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ABSTRACT. MOssbauer and EPR spectroscopies were used to characterize the Fe clusters irBan Fe
protein isolated fronDesulfaibrio desulfuricans(ATCC 27774). This protein was previously thought

to contain hexanuclear Fe clusters, but a recent X-ray crystallographic measurement on a similar protein
isolated fromDesulfaibrio vulgaris showed that the protein contains two tetranuclear clusters, a cubane-
type [4Fe-4S] cluster and a mixed-ligand cluster of novel structure [Lindley et al. (1997) Abstract,
Chemistry of Metals in Biological Systems, European Research Conference, Tomar, Portugal]. Three
protein samples poised at different redox potentials (as-purified, 40 and 320 mV) were investigated. In
all three samples, the [4F&S] cluster was found to be present in the diamagneticoRidation state

and exhibited typical Mssbauer spectra. The novel-structure cluster was found to be redox active. In
the 320-mV and as-purified samples, the cluster is at a redox equilibrium between its fully oxidized and
one-electron reduced states. In the 40-mV sample, the cluster is in a two-electron reduced state. Distinct
spectral components associated with the four Fe sites of cluster 2 in the three oxidation states were identified.
The spectroscopic parameters obtained for the Fe sites reflect different ligand environments, making it
possible to assign the spectral components to individual Fe sites. In the fully oxidized state, all four iron
ions are high-spin ferric and antiferromagnetically coupled to form a diamagBeti® state. In the
one-electron and two-electron reduced states, the reducing electrons were found to localize, consecutively,
onto two Fe sites that are rich in oxygen/nitrogen ligands. Based on the X-ray structure ants#ia vy
parameters, attempts could be made to identify the reduced Fe sites. For the two-electron reduced cluster,
EPR and Mssbauer data indicate that the cluster is paramagnetic with a nonzero interger spin. For the
one-electron reduced cluster, the data suggest a half-integer sitin @haracteristic fine and hyperfine
parameters for all four Fe sites were obtained. Structural implications and the nature of the spin-coupling
interactions are discussed.

Iron—sulfur proteins are a class of proteins containing enzyme, nitrogenas8), Mixed-metal Ni-Fe clusters have
metal cofactors composed of exclusively, or mostly, Fe and also been found in hydrogenased @nd implicated (by
S atoms. They are found in all living organisms and play a spectroscopic evidence) in CO dehydrogen&seé), Ru-
diverse role in biological functions, including electron bredoxin @) and desulforedoxin 7), which contain a
transfer, catalysis, iron regulation, and protein structure mononuclear Fe center coordinated by four cysteinyl ligands,
stabilization ¢, 2). The most commonly observed +8 are also considered to belong to the class of +rsulfur
cofactors in proteins are the [2F2S], [3Fe-4S], and [4Fe- proteins.

4S] clusters. FeS clusters with Fe nuclearity higher than In 1989, an unusual FeS protein was isolated from
four and with more elaborate structures are rare in biological Desulfa/ibr’io (D.) vulgaris (Hildenborough) §). Prelimi-

?'/:ster'\r/}s. H]E)weverr,] a cort?plex f8Fe é:lgster: anq a mlxe?—metalnary characterization of this protein indicated that it contained
e-Mo cofactor have been found in the nitrogen-fixing  ,,5rqximately six Fe atoms per molecule and inorganic sulfur
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bauer characterizations, was performed on Dhelesulfu- the results of Fe determination and the observed prismane-
ricansprotein (L1). On the basis of this study, we concluded like S = 1/, signal in the dithionite-reduced protein, these
that the protein contained twdistinct multinuclear Fe investigators interpreted their data with the premise that only
clusters, termed clusters | and Il. Cluster | could be stabilized a single Fe cluster was present in the molecule. All the
in several oxidation states, while cluster Il could only be unusual spectroscopic properties mentioned above were
stabilized in two oxidation states. In the as-purified protein, therefore attributed to this putative prismane clusié€y 12,
cluster I was found to be paramagnetic and exhibited unique 13).
Mdssbauer and EPR spectra consistent with a Spin, The genes encoding both tBe vulgaris andD. desulfu-
system. Cluster Il was diamagnetic and displayed ®$40 ricans proteins have been cloned, sequenced, and overex-
bauer quadrupole doublet similar to those of [4BSF+ pressed iD. vulgaris (14—16). A high degree of homology
clusters. The two clusters showed the samé&sshbauer Fe  in the amino acid sequence was observed for the two
absorption intensity (50:50), suggesting a similar Fe nucle- proteins, and 66% of the residues were found to be identical
arity for both clusters. At low temperatures (4.2 K), at (15). There are nine conserved cysteine residues. Although
least four resolved spectral components were identified to no sequence homology is found with known sequence motifs
be associated with the paramagneticddloauer spectrum of  that bind Fe-S clusters, four of these residues at the
cluster I. Each spectral component was determined to N-terminal region form a sequence motif (@XXgCXsC)
contribute to 8% of the total Fe absorption. Since ap- suggestive for binding of an F€S cluster 15). Similar to
proximately 50% of the Fe absorption was associated with the wild-type proteins, the recombinant proteins were found
cluster I, the observed 8% absorption for each componentto be able to accommodate multiple redox states, which
(corresponding to one Fe site) was then interpreted asexhibited optical and EPR spectra similar to those of the
evidence supporting a cluster of six Fe atoms. The spectrumwild-type proteins {4, 16). This observation strongly
of cluster | was then analyzed as a superposition of six indicates that the Fe clusters in the recombinant and wild-
spectral components. As only four of the components were type proteins are similar. Resonance Raman studies of the
resolved, the other two components were assumed to overlagecombinant proteinsly) showed vibrational bands at the
with the spectrum of cluster Il. The analysis revealed that 200-430-cn* region characteristic of FeS clusters. Most
the Fe coordination in cluster | was a mixture of N, O, and interestingly, an Fe and O isotope-sensitive band was
S ligands. In particular, one of the resolved spectral detected at 801 cm, which could be attributed to either an
components exhibited parameters typical of a high-spin Fe(IV)=0 species or a monobridged F&—Fe structure
ferrous ion with nitrogen and/or oxygen coordinatidri)( (17). This observation, together with ourlg&bauer analysis

In the dithionite-reduced protein, cluster | was found to which indicated a mixed N, O, and S ligand environment
undergo a multiple-electron reduction, while cluster Il was for cluster | (L1), suggests an FeO—Fe or Fe=O unit as
reduced by one electron. The prismane-lke= Y/, EPR part of the structure for cluster I.
signal observed in the dithionite-reduced protein was at- Very recently, the three-dimensional molecular structure
tributed to the reduced cluster Il, which showed agslmauer of the D. pulgaris protein was determined to 1.72-A
spectrum similar to that of [4Fe4S]t clusters (1). resolution (8). Most of our earlier conclusions based on
However, since both clusters showed the same Fe absorptionthe M@ssbauer investigation are confirmed by the crystal-
intensity (i.e., the same nuclearity) and since cluster | was lographic structure, such as, (1) the protein contains two
thought to contain six Fe atoms, cluster Il was also assigneddistinct clusters, (2) the two clusters are of the same
as a 6Fe cluster, presumably, the prismane-like 165%] nuclearity, (3) one cluster has a mixed N, O, S ligand
cluster. In the dithionite-reduced protein,Sa= 3, EPR environment, and (4) the other has a regular-Becore
signal was also observed aroumer 4.7. The origin of this structure. However, our conclusion on the nuclearity of the
signal was not determined. The assignment of two distinct clusters is incorrect. They are tetranuclear Fe clusters, not
6Fe clusters per molecule (i.e., 12Fe/molecule), however, hexanuclear clusters. One cluster is a [4B8] cluster
was noted to be in disagreement with the results of iron (cluster Il) located at the N-terminal region. The other
determination, which showed five to eight Fe atoms/molecule (cluster I) has a most unusual structure that has never been
(12). To resolve this apparent discrepancy, we had proposeddiscovered in any known protein (Figure 1). Two of the Fe
that the purified samples may contain a mixture of holo- atoms (Fe and Fg) are bridged by two inorganic sulfide
and apo-proteinsi(). ions, and the other two (Fand Fg) are bridged by a single

Extensive physical and biochemical characterizations were oxo group, while one Fe atom from each pairdBad Fg)
also performed on th®. wvulgaris proteins by Hagen and s linked to each other through a sulfur and an oxo group.
collaborators10, 12). Spectroscopic properties very similar The cluster is coordinated to the protein by residues E268,
to that of thedesulfuricansprotein were observed for the H244, C312, C406, C434, C459, and E494. Most interest-
vulgaris protein. Moreover, these investigators found, by ingly, ligation of C406 to Fgis through a persulfide group
the application of EPR redox titration, that in addition to (18).
the S= 9, EPR signal of the as-purified protein and t8e From the crystallographic structure, it is obvious that
= 1/, signal of the dithionite-reduced protein, an integer spin “prismane protein” is not an appropriate term for describing
EPR signal ag ~ 16 was present in an intermediate redox this protein. A new term is therefore required. Since the
state (2). A magnetic circular dichroism study suggested protein is brownish in color and since the protein can stabilize
a spinS= 4 ground statel3).! However, based largely on the Fe clusters in various redox states, we propose to name
this proteinfuscoredoxinuntil the physiological function of

L The magnetic circular dichroism study was performed on recom- this protein is found. To prevent further confusion and to
binantD. vulgaris proteins. facilitate discussions among different research groups, we
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NT (His 244) methyl-4,4-bipyridyl) were added to the protein solution to
(Cys 459) S N a final concentration of M each. The redox potentials
/ o were measured using a platinum and a saturated calomel
/ standard electrodes (calibrated with quinhydrone at controlled
e pH) and were quoted relative to the standard hydrogen

o)
o. P \ /O\L electrode. The reaction mixture was buffered with 100 mM
\/ (Glu 494) Tris-HCI at pH 7.6. Reduction or oxidation of the protein

(Glu 268) / e was accomplished by additions of aliquots of buffered
X /S sodium dithionite, reduced methyl viologen or potassium
(Cys 406) § ferricyanide solutions by using a gaight Hamilton syringe.

Methyl viologen was reduced by incubation with hydrogen
/S ~__ in the presence of trace amountdhfdesulfuricangATCC
S (Cys 312) 27774) hydrogenase. After equilibration at a desired redox
(Cys434)s/ \ potential, a sample was transferred to an EPR tube or a
s Mossbauer cuvette which were attached anaerobically to the
Ficure 1: Schematic drawing of cluster 2. X represents a proposed electrochemical cell. The final protein concentration was
possible substrate binding site (adapted from ref 18). 145uM for the EPR samples and between 600 and 800
for the M@ssbauer samples. The sample volume wa60
propose to follow the nomenclature used in the crystal- uL for the EPR samples and 4Qd_ for the Mossbauer
lographic study 18) and use “cluster 1" (formerly cluster  samples. In this paper, we report the results obtained for
I1) for the [4Fe-4S] cluster and “cluster 2" (formerly cluster  the as-purified protein as well as for the samples poised at

1) for the tetranuclear cluster with novel structure. 320 and 40 mV. All chemicals used were of reagent grade
The error we made in determining the Fe cluster nuclearity or the highest available purity.

was caused by our assumption that in the as-purified
fuscoredoxin, cluster 2 is in a pur8 = %, state. In
retrospect, this assumption was false and unnecessary. |
fact, the observation of four resolved, equal intensity (8%
of total Fe absorption) spectral components associated with
the S = 9, species in the as-purified protein is consistent

\évgg/] Cllzlffgszo:)i'igﬂ ?otreiLaen?glfago? %Ilriztr?t; ir-ll—(;]ie?'[e:s that recorded on either a Bruker ER 200D-SRC or a Bruker ESP
0 P P 300 spectrometer. Both spectrometers are equipped with a

only 64% of clusters 2 are in th®= 9, state (the total Fe ) ;
absorption for cluster 2 is 50% of the total Fe absorption). ?nus?:urgoednis ?:?)\gglnu((l)\f;df? (I)WEES(%;;?M) and an Oxford

The remaining clusters 2 are in a different oxidation state,
the spectrum of which is unresolved from that of cluster 1. pregyLTS
With such a realization, we have reanalyzed théesbbmuer
data of the as-purifie®D. desulfuricanduscoredoxin. The EPR Spectra. The EPR data of the as-purified.
results of this analysis is presented below. In this paper, desulfuricanfuscoredoxin have been reportedl), Here,
we also report a Mssbauer and EPR investigation on two we will briefly summarize those results that are relevant to
samples prepared at redox potentials different from that of our analysis of the following Mesbauer data. Basically,
the as-purified protein, one more oxidized and the other the as-purified fuscoredoxin exhibited an unusual EPR signal
further reduced. Cluster 1 was found to be in the 4Fe at the low-field region, consistent with a sgf= %, system
4SF* state in all three samples, while cluster 2 was found with a rhombicityE/D = 0.062. Temperature dependence
to be redox active in the range of redox potentials under of the signal further indicated that the system had a negative
studied. Characteristic parameters for cluster 2 in its fully zero-field-splitting parametef) < 0). By correlating these
oxidized (4Fe(lll)), one-electron reduced (Fe(ll), 3Fe(lll)) information with the observed Mwsbauer data, it was
and two-electron reduced (2Fe(ll), 2Fe(lll)) states are concluded that the signal was originating from clustetB.(
obtained. The 320-mV sample shows an EPR spectrum similar to that
of the as-purified protein but with-&40% reduction in signal
MATERIALS AND METHODS. intensity, suggesting a shift in the equilibrium of cluster 2

Sample Preparation Bacterial growth (if"Fe-enriched ~ toward a higher oxidation state.

medium) and protein purification were performed as previ-  Figure 2 shows the 4.2 K EPR spectra of the 40-mV
ously described11). The as-purified protein sample was sample recorded with the magnetic component of the
in 100 mM Tris—HCI buffer at pH 7.6. Samples poised at microwave perpendicular (spectrum A) and parallel (spec-
the desired redox states were prepared by using the redoxrum B) to the scanning external applied field. Spectrum A
titration method. Protein solution was kept at room tem- can be compared with that of the as-purified sample, which
perature in an electrochemical cell that has been describedwvas also recorded with the fields oriented perpendicular to
previously (L9), under positive pressure of argon (prepurified each other. Th& = 9, signal observed in the as-purified
argon, passed through an oxygen trap). Several mediatomprotein is absent in the 40-mV sample. Instead, an asym-
dyes (methylene blue, indigo tetrasulfonate, 2-hydroxy-1,4- metric signal with a peak aj ~ 15 is observed. In the
naphthoquinone, anthraquinone, 2-sulfonate, phenosafranineparallel orientation (spectrum B), the intensity of this signal
benzyl viologen, methyl viologen, andi,N-dimethyl-3- increases substantially. This behavior is characteristic of an

Spectroscopic MethodsThe weak-field and strong-field
Md&ssbauer spectrometers were operating in a constant-
heceleration mode in a transmission geometry and have been
described previouslyl@l). The zero velocity of the Mss-
bauer spectra referred to the centroid of the room-temperature
spectrum of a metallic iron foil. The EPR spectra were
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FiGure 2: EPR spectra of the two-electron reduced fuscoredoxin
from D. desulfuricandATCC 27774). The spectra were recorded
with the magnetic component of the microwave aligned perpen-
dicular (A) or parallel (B) to the direction of the external magnetic
field. Other experimental conditions are as follows: temperature,
4.2 K; microwave frequency, 9.64 MHz (perpendicular) or 9.37

Velocity (mm/s)

Ficure 3: Mossbauer spectra d. desulfuricansfuscoredoxin
poised at 40 mV. The data were recorded at 4.2 K in the absence
of an external field (A) and in the presence of a field of 50 mT (B)
applied parallel to the-beam. Spectrum C is a difference spectrum
between spectra A and B. The solid line plotted over spectrum A

MHz (parallel); microwave power, 6.2 mW; modulation amplitude,

0.9 mT: receiver gain, 8.& 10/, is a sum of the theoretical spectra of the oxidized cluster 1 (dashed

line shown on top of the data) and the two-electron reduced cluster

. . . . - 2 (solid line shown on top of the data).
integer spin system in which thAms = 0 transitions, ( P )

normally forbidden in a perpendicular orientation, become
allowed transitions in a parallel configuratio®0j. Similar
signals have been observed in thevulgaris fuscoredoxin

observation is not surprising since the midpoint potential for
the [4Fe-4SFt/[4Fe—4S] couple is generally in the-200-
to —400-mV region B). Exceptions do exist but are rare.
(12) as well as in the recombinabt. desulfuricangrotein Fuscoredoxin at 40 mV.Figure 3 shows the 4.2 K
(16). IntheD. vulgaris protein, the peak is a ~ 16 (12). Mdéssbauer spectra of the 40-mV sample recorded in the
The Mssbauer data, presented below, indicate that this signalabsence of a magnetic field (spectrum A) and with an
is originating from cluster 2 and represents a two-electron external field of 50 mT applied parallel to the-beam
reduced state of the cluster. The signal observed in spectrum(spectrum B). In the 50-mT spectrum, two spectral com-
A at g = 4.3 represents a small amount of ferric impurity. ponents with comparable Fe absorption intensity can be
Mossbauer Data.In the following, M&ssbauer spectra of  identified: an intense central quadrupole doublet and a broad
the as-purified, 40-, and 320-mV samples are presented.magnetic spectrum extending from6 to +6 mm/s. A
Analysis of these data is made complicated by the fact thatsimilar central quadrupole doublet has also been observed
the protein contains two multinuclear Fe clusters. In in the spectrum of the as-purified fuscoredoxin recorded
addition, cluster 2 is present in an equilibrium between two under the same experimental conditioh% @lso, see below).
oxidation states in the as-purified sample as well as in the This doublet was found to represent a diamagnetic species
320-mV sample. These complexities result in spectra thatand was attributed to cluster 1 in its oxidized fordid;
are superpositions of overlapping spectral components with Observation of such a doublet in the 40-mV sample with
various Fe absorption intensities. Consequently, a uniqueapproximately half the Fe absorption indicates that cluster 1
solution cannot be obtained by analysis of any one single remains in the oxidized form at this potential. In the zero-
spectrum. Instead, the entire set of $dbauer data of all ~ field spectrum (Figure 3A), only quadrupole doublets are
three samples recorded under different experimental condi-observed, indicating that the broad magnetic component
tions has to be considered as a whole in the analysis. Aobserved in the 50-mT spectrum has collapsed into quad-
solution that is consistent with all the available data has beenrupole doublets, a property that is unique for integer-spin
obtained and is presented below. Fortunately, in all three systems. For an integer-spin system, the degeneracy of the
samples, cluster 1 was found to remain in the same-f4Fe spin multiplet is generally lifted by the ligand field. In the
4SF* oxidation state, facilitating the data analysis. This absence of an applied field, this lack of degeneracy results
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Table 1: Mwsbauer Parameters for Cluster 2 of Fuscoredoxin fBordesulfuricandATCC 27774)

fully oxidized one-electron reduced two-electron reduced
iron site parametets 42K 140K 42K 140 K 42K 140K
Fe oxidation state high-spin Ee high-spin Fé" high-spin Fé"
o0 (mm/s) 0.274+ 0.03 0.23+ 0.03 0.26+ 0.03 0.24+ 0.03 0.27+ 0.03 0.24+ 0.03
AEq (mm/s) —0.624+ 0.05 0.58+ 0.05 —0.60+ 0.05 0.58+ 0.05 0.57+ 0.05 0.56+ 0.05
n 3.0+05 3.0£05
AuddnfBn (T) +8.0+ 1.0
AnGBn (T) +8.0+ 1.0
A1GBn (T) +7.0£0.5
T (mml/s) 0.4 0.4 0.4 0.40 0.46 0.33
Fes oxidation state high-spin Fe high-spin Fé" high-spin Fé"
o (mm/s) 0.36+ 0.03 0.32+ 0.03 0.35+ 0.03 0.32+ 0.03 0.37+ 0.03 0.32+ 0.03
AEg (mm/s) —0.724+ 0.05 0.69+ 0.05 —0.7£0.05 0.69+ 0.05 0.68+ 0.05 0.67+ 0.05
7 5.0+ 1.0 5.0+ 1.0
AcdGBn (T) —-7.84+1.0
AGBn (T) ~7.8+1.0
Adgnfn (T) —7.8+£05
I (mm/s) 0.4 0.4 0.4 0.40 0.27 0.26
Fe, oxidation state high-spin Fe high-spin Fé" high-spin Fé"
o0 (mm/s) 0.414+ 0.03 0.35+ 0.03 0.40+ 0.03 0.35+ 0.03 1.044+ 0.03 1.014+ 0.03
AEg (mm/s) —0.82+ 0.05 0.81+ 0.05 —0.8+£0.05 0.81+ 0.05 2.88+ 0.05 2.78+ 0.05
n 10.0+ 1.0 10.0+ 1.0
AdnBn (T) -115+ 15
AnGBn (T) -95+1.0
AzdGif3n (T) -9.94+05
T (mm/s) 0.31 0.37 0.4 0.40 0.42, 050 0.50, 0.33
Fe oxidation state high-spin Fe high-spin Fé* high-spin Fé*
o0 (mm/s) 0.4+ 0.03 0.34+ 0.03 1.13+ 0.03 1.08+ 0.03 1.15+ 0.03 1.124+ 0.03
AEq (mm/s) 1.10+ 0.05 1.2+ 0.05 3.0+ 0.05 2.89+ 0.05 2.98+ 0.05 2.8%+ 0.05
n 20+ 0.5 5.0+ 1.0
Aol (T) -8.0+15
Ap/giBn (T) —8.0£15
AzdgBn (T) —5.3+0.6
T (mm/s) 0.3 0.31 0.4 0.37 0.47,0%38 0.36,0.33

an = (Vxx — V!V is the asymmetry parameter, whéfgeare the principal components of the electric field gradient at the Fe nucleugy@&nd
is the magnetic moment of tfféFe nucleus® Other parameters used in the simulation for the one-electron reduced st&®are0.062 andD
= —0.7 cnt™. ¢ The values listed are for the left and right lines of the quadrupole doublet.

in a spin expectation value of zero for each state within the the absorption intensity for the ferrous doublet can be
multiplet 21). In other words, there is no internal field at estimated accurately (from spectrum 3A) and is found to be
the Fe nucleus. Consequently, only quadrupole doublets are24% + 3%, which corresponds to two Fe atoms. Knowing
observed. The presence of a small external applied field, that cluster 2 contains both ferric and ferrous ions (from the
however, could induce a significant spin expectation value difference spectrum) and that it is a tetranuclear cluster of
for an integer spin system, which, in turn, would generate integer spin, the other two Fe must be ferric. In other words,
an internal field at the Fe nucleus resulting in a magnetic in the 40-mV sample, cluster 2 is present at a two-electron
Md&ssbauer spectrum. As the central quadrupole doublet isreduced state.
attributed to cluster 1, the magnetic component has to be With the above understanding, it has become possible to
arising from cluster 2. The Mssbauer data are therefore in analyze the zero-field spectrum (Figure 3A) in detail.
agreement with the EPR data presented above which showCharacteristic parameters for the two tetranuclear clusters
the presence of an integer spin signalgat~ 15. The resulting from this analysis are listed in Tables 1 and 2. A
Mdssbauer data further demonstrate that the signal is arisingspectral simulation based on this analysis is plotted as a solid
from cluster 2. curve over the experimental data. Simulations for the
Since cluster 1 is diamagnetic, its spectrum is not affected individual clusters are also plotted at the top of Figure 3.
by the application of a small applied field. A difference As-Purified FuscoredoxinFigure 4 shows the NMgsbauer
spectrum between spectra 3A and 3B will cancel the spectra of the as-purified fuscoredoxin recorded at 1.5 K with
contribution from cluster 1 and reveal the positions of the a field of 50 mT applied parallel to the-beam (A) and at
guadrupole doublets associated with the integer-spin speciegt.2 K with a parallel field 68 T (B). The weak-field
(i.e., cluster 2). Figure 3C shows such a difference spectrum.spectrum shows clearly the presence of two spectral
Two quadrupole doublets can be identified, one with components: a central quadrupole doublet and a magnetic
parameters typical of high-spin Feand the other typical  spectrum extending from7 to +8 mm/s with well-resolved
of high-spin Fé&" (marked in Figure 3C). Note that the peaks. This spectrum has been reported previously and has
positions of the ferric quadrupole doublet are different from been analyzed in detail{). The magnetic component was
the peak positions of the central doublet originating from attributed to cluster 2 and was shown to be arising from a
cluster 1 and that the high-energy line of the ferrous doublet uniaxial system consistent with the ground state of a §pin
is well-resolved from the rest of the spectrum. Consequently, = 9/, multiplet with E/D = 0.062 andD < 0 (11). For a
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Ficure 4: Mossbauer spectra of the as-purifibd desulfuricans
fuscoredoxin. The data were recorded at 1.5 K (A) or 4.2 K (B) T o e
with a field of 50 mT (A) o 8 T (B) applied parallel to the-beam. 08 6 4 2 0 2 4 6 8 10
The solid lines plotted over the experimental spectra are superposi- Velocity (mm/s)

tions of theoretical spectra of the oxidized cluster 1 (dashed lines Figure 5: Field-dependent Mssbauer spectra of the one-electron
shown above the data) and fully oxidized cluster 2 (solid lines reduced cluster 2. The spectra were recorded at 1.5 K (A) or 4.2 K
shown above the data). (B—D) with magnetic fields of (A) 50 mT, (B) 3 T, (C) 6 T, and
(D) 8 T applied parallel to thg-beam. The solid lines plotted over
single Fe site in a uniaxial system, its weak-field $dbauer the experimental data are theoretical simulations by using the
spectrum shows a simple six-line pattern with an absorption %ﬁ"\"/{gﬁgﬁogsstﬁgs ii?] STS?]LeT ;Ee Tsugc\;vrr?t(i)cr?ltog?futlﬁgcwsur?rTLhee
intensity ratio of 3:2,:1:;:2:3', Since the, magnetic component arrow in A indicates the position of the highPenergy Ii?le of the
shows more than six lines, it was obvious that the spectrum guadrupole doublet of the ferrous impurity.
was originating from a multinuclear cluster. In our earlier
analysis 11), the magnetic spectral component was assumedspin projections along the system spin®f 9%,, and the
to be a superposition of six subspectral components, evendifference inAEg andd is a reflection on the different ligand
though only four six-line components are resolved. Due to environments and oxidation states of each individual Fe site.
the high resolution observed for the magnetic component atThe results of this analysis are presented in Table 1 and
weak field and the well-defined pattern of the subspectral Figure 5. To show the resolution of the magnetic spectral
components, the percent absorption for each subspectratomponent at weak field and its field-strength dependence
component can be estimated and was found to contributein detail, the central portions of the spectra (which are mostly
about 8% of the total Fe absorption. All these above- contributions from cluster 1) are not shown in Figure 5. The
mentioned observations remain valid except that the numbersolid lines plotted over the experimental data are theoretical
of subspectral components which made up the magneticsimulations using the parameters listed in Table 1. With
spectrum should only be four rather than six, since cluster 2 this set of parameters, the field-strength dependence of the
is a tetranuclear cluster. This is in agreement with the fact magnetic component is properly simulated up to 8 T.
that only four resolved six-line subspectral components are Simulations of the four subspectral components at 50 mT
observed. Reevaluation of the 'Skbauer data of the as- gre plotted at the top of Figure 5, showing the assignment
purified fuscoredoxin is therefore required. for the four individual components. This assignment is
Similar to our earlier studiesl(), we apply a spin- practically identical to our earlier assignment for the four
Hamiltonian formulism to analyze the magnetic spectral resolved spectral components. As mentioned in our previous
component. In this analysis, the magnetic component is study (1), with the highly resolved peaks observed in the
treated as a superposition of four subspectral componentamagnetic spectrum recorded at 50 mT, this is the only
of equal intensity arising from four iron sites. All the iron assignment that could explain both the weak- and strong-
sites share the san8= 9, electronic state witld < 0 and field spectra. Based on th®Eq and values obtained for
E/D = 0.062 as determined from the EPR datd)( The the individual Fe atoms (see Table 1), this assignment
individual Fe sites, however, are found to have different indicates that the magnetic component is originating from a
magnetic hyperfiné\ tensors and\Eq ando values. The tetranuclear cluster composed of three high-spin ferric and
difference in theA tensors can be explained as a consequenceone high-spin ferrous ions, a result that is consistent with
of spin coupling among the Fe atoms, resulting in different the magnetic component representing a half-integer $pin (
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= 9/,) system. This result also suggests that3he %, state of a fifth subspectral component originating from a (currently
of cluster 2 represents the one-electron reduced state of the&known) nonexistent fifth Fe site. On the basis of the position
cluster. The larg® value of 1.13 mm/s determined for the of this peak and the fact that its intensity is preparation
ferrous component suggests N and O ligand environment.dependent, we have attributed it to the high-energy line of a
In the Discussion section we will argue that this ferrous ferrous impurity. For the sample shown in Figures 4 and 5,
component is associated with #~defined in the X-ray the percent absorption for this ferrous impurity is estimated
structure 18, see also Figure 1). The origins of the other to be~2%. Itisimportant to point out that the positions of
three components can also be inferred from the parameterghe high-energy lines of the two ferrous doublets of the two-
(see Discussion section) and the suggested identities of theslectron reduced cluster 2 at 2.5 and 2.6 mm/s are distinct
Fe sites are labeled in Figure 5 and are listed in Table 1. from that of the ferrous impurity. The lack of these ferrous
A major conclusion resulting from this analysis is thag Fe lines in the spectrum shown in Figure 4A indicates the
has a positivé tensor and that the other sites have negative absence of the two-electron reduced state of cluster 2 in the
A tensors (Table 1), providing insight into the spin-coupling as-purified fuscoredoxin.
nature of the one-electron reduced state of this novel cluster Since fuscoredoxin contains two tetranuclear clusters, each
(see Discussion section). Due to the significance of this cluster should contribute approximately 50% of the Fe
conclusion, a brief explanation is given here to provide absorption. The fact that the magnetic spectral component
confidence on the signs of thk tensors determined from  contributes only 32% of the total Fe absorption indicates that
our analysis. As mentioned above, the EPR ddt#) (  cluster 2 is present in an equilibrium between different
indicate that the electronic ground state for this one-electron oxidation states. Since the two-electron reduced state is
reduced cluster 2 is uniaxial. With the highly resolved absent in the as-purified sample, the cluster must be in
spectrum recorded in a weak applied field of 50 mT (Figure equilibrium between the fully oxidized all-ferric state and
5A), the magnitude of thé component along the uniaxis  the one-electron reduc&i= 9, state. Based on the above
(the z axis) for each Fe site can be determined accurately argument, cluster 1 should contribute approximately 50%
from the total splitting of the individual spectrum corre- of the total Fe absorption, while the fully oxidized cluster 2
sponding to the Fe site (spectra shown above Figure 5A).should contribute~16%. An all-ferric tetranuclear cluster
Once the magnitude ok is determined, the sign ok can is expected to have an integer electronic spin and exhibit
be obtained from the field-strength dependence of the quadrupole doublets overlapping with those of cluster 1 in
individual spectrum. For a positivevalue, the total splitting  the central region of the spectrum shown in Figure 4A. In
of the spectrum increases with the strength of the applied other words, the intense central quadrupole doublet is
field, and for a negativé value, the splitting decreases with  composed of spectra originating from both cluster 1 and
field strength. For the three high-spin ferric sites, the  cluster 2 in their fully oxidized forms. Since these two
tensors are rather isotropic. Determination of their signs is components are not resolved, albeit different, their charac-
therefore straightforward. For the ferrous sitegjFéhe A teristic parameters cannot be obtained by a straightforward
tensor is anisotropic. Determination of its sign is more |east-squares fitting of the central doublet without proper
involved. Nevertheless, with th&,value determined from  constraints. Fortunately, the 320-mV sample contains a
the 50-mT spectrum, assumption of a positietensor  significantly higher concentration of fully oxidized cluster
results in a simulated 80-T spectrum showing absorption 2. By analyzing the spectra of the as-purified sample and
outside of the experimental 80-T spectrum at the positive the 320-mV samples simultaneously, we were able to
velocity region. Consequently, only a negatAiéensor can  deconvolute the central doublet into its two contributing
be assigned to ke components. The procedure of such an analysis is described
In the beginning of this section, we mentioned that in order in the next paragraph.
to obtain a unique and self-consistent solution, the whole  Fyscoredoxin at 320 mVFigure 6 shows the Mssbauer
set of Massbauer data has to be considered as a whole ingpectra of the 320-mV sample recorded at 4.2 K in a parallel
the analysis. An example of such a consideration is in the fie|d of 50 mT. Similar to the as-purified fuscoredoxin, the
determination of the\Eq ando values of individual Fe sites.  320-mv sample also exhibits a spectrum consisting of a
For example, since th&= %, state is a one-electron reduced magnetic spectral component and a central quadrupole
state of cluster 2, the reduced Fe site should also be presengigublet. However, the intensity of the magnetic component
in the two-electron reduced state. In other words, the has reduced significantly in comparison with that of the as-
parameters determined for the reduceglif¢he as-purified  pyrified protein, indicating a shift in the equilibrium of cluster
sample should also be present in the 40-mV sample. Note toward higher oxidation state. By using the most outer
that in Table 1, an Pe site with similar parameters is peaks at—7 and+8 mm/s of the magnetic spectrum, the
reported for both th& = 9, and the two-electron reduced  apsorption intensity of the magnetic component can be
cluster 2. Similarly, the parameters obtained for the two estimated accurately and was found to be 19% of the total

ferric sites in the two-electron reduced state should match apsorption. This is to be compared with the 32% determined
two of the three ferric sites in the one-electron reduced cluster

27 Also, the parameters obtained at low temperatures have 2 This reasoning obviously can only be true if the reduced electron
to be consistent with the parameters obtained from high- is localized in one particular Fe site and has little or no effect on the
temperature spectra after correcting for second-order Dopplefstate of the other Fe atoms. Localization of the electron is supported
shifts (see below). by the Massbauer data which show well-defined high-spin ferrous

£ ; ; components. Evidence to support the lack of effect on other Fe sites is
In the weak-field spectrum (Figure 5A), an absorption peak not as strong. However, the agreement between the theoretical

at 2.25 mm/s is observed (marked by an arrow). In our simylations and experimental data suggests that it is a reasonable
earlier study 11), this peak was mistaken as the outer line assumption.
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Theoretical simulations for the central doublets for the two

samples are plotted over the experimental data in Figures
4A and 6. The spectra of the oxidized cluster 1 (dashed
"] line) and fully oxidized cluster 2, normalized with proper

. absorption intensities, are plotted above the corresponding
_ experimental spectra shown in Figures 4A and 6.

Spectra recorded at strong fields show that both oxidized
clusters are diamagnetic. Figure 4B shows the spectrum of
the as-purified sample recorded in a parallel field of 8 T.
The solid line plotted over the experimental data is a
1 superposition of the simulated spectra of oxidized clusters 1
and 2 by using the parameters obtained above and by
assuming diamagnetism for both clusters (i.e., no internal
e field). The individual simulations for cluster 1 (dashed line)

P T e " and for the fully oxidized cluster 2 (solid line) are also shown
FIGURE 6: Mossbauer spectrum @. desulfuricanduscoredoxin above the. eXpe”m-emal spectrum. ‘The plotted spectrum of
at 320 mV. The spectrum was recorded at 4.2 K with a magnetic clgster lis normahzed to 50% and the spectrum.of Cluster
field of 50 mT applied parallel to the-beam. The solid line plotted 2 IS normalized to 16% of the total Fe absorption. The
over the central part of the spectrum is a sum of the theoretical observed agreement between experiment and simulation
spectra of the oxidized cluster 1 (dashed line shown above the data)supports the assumption that both oxidized clusters are
and the fully oxidized cluster 2 (solid line shown above the data). diamangetic.
for the magnetic component in the as-purified sample. Maossbauer Spectra at 140 Kkigure 7 shows the 140 K
Consequently, in the 320-mV sample, the majority of cluster spectra of the 40-mV (A), as-purified (B), and 320-mV (C)

2 is in the fully oxidized form and contributes approximately samples. At 140 K, the electronic relaxation is fast in
30% to the total Fe absorption, while the contribution of comparison with thé’Fe nuclear precession, resulting in
cluster 1 remains the same%0% of the total absorption)  cancellation of the internal field caused by thermal averaging
as in the as-purified sample. This difference in the relative of the fluctuating electronic spins. Consequently, only
contribution of cluster 1 vs that of oxidized cluster 2 between quadrupole doublets are observed. Consistent with the low-
the 320-mV and the as-purified samples is the key for temperature data, which indicate that cluster 1 remains in
deconvolution of the central doublet into its two spectral the same [4Fe4SP" state in all three samples, these 140 K
components. The procedure is as follows. The central spectra also show the presence of a quadrupole doublet
guadrupole doublet of either sample was prepared from the(marked by a bracket) attributable to a [4FHSF" cluster

raw data by the removal of the proper contribution of the with approximately 50% Fe absorption intensity. Redox
magnetic component. For the first iteration of the analysis, potential dependence of cluster 2 is also clearly observable
a theoretical spectrum of the oxidized cluster 2 was simulatedin these spectra. Most notably, an absorption line-at5

by using parameters obtained for the ferric sites of the one- mm/s, a position that is typical for the high-energy line of a
electron reduced and two-electron reduced cluster 2. By high-spin ferrous quadrupole doublet, increases in intensity
using such a theoretical spectrum, the proper amount ofwith decreasing redox potential. As the oxidation state of
cluster-2 contribution was subtracted from the prepared cluster 1 was found to be constant among these three
spectrum of the central quadrupole doublet. The remaining samples, the increase in intensity of the ferrous doublet(s)
spectrum should therefore represent an approximate spectrunprovides a measure of the extent of reduction of cluster 2.
of cluster 1 and was least-squares fitted with two equal Since this absorption line is well-resolved from the rest of
intensity quadrupole doublets (to properly represent the shapethe spectrum, the absorption intensity of the ferrous doublet-
of the spectrum of oxidized cluster 1, which is presumably (s) in these samples can be estimated accurately and was
a [AFe-4SFP* cluster, it requires a minimum of two doublets). found to be~5%, 8%, and 24%, respectively, for the 320-
The parameters obtained for cluster 1 from both samplesmV, as-purified, and 40-mV samples (the percent absorption
were compared, and the average values were used to simulatéor the ferrous impurity found in these sample2%, has

a theoretical spectrum of cluster 1, which was then used tobeen excluded). The 24% ferrous absorption found in the
remove the contribution of cluster 1 from the prepared 40-mV sample is in perfect agreement with the low-
experimental spectrum of the central doublet. The remaining temperature finding that cluster 2 is at a two-electron reduced
spectrum would then represent an approximation of the state. Most interestingly, the percent ferrous absorptions,
spectrum of oxidized cluster 2 and was fitted with four equal- 5% and 8%, found for the 320-mV and as-purified samples,
intensity quadrupole doublets with constraints derived from respectively, are practically identical to those found for the
the results obtained for the one-electron reduced and two-ferrous component of the magnetic spectrum detected at low
electron reduced cluster 2. The parameters obtained wergemperatures. This observation is consistent with and in
then used for the simulation of a spectrum of cluster 2 for support of two major assumptions used throughout our
the second iteration. The entire process was then repeatedinalysis: (1) the paramagnefic= %, state of cluster 2 is a
until the parameters obtained from both samples were in one-electron reduced state, and (2) in the as-purified and 320-
agreement within the experimental errors. The results of mV samples, cluster 2 is in an equilibrium between an all-
such an analysis are listed in Tables 1 and 2. Please notderric state and a one-electron reduced state. Also, the line
that the listed parameters are also in agreement with theshape of the ferrous high-energy line~a2.5 mm/s of the
corresponding values obtained for the 40-mV samples. 40-mV sample is different and broader in comparison with
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Table 2: Msbauer Parameters for the Oxidized Cluster D.imlesulfuricang~uscoredoxin Poised at Different Redox Potentials
320 mv as-purified 40 mV
42K 140K 42K 140K 42K 140K

doubletl ¢ (mmis) 0.44+ 0.03 0.42+ 0.03 0.45+ 0.03 0.42+ 0.03 0.45+ 0.03 0.42+0.03
AEq (mm/s) 1.39+ 0.05 1.30+ 0.05 1.34+ 0.05 1.30+ 0.05 1.29+ 0.05 1.28+ 0.05
n 0.5+0.2
Ty, T (MM/s) 0.29,0.35 0.26,0.26 0.35,0.35 0.27,0.24 0.27,0.25 0.39,0.34

doublet2 & (mm/s) 0.44+ 0.03 0.40+ 0.03 0.44+ 0.03 0.39+ 0.03 0.43+ 0.03 0.40+ 0.03
AEq (mm/s) 1.06+ 0.05 1.03+ 0.05 1.04+ 0.05 1.03+ 0.05 1.02+ 0.05 1.01+ 0.05
n 1.0£0.2
Ti, Tr (Mm/s) 0.28, 0.30 0.36, 0.35 0.35,0.35 0.33,0.33 0.28, 0.26 0.34, 0.36

T T N S B B above for analysis of the central quadrupole doublet of the
' ' put e ] low-temperature spectra was applied here. In this analysis,
it was assumed that the reduction of cluster 2 was localized
] at particular Fe sites and that reduction of one Fe did not
affect the intrinsic oxidation and spin states of the other Fe
7 atoms in the cluster (see footnote 2). This assumption allows
us to simulate the high-temperature spectrum of cluster 2 at
i different redox potentials with a minimum number of
parameters. For example, in the as-purified sample, by
correlating the observation that cluster 2 contributes a total
of 48% of the total Fe absorption and that the ferrous
component contributes 8% of the total Fe absorption, it can
be concluded that cluster 2 is at an equilibrium between the
fully oxidized and the one-electron reduced state with a
population ratio of 1:2, respectively. According to the above
. assumption, the high-temperature spectrum of cluster 2 in
the as-purified sample can be simulated as a superposition
of five quadrupole doublets corresponding to the four ferric
T sites, Fe Fe&, Fe, and Fg, and a ferrous site, ewith
percent contributions of 12, 12, 12, 4, and 8%, respectively.
Similarly, the spectrum of cluster 2 in the 320-mV sample
should consist of the same five doublets, but with percent
contributions of 12, 12, 12, 7, and 5%, while the spectrum
6 4 2 0 2 4 6 of cluster 2 in the 40-mV sample is composed of four
Velocity (mm/s) doublets corresponding to the two ferric sitess &ed Fg,
FIGURE 7: Mossbauer spectra @. desulfuricanduscoredoxin at ~ @nd two ferrous sites, Fand Fe, with an equal contribution
different redox states: (A) 40 mV, (B) as-purified, and (C) 320 0f 12% each. With this assumption, we were able to obtain
mV. The spectra were recorded at 140 K in the absence of ana self-consistent solution and deconvolute the high-temper-

external magnetic field. The bracket shows the pOSitiOnS of the ature spectra |nt0 the”‘ Correspond|ng Spectral Components

quadrupole doublet of the oxidized cluster 1, and the arrow indicates : : Sy
the position of the high-energy line of the quadrupole doublet arising The results are “StEd. in Tables 1 and 2. T.he §0|Id lines
from the ferric sites of the two-electron reduced cluster 2. The solid Plotted over the experimental spectra shown in Figure 7 are

lines plotted over the data are theoretical simulations by using the simulations based on these results. Excellent agreement
parameters listed in Tables 1 and 2 (see text). between the experimental data and the simulations is
those of the as-purified and 320-mV samples, indicating that Observed. Again, we would like to emphasize that analyses
the spectrum of the second reduced Fe atom is different fromPerformed on the high-temperature and low-temperature data
that of the first reduced Fe atom. Also, with decreasing are closely correlated. For example, the percent absorption
potential, the intensity of the broad absorption at around 1 for each component was held constant (i.e., independent of
mm/s reduces significantly, and a shoulderd.6 mm/s temperature) and the isomer-shift values were expected to
becomes more apparent (indicated by an arrow in Figure 7A). reduce by approximately 0.03 mm/s per 100 deg increase in
This observation reveals that the ferric sites which convert temperature due to the second-order Doppler shft.
to the ferrous sites upon reduction must have absorption "neSDISCUSSION
at positions between that of the shoulder and the peakiat
mm/s. Interestingly, the position of the shoulder is consistent Mdssbauer spectroscopy was used to characterize the iron
with those obtained for the ferric sites of the two-electron clusters in fuscoredoxin isolated from. desulfuricans
reduced cluster 2. (ATCC 27774). Three samples of different oxidation states
The above observations suggest that although the high-were examined. One sample contains as-purified protein,
temperature spectra consist of mostly unresolved quadrupoleand the other two are poised at redox potentials of 40 and
doublets, there are sufficient differences among the three320 mV. Cluster 1 was found to stay at the same oxidation
spectra to allow for deconvolution of the spectra into their state in all three samples. The "BBbauer parameters
spectral components. A procedure similar to that describedobtained for cluster 1 (see Table 2) are typical for a cubane-
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type [4Fe-4S] cluster in the 2 oxidation state 22, 23). higher than that of Fe complexes with sulfur ligands.
Spectra recorded at strong fields indicate further that the The one-electron reduced state of cluster 2 is paramagnetic
cluster is diamagnetic, supporting the- 2xidation state (S = %,) and exhibits a well-resolved magnetic spectrum
assignment. These observations suggest that cluster dwhich permits a most detailed characterization of the cluster
belongs to the class of ferredoxin-type [4FHS] clusters, in this particular oxidation state. In addition to th&g and
which generally has a relatively low midpoint redox potential ¢ values, the compone®tvalues of the magnetic hyperfine

in the range of—200 to —400 mV for the 2-/1+ couple tensor,A, were also determined for each iron site. These
(2). Since cluster 1 is diamagnetic, the previously observed apparentA values reflect the spin-coupling nature of the
S = 9, EPR signal in the as-purified proteid) and the electronic system. For monomeric Fe centers, the magnetic
currently observed integer-spin EPR signal detected in the hyperfineA values are negative. The observation of positive
40-mV sample can be attributed to cluster 2. Consistent with A values for one of the ferric sites (§j@ndicates that the
the EPR assignment, the Tg&bauer data show that cluster Fe sites are spin-exchange-coupled, resulting in the intrinsic
2 is redox active in the potential range studied here and spin of Fg oriented antiparallel to the system sg@n= 9.,.
exhibits different M@sbauer spectra in the three samples. To gain more detailed information on the spin-coupling and
Analyses of the Mesbauer data recorded over a wide range to examine whether the observadalues are consistent with

of experimental conditions permitted us to determine the the above-proposed assignment, a simple four-spin coupling
redox state of cluster 2 in each sample and to characterizemodel for a localized spin system was used. In this model,
cluster 2 in detail. In the as-purified and 320-mV samples, the intrinsic spins of the ferrous site and the three ferric sites
cluster 2 was found to be at a redox equilibrium between its are coupled to form the resultant sp®= °,. The four
fully oxidized and one-electron reduced states. In the 40- intrinsic spins are represented by the spin vecBys,, S;

mV sample, it is reduced to the two-electron reduced state.and S;, and the system spin is represented &y The
Four iron sites with different Mgsbauer parameters were coupling scheme is described as follows:

obtained, reflecting the different ligand environments sur-

rounding the fou? Fe atoms as revealed in the X-ray SiHS=5 SKt$=5% $+5=S Q)
crystallographic structure.

In general, it is not possible to determine the ligand
environment from Mesbauer parameters. However, with
the known structure of cluster 2, it becomes possible to
attempt to correlate the different Fe sites observed in the A =C g (2)
Mossbauer spectra with those defined in the X-ray crystal-
lographic structure. For Fe complexes of the same oxidationwherei = 1, 2, 3, or 4 and
and spin state, the Msbauer isomer shift increases with

whereS = 9,. With this coupling scheme, the measured
apparentA value for theith Fe site A) is related to its
intrinsic a value @) by

coordination number and depends on ligand types following C,= S1'Sa)(Sa"Ss|(Se'S
the trends thad(0) > o(N) > &(S). For example, for high- SAN\ s\ &
spin ferrous complexes, the isomer shift of the oxygen-rich

Fe(ll) sites in methane monooxygenase was reported to be S,°Sa\[Sa S5\ [Ss°S
~1.30 mm/s 24, 25). For the nitrogen-rich hemerythrin, it G, = S2 2 2
was ~1.1 mm/s 26), and for the tetrahedral sulfur- A S
coordinated Fe center in F& proteins, it was~0.7 mm/s S-S\ (Ss'S
(27, 28). For the two-electron reduced cluster 2, the two C;= —
ferrous Fe sites exhibit isomer shifts larger than 1 mm/s and ( SB2 ( g )

therefore may be assigned to;Fand Fg, which are

coordinated by mostly N and O ligands. The ferrous site _ SHAS)
with larger isomer shifts (1.131.15 mm/s) is assigned to Cy= =3
the five-coordinate Rgwhile the site with a smaller isomer

shift (1.04 mm/s) is assigned to the four-coordinatge Fae The value ofS can take on either 2 &, provided that for
ferric sites in the fully oxidized cluster 2 that convert to these each possible set dfS}, there are three spins equal ¥g

two ferrous sites upon reduction can be assigned accordinglyand one spin equal to 2. This coupling scheme yields a total
by identifying the ferric doublets that are present in the fully of 60 possible orientations of the 4 spins to formSs %,
oxidized state but are absent in the reduced state. Intereststate. The spin-projection factor;, for each orientation
ingly, these two ferric sites exhibit isomer shifts@.4 mm/ were calculated according to eq 3. Out of these 60 states,
s) that are consistent with those of high-spin ferric ions with there are 13 states in which the spin of a single ferric site is
mostly N and O ligands. The other two ferric sites are aligned antiparallel to the system spin. The spin orientations
therefore assigned to §and Fg. The site with the smaller  of these 13 states and the corresponding spin projection
isomer shift, 0.27 mm/s, is assigned to the trisulfur- factors are listed in Table 3.

coordinated Rg and the site with the larger isomer shift, For high-spin ferric ions, the intrinsetensor is generally
0.35 mm/s, is assigned to &ewhich has an additional rather isotropic and has a value betweeil7 T (for
oxygen ligand in comparison with ke According to the tetrahedral sulfur-coordinated Fe site2y,(28) to —22 T
above assignment, the first two electrons that reduce cluster(for oxygen-rich Fe sitesP0). By using the average value

2 are localized at eand Fe. This appears to be quite (7.7 T) of the 3 components of thfetensor obtained for the
reasonable considering the fact that Fe complexes with antiparallel ferric site (R and the corresponding spin-
oxygen ligands generally have midpoint redox potentials projection factors listed in Table 3, the intringosalue for

3)
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Table 3: List of Spin-Projection Factors of the $3= 9, States Which Have the Spin of One Single Ferric Site Aligned Antiparallel to the
System Spin

S S S S S S C C, Cs Cs
12 2 5, %, %, %, 7 32/77 40/77 40/77 —5/11
2 2 %, %, 5, %, 6 6728/18 711 8410/18 711 754/2079 —17/99
3 2 *, *, *f, % 3 784/2673 980/2673 —28/297 43/99
42 2 5> 5> 5> %, 2 88/243 110/243 —10/27 5/9
5 2 5, 5, %, I, 6 754/2673 1073/2673 145/297 —17/99
6 2 5> 5> %> I 2 338/1701 481/1701 —1/27 5/9
7 2 %, %, %, Y, 2 8/81 —14/81 14/27 5/9
8 5 5> 2 %> 5 7 40/77 40/77 32/77 —5/11
9 5, %, 2 %, 5 6 29/63 29/63 58/231 —17/99
10 5> 5 2 &2 4 6 116/297 116/297 116/297 —17/99
11 %, 5, %, 2 5 I 851/2079 851/2079 —23/189 10/33
12 5 5> 5 2 5 5/, 10/21 10/21 —25/63 4/9
13 %, 5, %, 2 4 5, 20/63 20/63 —5/63 4/9

2 Possible solutions for the one-electron reduced state of cluster 2.

The above analysis indicates that the magnetic hyperfine
S,=5/2 @ coupling constants observed for the Fe sites of cluster 2
4 reveal a spin orientation that can be described reasonably
(RN well by state 4. That is, the spins of J5 = 2) and Fe¢
(S = %) are parallel and coupled to form an intermediate

\\J” J spinS, of %,. This intermediate spin is antiferromagnetically
N - coupled to the spin of Ee($ = ;) to form another
J= 7" @ §=2 intermediate spinS = 2, which is then ferromagnetically
J34‘:J~ / coupled to the spin of RS, = %/,) to form the final spin,
| \ S= 9, (see Figure 8). Basically, all three states 1, 4, and 8
; describe similar spin orientation for the four Fe sites. That

13 is, the spin of Feis antiparallel to the spins of k&~e;, and
N Fe;, which are oriented parallel with each other. It is
interesting to note that such a spin orientation could also be
, A used to explain th& = 4 spin state for the two-electron
$3=5/2 @ K @ $,75/2 reduced cluster 2 as suggested by the MCD stu). (
According to the Masbauer results presented above, the
FIGURE 8: Schematic drawing of the spin-orientation and spin- second reducing electron is localized af &ed the intrinsic
coupling scheme for state 4 listed in Table 3, a possible solution state of Fe in the two-electron reduced cluster 2 is high-
for the one-electron reduced state of cluster 2. spin ferrous. By using the same coupling scheme describing
state 4, a ferromagnetic coupling between the high-spin
ferrous Fe with the intermediate spis = 2 would result
8n a final spinS = 4.
Although state 1, 4, or 8 describes the observed hyperfine

and are 'g:ergfo_re gnacclepta?le. hStatehs 1 ;]1 ,and8 aISOTy'el‘éoupling constants reasonably well and therefore provides
reasonable intrinsia values for the other three sites. T0 o ingight into the spin orientation, it is important to point

illustrate this point, staf[e4|s.use.d a§ an exe}’mple. For state; t that the coupling scheme used above may be too
4, the two ferric sites with their spins “parallel” to the system

. . . . o simplistic. A general spin Hamiltonian describing the
spin have different spin-projection factors (see Table 3). jyioractions between four exchange-coupled spins can be
According to the magnitudes of the spin-projection factors

the antiparallel Fe site can be estimated for each of the 13
states by using eq 2. Only states 1, 4, and 8 yield acceptabl
avalues of~ —20 T. Other states yield much largevalues

the two ferric spinsS; and $, were assigned to the Fe sites written as

Fes and Fe, respectively (see Figure 8). This assignment 4

results in reasonable intrinsi values for the two ferric H= —ZzJijS°§ 4)
sites: —17 T for Fg and—19 T for Fe. For state 4, the <

spin S, is equal to 2, and therefore, it can only be assigned |, formulating the simple coupling scheme presented above,
to Fe. By using the spin-projection factor 88/243 {6t we have assumed that the intermediate s@inand S are
and the apparerk values determined for gethe intrinsic 4404 quantum numbers. In other words, we have assumed

atensor for Fgcan be estimated. The results a2, —22,  he following simpler Hamiltonian for the exchange interac-
and—15 T for the three principle componentsaf Due to tions:

the large orbital and spin-dipolar contributions, theensor

for high-spin ferrous ion is anisotropic and the values of its H=—2JS5;*S, — 2J(S, + S):S; - 2J'(§,+ S, +
components vary over wide ranges. It is therefore interesting S)-S, (5)

to note that the componert values determined for ke

compare relatively well with those-@5, —24, and—11 T) whered = Jip, J = Jiz3 = Joz, andJ’ = Jyy = Jpg = Jaa
found for the ferrous ion in protocatechuate 3,4-dioxygenase Based on the structure of cluster 2, the above assumptions
(30), an iron site with N and O ligands. for the exchange coupling constants cannot be strictly correct.
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For example, the exchange coupling constdmsJ.s, and essential factor for the function of many Fe-containing
Jz4 may not be exactly equal. However, they could be proteins. For example, the high-valent Fe(lV) state is
similar. Also, state 1, 4, or 8 may serve as a good important for the function of heme-containing oxygenases
approximation for the ground state of the one-electron (41). More recently, it has been realized that in addition to
reduced cluster 2, even though the state is a quantumthe feasibility of attaining different oxidation states, structural
admixed state of eigen states of the Hamiltonian defined in flexibility of certain Fe cofactors also plays a pivotal role in
eq 5. determining enzyme reactivities. For example, the carboxy-
To find the limits of the exchange coupling interactions late-bridged dinuclear Fe cluster in methane monooxygenase
within which a state with the spin orientation depicted in has been shown to undergo carboxylate shifts between its
Figure 8 is a ground state, a search in the energy space as axidized and fully reduced statedZ 43). Spectroscopic
function of the exchange coupling constants was performed.and kinetic data further suggest that substantial structural
The details of this search are the subject of a future reportrearrangement is taking place during the enzyme catalytic
(Krebs et al., Unpublished Results). Interesting results thatcycle @4). Also, the structure of the 8Fe P cluster in
can be understood intuitively are discussed here. It wasnitrogenase was recently shown to be redox sensitive, and
found that the spin orientation of Ed&~e;, and Fg (shown this observed redox-mediated structural change was sug-
in Figure 8) can be realized with antiferromagnetic coupling gested to be involved in coupling of electron and proton
between the Fe sites provided that the couplings betweentransfers 45). In this respect, it is interesting to note that
Fe and the other two sites are stronger than that betweencluster 2 of fuscoredoxin appears to possess both structural
Fes and Fg. Based on the structure of cluster 2, antiferro- flexibility and redox activity. The X-ray crystallographic
magnetic coupling between these three Fe sites appears tstructure of cluster 2 shows that it consists of a flexible arm,
be a reasonable assumption. The spin orientation ef Fe the Fe—O—Fe; unit, built upon a relatively stable base
(shown in Figure 8) can be obtained by assuming either thatstructure, the big-S) Fe—Fe; unit. The spectroscopic study
(1) the coupling between Feand Fg is ferromagnetic or  reported here indicates that cluster 2 is redox active and can
(2) Fe is antiferromagnetically coupled to fFand Fe with be stabilized in three different oxidation states. Interestingly,
the coupling between Feand Fg being the stronger the reducing electrons were found to localize at particular
interaction (the coupling betweenFand Fegis assumedto  Fe sites. Based on the structure of cluster 2, this localization
be weak). Ferromagnetic coupling between &ed Fg is of the electrons appears to be by design. A previous redox
not quite likely since oxygen bridged spin-localized mixed- titration study (1) further suggested that in addition to the
valent Fe(lllll) systems with an FEO—Fe angle in the range  three oxidation states described in this paper, there are two
of 113-180C° are generally antiferromagnetically coupled more states attainable at lower redox potentials. Preliminary
(31-35). To the best of our knowledge, there exists only analysis of protein samples poised at potentials betd®0
one ferromagnetically coupled localized Fe(ll,lll) model mV reveals that the persulfide ligand togffeay be involved
compound with a known structure in which the Fe sites are in the redox behavior of the cluster. These intriguing
double bridged by two phenoxo groups with an-&&-Fe properties of cluster 2 all point to a possibly interesting
angle of~96° (36, 37). Bridge angles close to 90vere function. Currently, biochemical and molecular biological
suggested to promote ferromagnetic coupling due to the experiments are planned in order to reveal the physiological
orthogonality of the interacting magnetic orbitals of the Fe function of fuscoredoxin.
ions and the bridging atoms37). Although detailed
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