3,æ4), (æ6,æ7), and (æ8,æ9)
doublets (from top to bottom) weighted according to the appropriate
Boltzmann factors. Spin packet line widths were adjusted32 to σB )
0.32 mT for (A) andσB ) 0.68 mT for (B,C); all other parameters
were fixed to the values quoted in the caption of Figure 8. Instrumental
conditions: microwaves, 0.2 mW (A) and 20 mW (B, C), 9.27 GHz;
modulation, 0.49 mT, 100 kHz. Spectra shown in (A) and (B,C) were
signal-averaged for 22 and 11 min, respectively.
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feature. The results, including estimated uncertainties, are plotted
in Figure 10A as a (Signal*T) vs T plot. The solid line is a
theoretical curve computed with the assumption that theS) 4
multiplet is well separated in energy (∆E ) ∞) from excited
spin multiplets. In contrast to the experimental data, the
theoretical curve predicts that the quantity (Signal*T) remains
constant at temperatures above 40 K. This discrepancy suggests
that low-lying excited spin multiplets are accessible over the
temperature range sampled.33

Analysis of the spin-coupling model of the all-ferrous cluster,
presented below, suggests that the first excited spin manifold
hasS ) 3. To assess the energy of such anS ) 3 state, we
have computed the intensity of theg ) 16.4 resonance as a
function of temperature assuming that anS ) 3 manifold is
present at energy∆E, taking into account the measured ZFS of
the ground multiplet but settingD ) 0 for theS) 3 manifold.
Two theoretical curves, computed for∆E ) 100 cm-1 (dashed
line) and∆E ) 60 cm-1 (dots and dashes), are shown in Figure
10A. While the∆E ) 60 cm-1 curve describes the data quite
well up to 100 K, above this temperature the experimental data
seem to fall off more rapidly than predicted by the simple model.
Perhaps, one could improve the agreement between theory and
experiment by allowing a second excited state to become

populated. The all-ferrous cluster has 84 excited spin multiplets
belonging to the orbital ground state.

We have simulated the spectra of theS ) 4 multiplet over
the experimental temperature range. Comparison of the experi-
mental g ) 16.4 intensities with those predicted from the
simulations allowed for an independent measure of the popula-
tion in theS ) 4 multiplet as a function of temperature. This
analysis yielded, within the uncertainties, the same data points
as plotted in Figure 10A. The good agreement between the two
methods used to analyze the temperature dependence of the
population of the ground multiplet suggests that the data are
not afflicted by systematic errors.

While the simulations match the experimental data exceed-
ingly well up to 40 K (Figure 9A), at higher temperatures they
fail to reproduce the intensity of the broadg ) 11 resonance
(Figure 9B). We wondered whether this mismatch could be
attributed to a resonance originating from a low-lyingS ) 3
multiplet. Such a multiplet can produce, for itsMs ) ( 3
doublet, resonances whose shapes depend on the∆-value (∆S)3)
of the doublet and the distribution of∆S)3. Within the
uncertainties, the resonance emanating from theS) 3 multiplet,
seems to have a shape similar to that originating from theæ3,æ4

doublet of the S ) 4 multiplet. For the quasi-doublets
encountered here, the shape of the EPR spectrum depends
essentially on∆h and its distribution. Therefore, we have
simulated this spectrum resulting from theS ) 3 multiplet by
assuming∆h S)3 ) ∆h exc and applying the same distribution as
used for the ground multiplet. A simulation for the 120 K
spectrum is shown in Figure 9C (parameters are quoted in the
figure caption), for which we have assumed that 55% of the
all-ferrous clusters are in theS ) 3 excited state. Using this
procedure we have estimated the population of theS ) 3
multiplet as a function of temperature; this yielded the (Signal*T)
vs T plot (for theS ) 3 multiplet) shown in Figure 10B. It is
important to note that the fraction of clusters in the excited spin
manifold (Figure 10B) correlates well with the fractional
depopulation of the groundS) 4 ground multiplet (Figure 10A),
inferred from matching the simulations to theg ) 16.4
resonance. On the other hand, the data suggests that at 120 K
(Figure 9C) approximately 55% of the clusters are in the excited
spin manifold; this fraction indicates that a two-multiplet model
may be oversimplified and that the cluster must thus be able to
access other higher lying spin multiplets at this temperature.

X-ray Radiolytic Reduction of the [4Fe-4S]1+ Cluster at
77 K. Given that the [4Fe-4S] cluster ofAV2 is bound to the
interface of anR2 protein dimer, we were surprised to observe
that one site, FeA, has a∆EQ-value distinctly different from
those of the other three sites. We have not detected any
nucleotide in the57Fe Fe protein using a high performance liquid
chromatography method;35 moreover, we have also shown that
the Mössbauer spectrum of the all-ferrous [4Fe-4S] cluster does
not change upon the addition of MgATP.14 Another concern
was that excess citrate, present in solutions of the Ti(III)citrate
reductant, could bind to the Fe protein, produce a distortion,
and thereby cause the 3:1 asymmetry. However, deazariboflavin-
reduced (Figure 11A, solid line), bisaquo (1,4,8,12-tetraazacy-
clopentadecanyl)-Cr(II)-reduced (data not shown) and Ti(III)-
citrate-reduced (Figure 11A, dashed line)AV2 display identical
S ) 4 EPR signals. The X-ray structure ofAV22,3 has shown
that the cluster is coordinated by four cysteinyl sulfurs. To test

(33) The temperature dependence of∆EQ (Table 1) implicates the
presence of a low-lying excited orbital state; we have used the model
developed by Bertrand and Gayda34 and estimated that the excited state is
separated from the ground state by at least 250 cm-1.

(34) Bertrand, P.; Gayda, J.-P.Biochim. Biophys. Acta1979, 579, 107-
121. (b) Bertrand, P.; Guigliarelli, B.; Gayda, J.-P.; Beardwood, P.; Gibson,
J. F.Biochim. Biophys. Acta1985, 831, 261-266.

(35) Stocchi, V.; Cucchiarini, L.; Magnani, M.; Chiarantini, L.; Palma,
P.; Crescentini, G.Anal. Biochem. 1985, 146, 118-124.

Figure 10. (Signal*T) vs. T plot for ground (A) and excited (B) spin
multiplets. Solid line, dashed line and dots and dashes in (A) are
theoretical curves computed for the cases where the groundS ) 4
multiplet is separated from excited spin multiplets by∆E ) ∞, 100
and 60 cm-1, respectively. Solid line in (B) is a theoretical curve
computed assuming anS ) 3 multiplet at energyE ) 60 cm-1. The
plots shown in (A) and (B) result from the analysis of different sets of
EPR data collected for the same sample. We have not included an error
bar for the 2 K data point in (A) because we have not studied
temperature gradients in sufficient detail.

Analysis of the Fe Protein from A.Vinelandii Nitrogenase J. Am. Chem. Soc., Vol. 121, No. 11, 19992541



whether the coordination environment of one cluster site, namely
FeA, changes upon reduction to the all-ferrous state, we have
attempted a radiolytic reduction of dithionite-reduced [4Fe-4S]1+

Fe protein in a synchrotron X-ray beam at 77 K (see Materials
and Methods). Figure 11B shows that theγ-irradiation not only
produces an all-ferrous state, but it produces the same state as
the one obtained by chemical reduction with Ti(III)citrate.
Comparison of theS ) 4 signal intensity of the radiolytically
reduced sample to that of a sample of known [4Fe-4S]0

concentration indicates that ca. 60% of the clusters were reduced
to the all-ferrous form. Because the Fe protein was irradiated
at 77 K and stored in liquid nitrogen before examination at 2 K
by EPR, ligand exchange after reduction is exceedingly improb-
able.

A Spin-Coupling Model for the All-ferrous State. In this
section we discuss a spin-coupling model aimed at exploring
the conditions that give rise to anS) 4 ground state. We assume
that the four high spin (Si ) 2) sites of the all-ferrous cluster
are antiferromagnetically coupled by isotropic exchange inter-
actions

The Hamiltonian of eq 3 produces 85 spin multiplets, 15 of
which have total spinS) 4. Because the exchange interactions
are assumed to be isotropic, the system spinSis a good quantum
number; however, the Hamiltonian mixes multiplets with the
same spin.

High-spin Fe2+S4 sites have formidable zero-field splittings;
Fe2+-rubredoxin, for instance, hasD ≈ 8 cm-1.23 Since the ZFS
terms of the individual sites,Si‚Di‚Si, do not commute with the
Hamiltonian of eq 3, multiplets withS * 4 can mix into the
ground multiplet and thus lead to states with mixed-spin

character. Because eq 3 contains already six unknownJ-values,
and because we have no information on the magnitudes and
orientations of the individualDi-tensors, we will neglect zero-
field splittings in our model.

Although the [4Fe-4S] cluster of the Fe protein is suspended
at the interface of anR2 protein dimer, the Mo¨ssbauer and EPR
data do not provide any evidence for the presence of a 2-fold
(or nearly 2-fold) symmetry. This lack of symmetry is particu-
larly pronounced for the∆EQ-values of this cluster, which occur
in an approximate 3:1 ratio. For these reasons, we have not
assumed in our model any symmetries other than those following
from the permutation of the site indices.

We have solved eq 3 by computer diagonalization of the
subspaces belonging to multiplets with the same total spin S.
The matrix elements were computed in the basis|(S1S2)S12(S3S4)
S34;S,Ms ) 0〉 using the operator algebra outlined by Bencini
and Gatteschi.36 These authors have given expressions (their
eqs 4.35 and 4.36) that are particularly suitable for setting up
matrix elements of a 4-spin problem. The program was
debugged at the final stages by two independent checks: (i)
The energies of the 85 spin multiplets were calculated for a set
of J-values followed by systematic permutation of the site
indices; (ii) The energies and spin projection factors were
calculated forJ-values for which an exact solution is known.

For a given set ofJ-values we have computed the energies
of all multiplets resulting from eq 3, retaining only those sets
that produce anS ) 4 ground state. We have computed the
relative energies of the multiplets by keeping oneJ-value fixed
and scaling relative to this coupling constant. Without loss of
generality one can assume that the fixedJ-value,J14 in our case,
is the largest one. In our calculations we have varied the five
otherJ-values from zero toJ14 in steps ofJ14/10. Because there
are no reported cases of ferromagnetic coupling in iron-sulfur
clusters, we kept allJ-values positive. For every solution
yielding an S ) 4 ground multiplet we computed the spin
projection factorsKi (i ) 1-4) that relate the magnetic hyperfine
tensors of eq 2,A(i), to the intrinsic tensors,a(i), of each iron
site;A(i) ) Kia(i).37 Not surprisingly, the calculations indicate
thatS) 4 ground states can result for a broad range ofJ-value
sets, although all solutions share common features. Every
solution produces one negative and three positive spin projection
factors, i.e., the occurrence of one positive and three negative
A-values is a property of everyS ) 4 ground multiplet.

The essential features of the solutions are illustrated in Figure
12. Scheme A shows a symmetric case withJ12 ) J13 ) J14 )
J, J23 ) J34 ) J′, andJ24 ) J′′; for this case the Hamiltonian of
eq 3 can be solved exactly in the|S24S243;S,Ms ) 0〉 representa-
tion whereS24 ) S2 + S4, S243 ) S24 + S3 andS) S1 + S243.
It is readily understood that anS) 4 ground-state results forJ
. J′, J′′. For these conditions, the strong antiferromagnetic
couplings that link site 1 with sites 2, 3, and 4 orientS2, S3,
and S4 antiparallel toS1; for maximal antiparallel alignment,
S243 ) 6 combines withS1 ) 2 to yield a system spinS ) 4.
One can proceed to lower symmetry by allowingJ23 * J34 and
decreasingJ13 (Scheme B). AsJ13 is lowered, the spin alignment
is maintained as long as the sumJ23 + J34 is adjusted to values
such thatS3 is not reoriented in a significant way. Similar
arguments hold at the node of site 2 whenJ12 is varied.

Inspection of the entire solution set revealed a significant
result, namely that the various iron pairs haveJ-values that differ
substantially. The all-ferrous cluster must contain twoJ-values

(36) Bencini, A.; Gatteschi, D. InEPR of Exchange Coupled Systems;
Springer-Verlag: Berlin, 1990; Chapter 4.

(37) Mouesca, J.-M.; Noodleman, L.; Case, D. A.; Lamotte, B.Inorg.
Chem.1995, 34, 4347-4357.

Figure 11. Parallel mode EPR spectra of Ti(III)citrate-reduced (A and
B, dashed lines), deazariboflavin-reduced (A solid line), and radiolyti-
cally reduced (B, solid line)AV2. Protein data for deazariboflavin-
reduced sample: 0.16 mM, 0.2 mM 5′-deazariboflavin, 2mM EDTA.
Protein data for irradiated sample: 0.19 mM, 10% v/v glycerol.
Instrumental conditions: 2 K; microwaves, 1.26 mW, 9.27 GHz;
modulation, 0.49 mT, 100 kHz.

Hex ) ∑
i<j

JijSi‚Sj (3)
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that differ in magnitude by at least a factor 3,Jmax/Jmin g 3.
The equality holds for the rather symmetric caseJ12 ) J13 )
J14 ) J andJ23 ) J24 ) J34 ) J′ for which eq 3 solves asE )
JS(S + 1) - (J - J′)S243(S243 + 1) yielding anS ) 4 ground
multiplet for J′/J < 1/3. Moreover, inspection of the computer-
generated solutions revealed that in order to have anS ) 4
ground state, the inequalitiesJ24 + J23 e 0.75J12 andJ23 + J34

e 0.75J13 must be fulfilled at the nodes of sites 2 and 3,
respectively; this implies that there must be two additional
J-values (not includingJmax andJmin) that differ by at least a
factor 2.5. Fulfillment of the above conditions is necessary but
not sufficient for the occurrence of anS) 4 ground state. We
have found that a few isolatedJ-sets, present at the boundaries
of a contiguousS) 4 solution space, satisfy the node conditions
and yet lead to ground states withS) 3, 2, or 1. Furthermore,
the numerical analysis showed that everyS) 4 ground state is
accompanied by a first excited state withS ) 3. The principal
types ofS ) 4 solutions are illustrated in schemes A-C of
Figure 12. Scheme D illustrates a case (C2 symmetry) that does
not yield anS ) 4 ground state.

For systems containing only high-spin ferric ions38 or for the
fairly straightforward case of [2Fe-2S]+ clusters,39 one can
evaluate the spin projection factorsKi reasonably well from the
observed magnetic hyperfine couplings. TheKi-values, in turn,
can give insight into the coupling scheme and information on
the ratios of theJ-values.38 For the all-ferrous state this
procedure is less straightforward. Since three principal axis
values of theA-tensors need to be determined, there are
substantial experimental uncertainties associated with these
parameters. By averaging the principal axis components of the
ferrousA-tensor, the traceless spin-dipolar contribution cancels.
The resultingAiso-values,Aiso(i) ) Kiaiso(i), however, contain a
contact contribution,ac(i), and a pseudo-contact term,al(i), the
latter resulting from an orbital contribution [aiso(i) ) ac(i) +
al(i)]. The quantityal(i) is proportional to Tr(∆g(i)), where∆g(i)
) g(i) -2 and gi is the g-tensor of sitei (For a detailed

discussion the reader is referred to the analysis of Mouesca et
al.37). Becausegi(i) is related to the ZFS-tensor of the ferrous
ion,40 the value ofaiso(i) of the all-ferrous cluster is affected by
the unknown zero-field splitting of sitei. The orbital contribution
to aiso(i) can be sizable; for example, for ferrous rubredoxin37

ac(Fe2+) ≈ -31.4 MHz andal(Fe2+) ≈ +9.0 MHz combine to
yield the experimentally observedaiso(Fe2+) ) -22.4 MHz.

The exact solution quoted above yieldsK1 ) -2/5 andK2 )
K3 ) K4 ) 7/15. Usingaiso(Fe2+) ) -22.4 MHz we obtainAiso(2)
) Aiso(3) ) Aiso(4) ) -10.5 MHz, in satisfactory agreement
with the experimental values of-11.0,-11.4, and-11.3 MHz
for sites 2, 3, and 4. On the other hand, the sameaiso(Fe2+)
yields Aiso(1) ) +9.0 MHz, which is substantially larger than
Aiso(1) ) +(5.0 ( 1.5) MHz obtained experimentally for FeA.

Our calculations show that none of the computer-generated
solutions of eq 3 produce a set ofKi-values that fits the data
for one value ofaiso(Fe2+). Because∑iKi ) 1 and becauseK1

< 0, the desired reduction ofK1 requires that at least one of
the otherK-values is reduced by a similar amount, leading to a
mismatch forAiso(2), Aiso(3), andAiso(4). Analysis of the [2Fe-
2S]+ data37 suggestsaiso(Fe2+) ) -16.5 MHz for the ferrous
site. This value would yield, forK1 ) -2/5, a reasonably
satisfactoryAiso(1) ) 6.6 MHz, but would produce too small
Aiso values for the other three sites. Thus, our experimental data
cannot be explained by assuming that all sites of the all-ferrous
cluster have the same intrinsicaiso-values.

In summary, our analysis suggests the following features of
the all-ferrous cluster:

(i) The six J-values of the cluster must have substantially
different magnitudes. TwoJ-values must obey the inequality
J>/J< g 3 and two otherJ-values must obeyJ>/J< g 2.5.

(ii) The two largestJ-values must involve site 1 whose spin
is oriented antiparallel to the cluster spinS. Our analysis suggests
that site 1 corresponds to FeA, the site exhibiting the large∆EQ-
value,∆EQ ) 3.08 mm/s at 4.2 K.

(iii) All J-value sets that produce anS) 4 ground multiplet
yield a first excited state withS ) 3.

(iv) The observed magnetic hyperfine couplings cannot be
explained for anyJ-value set if one assumes that all four sites
have the same intrinsicaiso-values.

(v) C2 cluster symmetry does not produceS) 4 ground states.

Discussion

We have studied here with Mo¨ssbauer and EPR spectroscopy
the Ti(III)citrate-reduced Fe protein fromAzotobacterVinelandii.
The isomer shifts and quadrupole splittings observed for the
four Fe sites unambiguously establish that the [4Fe-4S] cluster
is in the all-ferrous state. An all-ferrous state implies that the
cluster spin should be integral or zero, in accord with the
observation of integer-spin EPR signals belonging to anS) 4
spin system. Perhaps most surprising to us was the observation
that one Fe site, FeA, has∆EQ-values (Table 1) significantly
larger than those observed for the other three sites. Given that
the cubane cluster ofAV2 is suspended at the interface of anR2

protein dimer, one would expect the four sites of the all-ferrous
cluster to occur with a 2:2 (perhaps with a minor distortion
toward lower symmetry) occupation ratio. Musgrave et al. have
recently reported an EXAFS study of all-ferrousAV2.41 The best
fits to their data were obtained using four short (2.53 Å) and
two long (2.77 Å) Fe-Fe distances, a metric compatible with(38) Kent, T. A.; Huynh, B. H.; Mu¨nck, E.Proc. Natl. Acad. Sci. U.S.A.

1980, 77, 6574-6576.
(39) Münck, E.; Debrunner, P. G.; Tsibris, J. C. M.; Gunsalus, U. C.

Biochem.1972, 11, 855-863. (b) Fritz, J.; Anderson, R.; Fee, J.; Petering,
D.; Palmer, G.; Sands, R. H.; Tsibris, J. C. M.; Gunsalus, I. C.; Orme-
Johnson, W. H.; Beinert, H. Biochim. Biophys. Acta1971, 253, 110-133.

(40) Abragam, A.; Bleaney, B. InElectron Paramagnetic Resonance of
Transition Ions; Dover Pub., Inc.: New York, 1970; Chapter 19.

(41) Musgrave, K. B.; Angove, H. C.; Burgess, B. K.; Hedman, B.;
Hodgson, K. O.J. Am. Chem. Soc.1998, 120, 5325-5326.

Figure 12. Coupling diagrams illustrating occurrence ofS) 4 ground
states for the all-ferrous cluster. Strength of the exchange couplings,
assumed to be antiferromagnetic, is indicated by the thickness of the
lines connecting the sites. Broken lines indicate weaker interactions.
At sites 2 and 3 the inequalitiesJ23 + J24 < 0.75J12 andJ23 + J34 e
0.75J13 have to be fulfilled. Case D cannot produce anS ) 4 ground
state.
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a tetragonally compressed structure. The approximate 3:1∆EQ

ratio (the∆EQ-values of three sites are similar but not identical)
determined by Mo¨ssbauer spectroscopy suggests a cluster
symmetry lower than anticipated from the protein symmetry
and the EXAFS analysis. A lower symmetry is also indicated
by the observation that the electronic ground state has spinS)
4. The spin-coupling model discussed above reveals that a
cluster withC2 symmetry cannot yield a ground state withS)
4. Moreover, our analysis shows that all possibleS) 4 ground
multiplets of an all-ferrous cluster must have one site with a
negative spin projection factorK1 and three sites with positive
factors; the best fits to the Mo¨ssbauer data suggest that FeA,
the component with the largest∆EQ, is associated withK1.

The metal center ofAV2 is the first [4Fe-4S] cluster that has
been stabilized, without the use of chaotropic agents,18 in three
stable core oxidation states. It will thus be instructive to discuss
briefly the changes in isomer shifts between the different
oxidation states.42 It is well-established that the isomer shift is
a good indicator of the oxidation state of an iron site. Although
δ is a measure of the s-electron density at the nucleus, this
quantity, because of shielding effects, is also a good measure
of the 3d electron population.44 A wealth of spectroscopic data
has established that the iron sites of [4Fe-4S] cubanes can be
grouped in pairs.43,45 For instance, in the 3+ oxidation state
the cluster contains an Fe3+Fe3+ pair and a mixed valence (MV)
Fe2.5+Fe2.5+ pair. Addition of one electron yields the 2+ state
which comprises two MV pairs. Upon further reduction by one
electron, the cluster attains the 1+ state which, in theS ) 1/2
form, exhibits a MV pair and an Fe2+Fe2+ pair. Table 3 lists
∆EQ- andδ-values of the clusters ofAV246 and the high-potential
iron protein (HiPIP) fromChromatiumVinosum.47 All protein-
bound [4Fe-4S] clusters exhibit in the 2+ state, within a narrow
margin,δ-values near 0.45 mm/s. The diferrous pair of the 1+
state hasδ ) 0.59 mm/s, a value that is about 0.09 mm/s smaller
than the “saturation” value of 0.68 mm/s observed for the all-
ferrous state. The missing 3d-electron density seems to have
migrated from the diferrous pair to the MV pair, whose shift

has increased by 0.08 mm/s relative to its value in the 2+ state.
A similar, but less pronounced trend is observed for the HiPIP
cluster, for which the Fe3+Fe3+ pair has reached a value of 0.29
mm/s; this value is 0.05 mm/s larger than theδ-value of Fe3+-
rubredoxin.48 It thus appears that in oxidized HiPIP some
d-electron density has been transferred from the MV pair to
the diferric pair.

The question arises as to whether FeA is already special in
the 1+ oxidation state. Previous Mo¨ssbauer studies indicated
that the [4Fe-4S]1+ cluster (see Table 3) contains a mixed-
valence pair with∆EQ ) 0.98 mm/s and a diferrous pair with
∆EQ ) 1.6 mm/s; thus, a component with∆EQ ≈ 3 mm/s is
absent in this cluster state. However, it is possible that, in the
1+ state, FeA belongs to the mixed valence pair. For mixed
valence pairs the orbital ground states of the two iron sites can
be modified by the presence of a strong resonance delocalization
interaction50 and, moreover, the electric field gradients of the
two sites are averaged, producing the∆EQ ) 0.98 mm/s
observed for each site of the pair. Thus, an FeA-type site
belonging to the MV pair of the 1+ state could be masked by
the effects of resonance interactions. Alternatively, formation
of a site like FeA may be an intrinsic feature of the electronic
structure of the [4Fe-4S]0 core. It is interesting to note that the
X-ray structure ofAV23 indicates an asymmetric pattern of
hydrogen bonding to the cysteinyl sulfurs of the cluster.
Moreover, NMR studies51 of [4Fe-4S]1+ AV2 show a 3:1 pattern
for the contact-shifted cysteinylR-CH protons (but apparently
not for theâ-CH2 protons).

To check whether one iron site might change coordination
upon reduction of the cluster to the all-ferrous state, we
performed a radiolytic reduction of the [4Fe-4S]+ cluster at 77
K in a synchrotron beam.52 This irradiation lead to a reduction
of the cluster with nearly 60% yield and produced a state with
EPR spectra identical to those of Ti(III)citrate-reducedAV2. This
observation rules out the possibility that either ligand exchange
or reorientation of cysteinyl ligands occurs between the 1+ and
0 states of the cluster. The radiolytic reduction experiment
yielded another interesting result. The spectral shapes of the
EPR resonances that connect various sublevels of theS ) 4
multiplet (Figure 2) are determined to a large extent by
distributions of the zero-field splitting parameters. These

(42) The following discussion, while instructive, is somewhat simplistic
because it ignores geometric (cluster expansion) and covalency changes
that occur upon changing oxidation states. For a discussion of these issues,
the reader is referred to the work of Noodleman et al.43

(43) Noodleman, L.; Peng, C. Y.; Case, D. A.; Mouesca, J.-M.Coord.
Chem. ReV. 1995, 144, 199-244.

(44) Gütlich, P.; Link, R.; Trautwein, A. In Mossbauer Spectroscopy
and Transition Metal Chemistry; Springer-Verlag: Berlin, 1978; Chapter
6.

(45) Middleton, P.; Dickson, P. P. E.; Johnson, C. E.; Rush, J. D.Eur.
J. Biochem. 1978, 88, 135-141. (b) Aizman, A.; Case, D. A. J. Am. Chem.
Soc.1982, 104, 3269-3279. (c) Papaefthymiou, V.; Girerd, J.-J.; Moura,
I.; Moura, J. J. G.; Mu¨nck, E.J. Am. Chem. Soc. 1987, 109, 4703-4770.
(d) Bominaar, E. L.; Hu, Zhengguo; Mu¨nck, E.; Girerd, J.-J.; Borsch, S. A.
J. Am. Chem. Soc.1995, 117, 6976-6989. (e) Bertini, I.; Ciurli, S.; Luchinat,
C. Structure and Bonding; Springer-Verlag: Berlin, 1995; Vol. 83, pp 1-54.

(46) Lindahl, P. A.; Day, E. P.; Kent, T. A.; Orme-Johnson, W. H.;
Münck, E.J. Biol. Chem. 1985, 260, 11160-11173.

(47) Middleton, P.; Dickson, D. P. E.; Johnson, C. E.; Rush, J. D.Eur.
J. Biochem. 1980, 104, 289-296.

(48) The isomer shift of Fe3+-rubredoxin fromClostridium pasteurianum
has been reported to be 0.3 mm/s.23 We have recently studied the same
protein and obtainedδ ) 0.24 ( 0.02 mm/s.49

(49) Yoo, S. J.; Achim, C.; Meyer, J.; Mu¨nck, E., manuscript in
preparation.

(50) Gamelin, D. R.; Bominaar, E. L.; Kirk, M. L.; Wieghardt, K.;
Solomon, E. I.J. Am. Chem. Soc. 1996, 118, 8085-8097.

(51) Lanzilotta, W. N.; Holz, R. C.; Seefeldt, L. C. Biochemistry1995,
34, 15646-15653.

(52) The X-ray structure ofAV22,3 shows that each iron site of the cube
is coordinated by one cysteinyl sulfur, i.e., all sites have tetrahedral sulfur
coordination. The oxidation state of the cluster inAV2 single crystals was
not established by spectroscopic studies. Crystals were grown under
anaerobic conditions in the presence of 2 mM dithionite;3 however, it is
well-known thatAV2 autooxidizes to the 2+ state in dithionite solutions.

Table 3. ∆EQ andδ-Values, at 4.2 K, ofAV2 and High-Potential Iron Protein (HiPIP) fromC. Vinosuma

pair I pair II

oxidation state δ (mm/s) ∆EQ (mm/s) δ (mm/s) ∆EQ (mm/s)

AV2, 0 Fe2+Fe2+ 0.68 1.24, 3.08a Fe2+Fe2+ 0.68 1.48, 1.72a

AV2, 1+ Fe2.5+Fe2.5+ 0.53 0.98 Fe2+Fe2+ 0.59 1.60
AV2, 2+ Fe2.5+Fe2.5+ 0.45 1.22 Fe2.5+Fe2.5+ 0.45 1.22, 0.83
HiPIP, 2+ Fe2.5+Fe2.5+ 0.40 1.14 Fe2.5+Fe2.5+ 0.43 1.14
HiPIP, 3+ Fe3+Fe3+ 0.29 0.88 Fe2.5+Fe2.5+ 0.40 1.03

a Assignment of the∆EQ-values to pairs I and II is arbitrary. Moreover, there is no evidence that the four sites of the all-ferrous state can
fruitfully be grouped in pairs.
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distributions, in turn, reflect different conformations that the
protein attains in frozen solution. Interestingly, the shapes of
the EPR spectra were the same for the Ti(III)citrate-reduced
and the radiolytically reduced samples, suggesting that the
conformational distributions present in the frozen matrix (below
150 K) are the same in the 1+ and 0 states.

We have argued previously27,53,54on the basis of isomer shift
data that the [8Fe-7S] P-clusters of the nitrogenase MoFe
protein, in the dithionite reduced state PN, are all-ferrous. The
data obtained here support this interpretation. Interestingly, the
P-cluster Mo¨ssbauer spectra exhibit two quadrupole doublets
exhibiting a 3:1 intensity ratio. The major species, component
D, has∆EQ ≈ 0.8 and 1.3 mm/s andδ ≈ 0.63 mm/s while the
minor component, component Fe2+, has∆EQ ≈ 3 mm/s andδ
≈ 0.66 mm/s.27,53,54 Although there seem to be intriguing
similarities between PN and the all-ferrousAV2 cluster, one
should keep in mind that the P-clusters are double-cubanes and
that it is possible that the 6:2 ratio reflects a case where one
cube contains two Fe2+ and two D-sites while the other
comprises four D-sites. In fact, Mouesca et al.55 have assumed
this case for their spin-coupling model for the state Pox.

The S ) 4 manifold of the all-ferrous cluster yields well-
behaved EPR spectra that can be observed up to 140 K. These
spectra consist of subspectra belonging to four different pairs
of levels of the spin multiplet (Figure 2). Moreover, we have
found EPR evidence for the population of an excited spin
multiplet with (presumably)S ) 3. We have been able to
simulate all observed EPR features with a model that assumes
that the rhombicity parameterE is distributed over a Gaussian.
The only temperature-dependent quantity used in the simulation
was the width of the spin packets which was allowed to increase
from σB ) 0.25 mT at 2 K to σB ) 0.68 mT at 120 K; this
increase can be attributed to lifetime broadening. Given that
the observed EPR spectra contain resonances originating from
different sublevels of theS ) 4 multiplet, the simulations fit
the data with remarkable accuracy. To our knowledge fits of a
quality comparable to those presented here have not been
published in the literature for any integer-spin system.

We have analyzed the exchange couplings among the six
diiron pairs of all-ferrousAV2 with the view of understanding

the occurrence of anS ) 4 ground state and of understanding
the observation of the 3:1 pattern in the signs of theA-values.
Little is known about theJ-values of diferrous pairs in iron
sulfur clusters, and we are not aware of publishedJ(Fe2+Fe2+)
values. There is a perception thatJ(Fe3+Fe3+) > J(Fe3+Fe2+)
> J(Fe2+Fe2+), perhaps suggested by the observation that the
cluster core expands upon reduction. However, the four short
Fe-Fe distances (2.53 Å) indicated by the EXAFS analysis41

suggest the possibility that someJ-values may be larger than
anticipated. In fact, our spin-coupling analysis suggests that the
J-values of the all-ferrous cluster differ by at least a factor 3.
The EPR evidence for the presence of a low-lyingS ) 3
multiplet does not shed much light on the magnitudes ofJ
because small variations in any of the six unknownJ-values
will affect the energy separation between the groundS) 4 and
the low-lying S ) 3 multiplets. Moreover, the experimentally
determinedAiso-values, in conjunction with analysis of the
exchange couplings, show that the four sites cannot have the
same intrinsicaiso-values. We suspect thatAiso of FeA contains
a substantial orbital contribution (if a smallerAiso-value of FeA
would reflect a larger degree of electron delocalization into the
ligands, one would expect the isomeric shift of FeA to differ
from those of sites 2-4, in contrast to the experimental
observations). Finally, we wish to stress that the all-ferrous
cluster has unusual electronic transitions, namely the 490 nm
band whose MCD magnetization behavior is linked to theS)
4 multiplet.56 A feature around 500 nm is unprecedented for
Fe2+S4 sites. Thus, although the present study has provided
substantial insight into the nature of the all-ferrous state, further
spectroscopic and structural studies are required to probe this
novel cluster state. In particular, its physiological relevance in
dinitrogen reduction needs to be explored.
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