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ABSTRACT: The electronic and magnetic properties of the Fe(II)~thiolate centers in Fe(II)-metallothionein
have been investigated by low-temperature magnetic circular dichroism and electron paramagnetic resonance
spectroscopies at various levels of Fe(II) incorporation. In agreement with previous results [Good, M., &
Vadik, M. (1986) Biochemistry 25, 8353-8356], rabbit liver metallothionein was found to bind 2 maximum
of seven Fe(II) ions, with cluster formation occurring when more than four Fe(II) ions are bound at pH
8.5. The results indicate that all the iron in fully loaded Fe(II)-metallothionein is accommodated in
Fe(II)-thiolate clusters that have either S = 0 or S = 2 ground states as a result of antiferromagnetic coupling
between high-spin Fe(II) ions. By analogy with the cluster composition and mechanism of assembly that
have been established for other divalent metal ions, the clusters with S = 0 and §' = 2 ground states are
attributed to tetranuclear and trinuclear centers, respectively. EPR signals indicative of S’ = 2 species were
observed for samples containing monomeric tetrathiolate—Fe(II) centers and trinuclear Fe(II)-thiolate clusters.
However, the nature of the zero-field splitting of the S = 2 ground states that is indicated by the EPR signals
is not consistent with that deduced from Maossbauer and magnetic circular dichroism studies, suggesting

heterogeneity in both types of center.

Metallothioneins (MT’s)! are a class of metal binding
proteins which, since their discovery in 1957 (Margoshes &
Vallee, 1957), have been found to be widely distributed in
nature (Nordberg & Kojima, 1979; Kégi et al., 1984). The
specific biological function(s) of these ubiquitous proteins are
still largely unknown. However, they are capable of binding
a wide range of metal ions, including Co(II), Ni(II), Cu(I),
Au(l), Ag(1), Zn(11), Cd(II), Hg(II), Bi(III), In(III), Sb(III),
and Pb(II) (Hamer, 1985; Nielson et al., 1985), suggesting
a role in trace metal metabolism. In addition, the biosynthesis
of MT’s is induced by high levels of Cd**, Zn?*, and Cu'*
(Nordberg & Kojima, 1979), a result which implies involve-
ment in heavy metal detoxification. The early discovery of
MT in equine renal tissue prompted the proposal that MT was
involved in intracellular iron metabolism (Kigi & Vallee,
1961). However, given the abundance of iron in biology, there
have been surprisingly few studies of iron binding to MT.

Clear evidence that metallothionein is capable of binding
iron has only recently emerged (Good & Vasik, 1986). By
use of a combination of UV-visible, near-infrared, and room
temperature magnetic circular dichroism (MCD)! spectros-
copies, apometallothionein (apoMT)! from rabbit liver was
found to bind up to seven Fe(II) ions, each tetrahedrally co-
ordinated by thiolate sulfur. Mammalian MT’s (M, =
6000-7000) typically contain 20 cysteine residues out of 61-62
total amino acid residues (Kojima et al., 1976). Thus, in fully
loaded Fe(II)~-MT, the cysteine thiolate to iron ratio is 2.86.
In order to achieve tetrahedral thiolate coordination, it is clear
that some of the cysteine thiolate ligands must adopt a doubly
bridging mode of coordination. In accord with this observation,
Good and Vasik observed a progressive red shift in the S —
Fe(II) charge-transfer transition for Fe(II)/apoMT ratios
greater than 4, which they interpreted in terms of the for-
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mation of metal-thiolate clusters with doubly bridging thiolate
coordination.

The nature and assembly of metal-thiolate clusters in Cd,~
and Zn,Cd;,—mammalian MT has been extensively studied [for
a recent review, see Vasik (1988)]. In particular, !*Cd NMR!
(Otvos & Armitage, 1980; Frey et al., 1985) and X-ray dif-
fraction (Furey et al., 1986; Collett & Stout, 1987) results
have delineated the presence of two metal-thiolate clusters
in fully loaded mammalian MT: a tetranuclear cluster (cluster
A) in the « domain and a trinuclear cluster in the § domain
(cluster B). Recently, Mossbauer spectroscopy has been used
to establish the nature of the Fe(II)-thiolate clusters in
Fell,-MT and Fel',-MT (Ding et al., 1988). The results
provide convincing evidence for the presence of a tetranuclear
cluster comprising four high-spin (S = 2), tetrahedrally co-
ordinated Fe(II) ions that are antiferromagnetically coupled
to give an S = 0 ground state. However, the Mossbauer
analysis failed to confirm the presence of a second metal-
thiolate cluster in fully loaded Fe(1I)-substituted MT. Instead,
the remaining three iron atoms were found in magnetically
isolated sites with properties indicative of monomeric, high-spin
(S = 2) Fe(II) centers, tetrahedrally coordinated by thiolate
ligands.

In order to characterize further the nature and assembly
of the Fe(II)-thiolate centers in Fe(II)-MT, we have con-
ducted variable-temperature (1.5-100 K) MCD and EPR!
studies of samples with varying levels of Fe(II) ion incorpo-
ration. The utility of low-temperature MCD spectroscopy as
an optical probe for paramagnetic iron—sulfur centers in bi-
ology has been well documented (Johnson, 1988; Johnson et
al., 1982). Paramagnetic metal centers invariably give rise
to temperature-dependent MCD bands that increase in in-
tensity by up to 70-fold on going from room temperature to
liquid He temperature. In contrast, diamagnetic metal centers

! Abbreviations: MT, metallothionein; apoMT, apometallothionein;
MCD, magnetic circular dichroism; EPR, electron paramagnetic reso-
nance; NMR, nuclear magnetic resonance; Rd, rubredoxin.
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exhibit temperature-independent MCD spectra. Consequently,
the MCD spectrum of a multicomponent metalloprotein at
liquid He temperatures is usually dominated by contributions
from paramagnetic centers, and variable-temperature studies
provide a means of deconvoluting the spectra of diamagnetic
and paramagnetic chromophores. The technique is most in-
formative in conjunction with parallel EPR studies. However,
prior to this investigation, no EPR signals had been observed
for Fe(II)-MT (Good & Vasik, 1986). Here we report EPR
signals indicative of an §' = 2 ground state at all stages of
Fe(II) incorporation. Together with low-temperature MCD
data, these results afford new insights into the electronic and
magnetic properties of the paramagnetic Fe(II)-thiolate
centers in Fe(II)-MT. The conclusions are at variance with
the interpretation of the Mdssbauer results for fully loaded
Fe(II)-MT (Ding et al., 1988) but in accord with the picture
that has emerged for the binding of divalent metal ions by
mammalian MT.

EXPERIMENTAL PROCEDURES

Lyophilized apometallothionein, prepared from rabbit liver
metallothionein isoform I, was generously supplied by Dr.
Milan Vasak. Desulfovibrio gigas rubredoxin (Rd)! was kindly
supplied by Drs. José and Isabel Moura. Ultradry oxygen-free
FeCl, (99.999%) was obtained from Johnson-Matthey. All
experimental procedures were performed under an inert argon
atmosphere in a Vacuum Atmospheres glovebox (<1 ppm O,).

Solutions of apoMT were prepared by dissolving solid
apoMT in 0.1 M HCI to a concentration of approximately 1
mM (i.e., 6 mg/mL). The final concentration of the apoMT
stock solution was determined by measuring the absorbance
at 220 nm, with e, = 7.9 mg™' mL em™ (Vadik & Kaigi,
1981) and a molecular mass of 6100 kDa. Iron was added
to apoMT as a concentrated stock solution of FeCl, in 0.1 M
HCI. Binding of iron to apoMT occurred as the pH was
increased to 8.5 by the addition of Tris base. Samples for
MCD spectroscopy were diluted with an equal volume of 50
mM Tris-HCI buffer, pH 7.9, followed by dilution with gly-
cerol to give a 1:1 buffer—glycerol solvent which gave opti-
cal-quality glasses on freezing. The presence of glycerol did
not alter either the UV-visible or EPR spectra. A 1 mM
solution of FeCl,, prepared by substituting water for apoMT
solution in the above procedure, was used to ascertain the
spectroscopic properties of free Fe(II) ions. Rubredoxin was
reduced by anaerobic addition of a 10-fold stoichiometric
excess of sodium dithionite taken from a 100 mM stock so-
lution in 100 mM Tris-HCI, pH 8.0.

The MCD spectrometer and the experimental protocols for
measuring spectra in the 180-1000-nm region at temperatures
between 1.5 and 300 K and magnetic fields up to 5 T have
been described elsewhere (Kowal et al., 1988; Johnson, 1988).
MCD samples were placed in anaerobic 0.1-cm quartz cells.
Sample concentrations, temperatures, and magnetic fields are
reported in the figure legends. MCD spectra are corrected
for natural CD and expressed as the difference in the molar
extinction coefficients for left and right circularly polarized
light, Ae. Any depolarization of the light beam by the sample
was corrected for by measuring the natural CD of a standard
sample of D-tris(ethylenediamine)cobalt(III) chloride placed
in the optical path before and after positioning of the MCD
sample. MCD magnetization plots were constructed by
monitoring the MCD intensity at several fixed temperatures
as a function of the magnetic field strength. The data were
corrected for temperature-independent contributions from
diamagnetic species by extrapolating plots of MCD intensities
versus inverse temperature to infinite temperature and sub-
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tracting a proportional correction at each field. Data are
plotted as percent (%) magnetization against 3B/2kT, where
percent magnetization is the percentage of the MCD intensity
relative to saturation at the maximum magnetic field used in
these investigations, i.e., 4.5 T, 8 is the Bohr magneton, B is
the magnetic field strength, k is the Boltzmann constant, and
T is the absolute temperature.

A Bruker ER-220D EPR spectrometer interfaced to a
Bruker ESP1600 computer was used to record X-band EPR
spectra. EPR samples were frozen in 3 mm i.d. quartz tubes
and stored in liquid nitrogen. Low-temperature spectra were
obtained by placing samples in an Oxford Instruments ESR-9
cryostat positioned in a TE, cavity. UV-visible spectra were
recorded in septum-capped 0.1-cm quartz cells with a Hew-
lett-Packard 8452A diode-array spectrophotometer.

RESULTS

UV-Visible Absorption and MCD Studies. Room-tem-
perature absorption spectra and low-temperature MCD spectra
(4.2K and 4.5 T) for Fe(II)-MT samples with Fe(II) /apoMT
ratios between 1.3 and 10 are shown in Figure 1. Studies of
FeCl, in the same medium used for the MT studies showed
that excess Fe(II) ion in samples with up to 13 equiv of Fe(II)
does not contribute significantly to either the absorption or
MCD spectra in the spectral regions investigated. Thus it was
not necessary to remove excess Fe(II) ions prior to spectro-
scopic studies. The room-temperature absorption spectra are
in good agreement with those previously reported by Good and
Vasik (1986). For Fe(II)/MT ratios below 4, the absorption
spectra closely resemble those observed for reduced Rd (Eaton
& Lovenberg, 1973) and other monomeric tetrahedral tetra-
thiolate-Fe(II) complexes (Anglin & Davison, 1975; Lane et
al., 1977; Ueyama et al., 1985). These spectra are charac-
terized by a well-resolved band at ~312 nm and a shoulder
to lower energy at ~340 nm. While specific assignments are
not possible without knowledge of the energies of excited-state
ligand orbitals, they are attributed to Fe(II) — S charge-
transfer transitions (Bair & Goddard, 1978). In accord with
previous studies (Good & Vasik, 1986), the intensity of these
bands increases linearly with the Fe(II) /apoMT ratio up to
4 equiv of Fe(II), suggesting the formation of noninteracting
mononuclear Fe(II) centers tetrahedrally coordinated by
cysteinyl S. Above 4 equiv of Fe(II), the absorption intensity
no longer increases proportionately with the Fe(IT)/apoMT
ratio. Rather, the absorption broadens and becomes red
shifted, with no further significant changes above 7 equiv of
Fe(II). On the basis of comparisons with well-defined mo-
nonuclear and polynuclear Fe(II)-thiolate complexes, Good
and Vasik (1986) attributed this behavior to the formation
of Fe(II)-thiolate clusters containing bridging thiolates in fully
loaded Fe,~MT.

Low-temperature MCD spectra for the samples used for the
UV-visible absorption studies are presented in Figure 1. In
each case the spectrum is temperature dependent, see below,
and as such, the dominant transitions must originate from
paramagnetic chromophores. With this in mind, it is apparent
that the changes in the MCD spectra are in accord with the
above interpretation of the UV-visible absorption data. The
4.2 K MCD intensity is proportional to the Fe(1I)/apoMT
ratio and the form of the spectrum is unchanged up to 4 equiv
of Fe(Il), indicating that the first four Fe(II) ions go into sites
with similar magnetic properties. The spectrum consists of
an intense positively signed band at 334 nm and negatively
signed bands at 305 and 280 (shoulder) nm in the Fe(II) —
S charge-transfer region. In addition there are two weak
positive bands centered at 440 and 530 nm (not clearly visible
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FIGURE 1: Room-temperature absorption and 4.2 K MCD spectra of Fe(II)-MT samples as a function of Fe(II)/apoMT ratio. All samples
contained 50% (v/v) glycerol and were prepared as described under Experimental Procedures. Final concentrations ranged from 70 to 300
uM on the basis of the apoMT concentration. Conditions of measurement for MCD spectra: magnetic field, 4.5 T; temperature, 4.2 K; path
length, 0.1 cm. (Panel A) Fe(11)/apoMT ratios: 1.3, 2.7, and 4.0. Absorption and MCD spectra both increase in intensity with increasing
Fe(I1)/apoMT ratio. (Panel B) Fe(II)/apoMT ratios: 4.0, 6.0, 6.9, and 10. Absorption intensity at 350 nm increases with increasing Fe(I1I)/apoMT
ratio; MCD intensity at 335 nm decreases with increasing Fe(II)/apoMT ratio.

on the scale used in Figure 1) that are believed to originate
from spin-forbidden quintet to triplet d—d transitions (Bair &
Goddard, 1978). The progressive decrease in the 4.2 K MCD
intensity at 334 nm for Fe(II)/apoMT ratios > 4 suggests loss
of paramagnetic centers, which is consistent with the formation
of clusters with antiferromagnetically coupled high-spin Fe(II)
centers. Samples with 10 and 13 equiv of Fe(II) ion exhibited
identical 4.2 K MCD spectra, and by extrapolation, the
changes in the spectra were found to be complete at around
7 equiv. Of most importance is the observation that the low-
temperature MCD spectrum of fully loaded Fe(II)-MT is
quite distinct in both form and intensity to that observed for
samples with less than 4 equiv of Fe(II). It consists of positive
maxima at 285, 340, and 365 nm and a negative band at 308
nm, in the Fe(II) — S charge-transfer region, and a broad
positive band centered at 500 nm in the quintet to triplet d—d
region.

To facilitate more detailed comparison of the MCD char-
acteristics of MT with maximal and low levels of Fe(II) in-
corporation, spectra b and ¢ of Figure 2 show the temperature
dependence of samples containing 1.3 and 10 equiv of Fe(II)
ion, respectively. Analogous MCD data are also presented
for reduced D. gigas Rd, Figure 2a. This serves to illustrate
the type of spectra to be expected for a monomeric Fe(II)
center with tetrahedral cysteinyl coordination. The Rd spectra
are in good agreement with the published data (290-360 nm,
5T, 17.5-48 K) (Johnson et al., 1982) and greatly extend the
wavelength and temperature range. There is a close corre-
spondence between the low-temperature MCD spectra of
Fe, ;~MT and that of reduced D. gigas Rd. While the spectra
for the former are broader and less well resolved, probably as
a result of some heterogeneity in the multiple coordination
sites, the major bands have the same sign and occur at identical
wavelengths. Hence, the low-temperature MCD data support
the view that the first four Fe(II) ions go into noninteracting
monomeric sites with each having tetrahedral cysteinyl co-
ordination. Extrapolation to infinite temperature indicates
negligible temperature-independent contributions to the MCD
spectrum of Fe, ;~MT. In contrast, a large temperature-in-

dependent MCD component is apparent for Fe,—~MT. Indeed,
the temperature-independent component dominates the 89.5
K MCD spectrum. Therefore, the low-temperature MCD is
a superposition of transitions originating from both para-
magnetic and diamagnetic centers. Diamagnetic behavior is
clearly a manifestation of cluster formation. In accord with
this, the temperature-independent MCD envelope of Fe(II)
— S charge-transfer transitions is broadened and shifted to
lower energy compared to that of monomeric tetrathiolate—
Fe(II) centers, as would expected for a cluster involving both
terminal and bridging thiolates. The MCD spectrum corre-
sponding to the paramagnetic center was obtained by sub-
tracting the spectra at 89.5 K from that at 4.22 K, see Figure
2d. The intensity and form of the spectrum can only be
reconciled with those of the paramagnetic Fe(II)-thiolate
cluster, with the positive bands at 335 and 365 nm corre-
sponding to predominantly Fe(II) — S(terminal) and Fe(IT)
— S(bridging) charge transfer, respectively.

In an attempt to probe the magnetic properties of para-
magnetic Fe(II)-thiolate centers in Fe(I[)-MT, MCD
magnetization curves (Thomson & Johnson, 1980) were
constructed for the most intense bands. Figure 3 shows
magnetization plots for the reduced Rd, the monomeric Fe-
(II)-thiolate center in Fe!!; ;—~MT, and the paramagnetic
Fe(II)-thiolate cluster in Fe!l,,-MT. In each case the data
obtained at different temperatures lie on separate curves,
leading to “nested” plots. Such behavior is characteristic of
ground states with S > !/, that are subject to zero-field
splitting and is a consequence of thermal population and
field-induced mixing of zero-field components (Thomson &
Johnson, 1980; Johnson et al., 1982; Whittaker & Solomon,
1988). Detailed theoretical analyses of these magnetization
curves are in progress, and the results will be reported else-
where. Here, it is sufficient to note the close correspondence
in the magnetization data shown in Figure 3, since this attests
to an S = 2 ground state with similar zero-field splitting
parameters in each instance. Spin Hamiltonian analyses of
Mossbauer data for the S = 2 tetrathiolate—Fe(II) centers in
reduced Rd (Winkler et al., 1979), [Fe(SPh),]? (Trautwein
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FIGURE 2: Temperature dependence of the MCD spectra of di-
thionite-reduced D. gigas Rd, Fel!; ;~MT, and Fell,;~MT. Fe(I[)-MT
samples contained 50% (v/v) glycerol and were prepared as described
under Experimental Procedures. Conditions of measurement:
magnetic field, 4.5 T; path length, 0.1 cm. In all cases MCD intensity
decreases with increasing temperature. (a) Rubredoxin. Protein
concentration was 64 uM in 50 mM Tris-HClI buffer, pH 7.9, with
50% (v/v) glycerol. Temperatures were 1.75, 4.22, 9.9, 50, and 90
K. (b) Fel!; ~MT. Protein concentration was 243 uM. Temperatures
were 4.22, 8.8, 50, and 90 K (the spectrum recorded at 1.73 K overlays
that at 4.22 K and is not shown for clarity). (c) Fe!;,~-MT. Sample
concentration was 248 uM. Temperatures were 4.22, 9.0, 20, 50, and
90 K (the spectrum recorded at 1.60 K overlays that at 4.22 K and
is not shown for clarity). Sd) Temperature-dependent component of
the MCD spectrum of Fell,;-MT, generated by subtraction of the
90 K spectrum from the 4.22 K spectrum.

et al., 1985), and Fel',~MT (Ding et al., 1988) do indeed
indicate very similar zero-field splitting parameters, i.e., D ~
8cm™'and E /D ~ 0.28. Therefore, on the basis of the close
correspondence in the magnetization data, we tentatively
conclude that the paramagnetic Fe(II)~thiolate cluster in fully
loaded Fe(II)-MT also has an S = 2 ground state with D >
0.

EPR Studies. X-band EPR spectra for the samples used
in the MCD and absorption studies are shown in Figure 4.
During titration with Fe(II) ion, a broad resonance (“g = 10”
signal) appears to low field (maximum, g = 12; crossover, g
= 10; minimum, g = 7.5). The resonance increases in intensity
up to approximately 4 equiv of Fe(II), remains almost constant
between 4 and 6 equiv, and undergoes a marked decrease
between 6 and 7 equiv. It is, however, still present in fully
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FIGURE 3: MCD magnetization plots for dithionite-reduced D. gigas
Rd, Fe'l; ;-MT, and Fe!l;;-MT. (Upper panel) Dithionite-reduced
D. gigas Rd at 334 nm. Sample conditions are given in Figure 2.
Magnetic fields were between 0 and 4.5 T. Temperatures were (O)
1.75,(O) 4.22, and (A) 8.5 K. (Middle panel) Fe!!, ~-MT at 334 nm.
Sample conditions are given in Figure 2. Magnetic fields were between
0and 4.5T. Tem})eratures were (0) 1.70, (O) 4.22, and (&) 8.5 K.
(Lower panel) Fe'';,,—-MT at 335 nm. Sample conditions are given
in Figure 2. Magnetic fields were between 0 and 4.5 T. Temperatures
were (0) 1.57,(0) 4.22, and (&) 9.0 K. Solid lines are best fits with
a cubic spline function.

T
1.00

loaded MT. Above 7 equiv an additional new positive feature
progressively appears at around 100 mT. This is attributed
to free Fe(II) ions, since it is observed in the EPR spectrum
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FIGURE 4: X-band EPR spectra of Fe(II)-MT samples. Conditions
of measurement: temperature, 4.2 K; microwave frequency, 9.41 GHz;
microwave power, 20 mW; modulation frequency, 100 MHz; mod-
ulation amplitude, 1.26 mT. Spectra have been normalized to a MT
concentration of 0.70 mM and receiver gain of 5 X 10°. Fe(II)/apoMT
ratios: (A) 1.3, (B) 2.7, (C) 4.0, (D) 6.0, (E) 6.9, (F) 10.0, and (G)
13.7. (H) is the EPR spectrum of 1 mM FeCl, in the same medium
used for the Fe(II)-MT samples.

of FeCl, in the same medium used for the MT studies, see
Figure 4H. Similar EPR spectra have been observed for a
number of transition metal centers exhibiting S = 2 ground
states (Hagen, 1982; Hagen et al., 1985; Hendrich & De-
brunner, 1988; Werth et al., 1989) and have been attributed
to the AM, = 4 transition within the M, = £2 doublet of the
zero-field components. Consequently, the observation of this
resonance in fully loaded Fe(II)-MT is in accord with an S
= 2 ground state for the paramagnetic Fe(II)-thiolate cluster
in fully loaded Fe(II)-MT.

The form of the EPR resonance in Fe(II)-MT is almost
identical with that observed in monomeric Fe(II)-alkylthiolate
model complexes (Werth et al., 1989). Moreover, the spectra
show analogous temperature dependence behavior. Plots of
the signal amplitude versus 1/7 for the Fel; ;~MT and
Fell, ~MT show Curie law behavior over the temperature
range 4.2-16 K (data not shown). Given the assignment of
the resonance, such behavior would only be expected for an
almost axial S = 2 ground state with large negative D, leaving
the M, = £2 doublet lowest in energy and split in zero field
by <0.3 em™. Thus the picture of the zero-field splitting that
emerges from analysis of the EPR data is quite different to
that inferred from the MCD and Mdssbauer data for both the
monomeric Fe(II)-thiolate center and the paramagnetic Fe-
(ID)-thiolate cluster in Fe(II)-MT. The likely reasons for this

Werth and Johnson

apparent inconsistency are discussed below,

DiscussioN

The results presented here provide new information con-
cerning the assembly and properties of the Fe(II)-thiolate
centers in Fe(II)-MT. The low-temperature MCD and EPR
studies concur with the previous absorption and room-tem-
perature MCD studies (Good & Vasik, 1986) in finding that
MT binds a maximum of seven Fe(II) ions. However, in
contrast to the Mossbauer studies which reported a diamag-
netic tetrameric Fe(IT)-thiolate cluster and three noninter-
acting monomeric tetrahedral Fe(II)-thiolate centers (Ding
et al., 1988), the low-temperature MCD and EPR data are
best interpreted in terms of Fe(II)-thiolate clusters with
diamagnetic (S = 0) and a paramagnetic (S = 2) ground states
in fully loaded Fe(II)-MT. As previously noted (Ding et al.,
1988), the Mossbauer result is surprising in that there are
insufficient cysteine residues to coordinate three Fe(II) ions
independently, in addition to an adamantane-type tetrameric
Fe(II)-thiolate cluster. We have considered two possible
explanations for the discrepancy between the Mdssbauer and
the combined EPR and MCD results. First, since the MCD
magnetization curves suggest similar zero-field splitting pa-
rameters for the S = 2 ground states of the monomeric and
paramagnetic cluster species, could they exhibit indistin-
guishable magnetic Mossbauer spectra? This seems highly
improbable because antiferromagnetic exchange coupling
would be expected to result in different effective magnetic
hyperfine values (A4 values) for each Fe in the cluster, since
they are referred to the ground-state system spin of the coupled
system rather than the spins of the constituent Fe atoms.
Second, the sample used for Moéssbauer studies was not fully
loaded, i.e., Fe(II)/apoMT ratio <7. As discussed below, the
results presented herein, coupled with available data for di-
valent metal ion binding and cluster assembly at pH >8, are
more consistent with this explanation.

Recent investigations of Cd(II) and Co(II) binding to MT
have clarified the conflicting reports concerning the pathway
of cluster formation, by finding the process to be pH dependent
(Vadik, 1988; Good et al., 1988). At physiological pH, the
binding is sequential and cooperative with the initial event
involving formation of the tetranuclear cluster in the o domain
for metal/apoMT ratios < 4. In contrast at pH 8.6, the metal
ions go into rapidly exchanging noninteracting monomeric sites
for metal/apoMT ratios < 4. Preferential formation of the
tetranuclear cluster in the « domain ensues only for ratios >
4. In accord with this, all spectroscopic studies of Fe(II)-MT
(pH 8.3-8.5) with Fe(II)/apoMT ratios < 4 concur in finding
monomeric tetrathiolate—Fe(II) sites as the dominant species.
Changes in the magnetic and electronic properties are clearly
indicative of cluster formation for Fe(II) /apoMT ratios > 4.
However, the low-temperature MCD and EPR data both in-
dicate that a substantial proportion of the Fe(II) ions still
resides in monomeric Fe(IT) sites in Fely~MT. For example,
on the basis of the intensity of the temperature-dependent
MCD band at 334 nm, we estimate that 2.5 £ 0.5 of the Fe(II)
ions are in noninteracting monomeric sites in Fel'l,~MT. Given
the preferential buildup of the tetranuclear cluster in the o
domain that has been established for other divalent metals,
the majority of the remaining Fe is assumed to reside in
tetranuclear clusters. Furthermore, by analogy with the
magnetic properties of adamantane-type model complexes of
the type [Fes(SR),0]> (Whitener et al., 1986), this cluster is
expected to have a diamagnetic (S = 0) ground state. This
being so, the Mossbauer spectrum of Fell,-MT would be ex-
pected to consist of paramagnetic and diamagnetic subspectra
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in a ratio of approximately 3:4, with the paramagnetic com-
ponent corresponding to that of monomeric and noninteracting
high-spin Fe(II) sites. Since these were the Mossbauer
characteristics that were reported for Fe!',~MT by Ding et
al. (1988), we consider that an overestimate of the Fe(II)/
apoMT ratio offers the best explanation of the discrepancy
between the Mdssbauer results and those presented herein.

From the above arguments, we assign the cluster with the
diamagnetic (S = 0) ground state in fully loaded Fe(I)-MT
to a tetranuclear species. Consequently, the paramagnetic (S
= 2) cluster is attributed to a trinuclear species that is as-
sembled in the § domain for Fe(II)/apoMT ratios > 6. This
interpretation of the nature of the Fe(II)-thiolate centers in
Fel',~MT is based primarily on the picture that has emerged
from ''*Cd NMR studies of Cd,~MT (Otvos & Armitage,
1980; Frey et al., 1985) and X-ray diffraction studies of
Zn,Cds—MT (Furey et al., 1986; Collett & Stout, 1987). A
similar cluster composition has also been inferred for Co'',-MT
(Vasik, 1980; Vasik & Kaigi, 1981), and recent low-tem-
perature MCD and EPR studies have provided evidence for
S = 0and S = 3/, ground states for the tetranuclear and
trinuclear clusters, respectively (Dixon & Johnson, 1987). To
our knowledge, there are at present no model complexes of
the type [Fe;(SR)s]% (six terminal and three bridging thio-
lates) that would serve as structural analogues of the trinuclear
cluster in Fel'=MT. Trinuclear clusters of the formula
[Fe;(SR)3X¢]>" (X = Cl or Br) containing a planar Fe;(u,-
SR); unit have been prepared and characterized (Whitener
et al., 1986). These compounds have effective C, symmetry
and exhibit an S = 0 ground state as a result of antiferro-
magnetic coupling (J;; = Jj3 = -22.5cm™, J,; = -18.7 cm™)
between the three (S = 2) Fe(II) centers. An S = 2 ground
state would require a coupling scheme with greater differences
in the magnetic coupling constants between each pair of Fe
atoms and hence a more distorted geometry.

At this juncture it is appropriate to point out an important
limitation of the low-temperature MCD and EPR results with
respect to the magnetic properties of the trinuclear cluster in
Fe(II)-MT. Neither technique permits quantitation of the
species that have S = 2 ground states. Consequently, the
possibility that only a fraction of trinuclear clusters have S
= 2 ground states, with the remainder having S = 0 ground
states, cannot be excluded. Indeed, !'3Cd NMR studies of
Cd;—MT have revealed considerable conformational flexibility,
particularly for the trinuclear cluster in the 8 domain (Net-
tesheim et al., 1985; Vasik et al., 1985; Otvos et al., 1987).
Moreover, the act of freezing itself may alter the relative
contributions of different structural forms of this cluster. At
best we can conclude that some or all of the trinuclear clusters
in frozen solutions of Fell,-MT exist in a form with an S =
2 ground state.

Finally, we turn our attention to the apparent inconsistency
in the EPR results on the one hand and the Mdssbauer and
MCD results on the other with respect to the sign and nature
of the zero-field splitting of the S = 2 ground states of both
the monomeric and trimeric centers. While the arguments
presented below are applicable to both the monomeric and
trinuclear centers, we will focus the discussion on the former,
since Mdssbauer data are available for a range of [Fe(SR),]*
centers including that in Fe(II)-MT at low Fe(II) /apoMT
ratios. By use of the Mdssbauer-determined zero-field splitting
parameters, D = 8.0 cm™ and E/D = 0.28, the predicted
splitting of the § = 2 ground state would preclude the ob-
servation of an X-band EPR resonance for the monomeric
tetrathiolate—Fe(II) centers in Fe(I)-MT. A AM, = 4
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transition would not be possible, since the M, = £2 zero-field
doublet is highest in energy and split by ~2 cm™. Further-
more, the two lowest level zero-field components are separated
by ~4 cm™. Indeed, no EPR signals have been reported for
reduced Rd or [Fe(SPh),]* which have similar zero-field
splitting parameters (Winkler et al., 1979; Trautwein et al.,
1985). At this point a few comments are appropriate con-
cerning S = 2 EPR signals. First, it should be emphasized
that theoretical understanding of the broad low-field reso-
nances that are sometimes observed in the EPR spectra of §
= 2 systems is still emerging [for a recent discussion, see
Hendrich and Debrunner (1988)]. In light of this and the
absence of suitable standards, it is not possible to determine
a reliable estimate of the spin concentration of the S = 2
species that is responsible for the EPR signal. Therefore, the
most likely explanation for the observation of the g = 10
resonance is that it arises from a minor S = 2 species with D
< 0 and small E/D, whereas the low-temperature MCD and
Méssbauer studies are monitoring the major S = 2 species.
Such heterogeneity might be expected in light of the mul-
tiplicity of potential binding sites and is consistent with the
broadening of the low-temperature MCD spectrum relative
to that of reduced Rd.

This conclusion is further substantiated by recent Massbauer
and EPR studies of aqueous solutions of [Fe-
(SCH,CH,0H),]* (Werth et al., 1989). This compound
exhibits an EPR spectrum with identical form and temperature
dependence to those observed for Fe(I1)-MT. Moreover, the
Mossbauer studies revealed two species in the aqueous frozen
solution. The major species has zero-field parameters anal-
ogous to those of reduced Rd and thus cannot be responsible
for the EPR resonance. In contrast, the minor species has D
~ =5cm™ and E/D ~ 0.17, which results in the M, = £2
doublet lowest in energy and split by 0.3-0.5 cm™.. Such a
ground state meets the requirements for the observation of an
EPR resonance at X-band frequencies within the experimental
error of the zero-field splitting parameters. This result in-
dicates that there are at least two distinct stable conformations
of this tetrathiolate~Fe(II) complex in aqueous solution. If
a similar heterogeneity is indeed the explanation for the ob-
served EPR properties on Fe(II)-MT, then the question of why
it was not apparent in the Mossbauer data (Ding et al., 1988)
needs to be addressed. Since the heterogeneity in the 4.2 K
Mossbauer spectra of this compound was only clearly apparent
in the spectra at low applied fields, 0.5 and 1.0 T, the answer
probably lies in the fact that Mossbauer data for Fe(I1)-MT
were only reported at zero applied field and at applied fields
> 2.47 T. Clearly, additional Massbauer studies are called
for to address this question of heterogeneity and to characterize
further the magnetic properties of the metal clusters in fully
loaded Fe(II)-MT.
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