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ABSTRACT Magnetic susceptibility and proton mag-
netic resoriance spectra are reported for the oxidized and
reduced forms of the iron-sulfur protein Bacillus polymyxa
ferredoxin I. The magnetic susceptibility of the oxidized
form indicates antlferromagnetlc exchange coupling be-
tween coniponent iron atoms that is quantitatively similar
to that observed for the clostridial ferredoxins and for the
[(C:H:),.NL[Fe,S«(SCH:C.H;),] analog. Contact-shifted reso-
nances observed in the proton-magnetic-resonance spectra
of oxidized and reduced forms of the B. polymyxa protein
can be correlated with the contact-shifted resonances of
corresponding redox forms of the clostridial ferredoxins.
Characteristics of the contact-shifted resonances observed
in partially reduced B. polyntyxa ferredoxin I are compati-
ble with a “‘slow’ rate of electron exchange between redox
forms, which suggests that the “fast” electron exchange
earlier observed in the eight-iron clostridial ferredoxins
may derive froin an intramolecular component.

In recent years, a new subdivision of bacterial ferredoxins
containing only a single cluster of four iron and four labile
sulfur atoms per molecule has become known; two members
of this new subeclass of bacterial ferredoxins have been isolated
(1) from the facultative nitrogen fixing bacterium Bactllus
polymyza and their chemical, physical, and electron para-
magnetic resonance (EPR) properties defined (1-4). Both of
these proteins have molecular weights of about 9000 daltons
and contain four iron atoms and four labile sulfur atoms per
molecule. Both optical absorption and EPR spectra strongly
suggest that the iron and labile sulfur atoms in the four-iron
ferredoxin are arranged into a single tetrameric cluster similar
to the two tetrameric clusters found in the more complex eight-
iron ba.cterial ferredoxins (5). The purpose of this study was to
investigate the magnetic susceptibility and proton magnetic
resonance (PMR) properties of one of these four-iron ferre-
doxins, B. polymyza ferredoxin I, in order to further char-
acterize this new type of iron-sulfur protein. It was hoped also
that the study of this simpler form of bacterial iron-sulfur
protein would lead to a better understanding of PMR data
collected on the eight-iron proteins.

The magnetic susceptibility and PMR results for both ox-
idized and reduced B. polymyza ferredoxin I further emphasize
the close electronic relationship between the Fe.S, clusters of
the bacterial ferredoxins and the high potential iron proteins of
photosynthetic bacteria. It is reasonable to hypothesize
from these and earlier findings that the Fe,S, clusters are of the

Abbreviations: PMR, proton magnetic resonance; EPR, electron
paramagnetic resonance; NMR, nuclear magnetic resonance;
BM, Bohr magnetons; xk;, the paramagnetic component of the
molar magnetic susceptibility; DSS, sodium 2,2-dimethyl-2-
silapentanesulfonate; s, 22° value for the effective magnetic
moments per iron atom expressed as units of the Bohr magneton.

140

same basic geometrical type, a hypothesis that must necessar-
ily be tested by crystallographic means and which emphasizes
the role of the protein moiety in dictating the electron-transfer
properties (potentials and specificities) of these proteins.

MATERIALS AND METHODS

The B. polymyza ferredoxin I employed in these studies was
isolated and purified by methods previously described (1).
Reductions were carried out using British Drug House
Nas3:;0s. Nuclear magnetic resonance (NMR) spectra for the
most part were obtained on a Varian 220 MHz PMR spectrom-
eter; searches to extreme low-field were carried out on a
Bruker 90 MHz spectrometer. Magnetic susceptibilities were
determined by previously described NMR techniques (6).

RESULTS AND DISCUSSION

Magnetic Susceptibilities. Magnetic susceptibilities have
been obtained previously in solution for the eight-iron fer-
redoxins derived from Clostridium pasteurianum (7) and
Clostridium acidi-urict (8) and in the solid state for the syn-
thetic analog of the bacterial ferredoxins [(C:Hs)dN Jo[FedSs-
(SCH,CeHs)4] ref. (9). These previously observed magnetic
susceptibilities, as well as PMR studies on the oxidized forms
of the bacterial ferredoxins, strongly indicated that the com-
ponent iron atoms are coupled by an antiferromagnetic ex-
change interaction. Principal evidence for this conclusion was
the increase in magnitude of contact-shifted resonances with
increasing temperature and the low values of the effective
magnetic moments of the component iron. For example, as
shown in Table 1, the 22° values for the effective magnetic
moments per iron atom (i) for the oxidized forms of the fer-
redoxins derived from C. pasteurianum and C. acidi-urict are,
respectively, 1.06 and 1.24 BM (Bohr magnetons). These
values are to be contrasted with the moment of 5.85 BM
obtained for the oxidized form of the rubredoxin from C.
pasteurianum (10). This latter value is characteristic of high-
spin ferric iron unperturbed by exchange interaction.

This conclusion concerning the presence of exchange interac-
tion between component iron atoms of the eight-iron fer-
redoxins was reinforced by the recent extensive physical char-
acterization of the synthetic iron-sulfur analog [(C:Hs):N]-
[FesS4(SCH,CeHs)4] (9). X-ray studies have shown that the
Fe.S, clusters of the reduced form of the high potential iron
protein from Chromatium strain D (11), from the oxidized
form of the eight-iron ferredoxin from Peptococcus aerogenes (5),
and from [FeSi(SCH,CsHs)s]™ are very closely related struc-
turally (9, 12). Magnetic susceptibility studies of the dianion,
in the solid state and to liquid helium temperatures, esta-
blished the existence of antiferromagnetic exchange coupling
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TABLE 1. iy for three ferredozins and a synthetic analog
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Besst

Bacillus polymyza ferredoxin 0.90
Clostridium pasteurianum ferrodoxin 1.06*
Clostridium acidi-urici ferrodoxin 1.24%
[FeS«(SCH.CeHs)d]™ 1.04%

The values for u%;; refer to the oxidized forms of the ferredoxins
and to the dianion form of the analog, and are expressed as units
of the Bohr magnetons and calculated per iron atom under the
assumption of equivalence of component iron atoms.

* Ref. 7. 1 Ref. 8. { Ref. 9.

between component iron atoms of the FesS, cluster. The mag-
nitude for u’y; of 1.04 BM for the dianion is seen (Table 1) to
be similar to values at corresponding temperatures for the two
eight-iron bacterial ferredoxins and close to the value of 0.90
BM obtained for the oxidized form of the four-iron B. poly-
myza ferredoxin I. Susceptibility studies thus indicate a mag-
netic strueture for the B. polymyza ferredoxin I related to that
possessed by the two clostridial ferredoxins and the well-
characterized [Fe,S;(SCH;CsHs)4]™ analog.

Magnetic susceptibilities were obtained for the reduced form
of ferredoxin I from B. polymyza in solution (Table 2), along
with more extensive susceptibility measurements of the oxi-
dized form. Results of susceptibility studies of the reduced
forms of the ferredoxins must be viewed with more reserve
than results for the oxidized forms because of the greater
instabilities of the reduced form to decomposition of the
Fe S, clusters, particularly in solution and at about room
temperature. Precautions were taken, however, including
reversibility checks of the susceptibilities between the two
redox states, and it is felt that the results given in Table 2 for
the reduced form are reasonably accurate. Decomposition of
FesS, clusters releases iron to the solution, and the contribu-
tion of the released iron to the susceptibility generally will be
greater than when the iron is a component of an intact, ex-
change-coupled cluster of a protein molecule. To the extent
that the listed values are in error, they are too large.

With this caveat in mind, it is seen that the magnetic
susceptibilities and effective moments per iron atom are
considerably larger for the reduced form of B. polymyza
ferredoxin I than values at corresponding temperatures for the
oxidized form. In addition, although the temperature range
over which these studies were conducted is quite narrow, it
would appear that x. (the paramagnetic component of the
molar magnetic susceptibility) for the reduced form is de-
creasing with increasing temperature. The susceptibility
results for reduced B. polymyza ferredoxin I can be trested in a
number of ways. For example, if it is assumed that the electron
added to form the reduced ferredoxin contributes the spin-only
value of 1.73 BM to the over-all magnetic moment, it is easily
seen from the results of Table 2 that each of the four iron
atoms, assuming them to be equivalent, contributes an addi-
tional 1.4 BM to the total moment. This additional contribu-
tion of 1.4 BM presumably is determined by the magnitude of
the antiferromagnetic exchange interaction that persists in the
reduced form of the ferredoxin. The value of 1.4 BM calcu-
lated for the reduced form is greater than the 0.90 BM ob-
served for the oxidized form and could reflect a reduction of
the magnitude of the coupling parameter in the reduced
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TaBLE 2. Paramagnetic suscepltibility of Bacillus

polymyza ferredoxin 1
Oxidized form Reduced form

Temperature 10% X0 * pets T 10% x 3 * peset
3° 5.0 1.7

5° 1.3 0.86
15° 1.3 0.88 4.4 1.6
22° 1.4 0.90 4.4 1.6

30° 1.4 0.91

* The paramagnetic component of the molar magnetic sus-
ceptibility is expressed in units of cm? mol 1.

t The effective magnetic moment per iron atom is expressed
in units of the Bohr magneton.

ferredoxin. Such a reduction in the exchange interaction on
proceeding from the oxidized to reduced state has been indi-
cated from magnetic susceptibility studies of the two-iron
plant ferredoxin from spinach (13).

PMR Studies. PMR spectra of the oxidized and reduced
forms of the ferredoxin I from B. polymyza have been obtained
in solution for the oxidized form over the range 4°—69° and for
the reduced form over the range 4°~50°. Spectra for these two
forms of the ferredoxin obtained at 30° are shown in Figs. 1
and 2. Both spectra display the usual strong absorption in the
0-10 ppm range that are characteristic of the amino-acid
composition of the protein and the way in which the protein
folds in solution. Note that the spectra of the protein in this
region of resonance absorption are quite different for the two
forms. Both conformational differences and magnetic pertur-
bations presumably contribute to the differences observed.
Detailed analysis of this region of resonance absorption of the
two redox forms of B. polymyza ferredoxin I will be dealt with
in a subsequent publication. Here, we are concerned with
general features of resonances that have characteristics clearly
dominated by contact interaction with component paramag-
netic centers.

Resonances are observed to low-field of 10 ppm in the
PMR spectra of B. polymyza ferredoxin I which have breadth,
position, and temperature dependences that clearly indicate the
resonances to be subject to contact interaction. In oxidized
B. polymyza ferredoxin I, seven such resonances, each of an
intensity corresponding to one proton per molecule of fer-
redoxin, are readily identified. The temperature dependence of
these resonances are shown in the left-hand portion of Fig. 3.
These resonances appear in the same general region of reso-
nance absorption as do resonances with similar widths and
temperature dependences that are observed for the oxidized
forms of the ferredoxins from C. pasteurianum (7) and C.
acidi-urict (8) and, also for resonances that derive from the
reduced form of the high potential iron protein from Chro-
mattum D (14). Predictably, fewer such resonances are ob-
served for the B. polymyza ferredoxin I than from the eight-
iron bacterial ferredoxins. Earlier, these resonances for the
oxidized clostridial ferredoxins were assigned, tentatively, to
the B-CH. protons of the cysteinyl groups that were presumed
to be responsible for attachment of the iron-sulfur clusters to
the polypeptide chain. PMR studies of the [Fe,S,(SCH»
CesH:)4]™ analog and others of the series (15, 16), as well as
x-ray crystallographic studies of the analog (9), the ferredoxin
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Fic. 1. PMR spectrum (220 MHz) of the oxidized form of
Bacillus polymyza ferredoxin I at 30°. The top spectrum is a
single scan of the —250 Hz to 2250 Hz region of résonance
absorption and does not extend sufficiently far to low-field to
include the contact-shifted resonhances displayed in the lower
trace. The two middle displays are computer-averaged expan-
sions of the saturated CH and aromatic CH regions; respectlvely,
of proton resonance absorption. The bottom display is a com-
puter averaged spectrum of the contact-shifted resonances,
which almost certainly arise from the 8-CH; protons of the four
component cysteine residues. Protein concentrations weré 59
mg/ml in D;0 and the pD was 7.0. All spectra were internally
referenced to DSS.

from P. aerogenes (5), and the high potential iron protein from
chromatium D (11), largely dispel any doubts about this
assignment to the 8-CH; protons, at least as far as the oxidized
forms are concerned. The gengral features of the contact-
shifted resonances of the oxidized form of B. polymyza
ferredoxin I indicate that geometrically, electronically, and
magnetically the iron-sulfur cluster is similar to the iron-
sulfur clusters of the oxidized forms of the clostridial fer-
redoxins and the reduced form of the high potential iron pro-
tein from Chromatiuin D.

The temperature dependences of readily identifiable contact~
shifted resonances of reduced B. polymyza ferredoxin I are
shown in the right-hand portion of Fig. 3. Again we note fewer
c¢ontact-shifted resonarices for reduced B. polymyza ferredoxin
I than for the reduced forms of the clostridial ferredoxins
(7, 8), which is compatible with the existence of one rather
than two Fe S, clusters in the B. polymyza ferredoxin. Assign-
ment of observed contact-shifted resonances in reduced B.
polyimyza ferredoxin I is somewhat less certain than for the
oxidized form. Certainly the positions of the 8-CH; protons of

Proc. Nat. Acad. Sci. USA 71 (1974)

700 300 100 100 200 - H

Fie. 2. PMR spectrum (220 MHz) of the reduced form of
Bacillus polymyza ferredoxin I at 30°. The top spectrum is a
single scan of the —250 Hz to 2250 Hz region of resonance
absorption and does not extend sufficiently far to low-field to
iriclude the contact-shifted résonances displayed in the lower
trace. The two middle displays are computer-averaged expansions
of the saturated CH and aromatic CH reglons, respectively, of
proton resonance absorption. The bottom display is a computer
averaged spectrum of the contact-shifted resonances which are
assigned to the 8-CH: and o-CH protons of the four cysteine
residues as well, possibly, as to other protons located near the
paramagnetic center. Protein concentrations were 59 mg/ml in
D,0 and the pD was 7.0. All spectra were internally referenced
to DSS.

the cysteinyl residues involved in binding the presumed FeS,
cluster are dominated by eontact-intersction perturbation.
The a-CH protons also are subject to a similar perturbation
with an attenuation factor, as compared to 8-CHj protons, of
about 7.2, This factor was established from PMR studies of
the synthetic dianion analogs (15, 16). A total of 12 contact~
shifted resonances are therefore expected from the four
cysteinyl residues of B. polymyza ferredoxin I that presumably
bind &an Fe S, cluster to the polypeptide chain. Resonances
that correspond to 11 protons are readily identified in the
contact-shifted spectrum of the reduced proteih. Detailed
assignment of these resonances of -CH; and to a-CH protons
of individual cystienyl residues is not possible. The question
arises as to whether additional contact-shifted resonances for
the reduced form of B. polymyza ferredoxin I oceur even
further to low-field than those plotted in Fig. 3. An unequivo-
cal answer cannot, of course, be given. The 220 MHz PMR
spectrometer available to the authors was capable of sweeps to
only 9500 Hz (43 ppm) to low-field of the reference, sodium
2,2-dimethyl-2-silapentanesulforiate (DSS). The extreme
low-field resonance of reduced B. polymyza ferredoxin I
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plotted in Fig. 3 (intensity corresponding to two protons) was
in fact not observed in our 220 MHz PMR studies (Fig. 2).
The resonance was detected in supplementary studies employ-
ing a Bruker 90 MHz PMR spectrometer that permitted
sweeps to 88 ppm (equivalent to 19,400 Hz at 220 MHz) to
low-field of the reference DSS. Thus, we can conclude that if
there are additional contact-shifted resonances in the PMR
spectrum of reduced B. polymyza ferredoxin I, they are very
far removed from anything heretofore detected. We consider
this possibility unlikely.

In any event, the temperature dependence of the contact-
shifted resonances of the reduced form of B. polymyza fer-
redoxin I bear striking qualitative resemblances to those of the
reduced forms of the clostridial ferredoxins. Unlike the oxi-
dized form, there is no uniformity in the temperature de-
pendence of the reduced form: some increase with tempera-
ture, some decrease with temperature, and some are almost
temperature invariant. This variation in temperature depen-
dence of contact shifts has been ascribed qualitatively to a
nonuniform distribution of spin density in the reduced form of
the protein so that the 8-CH, and a-CH protons of the four
iron-binding cysteinyl groups are experiencing contact interac-
tion perturbations from this nonuniform spin density distribu-
tion (14). Such a nonuniform spin density distribution of the
FesS, cluster could result from perturbations of side chains
such as aromatic rings near one or more surfaces of the cube.
Such interactions have been postulated from !*C-NMR
studies of C. acidi-urict ferredoxin (17).

Monotonic variations in the positions of the contact-shifted
resonances of the oxidized form of B. polymyza ferredoxin I
were observed over the range 4°-69° (Fig. 3). In addition,
except for acceleration of deuterium exchange of some slowly
exchanging amide NH protons, the rest of the PMR
spectrum of the protein was largely unaffected by temperature
elevation to 69°. It was clear that thermal denaturation of
whatever folded conformation oxidized B. polymyca ferredoxin
I possesses was not occurring during elevation of the tempera-
ture to 69°. Upon standing at 69°, however, the contact-
shifted resonances were noted to decrease uniformly in inten-
sity with a half-life of about 45 min, and other regions of the
spectrum assumed characteristics that clearly reflect the loss
of tertiary structure. The loss of tertiary structure progressed
with the same half-life. Thus, B. polymyza ferredoxin I, like
C. pasteurianum ferredoxin, is not subject to thermal denatura-
tion at fairly high temperatures (16). The FesS, cluster here, as
in C. pasteurianum ferredoxin, apparently plays a prominent
role in the maintenance of tertiary structure.

An additional feature of the PMR study of B. polymyza
ferredoxin I is worth noting. Upon addition of the appropriate
amount of Na»S;0, to the oxidized form, a solution consisting
of approximately equal amounts of the two redox forms can be
prepared. The resulting PMR spectrum consists of a simple
superposition of the PMR spectra of the separate oxidized and
reduced ferredoxins. Electron exchange between oxidized and
reduced forms here is “slow” on the PMR time scale, in
contrast to “fast” electron exchange between oxidized and
reduced forms of C. pasteurianum ferredoxin in solutions
prepared in similar fashion. “Slow”’ electron exchange simi-
larly is observed between oxidized and reduced forms in
solutions of the high-potential-iron protein from Chromatium
D. It is suggestive, but far from proven at this point, that the
apparently greater electron exchange rate between Fe S,
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Fic. 3. Temperature dependence of identified contact-
shifted resonances in the 220 mHz PMR spectra of the oxidized
(left) and reduced (right) forms of the ferredoxin I from Bacillus
polymyza. Figures in parentheses denote numbers of protons per
ferredoxin molecule that contribute to the resonance.

clusters in the eight-iron clostridial ferredoxin derives at least
partially from an intramolecular exchange mechanism.
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