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SUMMARY

Iron electron-nuclear double resonance (ENDOR) measurements were made
of the 4-Fe clusters in oxidized Chromatium high-potential iron—sulfur protein,
dithionite-reduced high-potential iron—sulfur protein in 80 % dimethylsulphoxide,
fully reduced Clostridium pasteurianum ferredoxin in aqueous solution and in 80 9
dimethylsuifoxide. The hyperfine couplings determined show that: i) the electron
distribution in each case is nearly symmetric; ii) there are two types of ironin oxidized
high potential iron-sulfur protein; iii) only one type of iron is observed in each fully
reduced 4-Fe cluster; iv) the data also suggest a greater electron delocalization onto
the ligands as compared to the 2-Fe ferredoxins.

INTRODUCTION

The class of iron—sulfur proteins containing 4-Fe clusters has been studied by
EPR [1, 2], Mdssbauer [2-4], NMR [5-7], and most importantly X-ray crystallo-
graphy [8, 9]. The crystallographic data show that the cluster has an iron atom at
each of the four alternate corners of a distorted cube, each iron being bound to a
cysteine sulfur and the nearest three of the four inorganic sulfur atoms which occupy
the remaining corners of the cube. This structure is present in the high-redox-potential
iron-sulfur protein from Chromatium [8], which has a molecular weight of 10 000,
with four iron and four labile sulfur atoms per molecule; and in the low-potential
eight-iron ferredoxin from Peptococcus aerogenes [9], which has a molecular weight
of 6 000, with eight iron and eight sulfur atoms arranged in two identical clusters,
12 A apart. In each known case, the cluster dimensions are identical within the 2-A
measurement accuracy. The same structure is assumed valid for the 4-Fe ferredoxins
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(e.g. those from Bacillus polymyxa and Bacillus stearothermophilus) and the 8-Fe
ferredoxin from Clostridium pasteurianum.

The magnetic properties of the cluster are summarized at a yet primitive level
by a three-oxidation-state hypothesis of Carter et al. [10] in which each state differs
by one electron per cluster. Thus, oxidized high-potential iron—sulfur protein is in
State C* and is paramagnetic with S.;; = 1, resulting in an apparently axial EPR
spectrum with g, = 2.12 and g, = 2.04, although additional spectial structure
suggests a second EPR component. Mossbauer spectroscopy does not display more
than one valence state but there is evidence for two hyperfine fields of opposite sign,
indicating antiferromagnetic exchange coupling {3, 11]. The single electron reduction
of high-potential iron-sulfur protein results in a diamagnetic state designated C,
which according to the theory is equivalent to the oxidized ferredoxin state. Reduction
of this state by a single electron for each 4-Fe cluster results in a State C™ for both
the normal 4- and 8-Fe ferredoxins and the low-potential (so-called “super reduced”)
[12] state of high-potential iron—sulfur protein.

The EPR spectra of separate 4-Fe clusters in the reduced state, C~, such as
super-reduced high-potential iron—sulfur protein, the 4-Fe ferredoxins, and partially
reduced 8-Fe ferredoxins (in which only one centre is paramagnetic) are all similar
and nearly axial. The EPR spectra of fully reduced 8-Fe ferredoxins, such as that
from C. pasteurianum are more complex, apparently due to inter-cluster spin—spin
couplings [2], (see also ref. 1, p. 238). If the reduced ferredoxin molecule is unfolded
by treatment with dimethylsulphoxide (Me,SO) the EPR spectrum reverts to the
simpler type, with axial symmetry, implying that interactions between the two clusters
are prevented (R. Cammack, unpublished observations).

The Mdssbauer spectra of C. pasteurianum ferredoxin display a single average
valence state in both oxidation states.

MATERIALS AND METHODS

Instrumentation

The normal Varian E9 ENDOR-EPR spectrometer was used throughout
except that the radio frequency oscillator and amplifier were replaced by a Telonic
Model 2003, and ENI Model 3102, respectively. In place of a normal sine-wave
field modulation, large amplitude (100-200 G p.p. 35 Hz) square-wave modulation
was provide by switching a d.c. power supply (Oltronix B60-15R) which drove two
external modulation coils (200 turns of 0.7-mm wire) mounted on the pole caps. The
rise time is approx. 1 ms and an effective inhomogeneity of about 3 G.

The normal Varian wide-access cavity was used together with a Scanco (James
F. Scanlon Co., Solvang, Calif., U.S.A.) liquid helium cold finger, the finger being
cooled in a nitrogen flow dewar (Anger, G., Astlind, T., Petersson, L. and Ehrenberg,
A., unpublished). Two microwave frequencies (8.74 and 9.32 GHz) were used, the
cavity resonance being adjusted with metal cavity inserts; this shift results in a 0.75
MHez shift in the free proton frequency.

Preparation of samples
Chromatium high-potential iron—sulfur protein and C. pasteurianum ferredoxin
were purified, and reconstituted with 37Fe as previously described [3, 4]. The EPR
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and ENDOR spectra of the proteins reconstituted with 6Fe were indistinguishable
from those of the native proteins. Samples, consisting of at least I umole of protein
were prepared in 2 mM Tris~Cl, pH 8.0, and concentrated by a stream of N, gasto a
volume of 200 ul. In the preparation of oxidized high-potential iron-sulfur protein
samples, care was taken to remove all traces of ferricyanide, which causes relaxation
of proton ENDOR, by passage of the oxidized protein through Sephadex G-25.
Reduced ferredoxin samples were prepared using Na,S,0, [4]. Samples of reduced
C. pasteurianum ferredoxin in 80 %, Me,SO, were prepared in the same way as super-
reduced high-potential iron—sulfur protein samples [12], except that the pH of the
high-potential iron-sulfur protein solution was 9.5, and of the ferredoxin 8.0.

RESULTS

EPR results

The EPR spectra of all the samples used have appeared previously [1, 12] with
the exception of C. pasteurianum ferredoxin in 80 9, Me,SO; the latter appears as
an insert in Fig. 3 and has g, = 2.06 and g, = 1.94. Replacing °Fe with *"Fe
(I = 1) in these proteins results in a noticeable EPR broadening of all lines except
the low-field peak of C. pasteurianum ferredoxin in 80 % Me,SO; its 21 G half width
at half height is increased by less than 1 G. High-potential iron-sulfur protein with
its narrow EPR lines shows the greatest hyperfine broadening: at low field the half
width at half height increases from 6.5 to 9.7 G and at high field the peak-to-peak
separation increases from 30 to 36 G. All other resonances show noticeable but
marginal broadening.

ENDOR

ENDOR (electron-nuclear double resonance) measures the tensor components
describing the effective electron-nuclear hyperfine interactions. The application of
this technique to iron-sulfur proteins is more extensively discussed elsewhere [1, 13].

ENDOR spectroscopy of iron-sulfur proteins [1, 13, 14] results in two types
of resonances: each class of protons (I = %) is seen as a doublet centred at the proton
Zeeman frequency (vp) and split by A4;, the magnitude of the hyperfine interaction
(if 4;/2 < »,). Iron, if the protein is enriched in >"Fe (I = }), also results in a doublet
for each type of iron but centred at 4,/2 and split by twice the iron Zeeman frequency
(for A4;/2 > vg,). To separate the iron signal from the many overlapping proton
resonances in the iron-sulfur proteins, one must take the difference between ENDOR
spectra from °’Fe (I = %) and *®Fe (I = 0), these spectra being run consecutively
under identical experimental conditions. The baseline is set with the radio frequency
power off and small differences in sample concentration are compensated for by adjust-
ing the relative gains for zero difference signal at either end of the iron resonance.
This procedure assumes the proton resonances in >’ Fe are the same as they were in
native or *°Fe reconstituted ferredoxin (the latter two have identical EPR and EN-
DOR spectra). This assumption is generally valid but Scholes et al. [15] have observed
in myoglobin that an iron resonance can be relaxed, hence not observed, when its
resonant frequency corresponds to the free proton frequency, even if proton reso-
nances are not observed. Similar effects may account for the absence of 4, and 4,
57Fe(I1) resonances in spinach ferredoxin [13] even though those resonances must
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certainly coincide with those observed in totally deuterated algal ferredoxin [14].
Attenuation of proton and perhaps iron signals is observed in high-potential iron-sulfur
protein (see below) and results in negative iron difference signals, the positive and
negative portions having comparable intensities under conditions favourable for
proton ENDOR (low microwave power and/or high temperature). Some attenuation,
seen as a negative difference ENDOR spectrum, remains even at 2 °K and 200 mW
microwave power. Possible distortions must always be kept in mind when iron and
proton ENDOR resonances overlap.

ENDOR results for high-potential iron-sulfur protein

The ENDOR spectra of native and 3®Fe-reconstituted high-potential iron-
sulfur protein are identical and are shown at three field positions (marked on the
EPR inserts) in Fig. 1 (dashed lines). Note that only a broad, unstructured distribution
is observed, all resolution being lost due to the large number and variety of proton

\
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Fig. 1. ENDOR spectra of oxidized native (- - -) and 5’Fe-enriched (—) high-potential iron-sulfur
protein with difference spectra. T = 4.2 °K, P = 200 mW, », = 9.32 GHz. a) ¥, experimental
spectra; b)s#, difference spectrum; c) #,4-75 G (=3¢ | —30 G), experimental spectra; d) 5, +75 G,
difference spectrum; e) &, 420 G, experimental spectra; and f) # ', +20 G, difference spectrum.
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couplings. Although this distribution is structurally centred at the free proton fre-
quency, it need not be symmetric in intensity.

The ENDOR spectra of high-potential iron-sulfur protein reconstituted with
57Fe show iron resonances which overlap with the proton resonances, the iron
difference signal being maximized at very low temperature (2 °K) and maximum
microwave power (200 mW). The spectra were treated as discussed previously and
are shown as solid curves in Figs 1a, c, e, for field values corresponding to s#,,5#, 75
G (o#,—30 G) and ¥, +-20 G, accompanied by handcalculated difference spectra
(Figs 1b, d, f). At the low-field peak, one clearly resolved doublet is observed at
10.6 MHz, the doublet being appropriately split by twice the iron nuclear Zeeman
frequency (0.9 MHz). This resonance moves up to 11.4 MHz at the high-field peak
giving “4,” = 21.24-0.1 MHz and “A4,” = 22.84-0.1 MHz. The labelling of these
components is of course tentative in the light of the unexplained EPR spectra, but the
axial symmetry implied by the label is justified by the observation of resolved doublets
at both field positions. At intermediate field positions (Figs 1c, d) the resonance is at
a value intermediate between “A4,” and “A4,”.

A second iron resonance is also observed at higher frequency but the over-
lapping proton resonances result in a less resolved doublet. At low field this doublet
is centred at 14.5 MHz although the doublet becomes a mere inflection in the sub-
tracted spectra and the distribution is centred at 15.3 MHz. The cross-relaxation
effects of protons and iron mentioned above has resulted here in some negative
ENDOR difference signal, hence it is reasonable to assume that the difference signal
is attenuated on the low-frequency side. If that is the case the doublet marks the true
resonance and the distribution is artificially skewed. The other alternative is that the
difference is accurate, that the properly split doublet is fortuitous, and the distribution
peak marks the true resonance position. This question cannot be resolved at this time
so the hyperfine component is taken as “A4,” = 29.84-0.8 MHz. At high field the
second iron doublet and distribution are both centred at 16 MHz giving “4 " = 32
0.2 MHz. When the cavity frequency is lowered, the free proton frequency decreases
by 0.75 MHz and this frequency doublet at the high-field peak is much better resolved.
The resulting difference signals from both irons agree to +0.1 MHz, confirming the
resonances as iron rather than proton effects.

“Super-reduced” high-potential iron-sulfur protein

Preliminary ENDOR experiments on super-reduced high-potential iron-sulfur
protein revealed an iron difference signal only at the high-field (g = 1.94) peak. This
resonance was essentially identical to Fig. 3 but the difference signal intensity is five
times smaller, centred at 17 MHz, and peaks at 18 MHz; hence “4,” = 17.54+1
MHz.

ENDOR results for C. pasteurianum ferredoxin

Fig. 2 shows the superimposed 5’Fe and *®Fe C. pasteurianum ferredoxin
ENDOR spectra taken at the two field extrema and one intermediate field value.
The hand-calculated difference spectra accompany the experimental data and demon-
strate only a single rather broad resonance. At the lowest field position (Figs 2a, b)
the *’Fe contribution is non-zero from 9-16 MHz, the peak occurring at 13 MHz.
The resolution at 14 MHz coincides with the free proton frequency and does not
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Fig. 2. ENDOR spectra of native (---) and 37Fe-enriched (—) fully reduced C. pasteurianum
ferredoxin. T = 4.2 °K, P = 100 mW, field positions shown on EPR inserts. a, ¢, and e are experimen-
tal spectra, b, d, and f are the corresponding difference spectra. Note a and b have vo = 9.32 GHz,
all the others have v = 8.74 GHz.

exist when », is moved to 13.5 MHz, the distribution, however, remains centred at
13 MHz. The inflection at 12 MHz also remains, suggesting that the smallest hyper-
fine component may lie below the distribution peak; this question is unresolved so the
average is taken with an appropriate error, i.e. “4,” = 2541.5 MHz.

At higher field (Fig. 2d) the iron resonance broadens to high frequency until
at the high-field extreme (Fig. 2f) the resonance is relatively narrow (3 MHz), sym-
metrical and centred at 16.5 MHz. Thus, “4,” = 3341 MHz. “4,” is presumed to
lie between A, and A, as no resonance is observed above A, or below A4, at inter-
mediate fields.

The fact that no other iron resonances were observed from 4 to 30 MHz
suggests that each of the eight iron atoms has approximately (within the range of the
linewidth) the same spin density, or at least the same average density within the
measurement time. The possibility of additional resonance(s) cannot of course be
excluded considering the sensitivity of the measurement; for example a very anisotrop-
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ic and hence broad resonance may not have been detected but there is no evidence
from either Mossbauer spectroscopy or ENDOR to believe in any non-observed iron.
The small EPR broadening excludes the possibility of any coupling larger than the
one observed.

ENDOR of C. pasteurianum ferredoxin in 80 9, Me,SO

ENDOR spectra of *’Fe and native C. pasteurianum ferredoxin in 80 %,
Me,SO are shown in Fig. 3 for the EPR high-field peak. The resuiting difference
spectrum is essentially identical with that of the corresponding ENDOR spectrum
of fully reduced C. pasteurianum ferredoxin (Fig. 2f); a 2.5 MHz wide distribution
centred at 17--0.2 MHz, hence “4,” = 3440.4 MHz. A less intense but otherwise
identical difference signal was observed at field positions just below the crossing
point but at the low-field peak no difference ENDOR signal was observed. As very
little EPR hyperfine broadening is observed there, “4,” must be small, perhaps
coinciding with the free proton frequency.

8 10 12 % % . 20 22 MHz

Fig. 3. ENDOR spectra of native (---) and *’Fe-enriched (—) fully reduced C. pasteurianum
ferredoxin in 80 % Me,SO. T = 4.2 °K, P = 200 mW, v, = 8.74 GHz. Field position 5, 4-30 G. a)
experimental spectra; and b) difference spectrum.

DISCUSSION

The present study was undertaken to determine the electronic nature of the
4-Fe and 8-Fe ferredoxins. This information is principally useful in establishing the
minimum number of iron types, in estimating electron delocalization, and most
importantly to provide iron hyperfine parameters essential for Mdssbauer computer
simulations. Only the latter can conclusively establish the valence states and electron
orbital symmetries.

The ENDOR results are summarized in Table I and show that within the
measurement time there are two clearly distinguishable types of iron in high-potential
iron-sulfur protein and only one in fully reduced C. pasteurianum ferredoxin (though
a heterogeneity of 41 MHz cannot be excluded). All of the observed iron resonances
are nearly isotropic, the hyperfine components in high-potential iron—sulfur protein
varying from 21.1 to 22.8 MHz and 30.0 to 32.1 MHz, and those in ferredoxin
varying from 25 to 33 MHz. These anisotropies are comparable to Fe(III) in plant
type ferredoxins [14] (42-51 MHz) but are very much smaller than the 13-36.5 MHz
variation in the highly anisotropic Fe(II). These results are consistent with Mossbauer
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TABLE 1
EFFECTIVE HYPERFINE CONSTANTS IN MHz

47 ‘A"
[}
Oxidized high-potential iron-sulfur protein
Iron type 1 21.240.1 22.840.1
Iron type 11 29.8+0.8 32.0+0.2
Super-reduced high-potential iron-sulfur
protein ? 3541
C. pasteurianum ferredoxin ? 34404
in 80 % Me,SO
A “dy” "4
C. pasteurianum ferredoxin 2542 294+5) 3341

data of these proteins and of the 4-Fe model compound [16] [Fe,S,(SR,)]*~. The
behaviour for reduced ferredoxin can be interpreted as a delocalization of each
reducing electron over the four irons of each of two identical (or nearly identical)
4-Fe clusters; this symmetrical delocalization accounts for small anisotropy and an
apparent single type of iron.

Oxidized high-potential iron—sulfur protein, however, has a single 4-Fe cluster
per molecule yet two types of nearly isotropic iron hyperfine couplings are detected
by ENDOR. The correlation of these distinctly different couplings to the EPR spec-
trum is as yet uncertain since there exists no definite interpretation of the spectral
features additional to the pure axial shape. Both iron resonances may result from a
single cluster with S, = 4 and an axial g tensor. If there are two EPR contributions
per cluster or two types of clusters, each iron resonance may result from each of the
two EPR species; this is only possible if each species has an EPR contribution at “5#°,”
and “#,”.

The tentative results for super-reduced high-potential iron-sulfur protein and
fully reduced C. pasteurianum ferredoxin in 80 9, Me,SO support the theory that the
4-Fe cluster is a stable three-oxidation-state unit. The EPR behaviour is consistent
with an intact 4-Fe cluster, but it alone cannot exclude the possibility that the cluster
has split into two 2-Fe pairs. The ENDOR data for both fully reduced Me,SO
samples, however, is inconsistent with the 2-Fe ferredoxins and is very similar to that
of fully reduced C. pasteurianum ferredoxin (see Table 1) with its intact 4-Fe clusters.
Moreover, on removal of Me,SO from these samples the proteins revert to their
normal states. Proton magnetic resonance studies of oxidized C. pasteurianum ferre-
doxin in Me,SO solutions also indicate that, although the protein is substantially
denatured, the 4-Fe clusters, as detected by contact-shifted resonances, remain intact
[17]. The absence of spin—spin coupling in C. pasteurianum ferredoxin in Me,SO is
most simply explained by an increase in the inter-cluster distance. The absence of
detected ENDOR resonances at low-field positions has no definite explanation at
this time, but low-intensity resonances would not have been detected in these relatively
weak samples. The phenomenon may resemble that in spinach ferredoxin, discussed
above, and both might be explained by cross-relaxation effects with protons.

The ENDOR hyperfine measurements for the 4-Fe clusters indicate that i) the
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electron distribution on the iron atoms is nearly spherically symmetric within the
measurement time (approx. 5- 1072 s); ii) there are two types of iron in oxidized
high-potential iron-sulfur protein; iii) there is only one type of iron observed in all of
the fully reduced 4-Fe centres; and iv) the low magnitude of all the couplings relative
to that observed in the two iron ferredoxins suggests an even greater electron de-
localization onto the ligands.
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