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Abstract The properties of the [4Fe-4S]2+/+ cluster in wild-type
and the A33Y variant of Pyrococcus furiosus ferredoxin have
been investigated by the combination of EPR, variable-tempera-
ture magnetic circular dichroism (VTMCD) and resonance
Raman (RR) spectroscopies. The A33Y variant involves the
replacement of an alanine whose KK-C is less than 4 Aî from one of
the cluster iron atoms by a tyrosine residue. Although the
spectroscopic results give no indication of tyrosyl cluster ligation,
the presence of a tyrosine residue in close proximity to the cluster
results in a 38-mV decrease in the midpoint potential of the
[4Fe-4S]2+,+ couple and has a marked effect on the ground
state properties of the reduced cluster. The mixed spin [4Fe-4S]+

cluster in the wild-type protein, 80% S = 3/2 (E/D = 0.22,
D = +3.3 cm31) and 20% S = 1/2 (g = 2.10, 1.87, 1.80), is
converted into a homogeneous S = 3/2 (E/D = 0.30, D = 330.7
cm31) form in the A33Y variant. As the first example of a pure
S = 3/2 [4Fe-4S]+ cluster in a ferredoxin, this variant affords the
opportunity for detailed characterization of the excited electronic
properties via VTMCD studies and demonstrates that the protein
environment can play a crucial role in determining the ground
state properties of [4Fe-4S]+ clusters.
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1. Introduction

Prior to the discovery of S = 3/2 [4Fe-4S]� clusters in the
Mo-nitrogenase Fe protein in 1985 [1^3], all [4Fe-4S]� clusters
were considered to have S = 1/2 ground states. Since then,
EPR, often in conjunction with VTMCD studies, has been
used to identify S = 3/2 [4Fe-4S]� clusters in wide variety of
enzymes and proteins, e.g. Escherichia coli fumarase A [4], E.
coli dihydroxy-acid dehydratase [5], Bacillus subtilis phospho-
ribosylpyrophosphate amidotransferase [6], V-nitrogenase Fe
protein [7], Clostridium pasteurianum hydrogenase I [8], Pyro-
coccus furiosus ferredoxin:aldehyde oxidoreductase (AOR) [9],
Desulfovibrio africanus FdIII [10] and P. furiosus Fd [11]. For
[4Fe-4S]� clusters ligated by a Fd-like arrangement of four
cysteine residues, i.e. -C-X2-C-X2-C- and a remote -C-P-,
the ground state is invariably S = 1/2. Prior to this work, there
were no examples of [4Fe-4S]� clusters ligated by a Fd ar-
rangement of coordinating residues that had pure S = 3/2
ground states, but clusters having a physical mixture of

S = 1/2 and 3/2 ground states have been observed in cases
where one of these cysteines is replaced by an oxygenic ligand
such as aspartate [10,11] or serinate [12]. However, for clusters
with alternative primary sequence arrangements of coordinat-
ing cysteines, there are several examples of [4Fe-4S]� clusters
with complete cysteinyl ligation that have mixed spin (S = 1/2
and 3/2) ground states [6,7] as well as examples with homoge-
neous S = 1/2 or S = 3/2 ground states [9].

Numerous structurally characterized synthetic analogs of
the type [Fe4S4(SR)4]33 have been investigated by Holm and
co-workers [13,14]. Their ¢ndings reveal the presence of an
S = 3/2 component in most polycrystalline samples, and in
all samples once dissolved in dimethylformamide solution.
Three di¡erent categories of ground state spin behavior
were identi¢ed: (a) pure S = 1/2 or S = 3/2 states; (b) physical
mixtures of S = 1/2 and S = 3/2 states; (c) quantum mechanical
spin admixture states (S = 1/2+3/2) with properties that cannot
be rationalized in terms of either (a) or (b). The ¢rst biological
example of a `spin-admixed' [4Fe-4S]� cluster was recently
reported in the inappropriately named `prismane' protein
from Desulfovibrio vulgaris [15]. However, no obvious rela-
tionships between core distortion, terminal ligand conforma-
tion and spin state have emerged from the extensive studies of
these analog complexes.

P. furiosus Fd is a small monomeric protein (7.5 kDa) con-
taining a single [4Fe-4S]2�;� cluster that is remarkable for its
extreme thermal stability (stable at 95³C for at least 7 days
without signi¢cant degradation) and in being the only exam-
ple of a 4Fe Fd in which one of the cysteinate cluster ligands
is replaced by an aspartate [11,16]. In this work we report on
the preparation and spectroscopic characterization of the
A33Y variant of P. furiosus 4Fe Fd. The 3-dimensional
(3D) solution structure1 as deduced by NMR studies of the
D14C mutant which contains an all cysteinyl ligated [4Fe-
4S]2� cluster [17], indicates that the CQ of A33 is 3.8 Aî

from the cluster. Previous spectroscopic studies of the A33C
mutant revealed medium-dependent changes in the properties
of the [3Fe-4S]� cluster that were attributed to cluster ligation
by the additional cysteine [18]. In the case of the A33Y var-
iant, the recombinant Fd contains a [4Fe-4S]2�;� cluster as
puri¢ed from E. coli and there is no spectroscopic evidence
for tyrosyl cluster ligation. However, the placement of a ty-
rosyl residue in close proximity to the cluster perturbs the
redox potential of the [4Fe-4S]2�;� couple and the ground
state properties of the [4Fe-4S]� cluster, a¡ording the ¢rst
example of a homogeneous S = 3/2 [4Fe-4S]� cluster in a Fd.
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2. Materials and methods

2.1. Protein samples
Wild-type P. furiosus Fd was puri¢ed as previously described [16].

The recombinant A33Y mutant form was constructed, expressed in E.
coli and puri¢ed anaerobically in its 4Fe form using the methodology
described in detail in previous publications [12,19,20]. Samples were
stored as frozen pellets in 100 mM Tris-HCl bu¡er, pH 7.8, with 2 mM
sodium dithionite added, and handled under Argon in a Vacuum
Atmospheres glove box (6 1 ppm O2) unless otherwise indicated.
Oxidized samples were prepared by brief exposure to air after removal
of excess dithionite by ultra¢ltration bu¡er exchange. Protein concen-
trations were determined using a modi¢ed Lowry method after pre-
cipitation with trichloroacetic acid (10% w/v) [16]. Reduction poten-
tials were determined by cyclic voltammetry at a glassy carbon
electrode as previously described [12], using an electrochemical cell
identical to that designed by Hagen [21].

2.2. Spectroscopic methods
VTMCD spectra were recorded on samples containing either 50%

(v/v) glycerol or 55% (v/v) polyethylene glycol (PEG) using a Jasco
J715 (180^1000 nm) spectropolarimeter mated to an Oxford Instru-
ments SM-3 (1.5^300 K, 0^5 T) or Spectromag 4000 (1.5^300 K, 0^
7 T) split-coil superconducting magnet. The MCD intensities are ex-
pressed as vO (OLCP3ORCP), where OLCP and ORCP are the molar ex-
tinction coe¤cients for the absorption of left and right circularly
polarized light, respectively, and are corrected for strain-induced de-
polarization and natural CD [22,23]. Perpendicular mode X-band
(V9.6 GHz) EPR spectra were obtained using a Bruker ESP-300E
EPR spectrometer equipped with an Oxford Instruments ESR-9 £ow
cryostat, and quanti¢ed under non-saturating conditions using a 1 mM
Cu (EDTA) standard.

Resonance Raman spectra were recorded with an Instruments SA
U1000 spectrometer ¢tted with a cooled RCA 31034 photomultiplier
tube, using lines from a Coherent Innova 100 10-W Ar� laser. Scat-
tering was collected at 90³ from the surface of a frozen 10-Wl droplet
of protein solution using a custom-designed, gold-plated, anaerobic
sample holder [24] attached to the cold ¢nger of an Air Products
Displex model CSA-202E closed cycle refrigerator. Band positions
were calibrated using the excitation wavelength and veri¢ed using a
concentrated Na2SO4 reference solution, and are accurate to þ 0.5
cm31. A spectrum of the frozen bu¡er solution, normalized to the
intensity of the ice-band at 231 cm31 which serves as an internal
standard, and a liner ramp £uorescent background have been sub-
tracted from all spectra shown.

3. Results

3.1. Redox properties
The midpoint potential for the reduction of the [4Fe-4S]2�;�

couple in A33Y P. furiosus Fd was determined to be 3406
mV versus NHE (pH 7.0, 23³C) by cyclic voltammetry at a
glassy carbon electrode in the presence of the promoter neo-
mycin. This potential is lower by 38 mV than that of the WT
Fd under identical conditions (Em =3368 mV), and was al-
most invariant to pH over the range pH 3^10.

3.2. EPR
The EPR spectra of wild-type (WT) and A33Y P. furiosus

Fd as puri¢ed in the presence of sodium dithionite are
compared in Fig. 1. A detailed analysis of the WT Fd EPR
has been presented in previous work [11]. Although the
spectrum appears to be dominated by a near-axial S = 1/2
resonance (g = 2.10, 1.87, 1.80), spin quantitations indicate
that the S = 1/2 component corresponds to only 20^25% of
the [4Fe-4S]� clusters. The remaining clusters give rise to a
broad S = 3/2 resonance spanning at least 600 mT, with the
low-¢eld features centered at g = 5.6 and 5.00 as the most
readily detected components. Temperature-dependent studies

and analysis with a conventional spin Hamiltonian of the
form

He � g0LH WS � D�S2
z 3 S�S � 1�=3� � E�S2

x 3 S2
y�

Fig. 1. a: Perpendicular mode X-band EPR spectra of dithionite-re-
duced WT (top) and A33Y (bottom) P. furiosus 4Fe Fd. The sam-
ples, 0.75 mM in Fd, were in 50 mM Tris-HCl bu¡er, pH 7.8, with
2 mM sodium dithionite. Conditions of measurement: temperature,
4.2 K; microwave frequency, 9.61 GHz; modulation amplitude,
0.64 mT; microwave power, 1 mW (WT) and 10 mW (A33Y).
b: Temperature dependence of the low-¢eld component in the EPR
spectrum of the A33Y variant.
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where D and E are the axial and rhombic zero-¢eld splitting
parameters, indicates E/D = 0.22 and D = +3.3 þ 0.2 cm31. For
g0 = 1.98, these parameters predict a zero-¢eld split ground
state consisting of a lower doublet with g = 5.05, 2.61, 1.72
separated by V7 cm31 from an upper doublet with g = 5.56,
1.35, 1.09. Although the addition of 50% (v/v) glycerol or
ethylene glycol (as used for VTMCD studies) does not signi¢-
cantly alter the properties of either the S = 1/2 or S = 3/2 [4Fe-
4S]� clusters, it does perturb the spin mixture in favor of
S = 3/2 form resulting in samples with 90% S = 3/2 and 10%
S = 1/2 [4Fe-4S]� clusters.

In contrast to the mixed spin [4Fe-4S]� clusters found in
frozen solution samples of the reduced WT Fd, the A33Y
variant has exclusively S = 3/2 [4Fe-4S]� clusters as judged
by analysis of the EPR spectrum shown in Fig. 1a. Moreover,
the EPR properties were not perturbed by the addition of 50%
(v/v) glycerol or 55% (v/v) PEG and the spectrum is readily
interpreted in terms of a homogeneous S = 3/2 species. The
EPR signal is the composite of two overlapping resonances
with rhombic lineshapes, gV5.5, 1.8, 1.3 and gV5.3, 2.2, 1.6,
that vary in relative intensity as a function of temperature.
This is illustrated for the low-¢eld component in Fig. 1b. The
e¡ective g-values of these doublets indicate that these are
zero-¢eld components of a rhombic S = 3/2 ground state
E/D = 0.30, i.e. a perturbation treatment in the weak ¢eld limit
(DDhX) using the conventional spin Hamiltonian shown

above predicts doublets with g = 5.50, 1.80, 1.34 and
g = 5.32, 2.16, 1.53, for E/D = 0.30 and g0 = 1.98. An estimate
of the energy separation between these doublets which corre-
sponds to the zero-¢eld splitting, v, was assessed by simulat-
ing the low-¢eld component as the sum of two overlapping
Gaussian-shaped bands and plotting the natural logarithm of
the ratio of the intensities of the components centered at
g = 5.5 and g = 5.3 versus 1/T (plot not shown). The resulting
plot was a straight line to a good approximation and the slope
(v/k) a¡ords an estimate of v= 1.5 þ 0.3 and, thereby, an es-
timate of D = 30.7 þ 0.2 cm31. This low value of D means
that the assumption used in calculating the e¡ective g-values
based on the spin Hamiltonian, DDhX, may not be applicable.
However, an exact calculation of the e¡ective g-values using
E/D = 0.30, g0 = 1.98 and D =30.7 cm31 leads to doublets
with g = 5.43, 1.82, 1.27, and g = 5.23, 2.14, 1.47, which are
still in good agreement with the observed values. Hence the
S = 3/2 ground states for the [4Fe-4S]� clusters in the WT and
A33Y Fd di¡er markedly in terms of zero-¢eld splitting pa-
rameters, E/D = 0.22 in WT versus 0.30 in A33Y and D = +3.3
cm31 versus 30.7 cm31 in A33Y.

3.3. VTMCD
The di¡erences in the ground state parameters for the S =

3/2 [4Fe-4S]� clusters in the WT and A33Y Fd do not trans-
late into signi¢cant di¡erences in the excited state properties
as assessed by VTMCD spectra, see Fig. 2. The VTMCD
spectra show marked similarity and the only signi¢cant di¡er-
ence, i.e. the two weak negative bands centered around 620 nm
and 680 nm in WT, is readily accounted for by contributions
from the S = 1/2 [4Fe-4S]� clusters in the WT Fd. Extensive
VTMCD studies of predominantly S = 1/2 and 3/2 [4Fe-4S]�

clusters in nitrogenase Fe protein and synthetic analog com-
plexes have shown that the major spectral di¡erence lies in
that S = 1/2 clusters have a broad and intense negative band
centered between 580 and 680 nm while S = 3/2 clusters have

Fig. 2. UV-visible VTMCD spectra of dithionite-reduced WT and
A33Y P. furiosus 4Fe Fd. Both samples were in 100 mM Tris-HCl
bu¡er, pH 7.8, with 2 mM sodium dithionite and 50% (v/v) glycerol
(WT) or 55% (v/v) polyethylene glycol (A33Y). Upper panel: Wild-
type, 0.35 mM in Fd; MCD spectra recorded with a magnetic ¢eld
of 4.5 T at 1.60 K, 4.22 K, 9.1 K, 14.8 K and 50 K. Lower panel:
A33Y, 0.34 mM in Fd; MCD spectra recorded with a magnetic
¢eld of 6 T at 1.63 K, 4.22 K, 9.7 K, 23.6 K, 42 K. For both sam-
ples, the MCD intensity at all wavelengths increases in intensity
with decreasing temperature.

Fig. 3. MCD magnetization data for dithionite-reduced A33Y P.
furiosus Fd. The sample is as described in Fig. 2. Magnetization
data collected at 524 nm for magnetic ¢elds between 0 and 6.0 T;
temperatures (7) 1.63 K, (E) 4.22 K, (O) 9.7 K. Solid line is theo-
retical magnetization data computed according to [25]) for an iso-
lated doublet state with e¡ective g-values, ge = 5.51, gP = 1.56, and a
polarization ratio, mz/mxy = 0.
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little temperature-dependent MCD intensity in this region [7].
The generality of this di¡erence in the VTMCD properties of
S = 1/2 and 3/2 [4Fe-4S]� clusters has since been con¢rmed by
studies of the pure S = 3/2 cluster in P. furiosus AOR [9] and
the pure S = 1/2 [4Fe-4S]� clusters in D14C and D14C/C11S
P. furiosus Fd [12,25]. The origin of this spectral di¡erence is
unclear at present and awaits detailed excited state electronic
assignments for S = 1/2 and 3/2 [4Fe-4S]� centers.

MCD magnetization data for dithionite-reduced WT P.
furiosus Fd were consistent with major contributions from a
S = 3/2 component, but detailed analysis was not attempted
due to the spin state heterogeneity [11]. A more detailed anal-
ysis was carried out for the more axial S = 3/2 cluster in P.
furiosus AOR (E/D = 0.12 and D = +4 cm31) [9]. For temper-
atures below 2 K, when only the lowest doublet of the zero-
¢eld split ground state manifold is signi¢cantly populated, the
data were ¢t to a good approximation by theoretical data,
constructed according to published procedures [26], for an
xy-polarized transition arising from an isolated doublet with
the EPR-determined e¡ective g-values, i.e. gP = 4.0 and
ge = 2.0. Although the zero-¢eld splitting is much less for the
more rhombic S = 3/2 [4Fe-4S]� cluster in A33Y Fd
(E/D = 0.30, D = 0.7 cm31) and the population distribution
over the lower and upper doublets of the S = 3/2 manifold is
approximately 3:1 at 1.6 K, this procedure also a¡ords
satisfactory ¢ts to the 1.6-K magnetization data collected at
524 nm, see Fig. 3. The lowest temperature data are simulated

to a good approximation by theoretical data for an xy-polar-
ized transition arising from an isolated doublet with e¡ective
g-values based on those experimentally determined for the
lowest doublet, i.e. ge = 5.51 and gP = 1.56. The success of
this procedure in this case is likely to be a consequence of
coalescence of the magnetization curves from each doublet as
the ground state approaches maximal rhombicity (E/D = 0.33).

3.4. Resonance Raman
Resonance Raman provides a sensitive probe for structural

perturbations in diamagnetic (S = 0) [4Fe-4S]2� clusters, but is
of little use for [4Fe-4S]� clusters due to extremely poor en-
hancements of Fe-S stretching modes with visible excitation
[27^29]. Detailed vibrational assignments under e¡ective D2d

symmetry are available for biological [4Fe-4S]2� clusters,
based on 34S and 54Fe isotope shifts, normal mode calcula-
tions and extensive studies of appropriate synthetic analog
complexes [27], and these assignments have been extended
to air-oxidized P. furiosus 4Fe Fd [11]. A comparison of the
resonance Raman spectra of the [4Fe-4S]2� centers in WT and
A33Y P. furiosus Fd obtained with 457.9-nm excitation is
shown in Fig. 4. Apart from a slight broadening of the
band centered at 362 cm31, the spectra are identical within
experimental error attesting to negligible perturbation of the
[4Fe-4S] core. Since the band at 362 nm has been primarily
assigned to asymmetric Fe-S(Cys) stretching based on 34S iso-
tope shifts [11,30], the observed broadening is likely to result
from small changes in cysteinyl Fe-SQ -CL-CK dihedral angles
and/or lowering the overall symmetry of the cluster environ-
ment as result of positioning a bulky tyrosyl residue in close
proximity to the cluster. Resonance Raman spectra were re-
corded using 457.9-nm, 488.0-nm, and 514.5-nm excitation
and in no case were the characteristic vibrations of an Fe-
coordinated tyrosyl residue observed [31].

4. Discussion

EPR, VTMCD and resonance Raman investigations of the
[3Fe-4S]� cluster assembled in the A33C variant of P. furiosus
Fd revealed medium-dependent changes that have been inter-
preted in terms of ligation of the additional cysteine residue at
position 33 [18]. In contrast, the spectroscopic results reported
in this work for the A33Y variant show that a [4Fe-4S]2�;�

cluster is assembled in the recombinant protein and give no
indication of direct coordination of the cluster by the tyrosyl
residue. Tyrosyl cluster coordination would be expected to be
apparent by changes in the absorption and VTMCD spectra
and the appearance of the characteristic resonance Raman
bands of a coordinated tyrosine [31]; neither of which were
observed. However, the spectroscopic and redox results show
that positioning a tyrosyl residue in close proximity to the
cluster alters both the midpoint potential of the [4Fe-4S]2�;�

couple and the ground state properties of the [4Fe-4S]� clus-
ter, without altering the excited state structure of the [4Fe-
4S]� cluster or the core distortion of the [4Fe-4S]2� cluster.

Theoretical studies indicate that solvent exposure plays a
major role in determining the electrostatic environment and
thereby the midpoint potential of Fe-S clusters [32]. For ex-
ample, the [4Fe-4S] cluster in high potential iron-sulfur pro-
teins (HiPIPs) is enclosed by several hydrophobic aromatic
side chains that restrict solvent accessibility and this is con-
sidered to be one of the key determinants for reducing the

Fig. 4. Resonance Raman spectra of air-oxidized WT (top) and
A33Y (bottom) P. furiosus 4Fe Fd with 457.9-nm excitation. Both
spectra were recorded on samples (V1.5 mM) in 50 mM Tris-HCl
bu¡er, pH 7.8, that were frozen at 28 K, with 75 mW laser power
at the sample. Each scan involved photon counting for 1 s every 0.4
cm31 for each scan; spectral resolution 8 cm31. For each spectrum
the vibrational modes originating from the frozen bu¡er solution
have been subtracted after normalizing the intensities of the `ice-
band' at 231 cm31, and a linear ramp £uorescence baseline was also
subtracted. The WT and A33Y spectra shown are the sum of 25
and 21 scans, respectively.
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midpoint potential of the [4Fe-4S]3�;2� couple so that it oc-
curs within the physiological range and reducing the midpoint
potential of the [4Fe-4S]2�;� couple so that it occurs outside
of the physiological range. Hence it seems likely that the 38
mV decrease in potential that accompanies the A33Y muta-
tion results from the tyrosyl residue limiting solvent exposure
to the cluster.

Although there is as yet no detailed understanding of the
factors that determine the ground state properties of S = 3/2
[4Fe-4S]� clusters, the results for the A33Y variant of P.
furiosus Fd serve to demonstrate their sensitivity to protein
environmental e¡ects. For clusters with Fd-like arrangements
of coordinating residues, the available data indicate that one
oxygenic ligand (serinate or aspartate) is required to obtain
S = 3/2 [4Fe-4S]� clusters in frozen solution. Comparison of
the EPR properties of the WT and A33Y forms of P. furiosus
Fd (E/D = 0.22 and 0.30, and D = +3.3 and 30.7 cm31 for WT
and A33Y, respectively) demonstrates that changes in imme-
diate environment without any signi¢cant change in ligation
or distortion in the cluster core can have a dramatic e¡ect on
the rhombicity, as well as the sign and magnitude of axial
zero-¢eld splitting of the S = 3/2 ground state. The [4Fe-4S]�

centers in P. furiosus AOR and nitrogenase Fe proteins dem-
onstrate that S = 3/2 ground states can arise for clusters with
complete cysteinyl coordination, albeit in a non-Fd-like ar-
rangement. Once again, di¡erences in the cluster environment
are manifest in dramatic di¡erences in the ground state pa-
rameters, e.g. E/D = 0.22 and 0.12, and D =31.8 and +4.0
cm31, for urea-treated Azotobacter vinelandii Fe protein [2,7]
and P. furiosus AOR [9], respectively.

Thus far there are no well documented examples of bio-
logical [4Fe-4S]� clusters that exhibit S = 3/2 ground states
at room temperature. The spin state of the cluster at room
temperature can be assessed by magnetic susceptibility and/or
NMR data and such data are only available for the nitro-
genase Fe protein [33] and WT P. furiosus Fd [34]. In both
cases, the available data point to homogeneous S = 1/2 ground
states at room temperature and suggest that the S = 3/2 states
are artifacts of freezing. However, the [4Fe-4S]� clusters in
both these proteins exist as medium-dependent spin mixtures
in frozen solutions [2,7] and the available structural data [35]1

indicate that the clusters are readily accessible to solvent.
Hence organization of the solvent and glassing agent mole-
cules in the vicinity of the cluster is likely to account for the
spin state changes on freezing. Since the [4Fe-4S]� clusters in
P. furiosus AOR [9] and the A33Y variant of P. furiosus Fd
exhibit pure S = 3/2 ground states in frozen solutions with
properties that are independent of medium e¡ects, they rep-
resent the best candidates for clusters in which the S = 3/2
ground state is an intrinsic property as opposed to a freezing
artifact. Magnetic susceptibility measurements using a
SQUID magnetometer are planned to test this hypothesis.
Moreover, the A33Y variant of P. furiosus Fd is amenable
for detailed NMR, 57Fe-ENDOR, Mo«ssbauer and near-IR
VTMCD studies to elucidate the intracluster valence delocal-
ization and magnetic interactions that a¡ord S = 3/2 rather
than S = 1/2 ground states for [4Fe-4S]� clusters. This ap-
proach has already proven e¡ective for understanding the
origin of the S = 1/2 ground state of the [4Fe-4S]� clusters
in WT, D14C and cyanide-bound P. furiosus Fd [17,36,37],
and the stage is now set for extension to the S = 3/2 [4Fe-4S]�

cluster in the A33Y variant.
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