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The high-potential iron-sulfur protein (HiPIP) from Chromatium vinosum contains a cubane prosthetic group that
shutties between the [4Fe-4S]°*** states. We find that the EPR spectra from this protein can be explained as a sum
of two components, a major one with g = 2.02; 2.04; 2.12, and 2 minor one with g = 2.04; 2.07; ~ 2.13. In the
presence of 0.1-2.0 M NaCl, freezing induces polymerization of the protein (presumably dimers), which is detected
as intercluster spin-spin interaction in the EPR. The observed spin—spin interactions are interpreted as being due
to two very similar dimeric structures in an approx. 1:2 ratio. Computer simulation of the X- and Q-band EPR
spectra shows that the z-components of the g-tensors in each dimer pair must be co-linear, with center-to-center
distances between the clusters of ~ 13 A and ~ 16 A. Inspection of possible dimeric structures of C. vinosum HiPIP
by standard molecular graphics procedures revealed that the Fe /S cluster is exposed toward a flattened surface
and is accessible to solvent. Moreover, the Fe /S clusters in two HiPIP molecules can easily achieve a center-to-center
distance of ~ 14 A when approaching along a common 3-fold axis that exiends through the S4 sulfur atom of the

cubane; the z-component of the EPR g-tensor is co-linear with this symmetry axis.

Introduction

The [4Fe-4S] prosthetic group is a common arrange-
ment of iron and acid-labile sulfur ions in biological
systems and its cubane structure has been charac-
terized by a wide variety of chemical and spectroscopic
techniques [1-3]. The purple phototrophic bacteria are
an important source of [4Fe-4S] cluster-containing pro-
teins, particularly the so-called high potential iron pro-
teins (HiPIPs), which have reduction potentials for the
[4Fe-4S)F *2* redox couple in the range 50 to 450 mV
[4). Fukumori and Yamanaka [5] have suggested a

* Present address: Biochemistry Section and Stabie Isotope Re-
source. Isotope and Structural Chemistry Group. Los Alamos
National Laboratory, Los alamos, NM 87545, US A,

Abbreviations: HiPIP, high-potential iron protein.

Correspondence: W. Richa:d Dunham. Biophysics Research Divi-
sion, Unmversity of Michigan, 2200 Bonisteel Bhvd. Ann Arbor, Mi
48109. US.A

physiological role for these proteins in the oxidation of
thiosulfate. Whatever their function, these proteins
have plaved an important role in the development of
the field of Fe /S biochemistry. The HiPIP from Chro-
matium vinosum, which is a small, readily available
prote’n containing a single [4Fe-4S] cluster, has re-
ceived the most attention. After its initial recognition
and purification by Bartsch [6], its amino acid sequence
was determined [7]. and its three-dimensional structure
was deduced by X-ray crystallography [8.9]. This re-
vealed the cubane arrangement of the 4Fe and 4§
atoms and showed that the cluster was coordinated to
4 cysteine thiolate groups. The amino acid sequences
of additional HiPIPs have been determined [10], but
there is only one three-dimensional structure in the
literature.

Considerable work has been done on the spectral
and magnetic properties of the C. vinosum HiPIP. The
reduced form of the protein, [4Fe-4S]°". has an S =0
ground state [11], but ‘H-NMR studies have revealed
S. > 0 at ambient temperatures indicating the pres-
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ence of populated states having S > 0 [12]. The «xi-
dized protein, [4Fe-4S]"", has an § = 1/2 ground state,
as deduced from magnetic susceptibility studies [:2];
however, EPR studies of the oxidized protein revealed
an unexpected heterogeneity [13). In 1975 Antanaitis
and Moss{14] showed that the additional features in
the EPR signal were independent of microwave fre-
quency and thus arise from ‘real g-values.” These au-
thors suggested that the EPR spectrum of oxidized C.
vinosum HiPIP is a “superposition of three distinct
signals, namely, two principal signals of eaunal weight,
one reflecting axial and the other rhoroic symn.ctrv,
and a third nearly isotropic minority component”. It
was further argued that the two majos EPR compo-
nents arise from distinct pairs of Fe atoms, which the
effective spin “samples at a rate ~ 107 — 10° Hz". This
spin distribution scheme was consistent with then ex-
tant NMR [12] and Mossbauer data [15,16], and there
the proposal has largely rested in the intervening years.
Here we take up and expand on the theme of active
site heterogeneity using EPR and Mossbauer spec-
troscopy to examine samples of C. rvinosum HiPIP
subjected to different solvents, solutes, degree of oxi-
dation and mode of freezing. These studies result in an
interpretation different from that of the earlier investi-
gators [14].

Materials and Methods

Materials

¢ hromatium rvinosum cells were obtained from the
American Type Culture Collection (ATCC #17899)
and grown photosynthetically, using sulfide and thio-
sulfate as electron donors {17]. High potential iron
protein was purified and spectrally characterized by
the procedures of Bartsch [18]. The purity ratio
(A 543/A3sy) Of our samples was typically 2.50 and they
showed the presence of only minor contaminants ( ~
2%) that stained by Coomassie blue upon gel eiec-
trophoresis. All chemicals used in this work were of the
highest quality commercially available and were used
without further manipulation. For some experiments,
C. vinosum was grown in the presence of *NH,CI to
replace all N atoms of the cell with '*N; and with
enriched *'Fe to obtain HiPIP suitable for Mossbauer
studies.

Methods

EPR spectroscopy at 9 GHz was carried out on a
Varian E-112 spectrometer. Microwave frequency was
determined using a Hewlett-Packard 5340A frequency
counter. Field calibration was accomplished with a
Systron-Donner Mode! 3193 digital NMR gaussmeter.
EPR spectroscopy at 35 GHz was carried out on a
Varian V-4500 spectrometer equipped with a2 V-4561

35GHz microwave bridge. Field modulation was at 100
kHz on both spectrometers. Sample temperature was
maintained using a homemade, gas phase liquid helium
transfer line and quartz dewar inset. Sample tempera-
ture measurements were made using a 0.1 W Allen
Bradley carbon composition resistor calibrated at lig-
uid helium, liquid nitrogen and ice-water and placed
directly below the sample tube.

To determine the fraction of oxidized protein, HiPIP
samples were mixed with known amounts of K,Fe-
(CN),, frozen in liquid nitrogen, and the EPR spectra
recorded at 16 + 1 K under non-saturating microwave
powers; Cu’*EDTA was used as a secondary spin
guantitation standard. Spin concentrations were deter-
mined by the cut-and-weigh method {19]. The data
yielded a value of [> = 1/2]/[4Fe-45] = 1.00 + 0.05.

Rapid freeze-quench experiments were done using
the method of Bray[20] as modified by Ballou [21] on
an apparatus designed and built by Professor David
Ballou of The University of Michigan.

Mossbauer spectra were obtained with a home-built
spectrometer and associated hardware as described
elsewhere {22,23]. Spectra presented have been cor-
rected for source lineshape and converted from trans-
mission to absorption spectra. Previous examples of
this approach to Mossbauer spectroscopy of biological
macromolecules, including theoretical simulation of ex-
perimental spectra, are given in Refs. 24 and 25.

Simulation of experimental, frozen solution, $ =1/2
EPR spectra were based on the previously developed
statistical theory of g-strain[26]. The g-strain simulator
was operated in f:ll positive correlation mode, and the
simulations reported here are comparable to those
reported previously. See Ref. 27 for a review of g-strain
in biological systems. Simulation of spectra resulting
from spin-spin interactions was achieved using the
method described by Schepler et al.{28] with an exten-
sion of the computer code to permit for g-strain in full
positive correlation mode (Dunham et al., unpublished
data).

Molecular modeling studies were undertaken with
the polymer module available in the SYBYL [29] soft-
ware package. The ~rystal structure [8,9] of the Chro-
matium HiPIP (entry '"HIP) was retrieved from the
Brookhaven National Laboratory Protein Data Bank.
A geometric plane including the iron atoms Fe2 to Fe4
was used to construct a 14 A long normal through the
sulfur atom S*4, thus defining the cubane 3-fold rota-
tion axis of interest in this study. This molecular struc-
ture was then duplicated to assemble the initial dimeric
model. Molecular modeling techniques utilizing the
interactive graphic manipulation capabilities available
with SYBYL [29] were used to align the two monomers
along u; € axis extending through $*4. Both Van
der Waals and overall hydropathy /electrostatic com-
P “arity checks were applied to select the respec-



tive monomer orientation within the dimeric associa-
tion.

Results and Discussion

The EPR spectrum of oxidized C. vinosum HiPIP,
recorded in a pH R solution of 20 mM Tris-HCI is
shown in Fig. 1A. It is characterized by a prominent
low-field ramp; a broad, asymmetric g, feature; a
distinct ‘bump’ near g = 2.08; and a broad but clearly
asymmetric g,, region. This was the spectrum ana-
lyzed by Antanaitis and Moss [14].

In the course of purifying samples of C. vinosum
HiPIP for detailed physical studies, it was noted that
the EPR spectrum was distinctly modified by NaCl
concentrations in the ~ 0.2-2 M range. This character-
istic ‘high salt’ spectrum is shown in Fig. 1E. Spectra A
through E show the effect of increasing NaCl from 0 to
0.25 M in a Tris-Cl buffer at pH 8. Under this pertur-
bation, the low-field ramp is eliminated, novel struc-
ture appears in the g, region, and rhombicity is re-
solved in the g,  region. This transformation was
observed with many independent preparations of pro-
teins and was reported in preliminary form in 1976 at
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Fig. 1. Titration of 330 gM C. vinesum HiPIP in 20 mM Tris HCY,
pH 8.0. with increasing concentrations of NaCl. namely. (trace A). 0
mM: (B) 25 mM: (C) 50 mM: (D) 75 mM: (E) 100 mM. The insets are
scaled to give approximately the same vertical range on the figure.
The EPR running conditions are: temperature. 16K: microwave
power, 300 gW: modulation amplitude. 0.5 mT: sweep time. 5 min.
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Fig. 2. EPR oxidative titration of C. vinosum HIPIP with potassium
ferricyanide in the presence of 0.2 M NaCl. The protein was 1.2
mM in 20 mM Trnis-HCL. pH 8.0. The amount of added equivalents of
ferricyanide and the percentage of oxidized HiPIP, as determined by
double integration., are: {trace A) 0.24, 29%; (B) 0,49, 56%: (C) 0.62,
665 (D) 0.70, 82¢; (E) (1.78, 88%; {F) 0.86. 97%; (G) 1.00. 100%;
(H) 181, 100% . The EPR conditions were as for Fig. 1.

the VIIth International Conference on Magnetic Reso-
nance in Biological Systems [30].

The effect of NaCl seems to be specific. We exam-
ined the following matrix of cations (Li*, Na™, K* and
NH}) and anions (CI~, NO;, CIO,- and SO; ™), ex-
cepting KClO,, and fouad that salts in general had
only minor effects on the typical ‘low salt” EPR spec-
trum; only the Na™ plus Cl~ combination of ions had
an interesting influence on the EPR spectrum. The
potential effect of pH on the ‘high salt” spectrum was
not examined. However, Antanaitis and Moss [14]
demonstrated that the apparent heterogeneity in the
EPR spectrum of the ‘fow salt’ spectrum was indepen-
dent of pH in the 2 to 11 range.

The effect of NaCl is further characterized by an
oxidative titration. Fig. 2 shows the X-band EPR spec-
trum of HiPIP in 0.2 M NaCl at increasing fractions of
oxidation (25 to 100%). It is noteworthy that the spec-
trum recorded at 23% oxidation lacks the low-field
ramp and the structure in the g, region, but does show
the same resolution as the fully oxidized sample in the
g,, region. As the fraction of oxidized molecules in-
creases, one observes the apparent incremental ap-
pearance of the unusual structure around g,. A similar
experiment at low salt conditions revealed no qualita-
tive differences in the X-band EPR spectrum at differ-
ent levels of oxidation; all spectra were similar to the
spectrum of Fig. 1A (data not shown).

To test the possibility of magnetic hyperfine interac-
tions as the cause of the structure in the “high salt’
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EPR spectrum, we carried out a number of isotope
substitutions. Solvent was exchanged from 'H,O to
?H,0; Na¥*Cl and Na*’Cl were compared; and a com-
plete exchange of '°N for '*N was effected by growing
the bacteria on an '"N-enriched nitrogen source. These
substitutions caused no differences in the EPR spec-
trum. Finally, we recorded the spectrum at 35 GHz
and obtained no evidence for nuclear hyperfine inter-
action as the origin of the structure around g, in the
*high salt” EPR spectrum (see below).

The ‘high salt’” EPR spectrum was converted to the
typical ‘low salt’ spectrum by addition of excess of
salts, diluents or miscible organic solvents. By increas-
ing the concentration of NaCl above 2 M, the charac-
teristic structure in the EPR was lost. Similarly, the
presence of a high concentration of serum albumin (60
mg/ml) precluded deveivpiment of the umique signal.
Including solvents such as ethylene glycol, glycerol or
ethanol (at ~ 50% v/v) led to appearance of the ‘low
salt’ spectrum (data not shown). Ethanol at 50%, how-
ever, induced a better resolved'low salt’ spectrum,
which is shown in Fig. 5D and discussed further below.

Knowing that diluents which change the global
properties of the solvent, such as ethylene glycol, obvi-
ated the ‘high salt’ effect led us to suspect some type of
protein-protein association. This idea was tested in a
rapid freeze-quench study. In this experiment, a con-
centrated solution of fully oxidized HiPIP in § mM
Tris-HCl was mixed with an equal volume of similarly
buffered 1 M NaCl, frozen in cold isopentane in less
than 10 ms and packed into an EPR tube. The X-band
EPR spectrum is shown in Fig. 3A. The sample was
subsequently thawed, refrozen and the spectrum of
Fig. 3B recorded. Spectra obtained at freczing times of
~ 15 and ~ 50 ms were also examined. Visual inspec-
tion of the resulting EPR spectra suggested a time-de-
pendent appearance of the ‘high salt’ component, but
this was incomplete even at 50 ms (data not shown). At
the fastest time of freezing, however, the spectrum
appears to be primarily that of the ‘low salt” form (Fig.
3A). These observations suggest that solutions of oxi-
dized C. vinosum HiPIP are modified by freezing and
this process has a characteristic time of tens of mil-
liseconds. The idea that some type of protein-protein
interaction is occurring will be discussed below.

We make the following conclusions regarding het-
erogeneity in the EPR spectrum of oxidized C. vi-
nosum HiPIP: first there is an inherent heterogeneity,
typified by the spectra obtained in ‘low salt’,'50%
ethanol’ and ‘high salt, rapidly frozen’ conditions. Sec-
ond, the inherent heterogeneity is specifically altered
by slow freezing in the presence of ‘high salt’. This
change is characterized by the EPR spectrum of the
25% oxidized sample shown in Fig. 2A. Third, ‘high
salt’ induces additional heterogeneity in fully oxidized
samples, typified by the ‘slowly frozen, high salt’ spec-
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Fig. 3. Effects of the mode of freezing on the EPR line shape of C.
rinosum HiPIP in the presence of NaCl. The protein, 117 uM in §
mM Tris-HCI, pH 8.0, was rapidly 1:1 mixed with 1 M NaCl in 5§ mM
Tris-HCE Aftar 10 me azing the mixture was squirted into isopentane
(~ 140°C) and collected into an EPR tube, The resulting spectrum is
given in trace A. Afler thawing and re-freezing slowly in liquid
nitrogen, the spectrum of trace B was obtained. EPR conditions:
microwave frequency, 9.20 GHz; microwave power, 2 mW; modula-
tion amplitude, 0.8 mT; temperature, 19K,

trum of Fig. 1E. There are therefore at least three
distinct types of EPR spectra, and these are analyzed
in subsequent paragraphs.

Mossbauer studies

It is important to ascertain the extent to which the
NaCl " induced changes reflected in the EPR spectra
arise from differences at the individual iron atoms.
High resolution 3Fe *fossbauer spectroscopy is well
suited to address this concern. In Fig. 4A we compare
the Mossbauer spectra of fully oxidized, slowly frozen
C. vinosum HiPIP in the'low salt’ and in the‘high salt’
(0.2 M NaCl) condition. The spectra are similar to
those previously published by others [15,16,31] and are
indistinguishable between the two conditions. A similar
experiment is presented in Fig. 4B, in which two HiPIP
samples, now both in the presence of 0.2 M NaCl, are
compared, one being only 25% oxidized while the
other one is fully oxidized. The spectrum of the fully
oxidized sample is reduced a factor of three with
respect to the absorption axis for ease of comparing
the two line shapes in detail. With the restrictions in
mind that the spectrum of partially oxidized HiPIP has
a 3 X higher noise level and is overshadowed in the
central part by the spectrum from § =0, reduced pro-
tein, these two preparations also give identical Moss-
bauer spectra. Therefore, the ‘high salt’ condition is
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Fig. 4. NaCl has no effect on the Mossbauer spectral properties of C.
vinosum HiPIP. The Mossbhauer spectra taken at 42K and 0.1 T
applied magnetic field for samples of various sal and cxidation state
are superimposed for comparison. In Part A the ‘low salt’ form {solid
line) is superimposed on the “high salt’ form {(crosses). No rescaling
of the data has been performed. In Part B, the spectrum of the ‘high
salt, 25% oxidized™ form is superimposed by a spectrum of the “high
salt, 0% oxidized' sample (solid line). Points are omitted from the
‘partially oxidized™ spectrum when the quadrupole doublet of the
reduced C. vinosum HiPIP molecules went off-scale. The size of the
‘100% oxidized’ spectrum has been reduced a factor of three to
facilitate comparison.

not induced by changes at an individual iron atom. The
question of minority contributions to the Mossbauer
spectrum is discussed below.

Analysis of the EPR spectra

Inherent heterogeneity. The spectra in Fig. 5 summa-
rize the data and curve fitting efforts for oxidized C.
vinosum HiPIP recorded under three different solu-
tions and characterize what we call inherent hetero-
geneity. Spectrum 5A is the stick representation of the
simulation by Antanaitis and Moss [14] to a spectrum
identical to Spectrum 5B. When these sticks are con-
volved with a Gaussian lineshape and added in a
1:1:0.2 proportion, they lead to a reascnable repre-
sentation of the experimental spectrum (see Fig. 2 of
Ref. 14). The solid lines ir spectra B-D are experimen-
tal spectra of: B, ‘low salt’, fully oxidized; C, ‘high salt’,
25% oxidized; and D, 50% ethanol 1005 oxidized
HiPIP. We have simulated each of these spectra using

dX77 dH

EX Pt

tlogress telg e

Fig. 5. Comparison of C. vinosum HIPIP spectra under varying
conditions. The sct of three bars in Part A represents the previous
interpretation by Antanaitis and Moss {18]. Part B shows the ‘low
salt, oxidized™ form (Fig. 1A) superimposed by its one-component
computer fit (dashed line). Part C is the “high salt. 25% oxidized'
form (Fig. 2A) superimposed by its one-component computer fit
(dashed line). Part D is the *50% EtOH. oxidized™ form superim-
posed by its one-component computer fit (dashed fine). Part E is a
computer simuiation of the minority component visible in the experi-
mental trace of Part D. The spectrai fitting parameters are shown in

Table 1,

a one-component model with the parameters given in
Table I. The results are shown in Fig. I B-D as spectral
overlays (dotted lines).

TABLE 1

EPR paramcters of wo § = 1 /2 ground states from C. Vinosum HiPIP
in different frozen matrices

The dimers are comprised of two identicar. colincar $=1/2 spin
systems. r (the intercluster vector) is along the :z-axes of both
g-tensors. The o, are linewidths (one-half the distance between the
derivative extremal in g-value units.

Low NaCl High NaCl 507 EtOH Minority 0.2 M NaCl

monomer  monomer dimer
£, 2.025 2023 2.027 2.041 2024 2024
2. 2.037 2.038 2039 2.071 2038 2.038
g, 2115 201 2108 2429 2114 2118
a@, 0.007 0.0G5 0.005 0.003 0.004 0.004
a, 0.009 [$X1.0.3} (L010 0.004 0.067  0.007
a, 0.004 0.006 0.010 0.006 0005 0.005
“r 98 974 93.7 - 33 67
riA) - - - - 13 16
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There are two major reasons for the lack of fit in
these simulations. The first is seen by comparing the
data in Fig. 5B-D. There is obviously a minor compo-
nent in these spectra, which varies in amount depend-
ing on the solvent and salt parameters. In Fig. 5D,
from the ‘glassy’ sample. the minor component is large
enough that all three g-values are visible, and its
simulated shape is shown is Fig. 5SE using the parame-
ters in Table 1 Although the contire spectrum of the
minor component is not clear in Fig. 5B and C, the
midsweep turning points are clear in all three spectra.
By trial and error fitting of this part of the minority
spectrum, we were able to quantitate the minority
component as 2.0, 2.3 and 7.4%, respectively, of Fig.
5B, C and D. These numbers are obviously in disagree-
ment with the 50% values in the previous analysis {14).
A second spectral fitting problem concerns the tvpe of
‘g-strain’ in these spectra. We have found that EPR
spectra from several other HiPIP’s can be fit ‘through
the dots” by our simulation programs (our unpublished
observations). That C. rinosum HiPIP cannot be fit in
this way seems to derive from some special properties
of this protein’s freezing dynamics as will be consid-
ered in the following discussion.

The question of whether the minority component
seen in the EPR spectra can be detected by Mossbauer
spectroscopy is addressed by the data of Fig. 6. At high
temperature, where the magnetic hyperfine splittings
are averaged to zero, each iron atom of the cubane will
contribute only two lines to the Mossbauer spectrum as
determined by its quadrupole splitting, its isomer shift,
and its linewidth. As a minimal hypothesis we have
assumed that the ¢ight contributing lines have equal
intensity and width. Simulated (dots) and experimental
(crosses) spectra of ‘high salt' (A) and ‘low salt’ (B)
samples are shown in Fig. 6. There are two important
points: first, there is essentially no difference between
the two experimental spectra; second, very smatl devia-
tions between experimental and simulations seen near
0.9, 04, 0.2 and -0.2 mm/s arise from only 0.5% of
the total iron in the sample. If this residual intensity is
assigned to onc iron atom in 2% of the HiPIP
molecules, then a good correspondence exists with the
quantitation of the minority EPR signal (Fig. 5 and
Table I). However, because of the paucity of signal, we
are unable to uniquely describe its Mossbauer spec-
trum.

Induced heterogeneity. X- and Q-band EPR spectra
of fully oxidized, ‘high salt/stow frozen’ C. rinosum
HiPIP are shown in Fig. 7; the spectra are shown on a
similar g-scale to facilitate comparison. The multiple
lines in the low-field region of the X-band spectrum
(Fig. 7A) are clearly not the result of multiple g-tensors
since this region of the Q-band spectrum (Fig. 7B) does
not show this structure. The muitiple peaks in the
low-fic'd region of Fig. 7A are thus likely to result from
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Fig. 6. A single cubane can account for at least Y8% of the iron in C.

vinosum HiPIP regardless of salt concentration. The Mossbauer

spectra (160K, zero applied magnetic field) of C. rinosum HiPIP at

high sait (Part A) and low salt {(Part B) are shown superimposed by

computer fits based on eight lines of equal magnitude and linewidth
(0.15 mm /s).

some kind of hyperfine interaction. The results of the
isotopic exchange experiments and the Mossbauer data
argue against this splitting being due to a nuclear
hyperfine interaction. By elimination, therefore, we are
left with an exchange interaction (direct or dipolar) as
the most likely explanation for the fine structure. In
the following paragraphs, we develop the hypothesis
that, upon slow freezing, NaCl induces formation of a
unique interaction between HiPIP molecules that leads
to the fine structure.

The spectra in Fig. 7 are overlaid by two simulations
{dashed lines) whose parameters are available in Table
I under the columns for the ‘high salt’ dimers. Both
sirnulations (at X- and Q-band) have the same spin
Hamiltonian parameters. These parameter values im-
ply that the §=1/2 spin systems of two identical
HiPIP molecules are in magnetic dipole—dipole inter-
action with the intercluster direction along the z-axis
of each cluster. There are two configurations for this
interaction {(with slightly different g, values) corre-
sponding to two imgrcluster distances of 13 and 16 A:
the dimer with 16 A distance being twice as probable
as the 13 A situation. In brief, our justification of this
picture is that we have tried all of the other possible
models that are consistent with the physics of the
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Fig. 7. X- and Q-band sae‘clra of 100% oxidized. C. vinosum HiPIP
in .2 M NaCl. Both spectra are fit (dashed lines) by the same
dipole~dipole, interacting one-component spin-spin model (see
Table I for paranfeters). The stick spectral inserts denote the posi-
tions and relative intensities of the component spectra in the g,
region. Sample preparation and X-band running conditions as in Fig.
I. The Q-band spectrum was recorded at 18K. field sweep: 200
mT/min, ficld modulation amplitude: 0.2 mT. microwave power:
0.7 uW.

problem, and none of these models is allowed by the
data. Our argument requires an understanding of the
range of possibilities of EPR spectra from two weakly
interacting paramagnets as constrained by the experi-
mental details.

Each spin-spin interaction (dimer) is assumed to
involve two isolated S =1/2 spins (each denoted by
g-tensor). A set of interaction parameters describes the
direct exchange (a J-value) and the dipole-dipole in-
teraction {a distance and direction for the intersystem
vector and a set of Euler angles to give the orientation
of one g-tensor relative to the other). Linewidth is
treated by extending our g-strain theory to the interac-
tion situation. Therefore, the mathematics for spectral
simulation of these EPR spectra includes a large num-
ber of possible parameters. We can limit these possibil-
ities by comparing the data to the theoretical implica-
tions of our assumptions.

We assume that the g-tensors of the interacting
centers are identical (equivaient to assuming that both
HiPIP molecules in the dimer are identical). Since
direct (isotropic) exchange is not visible in EPR when
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the g-values of thc interacting centers are the same
[32}, there must be a dimer orientation where the
splitting from isotropic exchange is zero regardless of
the relative orientations of the two g-tensors. For most
other directions (crystal orientations) the isotropic
splitting is nearly the same (isotropic). Since this orien-
tation has an applied field direction relative to the
g-tensor that is clearly not the direction denoted by the
low-field resonances (g,) and since the splittings of the
low-fie!d region are not present in the axial field region
(gu). then the low-field structure cannot resuit from
an tsotropic exchange interaction. Only the dipole-di-
pole interaction remains to account for the splittings.

The dipole—dipole interaction is twice as large when
the intersystem vector is along the applied magnetic
field than when the intersystem vector is perpendicular
to the applied field. Referring to Fig. 7A, if the split-
ting in the low-field region denotes a direction that is
perpendicular to the intersystem vector. then there
must be a splitting in the high-field region that is twice
as large as the splitting in the low-field region. Not
only is this not the case, but any parameter set that has
the low-field direction {in either spin system) more
than ten degrees from the intersystem vector is incom-
patible with the data. We conclude that the intersystem
vector in both spin systems is parallel to the direction
of the g-tensor coordinate system corresponding to the
low-field resonance (called the z-axis by us).

The arguments in the two preceding paragraphs
require that the intersystem vector points in the same
(within 10 degrees) direction relative to each of the
cubanes. All of the interaction parameters for direction
are therefore fixed except for the rotation of one
protein relative to the other about the intersystem
vector. Because the g, and g, values are nearly equal,
we cannot specify this angle with any degree of cer-
tainty. However, we attempted to address this problem
during the molecular modeling effort described below.

Another complexity presented by the spectra in Fig,
7 concerns the number of possible component spectra
necessary to synthesize these experimental data. In
studying Fig. 1. one can assume that all of the HiPIP
molecules are paramagnetic at the beginning of the
titration and that the spectra are linear combinations
from monomers and dimers in ‘high salt’. For Fig. 2,
there should be several combinations of HiPIP reduc-
tion represented by both dimers and monomers, bul at
the end of the titration all the molecules should be
oxidized dimers. Because the spectrum at the end of
the salt titration (Fig. 1E) is identical to that at the end
of the redox titration (Fig. 2H), we have assumed that
Fig. 7A (that same spectrum) is characteristic of oxi-
dized dimers only. The shape and resemblance of Fig.
1C, Fig. 2F and Fig. 3B in the low-field region argue
that one of the dimers {component spectra) has this
splitting in the low-field peak. This splitting corre-
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sponds to an antersystem distance of 16 A (see stick
spectra in Figo 7). The rest of the features in the
low-ficld region of Fig. 7A can be added with another
dimer (a1 1/2 relative intensity) at 13 A intersystem
distance and a slightly dfferent g, value (sce Table 1)
The heights of the sticks in Fig. 7 indicate the relative
itensitics of these resonances. In cach of the stick
patterns the high-ficld linc ot the pair is the more
intense in contrast to the experimental data. A sum of
two interaction spectra is the minimum number of
components sufficient to generate the ‘ramp.” The “high
salt monomer’ (Fig. 2A) is not a significant contributor
to the ramp because its low-field maximum is halfway
beiween the two low-field maxima in Fig. 7A. In other
words, the 16 A dimer’ and the “high salt monomer’

have the same g,-values. On the other hand. the *13 A
dimer has a slightly modified g,. Apparently the ‘com-
pression” of the dimer is accompanied by a change in
¢,. This change is explained in the following argu-
ments.

The fits shown in Fig. 7 are from identical parame-
ters at both X- and Q-band. The success of these fits
(~vithout the minority component) at both trequencies
argues for their unigueness. However, the conclusions
are testable against the structural constraints from the
published X-ray coordinates [8.9]. Inspection ~f the
P2,2,2, orthorhombic crystal packing reveals that the
closest center-to-center distance of any two [4Fe-4S]
clusters 1s over 22 A. Neither dipole—dipole nor direct
cxchange intcractions are expected to be significant at

Fig. 8. Model of the C ¢ inosum HiPIPhigh salt” dimer synthesized from the work of Carter et al. {12.13). The a-carbon ribbon tracing of the 2
monomer units is represented in its final dimeric orientation along with the two cubanes apex to apex orientation. A 14 A distance separates the
centers of the 2 cubanes and the rotation angle of one unit relative to the other is approximately 34 duegrees,



these distances, There s however. a protcin surface
ncar onc of the sulfur atoms in the [41°e-4S} cluster.
We therefore undertook molecular modehng studies to
explore a hypothetical dimeric association that would
be consistent with distances of 13 and 16 A.

The dimeric a-carbon ribbon tracing shown in Fig. 8
results from of our attempts to place two C. vinosum
HiPIP molecules in Van de Waals contact with the
cubane clusters as near as possible to one another and
with the intercluster vector at the same direction rela-
tive to each of the cubancs. The molecules were ro-
tated by 44 dcgrees about this vector to achicve a visual
fit, but no attempt was made at encrgy minimization or
freeing of the external residues from their crystal coor-
dinates. The center-to-center distance of the two
cubanes in Fig. 8 is 14 A. Standard docking procedures
(i.e., Van der Waals and electrostatic complementarity)
were used to evaluate the selected surface interface.
Becausc the dimer formation requires the presence of
NaCl and freezing, we were hesitant to extend the
X-ray crystallographic results to conclusions that in-
cluded precise assumptions of side-chain charge. This
interface is comparatively flat so that shifting the two
molecules by one atom at their contact point increases
the center-to-center distance (3 A) as would the incor-
poration of a salt molecule or the rotation of a side-
chain at the surface. The main point of Fig. 8 is that
the distances: 13 and 16 A are entirely consistent with
this dimer structure.

Inspection of Fig. 8 aiso shows that one of thc
apices of the [4Fe-4S] cubane is pointed at the nearby
surface of the HiPIP molecule. The atom at this apex is
a sulfur atom (S4, H86 (the cubane)). Since we have
previously established that the direction from the
cubane to the ncarest surface is along the g-tensor
z-axis, therefore the z-axis of the g-tensor is along the
cubane 3-fold rotational axis through this sulfur atom.
Furthermore, the g-value changes at g, {(sec Fig. 5)
can be explained as resulting from distortions along
this axis on the cubane caused by differences at the
protein-water interface. Finally, the twe forms of the
‘high salt’ C. vinosum HiPIP dimer can be envisioned
as resulting from some difference at the protcin-pro-
tein interface that changes the intercluster distance by
3 A and thereupon shifts g, very slightly (see Table 1).

The emerging picture is one where C. vinosiun HiPIP
molecules in high salt form two kinds of dimer upon
freezing, which differ only slightly. A minority torm of
the protein also exists. but it is relat.vely insensitive to
salt and solvent changes. Indeed, this EPR component
may arise from a non-HiPIP protein: our data shed
little light on the origin of this material other than its
redox potential (see Fig. 2) and g-values (Table I} are
similar to those of HiPIP. Under the conditions where
the dimer is not formed (all but 0.2-2 M NaCl} C.
vinosum HiPIP freezes as a monomer {(or a4 multimer in
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which the mtercluster distance is greater than 20 A
whose EPR signal in the oxidized state is the same at
#. .. but changes at ¢, depending on the solvent /so-
lute composition. This sensitvity at g, 18 due o the
fact that the z-axis of the cubane is normal to the
protein surface and accessible to solvent arnd is there-
fore subject to changes brought about by the freszing
Process,
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