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A. INTRODUCTION
(i) Scope

Iron—sulfur proteins contain at least one iron atom coordinated by one or
more sulfur hgands. These proteins participate in many biologically important
reactions and present intriguing structural problems. Most of these proteins have
been referred to previously as “non-heme iron” proteins. This nomenclature
largely reflected the biochemists’ long preoccupation with iron-porphyrin pro-
teins. We prefer the more descriptive term “iron—sulfur’ “proteins.

Iron-sulfur proteins have been recognized as a distinct class only 1n the last
decade, although some members of this group, especially the iron-sulfur flavo-
proteins, were discovered and extensively studied much earlier. Iron-sulfur pro-
teins participate, for example, in photosynthesis (ferredoxins), nitrogen fixation
(nitrogenases), hydroxylation of steroids and other terpenes (adrenodoxin and
putidaredoxin) and electron transport (iron—sulfur flavoproteins). A few members
of this ciass (most rubredoxins and high-potential iron proteins (HiPIP)) have not
yet been associated with specific biological functions.

Because of their involvement in so many fundamental biological processes,

CD = circular dichroism HIPIP = high-potential iron proteins

DPNH = diphosphopyridine nucleoiide NMR = nuclear magnetic resonance
(reduced) ORD = optical rotatory dispersion

ENDOR == electron nuclear double resonance S* = acid-labile suifur

EPR = electron paramagnetic resonance TCA = trichloroacetic acid

FAD == flavin adenine dinucleotide TPNH = triphosphopyridine nucleotide
(oxidized) (reduced)

FADH, = flavin adenine dinucleotide (reduced)
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iron-sulfur proteins are obviously of interest to biochemists. They have also at-
tracted the attention of many inorganic and physical chemists and physicists be-
cause of their novel structural and spectroscopic properties and the opportunity
they provide for application of a wide range of powerful physical techniques to a
biologically significant problem.

The purpose of this review is to acquaint coordination chemists with the
structural problems posed by iron—sulfur proteins and the progress which has been
made toward their solution. We have emphasized those studies which relate di-
rectly to the elucidation of the structure and bonding of the iron—sulfur center in
these systems. Several recent reviews?%:72:83 of this area should be referred to for
more details on the biochemical aspects of iron—sulfur proteins.

It is now clear that there are various types of iron-sulfur proteins. In general
iron-containing proteins can be placed in three broad categories:

(D—Proteins in which the iron is bound (covalently or non-covalently) to the
proteins as an iron—porphyrin complex (heme proteins). This includes such famihar
proteins as hemoglobin and the cytochromes. There 1s a growing body of evidence
that at least two types of heme proteins contain iron—sulfur bonds, i.e., a sulfur-
containing amino acid side-chain acts as an additional ligand for the iron, occupy-
ing one of the two coordination sites not taken up by the porphyrin. In cytochrome
c, the work of Harbury and his co-workers®>®'>7 has pointed to the thioether
sulfur of methionine as one of the extra ligands of iron. This is consistent with,
but not yet proven by, X-ray diffraction studies*? of cytochrome C. The work of Yu
and Gunsalus'55 indicates that the thiol group of cystemne 1s an iron ligand 1n
cytochrome P-450. Bayer et al.® have shown that thio! complexes of hemoglobin
have EPR signals resembling those of P-450. Although these systems belong to
the iron—sulfur protein class by our definition of the term, we do not consider them
here because the presence of the porphyrin confers upon them properties quite
different from those of the remaining iron-sulfur proteins.

(ID—Proteins in which the iron is bonded to one or more sulfur ligands,
and in which a porphyrin ligand is absent. This class includes the rubredoxins,
ferredoxins, iron-sulfur flavoproteins, efc., with which this review is concerned.
Within this class, a number of distinct types are recognizable, as will be discussed
below.

(III)—Proteinsin which the iron is bonded to oxygen and/or nitrogen ligands
and which lack porphyrin ligands. Many proteins in this group (transferrin, ferri-
tin) appear to function as storage or transport proteins*?*37. Some which we ten-
tatively include in this class may in fact turn out to have iron-sulfur bonds and
therefore properly belong to class I7, e.g., the dioxygenases®®. Dioxygenases ac-
tivate molecular oxygen and catalyze its incorporation in many types of molecules.
Since there is no definite evidence that iron—sulfur bonds occur 1n these systems,
and their spectroscopic properties are quite different from typical iron—sulfur pro-
teins, we will not consider them in this review.

Coordin. Chem. Rev , 5 (1970) 417-458
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(i) Classification of iron—sulfur proteins

The members of class II can be further subdivided according to the number
of irons per protein molecule and the presence of other prosthetic groups. Except
for the members of the first subdivision, all of these proteins contain ““acid-labile™
or “inorganic’ sulfide, which we will denote by S*, in an amount equivalent to
therr iron content.

(a) 1-Fe proteins, e.g., rubredoxins.

(b) 2Fe-2S* proteins, e.g., green plant ferredoxins, adrenodoxin, putidare-
doxin.

(c) 4Fe—4S* proteins, e.g., HIPIP.

(d) nFe-nS* proteins (reported values of n range from 6-8), e.g., bacterial
ferredoxins.

(e) Iron-sulfur flavoproteins, e.g., xanthine oxidase, aldehyde oxidase, suc-
cinic dehydrogenase, etc. Proteins containing (Fe-S¥*), in addition to flavin and,
in some cases, molybdenum.

(f) Nitrogenases: there appear to be two Fe—-S*-contaming components in-
volved in N, fixation, one of which also contains molybdenum.

In the following sections, we will consider each of these types of iron—sulfur
proteins.

B. 1-Fe PROTEINS (RUBREDOXINS)
(1) Chemistry

Rubredoxins are found in numerous anaerobic®!*!°*and aerobic bacteria®!”.
They have a reddish color, hence their name, and contain one atom of 1ron per
molecule of protein but no acid-labile sulfur. They have a molecular weight of ca.
6,000, except for the rubredoxin from Pseudomonas oleovorans which has one iron
atom per ca. 12,800 mol. weight32.

The amino acid sequences of two rubredoxins have been determined3—5. The
four cysteines are found in pairs, separated by two amino acids in each case.

In biclogical reactions rubredoxins can substitute for ferredoxins from
various sources but they are not known (except!*? for rubredoxin from Ps. oleovo-
rans) to catalyze a reaction of their own. They are auto-oxidizable in air and can
be reduced by dithionite or by TPNH or DPNH in the presence or absence of
ferredoxin reductases. Rubredoxin from Clostridium pasteurianum undergoes®! a
reversible one-electron oxidation and reduction with a redox potential of about
—~57 mV.

Lovenberg and Williams®! removed the iron from rubredoxin by precipita-
tion of the protein with trichloroacetic acid. The resulting aporubredoxin shows
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no absorption in the visible. By treating aporubredoxin with an excess of a sulf-
hydryl reagent, (2-mercaptoethanol or dithiothreitol) and Fe3* or Fe?*, a fully
reconstituted rubredoxin can be obtained with properties identical to those of the
native protein. Addition of mercurials to rubredoxin?'%* leads also to a loss of the
visible spectrum and four cysteine residues can be titrated. The rate of this slow
reaction increases with decreasing size of mercurial, i.e., mercuric acetate is much
faster than sodium mersalyl®*. The loss in absorbancy (e.g., at 490 nm) occurs at
the same rate as the reaction of mercurial with the four SH groups, suggesting that
all four SH groups are involved as metal-protein ligands. In aporubredoxin less
than four cysteines are titratable, probably because of partial oxidation of SH
groups during the preparation of the apoprotein. Most probably this partial oxida-
tion of SH groups is the reason a sulfhydryl reagent is required for the reconstitu-
tion of the aporubredoxin with Fe3*.

Attempts to alkylate rubredoxin? with iodoacetic acid in the presence of 5M
guanidinium hydrochloride were unsuccessful. It seems therefore that the 1ron in
the molecule protects the sulfhydryl groups from alkylation. However, four moles
of iodoacetamide react per mole of aporubredoxin when incubated in the presence
of 8M urea and 0.5M 2-mercaptoethanol®’, illustrating that the SH groups are
available for reaction only after removal of the iron. In the presence of 2-mercapto-
ethanol an exchange between exogenous iron and iron of rubredoxin occurs®!
having a sharp pH optimum, around pH 7.

Bachmayer et al.’ have investigated the possibility that amino acids other
than cysteine act as iron ligands in rubredoxin. The amino acid sequences of apo-
rubredoxin from several bacteria are now known!*?. This facilitates the use of
chemical reagents specific for certain amino acids to study the binding of their
functional groups. Bachmayer et al. were able to eliminate the a-amino and the
thioether group of the N-terminal methionine and the two lysines as potential
iron hgands. They also found that modification of tyrosine and tryptophan resi-
dues in aporubredoxin abolishes its capacity to recombine with iron, and suggested
that one tyrosine and one tryptophan serve as hgands, in addition to the four
cysteines. Chemical modification procedures of this type are useful for establishing
the non-involvement of certain groups, but cannot distinguish between the possi-
bility that altering a particular residue may destroy recombination capacity by (a)
blocking a iigand or (b) preventing proper refolding of the protein chain through
some other mechanism.

The absorption spectra of rubredoxins from various species are very simi-
lar!-89:104.117_The oxidized state gives prominent maxima at 490, 380 and 280 nm,
and more or less distinct shoulders at about 560 and 350 nm. Upon chemical or
enzymatic reduction, the absorption spectrum is strikingly altered. The reduced
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protein shows no visible absorption bands, but has maxima at 330, 310 and 275 nm,
as well as one or two inflections on the long-wavelength side of the 275 nm band.
Representative absorption spectra for the oxidized and reduced form are shown
in Fig. 1. The large change in the absorption spectrum on reduction and the fact
that aporubredoxin, formed by removing the iron (see above), shows no absorption
bands at wavelengths longer than the normal protein band at 280 nm, is strong
evidence that the chromophoric group contains the iron atom. The chromophore
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Fig. 1 Absorption spectra®® of Clostridium pasteurtanum rubredoxin, oxidized (- ) and re-

duced (—-—--) (Courtesy of the National Academy of Sciences, US A )

responsible for the visible and near UV bands in the oxidized form also contributes
to the 280 nm band, for the absorbance at 280 myu is about twice that expected
from the aromatic amino acid content, while an apoprotein derivative gives a
280 myu extinction coefficient comparable to that expected from the aromatic
amino acids>.

The optical rotatory properties of rubredoxins from various sources are also
nearly identicall:55-79:104.117 We shall discuss the circular dichroism principally,
as it generally gives higher resolution. The CD curves for a representative rubre-
doxin in both the oxidized and reduced state are shown in Fig. 2. In the oxidized
form, CD bands correspond closely to the absorption bands at 560, 490, 345 and
280 nm. A band at about 400 nm may be identifiable with the 380 nm absorption
band. In addition, CD indicates the presence of electronic transitions at 630, 440,
328 and 224 nm which do not coincide with obvious features in absorption. In the
reduced rubredoxins, CD bands at 336 and 317 nm correspond to absorption
maxima. The region below 300 nm is complex, with sharp CD bands at 295, 287
and 258 nm, and a strong negative band at 224 nm, identical with or nearly iden-
tical with that in the oxidized form.

No CD data are available for aporubredoxin, but Lovenberg and Williams 3!
reported the optical rotatory dispersion spectrum of an aporubredoxin. This spec-
trum 1s a typical protein ORD spectrum with no Cotton effects above 300 nm,
weak inflections in the aromatic absorption region and a 233 nm trough whose
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Fig. 2. Circular dichroism ( ) and absorption (~—-) spectra of Peptostreptococcus elsdeni
rubredoxin!: (A) oxidized, (B) reduced. The right-hand ordinate scale (CD) should be multi-
plied by a factor of 10 (Ref. 51). (Courtesy of MacMillan, Ltd.).

amplitude falls between that which was found for the oxidized and reduced ru-
bredoxins. ' : :

The observed Cotton effects at wavelengths longer than 300 nm in both
oxidized and reduced rubredoxins are attributable to the chromophore associated
with the iron. Gillard ef al.5° have suggested that the transitions at 570 and 490 nm
in oxidized rubredoxins may be magnetically-allowed transitions of the ligand—field
" (d — d) type since they are especially prominent in the ORD and CD spectrum,

' Coordin. Cheni. Rev., 5 (1970) 417-458
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but weaker in absorption. They also suggest that the 390 nm band, with strong
absorption and relatively weaker CD, may be an electrically-allowed charge-
transfer (CT) band. However, the ratio of 4e to ¢ at the extrema is of the order
of 1072 for all three of these bands, ranging from about 0.5 x 10~ for the 390 nm
band to about 4x 10~3 for the 560 nm band. This ratio, which is a rough ap-
proximation to Kuhn’s amsotropy factor, 1s typically &10~2 for magnetically-
allowed and electrically-forbidden transitions®®. The small value of this aniso-
tropy factor, together with-the large extinction coefficients, argues against the
assignment of the 560 and 490 nm transitions as d — d transttions. It is more likely
that the prominent visible and near UV absorption bands are of the charge-
transfer type. Further, ligand — metal charge transfer bands would be expected
to undergo a shift to higher energy (blue shift) on reduction of the metal, which
would account for the disappearance of the visible absorption bands upon reduction.

The absorption bands at 630, 440 and 328 nm, which are apparent in CD
but not in absorption may be magnetic dipole transitions, but even here one must
remember that magnetic dipole character is not unique to d — d transitions. In
particular, transitions involving non-bonding electrons on ligands could also con-
tribute.

The assignment of bands below 300 nm is also uncertain. Several authors
have attributed the CD bands between 250 and 300 nm in oxidized and reduced
rubredoxins to aromatic chromophores. Atherton ef al.' suggest that the Iarge
changes 1n CD in the aromatic absorption region may indicate one or more aro-
matic groups near the site of reduction. However, the 280 nm band in absorption
contains a substantial contribution from the iron-centered chromophore® and it is
likely that the same chromophore may contribute substantially to the CD spec-
trum 1n this region.

The 224-nm CD band 1s presumably dominated by the peptide chromophores
of the protein. However, some contributions from the iron-centered chromophore
and from aromatic chromophores are also to be expected, and attempts to infer
““helix content” from the amphtude of this Cotton effect are not lhikely to be suc-
cessful. Even the observation of Atherton ef gl.* that reduction leaves the CD at
224 nm unchanged cannot be considered as strong evidence that oxidized and
reduced rubredoxins have nearly identical conformations.

1,117

(iii) EPR

Rubredoxins i the oxidized state show an cl\.buuu Pa.lamag"uetlc ICSO-
nance signal at hiquid nitrogen temperatures or below with a g value of about
4.31:2:79,104,117 5nd a second g value near 91%4:117_ These signals disappear upon
reduction, and no new signal is observed even at temperatures as low!'7 as 17 °K.
Peterson and Coon'!7 also showed that the loss of the EPR signal on reduction

exactly parallels the loss of visible absorption at 490 mu. Theg = 4.3 andg =9
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signals of the oxidized state are characteristic of high spin ferric ions in a rhombic
environment with either approximately tetrahedral®° or octahedral! 3° coordination.
The g = 4.3 signal of oxidized rubredoxins is unsymmetrical and generally
consists of a narrow signal about 18 gauss wide, superimposed -upon a much
broader signal approximately 200 gauss 1n width. Double integration of this peak
has led to estimates of spin content corresponding to 15%2 and 36 %!!7 of the
total iron present, assuming high-spin Fe''. These low values are somewhat dis-
turbing, but absolute calculations of spin concentration from EPR are difficult’®,
Sharper signals and better results may be obtainable at lower temperatures.
Bachmayer et al.? observed that at pH 10, the broad and sharp components
of the EPR signal present at neutral pH, merge into a single nearly symmetrical
component of intermediate width, without any change in total intensity. They 1n-
terpreted this change as indicating a modification of the two non-cysteine ligands
which they believed to be present. It is possible that the effect of high pH on the
g = 4.3 resonance is due to the ionization of a nearby lysyl or tyrosyl group which
1s close enough to perturb the EPR signal, but is not actually a ligand, or the
change could be due to a more general pH-induced conformational change.

(iv) X-ray diffraction

Jensen and co-workers®! have recently reported results of an X-ray crystallo-
graphic study at 2.5 A resolution of the rubredoxin from Clostridium pasteurianum.
Unfortunately, the amino acid sequence for this protein has not been determined,
so that a detailed interpretation of the Fourier map has not been carried out.
Nevertheless, they can see the iron atom and four surrounding cysteine sulfurs
very clearly. Furthermore, the S-Fe-S angles are all within 13° of the tetrahedral
value of 109.5°. Since they estimate the r.m s. error for bond angles at this stage
to be about 8°, their conclusion is that the coordination of Fe by sulfurs is essen-
tially tetrahedral. These workers do not mention the presence of any other ligands,
and if the sulfurs are indeed arranged 1n a tetrahedron, the presence of other ligands
is improbable.

(v) Discussion

There are still many gaps in our knowledge of these simplest iron-sulfur
proteins, the rubredoxins. However, approximately tetrahedral coordination of

iron by four nucfn-nn cnlﬁ:rc anpears to be the most l:lrplu structure. Thic i1g lnrnnlu
FERN) UJ J yl’ Ww BRhiwW LILVUOIL AL A LLLD AV ACAR 5

based on the X-ray work of Herriott et al.®!, but is consnstent with all the other
data. Such coordination would be expected to leave the iron in a high-spin state.
Studies'28® of Fe!l 10ns occupying cation vacancies in ZnS in which the iron is
tetrahedrally coordinated by sulfide ions have been carried out. The absorption
spectra of these systems show d — d transitions in the infrared in the 3-p wave-

Coordin. Chem. Rev., 5 (1970) 417458
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length region. Some absorption bands also appeared in the visible, but all but a
few very weak bands could be assigned to traces of Co?* present also in the crys-
tals. Such spectra are consistent with high-spin Fe" ions, which have only one
spin-allowed d — d transition, *E — °T, in teirahedral symmetry. All higher-
energy d — dtransitions are spin-forbidden, involving singlet or triplet upper states.

Slack er al.’s hgand-field analysis'?® of the spectrum yielded a value of
—3400 for 10Dq, the splitting between the e and ¢, 4 orbitals (the minus sign
arises from the inversion of the ¢ and £, orbitals in tetrahedral coordination). No
comparable studies are available for Fe'! surrounded by four S igands. However¥,
one can make a rough estimate that 10Dq for Fe''! should be about —4800 cm ™1
in ZnS. Both Fe'! and Fe™ should be high spin when tetrahedrally coordinated
by four sulfurs. High-spin Fe!',, with a 64, ground state in tetrahedral symmetry
has no spin-allowed d —» d transitions. Thus, neglecting spin-forbidden transitions,
one cannot assign the observed transitions in the visible spectrum of oxidized
rubredoxin to d — d transitions. This 1s consistent with the large intensity of these
bands and the low value of the Adegfe ratio.

A ligand — metal charge transfer assignment for the visible absorption bands
is quite plausible, however. Calculations®>® using Jorgensen’s optical electrone-
gativity parameters®®:77 predict that the lowest energy charge transfer transition
for an Fe'! jon with four sulfur ligands should occur between 600 and 700 nm,
while in an Fe'! complex, the transition would be blue shifted to about 260 nm.
These predictions agree as well as could be expected with the observations of the
absorption bands at 560 nm in the oxidized form and at 330 nm in the reduced
form of rubredoxin.

As we have seen, the EPR spectrum of the oxidized rubredoxin is consistent
with high-spin Fe'! in distorted tetrahedral symmetry, though 1t would also be
consistent with distorted octahedral symmetry. It should be pointed out, however,
that this model also predicts that the reduced form is paramagnetic, and might
show an EPR spectrum. No EPR signals have been observed for reduced rubre-
doxin, but it is possible that one must go to lower temperatures than 17 °K, ap-
parently the lowest temperature at which such signals have been sought'!7, In any
event, magnetic susceptibility studies need to be carried out on both oxidized and
reduced rubredoxins. These should unambigucusly determine the spin states of
the iron. Mdssbauer spectroscopy has not been applied to these systems, either,
and it could provide useful information on rubredoxin, as well as helping in the
interpretation of Mdssbauer data on more complex iron—sulfur proteins.

* This is based on data compiled by Figgis*8. The relative values of 10 Dq for Fe'™ and Fe'' can
be estimated from Table 9.5, p 244 The ratio should be about 14/10, leading to a value of
10 Dg ~ —4800 cm~! for Fe''! 1n a tetrahedral site in ZnS.
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C. 2Fe-2S* PROTEINS
() Ckenustry

Iron-sulfur proteins of this class contain two atoms each of iron and acid-
Iabile sulfur per molecule®3. Reported molecular weights are generally about
12,000, but in a few cases substantially higher values have been reported. These
proteins are found in animals (e g , in adrenal glands), plants (e.g., spinach), bac-
teria (e g., Pseudomonas putida), and represent the simplest iron-acid labile sulfur
species

Amino acid sequences of four green-plant ferredoxins have been report-
ed18:71,91,131 The positions of five cysteines are identical among these four pro-
teins, but Scenedesmus ferredoxin contains an extra cysteine residue. Two cysteines
occur in the sequence —cys—X-—Y—cys— in each case, while the others appear i1solated.
By analogy to the rubredoxins, it appears likely that the two closely spaced cystei-~
nes are bound to iron. Some or all of the others may also be 1nvolved in the active
center.

Massey®? and others’? have reported the evolution of H,S, measured by
the “methylene blue” method>° upon acidification of succinic dehydrogenase and
various ferredoxins. H,S is also lost from these proteins on long standing at room
temperature and neutral pH. This is unusual for proteins because under these
conditions no H,S is evolved from cysteine, cystine or methionine residues. There
has been a controversy 1n the literature concerning the origin of the evolved H,S.
For clostridial ferredoxin (see Section E) the release of H,S was postulated to
occur through a f-elimination from the cysteine residues’ *2, although now®-23
it is generally agreed that this 1s not the case. This subject has been thoroughly
discussed by Malkin and Rabinowitz®>. Elemental sulfur analyses in conjunction
with amino acid analyses in putidaredoxin, a bacterial 2Fe-2S* protein, and apo-
putidaredoxin'*? also suggest that the acid-labile sulfur does not come from cys-
teine or methionine.

Iron is released from these proteins by adding acid or a mercurial. This sug~
gests that the iron is bound to the protein via sulfur higands. However, the iron
release might also be effected by an unfolding of the peptide chains.

The iron is usually determined by colorimetric methods®:89-143:146_Attempts
to determine the valence of the released iron by using various chelating agents
should be interpreted with caution because the valence state may change during
analysis' '3 due to reaction with the reagents, with evolving H,S in the presence
of air, or with groups on the protein, especially —SH or —SS-.

One can easily obtain the apoprotein (free of iron and acid-labile sulfur) and
reconstitute the active protein with salts of iron and sulfide. We give a short
description of the procedures in use; most of them were developed first for the
nFe-nS* proteins but are probably applicable to all iron—sulfur proteins.

Coordin. Chem. Rev , 5 (1970) 417-458
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Lovenberg et al.8% used a mercurial to release the iron and sulfide from
clostridial ferredoxin. Malkin and Rabinowitz®3 isolated the apoprotein from the
reaction mixture by column chromatography with DEAE-cellulose or Sephadex
G-25. Bayer et al.® treated the same protein with o,a’-bipyridyl. This treatment
slowly removes the iron from the protein and releases H,S.

The active protein can be reconstituted by adding to the apoprotein an
excess of 2-mercaptoethanol, an iron salt (FeCl;), and Na,S. Bayer et al.® have
substituted cysteamine or dithiothreitol for 2-mercaptoethanol and elemental sul-
fur for Na,S. The addition of the sulfhydryl reagent 1s required for high-yield
reconstitution as in the case of the rubredoxins.

An alternative method for the release of iron and sulfide, which has been
used with putidaredoxin!#!-'42, is an anaerobic precipitation of the apoprotein
with 209 trichloroacetic acid (TCA). The apoprotein is washed twice with 209
TCA to remove any remaining iron or sulfide. The native protein can be recon-
stituted by adding an excess of iron salt and Na,S. Under these conditions no
2-mercaptoethanol 1s required; it can be added later for manipulations in the
presence of air. Hong and Rabinowitz®? reported a similar gerobic TCA precipita-
tion of clostridial ferredoxin with and without 2-mercaptoethanol; for reconstitu-
tion 2-mercaptoethanol is needed. Therefore, it seems that the role of the sulfhydryl
reagent 1s to reduce sulfur ligands on the protein which have been oxidized during
the isolation of the apoprotein.

Iron—sulfur proteins serve as carriers in electron transport in biological sys-
tems. Their redox potentials (E,, at pH 7) vary, e g., —430 mV for spinach ferre-
doxin'33, —367 mV for adrenodoxin*%, —235 mV for putidaredoxmn and —241 mV
for Se-putidaredoxin®®?. The values for adrenodoxin and putidaredoxin are cor-
rected from those previously reported’2. Electrochemical potential measurements
have sometimes been in error due to electrode poisoning and interfering species
1n solution. The putidaredoxin measurements were performed spectrophotome-
trically 1n the presence of any of a series of reduced quinones at equulibrium with
the protein®32.

Only one electron is taken up by putidaredoxin and adrenodoxin on reduc-
tion by dithionite?*-1%7-142, These studies have shown that the uptake of one
electron per molecule (2 irons) produced a maximal EPR signal (see below) and
bleaching of the visible spectrum. Kimura’? reported a value of two electrons per
mole of adrenodoxin.

The optical absorption spectra of 2Fe—2S* proteins from a number of species
have been reported37-11*:*33_ Although there are shight variations in location of
spectral features and in extinction coefficients, the spectra are sufficiently similar
that there is little doubt that oneis dealing with a single well-defined chromophore
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in all of these systems. Fig. 3 shows the absorption spectra of putidaredoxin in the
oxidized and reduced (by dithionite) forms! %3, There are distinct maxima at 455,
412, 328 and 276 nm and a weak shoulder at about 560 nm in the oxidized form.
Upon reduction, the spectrum is greatly altered, showing maxima at 540 and
274 nm and inflections at about 460, 390, 355 and 310 nm. Considerably better
resolution is attainable at liquid nitrogen temperatures!'#153, Wilson!** has re-
ported spectra in the red and near IR region at liquid nitrogen temperatures for
spmach ferredoxin and adrenodoxin.

PUTIDAREDOXIN
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Fig 3 Absorption spectrum of putidaredoxin! 3.

Woody et al.}>3 have also measured the absorption spectrum of putidare-
doxin in which the labile sulfurs have been replaced by selemum*3. In this deriv-
ative, the shape of the absorption spectrum 1s very similar, although the bands
tend to be somewhat broader. The most striking difference is a more or less uni-
form displacement of all of the bands to longer wavelengths by about 10-30 nm.
Comparable shifts are seen in the absorption spectrum of the reduced Se derivative.

The optical rotatory properties of several green-plant ferredoxins, adreno-
doxin and putidaredoxin have been studied3!:114.145.153 The CD spectrum of
selenium substituted putidaredoxin has also been measured!>3. These seemingly
diverse proteins show strikingly similar CD and ORD spectra. The CD spectra
of spinach ferredoxin and adrenodoxin''* and of putidaredoxin and its selenium
analogue’ >3 have been analyzed into components, assuming Gaussian bandshapes,
and rotational strengths have been calculated. There is in general a one-to-one
correspondence in CD bands among these four proteins, allowing for a red shift
of 10-30 nm 1n the Se protein, and approximate agreement in the rotational
strengths.

Palmer ez al.*** point out that the ratio of def¢ over the visible region is of
the order of 1073-107%, and that this ratio is not sufficiently large to clearly im-

plicate magnetically-allowed transitions (e.g. d — d transitions).
The observation of a red shift on selenium substitution is consistent with a
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ligand — metal charge transfer assignment for the visible absorption band. Further,
the position of these bands strongly suggests that the 1ron is 1n the ferric state in
the oxidized form, not 1a the ferrous (see discussion of rubredoxins, Section B, v).

(iit) EPR, ENDOR and magnetic susceptibility

‘When reduced, all 2Fe-2S* proteins exhibit at sufficiently low temperatures
a characteristic EPR signal with g (9,) = 2 01 and one or two high-field g values
(9. = 1.94, axial symmetry, or g, = 189 and g, = 1.94, rhombic symmeiry).
Beinert and Sands!3 first observed this signal, at temperatures below 150 °K, in
mitochondrial preparations and proteins after reduction with dithionite or sub-
strates. This signal has also been seen in samples of source material of rron—sulfur
proteins, e g., hver, heart or mitochondria'®. EPR spectroscopy has been used
subsequently'2 to monitor the purification of iron—sulfur proteins The origin of
the g = 1.94 signal was not known at first although a transition metal was con-
sidered very likely Shethna er a/ '2° showed that the signal was due to iron by
comparing the signals of protein isolated from a nitrogen fixing bacterium, 4zozo-
bacter vinelandu, grown in media with natural abundance iron (°Fe, nuclear
spin I = 0) to that with 659 enriched *?Fe (I = 1). The protein from the >7Fe
medium showed a broadened signal compaied to that from the °>°Fe medium

Now with reconstitution procedures (see Section C, 1) one can put >“Fe (of
high enrichment, >90%) in the pure proteins. Thus, expensive °’Fe growth ex-
periments can be avoided and also °’Fe-enriched samples of plant and animal
proteins are available for studies. However, not all proteins are suitable for this
EPR approach, e.g., native spinach ferredoxin shows a rather broad EPR spec-
trum!14 at ca. 40 °K and 1sotopic substitutions cause only marginal additional
broadening.

With EPR studies on two 2Fe-S* proteins, putidaredoxin and adrenodoxin,
it was possible to determine the number of iron atoms that interact with the un-
paired electron®:1°7:'42_ Fig. 4 shows the EPR spectra of native, 3Fe recon-
stituted and *’Fe reconstituted putidaredoxin. The spectra of native and 3%Fe
reconstituted protein are superimposed and indistinguishable illustrating that the
reconstitution procedure (anaerobic TCA precipitation) itself does not alter the
signal shape The sphtting or broadening of the *Fe spectrum depends on three
variables, if we assume a predominantly 1sotropic hyperfine interaction, viz., the
enrichment 1n 1sotope (° ’Fe) of non-zero nuclear spin, the effective local field con-
tribution or hyperfine coupling constant of each atom, and the number of 57Fe
atoms interacting with a single unpaired electron. If the enrichment 1s known, one
can calculate spectra that result from various hyperfine splittings and numbers of
37Fe atoms. In favorable cases, the comparison of the trial spectra with the ob-
served spectrum reveals the values of the variables. Fig. 5 shows a superposition of
a 57Fe-substituted putidaredoxin spectrum and a computer simulated one. This



IRON-SULFUR PROTEINS 431

simulation was based on the EPR signal of the native (°®Fe) protein and the inter-
action of the unpaired electron with fwo iron-57 nuclei. The 37Fe enrichment was
assumed to be 949/ and the hyperfine sphtting 14 gauss. Simmlar results were ob-
tained by Beinert and Orme-Johnson!3 with 36Fe- and 5 7Fe-adrenodoxin
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Fig 4 EPR spectra of reduced putidaredoxin'#? The spectra of the native protein and after
reconstitution with °Fe are superimposed and mdistinguishable The broadened spectrum 1s the
putidaredoxin reconstituted with 57Fe at 90 79 enrichment Line amphtudes are adjusted so the
three curves represent equal quantities of unpaired electrons (Courtesy of the National Academy

of Sciences, US A)

Fig 5 Computer simulation of EPR spectrum of 37Fe-substituted reduced putidaredoxin, based
on the spectrum of the reduced native protein and interaction of the unpaired electron with two
mron nuclei'4? The spectrum of the reduced protein, in which 1ron has been exchanged with *7Fe,
1s superimposed on the computed spectrum (Courtesy of the National Academy of Sciences,

USA).

As mentioned already, a umque feature of these iron—sulfur proteins 1s the
presence of acid-labile sulfur. It was suggested that sulfur may also be associated
with the characteristic g = 1.94 signal. This 1s indeed the case as shown by Hol-
locher et al.®? and DerVartanian et al.**. The first group used Azotobacter vinelandu
grown 1n 33S-enriched media and observed the broadened EPR signal in the whole
cells. The signal broadens indicating couphing of the electron spin with one or
more sulfur nuclei (33S has a nuclear spin I = 3 whereas 32S has I = 0) The
second group observed the signal in purified proteins from Azotobacter and Pseu-
domonas putida grown on 33S. Later, Tsibris et al.!#? showed that at least part of
this sulfur 1s of the acid-labile type by reconstituting putidaredoxin from 32S grown
cells with 33S-sulfide (48 5% enriched in 33S) and observing a broadened EPR
spectrum. A quantitative evaluation of the participating sulfur atoms 1s complicat-
ed by two factors'?®. First, the 3 nuclear spin of 33S leads to seven hyperfine lines
for two interacting nuclei. Second, 33S enrichment higher than 509 is extremely
rare; the use of only 509, enriched 33S-sulfide complicates the analysis because
on the average one half of the protein molecules would contain only one *3S atom.
Thus the expected hyperfine pattern contains contributions from molecules with
no 23S (25%, one line), one 33S (50%, four lines) and two 23S atoms (25 %, seven
lines). Overall, the expected pattern would contain 11 hyperfine lines; only a very
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large value of the hyperfine coupling constant would allow the unraveling of the
situation.

Orme-Johnson et al.} °® sought an alternative method in solving this problem.
They used the selenium analogues of putidaredoxin and adrenodoxin. Selenium
putidaredoxin, a biologically active protein, was prepared by Tsibris ef al.'** by
reconstituting the apoprotein with (NH,),Se rather than Na,S The isotopes 7’Se
(I = 1) and 2%Se (I = 0) are available 1n ca. 90% enrichment. Fig. 6 shows the

Fig. 6 (A) Superposition of EPR spectrum!®® of putidaredoxin 1n natural form (*2S) and with
the labile sulfur substituted by Se isotopes Intensities are matched within 597 to represent
equal amounts of unpaired electrons Upper field markers correspond to 32S curve, the lower
ones to Se curves They indicate from left to right (upper) 3262, 3391 and 3423 gauss, and (lower)
3227 and 3315 gauss at 9,221 7 MHz, (B) superposition of EPR spectra!®® of wron—sulfur protemn
from pig adrenals, 1n natural form and with Se substitution, as in Fig 6a. Upper markers 3259,
3394, 3476 gauss, lower markers, 3222, 3332, and 3370 gauss, all at 9,213 4 MHz (Courtesy of

the National Academy of Sciences, US A)

spectra of 328, 89Se, 77Se-substituted putidaredoxin and adrenodoxin. It should
be ncted that the EPR signal of Se-putidaredoxin has Iost the axial symmetry
seen in the native protein (three g values can be distingmished) whereas Se—adre-
nodoxin has retained 1t. A computer simulation of the spectra, as in the case of
57Fe-substituted proteins, shows that at the enrichment of 87 % 77Se the observed
hyperfine pattern (10 gauss/Se) can only be explained as resulting from the inter-
action of two Se uuclei with one unpaired electron assuming that the two Se
nuclei produce the same splitting. This strongly suggests that in natural putidare-
doxin and adrenodoxin the paramagnetic center includes both iron atoms and both
acid-labile sulfur atoms. This does not, of course, exclude contributions from other
ligands from the protein backbone groups, solvent molecules and other unidenti-
fied small molecules.

Tsai et al.*®*® have shown recently that sulfur atoms, other than the acid-
labile ones, also participate in the paramagnetic center of putidaredoxin. Fig. 7
shows a superposition of the EPR spectra of isotopically substituted putidaredo-
xins. A quantitative evaluation of the total number of sulfur atoms in the active
center is in progress.

A titration of putidaredoxin'*? and adrenodoxin!3 by the solid-diluted
dithionite method of Orme-Johnson and Beinert shows that one electron is ac-
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Fig 7. Superposition of EPR spectra of putidaredoxins (reduced) Solwl curves refer to unre-
constituted protemns grown on 32§ (tall) and S (broad) media The broken werves correspond to
reconstituted samples ‘‘Stable sulfur™ (i ¢, sulfur iIn amino acid side chains) 1s determined by
the growth medium, “‘acid-labile’ sulfur by the isotopic form of Na.,S used 1n reconstitution. All
curves represent equal numbers of unpaired spins*3?.

cepted per molecule of protein by the criteria of EPR spectroscopy and the bleach-
ing of the visible spectrum. Double integration of the signals of maximally reduced
proteins indicated that one electron per molecule of protein was quantitatively
represented in the EPR spectrum.

Sands!?? has reported recently the first successful ENDOR experiments
with putidaredoxin and other iron-sulfur proteins. In these experiments, perform-
ed at ca 20 °K, an EPR transition (e.g., g = 2.01) is nearly ““saturated” by in-
creased microwave power and therefore the signal diminishes; a nuclear transition
is then induced by the absorption of radio-frequency radiation If the unpaired
electron 1s coupled to the nucleus that undergoes the transition the difference in
the electronic populations will change and therefore the amphtude of the EPR
signal will be altered. An ENDOR spectrum shows the amplitude of the EPR
signal as a function of the applied radio-frequency radiation. Thus ENDOR com-
bines the high sensitivity of EPR with the high resolution of NMR spectroscopy.

Analysis of the ENDOR spectra reveals a number of parameters like the A
(hyperfine coupling constant) tensor, which 1n combination with the g tensor from
EPR make feasible the computer simulation of Mossbauer (determination of the
electric field gradient tensor) and ENDOR spectra and the comparison with models
of the paramagnetic center.

Initial ENDOR experiments!?3 on putidaredoxin indicate that both iron
atoms, having very similar hyperfine coupling constants, are in identical sites
the reduced form, in agreement with previous Mdssbauer data®!. Preliminary
ENDOR studies also indicate that some protons are “coupled” to the paramagnetic
center. If the protein is dissolved in D,O some protons are lost from the ENDOR
spectrum. Further studies at pH 8.3 and 6.5 are being conducted to clarify the
participation of protons in the active center of these iron-sulfur proteins.

ENDOR studies of spinach ferredoxin'?2 indicate that the EPR line-broad-
ening in the unsubstituted enzyme is due to interaction of nuclei other than iron
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with the electron. This presumably accounts for the failure of EPR isotopic
substitution experiments'! to show clear evidence of hyperfine splitting due to
57Fe.

Magnetic susceptibility studies of oxidized and reduced spinach and parsley
ferredoxins have been reported by Moss ef al.*°! and have also been carrted out
by Ehrenberg (quoted by Thornley et al.!38) on spinach ferredoxin. Ehrenberg
reportedly found ¥ = 1015 x 10~ 6 e.m.u. per iron atom in the oxidized state and
X = 2285 x 10~ ° e.m.u. per iron in the reduced state of spinach ferredoxin at room
temperature. Moss ef al.*°! found that oxidized spinach ferredoxin has a temper-
ature independent susceptibility almost identical to that of a buffer blank, indicat-
ing no unpaired electrons and little or no temperature independent paramagnetism.
When reduced, the spinach ferredoxin shows Curie law behavior from 1.4-201 °K
with a slope of yy (volume magnetic susceptibility) vs. T corresponding to a spin
1 system. Oxidized parsley ferredoxin behaves similarly, except that a small para-
magnetism is indicated, corresponding to less than 159 of that expected for a
single unpaired electron. This is attributed to a trace amount of paramagnetic
impurity. As the authors point out this residual paramagnetism can be accounted
for if only 19 of the ferredoxin molecules were denatured and the iron were in
the high spin S = 5/2 state.

(iv) Mossbauer spectroscopy

Information from Mdssbauer measurements complements knowledge on the
protein active center obtained by EPR, ENDOR, chemical and other techniques.
Ideally, Mdssbauer spectroscopy can give an insight into the immediate geometry
and electronic configuration of the iron.

Mossbauer spectra of 2Fe—2S* proteins!?-31:65.67.100 ghtained in the oxidiz-
ed state consist of a pure quadrupole doublet with small linewidths (Fig. 8). From
this, one concludes that both iron atoms are in equivalent sites. In order to explain
the diamagnetism we must assume that the two irons interact to form an antiferro-
magnetic pair, or are low-spin Fe''. The isomer shift (ca. 0.46 mm/sec relative to
sodium nitroprusside or 0.2 mm/sec relative to iron metal) is independent of tem-
perature (except for a second-order Doppler effect). The quadrupole splitting, ca.
0.6 mm/sec, shows3! a shight decrease at temperatures above 200 °K.

When a strong external magnetic field (30 Kgauss) is applied, the M&ssbauer
spectrum changes®’, Fig. 9, as expected from a diamagnetic compound. No effect
due to an internal magnetic field was observed. From these measurements on
Euglena ferredoxin it is concluded that the principal component of the electric
field gradient has a positive sign.

Upon reduction, enzymatically or with dithionite, the spectra change drastic-
ally*°, Fig. 10. It should be noted that a small external field (ca. 20 gauss) can
decouple the nuclear and electron spins. The addition of one electron per molecule
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Fig. 8. Mossbauer spectrum of oxidized putidaredoxin at 100 °K31. Tne solid ineis a computer-
fit to the data for a sample before treatment with dithioerythritol (DTE) The dotted line repre-
sents the computer fit to the spectrum of the sample after treatment with DTE. Zero Doppler
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Fig 10 Mdssbauer spectra of *7Fe putidaredoxin (reduced form) showing the effect of small
magnetic fields*©.

of putidaredoxin completely erases the oxidized spectrum, a fact confirmed by
EPR titration'*%. The spectra in the reduced state are temperature-dependent and
quite complex. The marked temperature dependence, along with the broadness of
the lines, indicates electron-spin relaxation effects at higher temperatures. The large
sphitting at low temperatures is attributed to a magnetic hyperfine interaction; an
effective field of ca. 140 Kgauss at the iron nucleus can be calculated. At temper-
atures ca. 200 °K the magnetic hyperfine interaction partially averages out i the
zero-field spectra. The remaining structure is still relatively complex and must be
due mainly to quadrupole interaction. At 262 °K most of the putidaredoxin spec-
trum?! intensity has coalesced into a broad central line. Thus, averaged over a
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nuclear lifetime the spectra of the two iron sites again appear identical with the
additional electron being shared between the two irons. This conclusion is con-
firmed by recent ENDOR studies [¢f. Section C (iii)]. -

In spinach ferredoxin (originally designated as PPNR) reduction by dithic-
nite seemed to reduce only one of the two iron atoms®3-1°°, However, further stu-
dies®® indicate that the irons in fact are equivalent in reduced ferredoxin.

(v) Nuclear magnetic resonance (NMR)

Mildvan et al.®5 measured the nuclear magnetic spin-lattice and spin-spin
relaxation rates of water protons in solutions of adrenodoxin and spinach ferre-
doxin. They concluded that the solvent protons do not gain access to the coordina-
tion sphere of iron when the above proteins are in the oxidized state. Upon reduc-
tion with dithionite there occurs a slow exchange of solvent protons with those of
the coordination sphere in adrenodoxin but not ferredoxin. Thus, they conclude
that reduction may increase the accessibility of protons to the paramagnetic center
of adrenodoxin.

(vt) Discussion

Because the techniques discussed have not all been brought to bear on each
of the proteins in the 2Fe-2S¥* class, generalizations are hazardous. Nevertheless,
the simuilarities in the optical, CD, EPR and Mossbauer spectra of these systems
suggest a very close similarity among them, notwithstanding the fact that two sub-
classes (the green plant ferredoxins vs. components of hydroxylases) can be distin-
guished. Thus, we envision all of these systems as involving an active center con-
taining the 2 Fe atoms and the 2 labile sulfurs in close proximity. In the oxidized
state, these systems are diamagnetic, and they take up a single electron (within the
accessible range of reductants in aqueous media) to form a doublet S = 1/2 system.
The optical spectra indicate that the iron 1s Fe''! in the oxidized form, but it is not
certain whether it 1s in a high- or low-spin state, nor whether the coordination 1s
approximately octahedral, tetrahedral, or has some other less ordinary stereo-
chemistry.

Several models have been proposed for these 2Fe-2S* proteins. Earlier sug-
gestions have been reviewed by Beinert'2. The principal object of these models has
been to explain the unusual EPR characteristics, which are nearly unprecedented
in well characterized Fe complexes. The unique feature of the iron-sulfur protemn
EPR spectra with g = 1.94 signals is that the average g-value is less than 2, the
free-electron value'?-1#2, Beinert et al.'” reported that pentacyanonitrosylferrate
(I at low temperatures in aqueous media shows an EPR signal with g, = 2.00
and g = 1.92. Though the average g-value 1s indeed less than 2.00 for this system,
gy is less than g, in contrast to the iron—sulfur protein case. Brintzinger et al.?”
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have found another example in bis-(hexamethylbenzene)Fe' which has g values of
1.86, 1.99 and 2 08. Interesting though these models may be, the lhigands are
distinctly non-physiological.

Blumberg and Peisach?? proposed that the g = 1.94 signals observed in
iron—sulfur flavoproteins could arise from coupling of a diamagnetic ion, such as
low-spin Fe?* or Co3*, with a free-radical such as a flavin, sulfur or aromatic
side-chain radical. (At the time, g = 1.94 signals had not been observed in ferre-
doxins and other non-flavin proteins.) They demonstrated EPR signals with g-
values less than 2 in several systems containing Fe?* and Co3* and benzoquinone,
flavin or N,N-dimethyl-p-phenylenediamine. None of these complexes are well-
characterized however, and the details of Blumberg and Peisach’s theoretical work
have not been published.

A more concrete model has been proposed by Brintzinger et al.28. This
model envisions the ron-sulfur center as two iron-centered tetrahedra joined at
an edge. The labile sulfurs form the bridging ligands, and two cysteine R-S groups
are bound to each iron to complete the tetrahedra. It was assumed that each iron
in the oxidized state 1s low spin Fe'!, and the absence of an EPR spectrum was
attributed to exchange coupling leading to an S = 0 ground state, or to extreme
line broadening. In the reduced form, it was assumed that one iron becomes Fe'l,
the other remamns Fe', both in low spin states, and that the EPR signal arises
from Fe''. The tetrahedral coordination was assumed 1n order to account for two
g-values below 2 within the limits of crystal-field theory. To reproduce the exact
departures of the g-values from g = 2, a very large crystal field splitting had to be
assumed (20-30x 10® cm™1). As has been mentioned in discussing rubredoxin,
such large ligand field splittings are highly unlikely for iron complexes with sulfur
ligands in tetrahedral coordination. Sands'2?® has subsequently considered the
effect of introducing the spin-orbit coupling due to sulfur ligands. This reduces
the necessary splitting to more reasonable values of the order of 10,000 cm ™!, but
this is still about twice as large as one might expect for such coordination. There
are no known examples of low-spin tetrahedral complexes of first row transition
metal ions3*. In hght of the Mdssbauer, EPR and ENDOR results indicating
equivalence and proximity of the two irons, attempts to treat the system as a one-
iron problem may well lead to erroneous conclusions.

Gibson et al,>* have proposed a model which does not appear to be
inconsistent with any of the observations made thus far. They assume that the
center contamns two high-spin Fe'!! irons in the oxidized form, but that these are
anti-ferromagnetically coupled to form a singlet state (S = 0), consistent with the
observed diamagnefism and lack of EPR signals in the oxidized form. In the re-
duced state, one has a high-spin Fe'" (S = 5/2) antiferromagnetically coupled to a
high-spin Fe!! (S = 2) to yield a ground-state of S = 1/2. The effective g-values
for such an antiferromagnetically coupled system can be caiculated, neglecting
spin—orbit coupling contributions at ligand centers. The observed g-values for
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spinach ferredoxin can be reproduced with a distorted tetrahedral field having an
average ligand field splitting of about 4000-5000 cm™*.

Thornley e# al.'>® showed that assuming the hyperfine coupling constant for
a single 37Fe nucleus is 10 gauss, the model of Gibson et al.>* would lead to an
overall hyperfine splitting of 37 gauss for the ground state doublet. This is to be
compared with the observed values of 22 gauss for the overall splitting in the
Azotobacter protein?3, less than 22 gauss in spinach ferredoxin!®?, and 28 gauss
1n putidaredoxin'#2. The exact value to be assumed for the coupling constant for
a single iron center in these systems 1s not known with any precision, so that the
significance of the variation of experimental splittings among the three systems
and the deviation from that predicted by Thornley et al. is questionable.

Thornley et al.}3® also considered Ehrenberg’s magnetic susceptibility data
in the light of the model of Gibson et al.>*. The apparent weak paramagnetism of
the oxidized state observed by Ehrenberg could be explained as arising from the
thermal population of S = 1, § = 2, efc. states at room temperature, implying an
antiferromagnetic coupling, J, of the order of —200 to —400 cm™!, which are
plausible values comparable to that observed by Bleaney and Bowers?° for copper
acetate monohydrate (—300 cm™!). The more complete study of Moss et al.'°!
indicates that oxidized spinach ferredoxin 1s essentially diamagnetic up to 210 °K,
requiring a substantial anti-ferromagnetic coupling From their data, Moss et al.
conclude that the coupling must be appreciably greater than thermal energies cor-
responding to 60 °K (~40 cm™!). Thus the susceptibility data appear to be con-
sistent with such a model, but until accurate data over the temperature interval
from 200 °K to room temperature can be shown to fit such an anti-ferromagnetic
coupling model, they cannot be said to directly support it.

It has also been pointed out by both Brintzinger et al.?® (quoting a sug-
gestion of R. J. P. Willilams) and by Gibson et al >* that a highly covalent distorted
octahedral model for the iron coordination cannot be ruled out, since the 4d°
complex Ru(NH,)¢3* and several complexes of Ir'"'d® give EPR signals with two
g-values below 2.

Tetrahedral coordination of the iron in these 2Fe~2S* complexes is perhaps
made more attractive by the strong evidence that such coordination is present in
rubredoxins. Octahedral coordination would require that other ligands than sulfur
be involved. For example, spinach ferredoxin contains only 5 cystemnes and no
methionines. Adrenodoxin contains 4 cysteines and 1 methionine. Counting the
two labile sulfides 7 S ligands are available in each case. The total number of ligands
required for octahedral coordination depends upon how many hgands act as bridges
between the two irons. If the octahedra are independent, 12 ligands would be
required. If the octahedra shared corners, edges or faces, 11, 10 and 9 ligands,
respectively, would be involved. There is no evidence for or against the presence
of other ligand groups at present. Further ENDOR experiments should be able
to decide whether or not nitrogen or oxygen hgands are present.
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D. 4Fe-4S* PROTEINS
(i) Chemisiry

Currently, there are only two well characterized representatives in this class
of 1ron—sulfur proteins. They are found in two different genera of photosynthetic
bacteria, Chromatium and Rhodopseudomonas***°. Both have a molecular weight
of ca. 10,000 and each contain four cysteine residues which presumably are bound
to the 4Fe-4S* site. They undergo reversible oxidation and reduction with an
unusually high redox potential, ca. 4330 mV; thus they are referred to as “high-
potential iron proteins’ (HiPIP).

A peculianity of these proteins is that the iron is bound to them very tightly.
On aminoethylation of the four cysteine residues or treatment of the protein with
8M urea, pH 6.0**, acid-labile sulfur is released without the simultaneous loss of
the ircn, which remains tightly bound to the protein. Presently, there are no
methods (g@) to remove the iron from the protein without destroying the protein
itself or (b) to reconstitute the native protein from the Fe-apoprotein with Na,S.

Spectrophotometric titrations of the fully reduced Chromatium protein with
potassium ferricyanide in the presence of oxygen*® or anaerobic titration of the
fully oxidized protein with dithionite®? show that one electron is transferred during

oxidation-reduction.
(ii) Optical spectroscopy

The absorption spectrum***° of oxidized Chromatium HiPIP shows a very
broad band in the visible with shoulders at about 450, 375 and 325 nm. Upon
reduction, the visible absorption decreases substantially, and a distinct band with
a maximum at 388 nm appears. Both oxidized and reduced forms show strong
bands at 283 nm, with relatively little difference in magnitude between the two
oxidation states. The 280 nm absorbance is about twice that expected from the
aromatic amino acid content*#, indicating a substantial contribution from the iron—
sulfur chromophore 1n this region.

CD studies of Chromatium HiPIP have been reported*°. As in the case of
the other iron-sulfur proteins, the CD curves reveal many more spectral features
than are apperent from the absorption curve. The CD curves are shown in Fig. 11.
It 1s clear that a number of components underlie the broad visible absorption
band characteristic of the oxidized form, and that the reduced form also shows
some long-wavelength bands. As Flatmark and Dus point out, the oxidized and
reduced forms differ most strongly in the visible region, while in the UV, the two
forms show only quantitative differences.
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Fig. 11. CD spectra of Chromatium HiPIP ox:dized (:
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) and reduced (——-)*® (Courtesy of

(iii) EPR and magnetic susceptibility

HiPIP has unique EPR characteristics among the known iron-sulfur pro-
teins containing more than one iron!!3, 1n that it is the oxidized form which shows
EPR signals, while the reduced form shows none. Oxidized HiPIP exhibits an
axially-symmetric EPR signal with g, = 2.12, g, = 2.04. The signal is strongly
temperature-dependent, being detectable at 28 “K or lower, but not at 76°K. It
should be noted that all of the g-values lie above the free-electron value in this case.
Quantitative EPR measurements'* indicate that oxidized HiPIP has one unpaired
electron per mole of protein.

Magnetic susceptibility measurements on Chromatium HiPIP have been re-
ported by Ehrenberg and Kamen**® and by Moss et al.'°. These are in good
agreement with the EPR data. The oxidized form is paramagnetic, showing Curie-
law behavior from 4 °K to 200 °K, with a magnetic moment consistent with
S = 1/2. The reduced form is diamagnetic within experimental error.

(iv) Mdssbauer spectroscopy

Madssbauer spectroscopy has also been applied to Chromatium HiPIP'!-1°°,
Oxidized HiPIP shows a strongly temperature-dependent spectrum with two sharp
quadrupole components observable at 77 °K, which broaden strongly at lower
temperatures until at 4.6 °K only a diffuse, unresolved pattern can be seen. This
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broadening 1s attributable to increasing relaxation times for electron-spin-lattice
interactions and is consistent with the paramagnetism of the oxidized state. The
reduced form shows only minor temperature variation between 77 °K and 4 °K,
with well-defined quadrupole split components at both temperatures. Bearden
et al.'! conclude that the quadrupole sphitting and 1somer shift of the reduced form
are compatible with low-spin Fe'".

The most interesting feature of the Mossbauer data for HiPIP is that all
four irons appear to be equivalent in both oxidized and reduced forms. Given the
fact that only one electron is involved in the reduction and that it is the oxadized
form which 1s paramagnetic, this implies a large degree of delocalization of the
“hole” in the oxidized ferm.

(v) X-ray diffraction

Preliminary X-ray crystallographic studies of reduced Chromatium HiPIP
have been reported”7%:13°%, At a resolution of 4 A, only one very prominent region
of high electron density can be seen. In addition, this is the only region which
shows appreciable anomalous scattering of CuK, X-rays to be expected from iron.
This mmplies that the four iron atoms are in a single compact cluster. Strahs and
Kraut rule out models in which the irons are well-separated, are in two pairs or
are in a linear array. They argue that 1-2-1 or 1-3 arrangements are unlikely and
favor a compact structure, possibly tetrahedral in arrangement.

(vi) Discussion

The spectroscopic methods (especially Mossbauer) and X-ray data both seem
to point to a structure for HIPIP in which the four irons and four sulfurs are all
in close proximity. The apparent equivalence of the four irons 1n both oxidation
states and the iron—sulfur stoichiometry sould be neatly accounted for by a tetra-
hedral structure of irons with sulfurs asove each face. However, the oxidation
state of the iron, the number and nature of other higands present and whether the
ron is high-spin or low-spin remains unclear.

E. nFe-nS* PROTEINS (7 MAY RANGE FROM 6-8)

(i) Chenustry

This class consists of bacterial proteins of small molecular weight, ca. 6,000,
and with high iron and inorganic sulfur content, reported values ranging from
6-8 atoms each per molecule of protein®-52:82:113, The protein from Clostridium
pasteurianum was the protein for which the name ““ferredoxin’ was coined®8.
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Many of the properties of these iron-sulfur proteins are quite similar to those of
the 2Fe-2S* type. However, they seem to be somewhat heterogeneous and there
are conflicting reports on their molecular weight®2 and Fe, S* content®8,

Amino acid sequences for three bactenial ferredoxins have been determin-
ed!?9-136.144 The § cysteines appear in identical positions in all three proteins and
appear in two clusters of four each, with neighboring cysteines separated by either
2 or 3 amuno acids. It is probable that this arrangement has structural significance
for the iron—sulfur center.

The number of reducing equivalents transferred during oxidation-reduction
is not agreed upon. Values of one*?? and two®?:'2? have been reported. There is
more evidence for the latter. The redox potential, ca. —410 mV at pH 7, was
reported!?® to decrease linearly from pH 5.5-9.0. Another group reports it to be
independent of pH around neutrality'34.

The reactivity of clostridial ferredoxin with iron chelating and sulfhydryl
reagents has been studied extensively®5-86. This work shows that the iron environ-
ment is not readily accessible to chelating agents; however, 1n the presence of
oxygen (which denatures the protein by reacting mainly with the acid-labile sulfur
atoms) and/or urea, these agents chelate most or all of the iron atoms present.

It is now agreed® #5 that the H,S evolving upon acidification of ferredoxins
comes from an “inorganic” form of sulfur and not from cysteine residues by
B-elimination.

Clostridial ferredoxin has 8 cysteine residues that are titratable with p-chloro-
mercuribenzoate and can be alkylated by iodoacetate>2:82 when urea is present;
no free sulfhydryl groups are detectable 1n the native protein.

(i1) Optical spectroscopy

The absorption spectrum of oxidized bacterial ferredoxins show maxima at
390 and 280 nm and a feature at about 300 nm of variable intensity depending
upon the species*3:82:92:96_Ip the reduced state, the 390-nm maximum vanishes,
and absorption in the visible is generally reduced but not abolished. There is a
monotonic rise in absorbance with a maximum at 280 nm. In both oxidation states,
a long featureless tail extends all the way into the near IR. Wilson' ! studied the
red and near IR spectral region of Clostridium acidi-urici ferredoxin at liquid nitro-
gen temperatures.

Druskeit et al. 43 studied the pH-dependence of the absorption spectrum of
oxidized C. pasteurianum ferredoxin. They observed significant changes in the ex-
tinction coefficients on either side of a pH range from about pH 6-9. Further
studies of this type need to be carried out to determine whether the observed ab-
sorbance changes result from proton dissociation of the intact molecule or from
reversible dissociation of iron and/or sulfide.

ORD?35:72 and CD*'5! spectra have been reported for various bacterial
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ferredoxins. Gillard et al.>5 commented on the qualitative similarity of the ORD
spectra of bacterial ferredoxin and rubredoxin, and suggested that the chromo-
phores in the two types of proteins may be in rather similar environments. Loven-
berg’® pointed out that the rotations dve to bacterial ferredoxins are so much
weaker than those of rubredoxin that contamination of ferredoxin by rubredoxin
could account for the observed ORD of ferredoxin. However, CD measurements
of Atherton et al.! show that the similarity in the shape of the ORD curves of
rubredoxin and ferredoxin was largely fortuitous and that there are both quanti-
tative and qualitative differences in the CD spectrum. They maintain that in certain
wavelength regions, the CD curves are suggestive of similarities between the two
types of chromophore.

As 1n the case of the 2Fe-2S* systems, both oxidized and reduced forms of
Peptostreptococcus elsdenii ferredoxin show CD at wavelengths in the visible where
there are no obvious absorption features, thereby revealing additional detail 1n the
electronic spectra. Atherton et al.! speculate that the lower magnitude of the CD
bands in bacterial ferredoxins relative to those of rubredoxin may result from a
lower helix content of ferredoxin. As we have noted in our discussion of rubre-
doxin, the evidence for any substantial helix content in this case 1s weak. Further-
more, there is no reason to expect any strong correlation between helix content
and the magnitude of extrinsic Cotton effects.

(iti) EPR and magnetic susceptibility

EPR signals for a bacterial ferredoxin were first detected by Palmer ez al.113
in reduced C. pasteurianum ferredoxin at 15 °K. They reported apparent g-values
of 1.892, 1.960 and 2.005, i.e., the spectrum is of the rhombic type. They pointed
out that this EPR signal is more complex than those of other iron-sulfur proteins
and called attention to the presence of shoulders at each end of the spectrum. The
complexity could be attributable to heterogeneity, either intra- or intermolecular,
or possibly to dipole—dipole coupling between neighboring paramagnetic centers.
The signal intensity of bacterial ferredoxins, like those of plant ferredoxins, is very
temperature sensitive, and cannot be detected at liquid nitrogen temperatures.

Recently, Orme-Johnson and Beinert'®® have described EPR experiments
which 1ndicate that as increasing amounts of dithionite are added to C. pasteuria-
num ferredoxin, two distinct types of EPR signals can be detected. Imtially a
pattern with g; = 2.06, g, = 1.94 is observed but as this pattern continues to
grow, a narrower signal appears nearg = 2. Both signals are completely developed
when two reducing equivalents have been added per mole of protein, and the
relative areas under the two signals are comparable. This 1s consistent with two
types of centers, each accepting one electron. Orme-Johnson and Beinert!®® point
out that in the 2Fe-2S* systems, one electron 1s taken up by two iron atoms, and
that if this holds also for the case of bacterial ferredoxins with 8 irons, there must
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be an additional type of iron which does not contribute to the EPR signal. How-
ever, one could also envision two 4-center clusters, each taking up one electron,
similar to the situation in HiPIP.

Magnetic susceptibility studies of C. pasteurianum ferredoxin were first re-
ported by Blomstrom et al.2!, and more recently by Druskeit et al.#3. Blomstrom
et al. found an average magnetic moment per 1ron of 2.0-2.3 Bohr magnetons in
the oxidized state (assuming 7 Fe/mole), which is consistent with low-spin Fe'™.
Within experimental error and allowing for reasonable variation in the maguetic
moment of low-spin Fe''!, up to three low-spin Fe'"' could be present per moie,
but Blomstrom et al. argued that Mossbauer and chelation studies point to all
seven 1rons being low-spin Fe!'', Druskeit et al.*3 studied the pH dependence of
the magnetic susceptibility. They observed between pH 6 and 8 a mimimum 1n the
susceptibility per iron.

Recently, Poe et al.'*® have studied the temperature dependence of the
magnetic susceptibility of clostridial ferredoxin in solution using a 220-MHz NMR
spectrometer. In the oxidized state, the susceptibility per iron shows a linear
increase with temperature over the range from 6-65 °C, indicating strong anti-
ferromagnetic coupling between irons. As the number of irons per molecule is not
known with certainty, the effective moment per iron could not be determined
precisely. However, for either 6 or 8 irons, the moment per iron 1s less than the
value of 1.73 Bohr magnetons expected for low spin Fe**. A limiting value of g ¢
of 1.73 B.M. 1s not inconsistent with the data, although a imiting value correspond-
g to high spin Fe** cannot be ruled out.

The reduced form exhibits the expected Curie-law behavior. The ncrease in
susceptibility on reduction corresponds to an effective moment of 3.0 B.M. per

electron added, assuming a two-electron reduction.

(iv) Mossbauer spectroscopy

Mossbauer spectroscopic studies of oxidized clostridial ferredoxin were per-
formed by Blomstrom et al.?* (see also Phillips et al.''®). Quadrupole sphttings
varied with temperature from 0.93 mmy/sec at 77 °K to 0.70 mm/sec at 293 °K.
The slightly asymmetric signals suggested two overlapping components with simi-
lar 1somer shifts and quadrupole splittings, whose proximity prevented an exact
determination of the relative numbers of irons contributing to the two signals.
They found that two components with a ratio of §:2 could account for their data,
and suggested a model which consisted of a linear array of seven irons bridged by
S* and cysteine R-S higands. Blomstrom et al. proposed that all seven 1rons were
low-spin Fe''!, consistent with their magnetic susceptibility data and Mdssbauer
parameters. The two types of iron seen in Mdssbauer were assigned to terminal
(2 1rons) and 1nternal (5 irons) atoms in the linear array.

Modssbauer studies of another bacterial ferredoxin from Chromatium have
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also been reported!1+199. In the oxidized form, the spectrum reported was similar
to that found by Blomstrom ef al. for Clostridium ferredoxins, with two super-
imposed signals with the same isomer shift but different quadrupole splittings.
They assign these to two different types of Fe' and estimate a 1:2 ratio, with
the more widely split pair being the more intense. On reduction with dithionite,
about 1/6 of the total iron appears as a widely split quadrupoie pair (2 87 mm/sec
quadrupole splitting at 77 °K) and having an isomer shift of - 1.15 mm/sec relative
to *7Co 1n copper. The large values for the isomer shift and quadrupole splitting
lead them to assign this signal to high-spin Fe',

() NMR

Poe et al.*'8 have made NMR studies of clostridial ferredoxin at 220 MHz.
They find resolvable proton signals at low fields showing temperature dependence
characteristic of contact-shifted protons in both the oxidized and reduced forms.
In the oxidized form, a total of 16 contact-shifted protons can be distinguished,
with one set of 8 protons having roughly twice the spin density of another set of 8.
Poe et al. assign these to the f-CH, protons of cysteine and suggest that the 4
cysteines whose protons are shifted to lowest fields are bonded to two iron atoms
each, and the other four cysteines are bonded to one iron atom each. Poe er al.
propose a model consistent with these observations (Fig. 12).

R—CHy—S\_ S S—CH2—R

S S
x AN N *
R—CH fe Fe. CH,—R
2 ' \7/i \T/ 2
x S S %
R—CHg rel /Fle\S/CHg—R
[_s |

fe e
R—CHy—S" 8 \§—CH,—R

Fig. 12 Model for iron-sulfur complex 1n C pasteurianum ferredoxin proposed by Poeeral.}8,
(Courtesy of National Academy of Sciences, U.S A.)

In the reduced form, contact-shifted protons can also be observed, although
the signals are much broader and were not analyzed in detail.

In partially reduced ferredoxin the broadening of proton resonance lines
suggests rapid intermolecular electron exchange between oxidized and reduced
forms (rate constants of the order of 107 sec™ - M™1).
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(vi) X-ray diffraction

Sieker and Jensen'?? have reported a preliminary study of the ferredoxin
from Micrococcus aerogenes. The Patterson map obtained at 5 A resolution was
not consistent with the linear array of seven irons proposed by Blomstrom ef al.?!,
but does not rule out shorter linear arrays or a non-linear cluster containing all
of the irons.

(vii) Discussion

The evidence from EPR and Mossbauer spectroscopy points to the presence
of at least two types of iron in bacterial ferredoxins. This could either be inter-
preted, following Blomstrom et al.2! as terminal and central members of a single
array or as two or more smaller clusters. The X-ray data argue against a single
linear array but a non-linear array could be present, as in the model proposed by
Poe et al.18. The observation of twe distinct types of EPR signals!°® would seem
to be most consistent with two smaller clusters, but is probably not inconsistent
with a single cluster.

F. IRON-SULFUR FLAVOPROTEINS
(i) Chemistry

The iron—sulfur flavoproteins present even more complex structural problems
than the iron-sulfur proteins we have previously discussed. In addition to a large
number of iron and labile sulfur atoms (= 4 of each) and one or more flavins,
some contain molybdenum. The best characterized proteins in this class are
xanthine oxidase, dihydroorotic dehydrogenase, aldehyde oxidase, succinic dehy-
drogenase and DPNH dehydrogenase. We shall concentrate here on those proper-
ties which are related to the structure of the iron-sulfur center in these enzymes,
particularly xanthine oxidase, which has been studied more thoroughly than the
others. ‘

(if) Optical spectroscopy

The absorption spectrum of xanthine oxidase was first reported by Corran
et al.®3 to be significantly different from that of a typical flavin. Rajagopalan and
Handler''® showed that xanthine oxidase, aldehyde oxidase and dihydroorctic
dehydrogenase, while having non-identical absolute spectra, gave very similar
difference spectra when the contribution of the flavin moiety was subtracted and
the spectrum placed on a per iron basis. Very recently, Komai et al.”* have re-
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ported a new method for removing flavin from xanthine oxidase. Qualitatively, the
spectra of this deflavoxanthine oxidase are very similar to those of the 2Fe-28*
proteins. On the basis of extinction coefficient per iron atom, the spectra are also
quantitatively similar, except at the longest wavelength maximum in the oxidized
form where xanthine oxidase has a 20-309; higher extinction coefficient. As
Komai et al. point out, this may reflect either some difference in the iron-sulfur
environment, or contributions from the molybdenum center which is present. In
any event, the results of Komai et al. suggest that there are no major perturbations
of the flavin spectra on binding to the enzyme, that the molybdenum center does
not make a major contribution to the absorption spectrum and that the iron-
sulfur chromophore(s) 1s (are) similar to those i1n 2Fe-2S* proteins.

Massey et al.®® have examined the kinetics of spectral changes upon anaero-
bic reduction of xanthine oxidase by xanthine, various substrate analogues and
dithionite. All of these reductions show biphasic kinetics. In the initial fast step, 4
electrons are taken up per flavin and the results of Massey et al. combined with
EPR studies by Bray er al.25, to be described below, suggest that 2 electrons
reduce FAD to FADH,, one reduces Mo"' to Mo" and that the fourth is taken
up by the Fe-S* center(s). Three or four electrons are involved in the slow step,
depending on whether substrate or dithionite is used as a reductant. Of these one
presumable goes into the Fe-S* center(s), but two possible distributions for the
remaining 2 or 3 are suggested by Massey ez al Studies of deflavo xanthine oxidase
by Komai et al.”* are consistent with the above results.

Circular dichroism spectra for xanthine oxidase have been reported by
Garbett et al °* and by Palmer and Massey''®. Qualitatively the CD spectra of
xanthine oxidase in the visible range resemble closely those of spinach ferredoxin.
As pointed out by Palmer and Massey, a consideration of individual bands ob-
tained upon analysis into Gaussian components indicates an even stronger
similarity than does an examination of the unresolved curves. These results suggest
that the Mo centers and the flavins do not contribute significantly to the CD They
also imply that the iron-sulfur chromophores 1 xanthine oxidase are structurally
similar to those of spinach ferredoxin.

The minor role of flavin 1n the xanthine oxidase CD 1s further borne out by
measurements’# of the CD spectra of deflavoxanthine oxidase (oxidized and re-
duced) which show strong similarities to those of the native enzyme. This is especi-
ally striking in the oxidized form, where the two forms are virtually identical. The
reduced forms show more variation, but it is probable that a consideration of the
individual bands would show only quantitative differences, rather than qualitative
ones.

Palmer and Massey'*® also observed that the CD spectra of xanthine oxi-
dase reflect the biphasic behavior discussed above in connection with absorption
spectra. The circular dichroism at the 433 nm maximum decreased in both the fast
and the slow phases by amounts similar to the CD changes on one-electron reduc-
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tion of 2Fe-2S* systems''*. Thus CD also points to heterogeneity of the irons 1n
xanthine oxidase.

The ORD spectrum of a DPNH dehydrogenase has been reported’3. This
enzyme has an ORD spectrum which differs strongly from that of xanthine oxi-
dase>'. Rotational strengths were calculated from the observed ORD curve,
assuming Gaussian CD bands. King ez al.”® conclude that the oxidized and re-
duced forms show two bands, one at about 436 nm, the other at about 350 nm.
These do not shift much on reduction and, surprisingly, the reduced protein shows
larger rotational strengths than the oxidized protein. They attribute these bands
to the flavin moiety. It 1s hikely, however, that when this protein is examined by
CD, with its greater resolving power, more bands will be detected and the Fe-S*
chromophore will probably aiso be found to contribute.

(iit) EPR and magnetic susceptibility

Xanthine oxidase has been extensively studied by EPR. Bray??, Beinert and
Palmer'“, and Bray ef al.2® have summarized the earlier work on this enzyme.
The presence of three EPR active centers in this enzyme makes EPR spectroscopy
both interesting and complicated Using a rapid freezing technique to follow fast
kinetics, Bray et al.?® presented convincing evidence that the order of reduction is
Mo — flavin — iron. The 1ron signals observed in this system33-106-110:112 ghow
g-values very similar to those observed in 2Fe-2S* systems (g, = 2022, g, =
1.899, g, = 1.935 according to Gibson and Bray’?®) The more recent
studies33-106-110 ypd;cate that at very low temperatures (< 30 °K) another EPR
signal is present at g = 2.11 in xanthine oxidase. This 1s also presumably due to
the Fe-S* system. The exact number of electrons involved in the producticn of
this new type of EPR signal vs. the “*classical” g = 1.94 signal, and the time se-
quence of their appearance requires further investigation. At the least, these results
point to heterogeneity of the irons in xanthine oxidase. Apparently, two types of
iron—-sulfur groups are present with distinct EPR characteristics but with similar
optical properties.

Rajagopalan er al.'?°***' have reported very thorough EPR studies of
aldehyde oxidase, which shows many similarities to xanthine oxidase. The Fe-S*
center(s) give EPR signals resembling those of xanthine oxidase and 2Fe-2S* pro-
teins. Rapid freezing experiments point to the same sequence of reduction: Mo —
flavin - Fe-S* Here also only one electron appears to be required for four
irons 1n order to develop the maximal g = 1 94 signal, but further optical changes
occur on addition of reductant beyond that point. It is likely that further investiga-
tion at very low temperatures will reveal ag = 2.1 signal analogous to that recently
detected in xanthine oxidase!®®-219,

Magnetic susceptibility measurements on xanthine oxidase have been re-
ported?#*5, The oxidized enzyme has a net diamagnetism but depending on how
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one corrects for the protein contribution, one can obtain a small degree of para-
magnetism. Ehrenberg and Bray argue that the weak paramagnetism indicates that
most of the irons are low-spin Fe', but that some (perhaps 2 out of 8/mole pro-
tein) are low-spin Fe'". On complete reduction with dithionite, the susceptibility
becomes more positive by an amount consistent with about 2 irons going from
Fe' (low spin) to Fe!! (high spin). Such a change would almost certainly require
substantial alterations in the ligation about the iron (number, nature and/or
distance of ligands) for spin pairing is much more difficult in 4° (ferric) complexes
than in d° (ferrous) complexes*8, Coupling within pairs or larger groupings of
iron could make the susceptibility data consistent with all 8 irons being Fe'"!
(either high or low spin) in the oxidized state.

(iv) Mdssbauer spectroscopy

Modssbauer spectra of xanthine oxidase have been reported®%:5%, These
spectra indicate that all the wrons 1n xanthine oxidase are equivalent in both the
oxidized and the reduced state Furthermore, the specira are very similar to those
for spinach and Euglena ferredoxins.

(v) Discussion

The optical, spin resonance and Mossbauer data all suggest that the Fe-S*
centers present in xanthine oxidase closely resemble those in 2Fe-2S8* proteins.
The most plausible model 1s that the 8Fe-8S* are present as 2Fe-2S* centers
with structures similar to those 1n green plant ferredoxins. EPR data have recently
pointed to the conclusion that the 2Fe—2S* centers are not exactly identical, but
the difference must be sufficiently subtle as to escape ready differentiation by op-
tical and Mdssbauer techniques. For other iron—sulfur flavoproteins, the data are
much less complete, but it 1s not improbable that similar pairing occurs. As the
structure of the 2Fe—-28* systems becomes better understood, more rapid progress
should be possible with these complex proteins.

G. NITROGENASES

The reduction of N, by multienzyme systems, the nitrogenases, has recerved
a great deal of attention3%:193, It has been shown that nitrogenases consist of
two protems, one containing molybdenum, iron and acid-labie sulfur and the
other iron and acid-labile sulfur. The Fe-S* component, which Mortenson ef al.®®
refer to as azoferredoxin, has some spectral and chemical properties®?:1°2 similar
to those of Fe—-S* proteins from other systems (¢f. previous sections). However, the
two iron atoms in azoferredoxin are not equivalent and there 1s no EPR signal
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unless the protein is oxidized®”. Novikov er al.*°* reported an EPR signal (g, =
1.93 and g}, = 2.01) of the nitrogenase from Azotobacter vinelandii after reduction
with dithionite. They also report the Massbauer spectrum of the same protein.

Now that the nitrogenase components can be obtained in pure form 1t
will be possible to see how many similarities exist between the Fe-S* components
of the N, and O, reducing systems.

H. MODEL SYSTEMS

A major difficuilty 1n inierpreting the physicai properties of the iron-suifur
proteins has been the lack of simple coordmnation complexes which can serve as
adequate models. An 1deal model system would be one in which iron is coor-
dinated by sulfur-containing ligands in which the sulfur 1s not part of an extended
n-electron system and in which well-defined binuclear and/or polynuclear com-
plexes can be formed. Several types of model systems have been examined but none
have all of the above-mentioned properties.

Numerous mononuclear complexes of iron with sulfur-containing ligands
have been synthesized and studied”?:78, The complexes which have been examined
most thoroughly by spectroscopic techniques are the dithiocarbamates and dithio-
phosphates?5, and the dithiolene derivatives®#. Unfortunately in these ligands the
sulfurs participate in a conjugated chelate ring system, although Jergensen®®
argues that the extent of conjugation in the dithiocarbamates and dithiophosphates
is small.

Turning to models for dimeric systems, several interesting types have been
examined. Dithiolene complexes of Fe and other transition metals form dimers in
which the metal of one planar bisbidentate unit is coordinated by the sulfur in the
other planar unit®>°, as shown in Fig. 13.

Dahl! and co-workers3® 147 have determined the structures of a number of
interesting iron  carbonyl-sulfur complexes, e.g., [Fe(CO);S], and

Fig. 13 Structure of a dimeric dithiolene complex3?, (Courtesy of American Chemical Society.)
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[Fe(CO);SC,H1,. This type of molecule (which may be envisioned as having a
bent iron—-iron bond) and the related Roussin’s red esters*3? [(NO),FeSR], have
been mentioned as possible models for iron-sulfur centers in proteins®+?t. This
model certainly deserves further consideration, although it is difficult to see how
typical protein ligands can substitute for CO and NO as the efficient electron ac-
ceptors required to stabilize the low oxidation levels characteristic of these car-
bonyl and nitrosyl derivatives.

Probably the most interesting model compounds for dimeric iron-sulfur
systems described to date is the complex [Fe(S,CSC,H5),(SC,H5),],. The pre-
paration and crystal structure determination of this complex was reported by
Coucouvanis et al.3® The structure of this molecule is shown in Fig 14. The com-
plex contains Fe' (at least in the formal sense), but is diamagnetic. The thioxan-
thate ligands are certamnly non-physiological, but one could at least envision their
replacement by typical protein groups Optical and EPR studies of this molecule
and/or its reduction products should be of great interest.

Fig 14 Structure®® of the complex [Fe(S,CSC,Hs).(SC;:Hs)1; (Courtesy of American Chemical
Society.)

Models for tetranuclear iron-sulfur complexes are rare and appear to be
confined at present to cyclopentadienyl'?*14® and nitrosyl (Roussin’s black
salt)®* derivatives. .

As a limiting form of polynuclear iron-sulfur complexes, we have a number
of crystalline substances such as iron pyrite and marcasite (FeS,), KFeS,, ezc.

A completely different type of model compound has been recently explored
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by Suzuki and Kimura!32? and McCarthy and Lovenberg®?. Suzuki and Kimura
showed that on incubation with Fe!' and mercaptoethanol, bovine serum atbumin
(BSA) forms a complex with a visible and near ultraviolet absorption spectrum
with a2 maximum at 386 nm and broad peaks at 327 and 630 nm, and having ex-
tinction coefficients per iron comparable to those of ferredoxins.

These observations were extended by McCarthy and Lovenberg®? who found
that complexes with BSA could be formed by adding only a ferrous salt, or by
adding a ferrous salt together with either mercaptoethanol or a ferrous salt plus
mercaptoethanol plus sodium sulfide. These three complexes showed distinctive
absorption and CD spectra. Of the three types of complex, the one formed with
Fe'!, mercaptoethanol, and sulfide resembled the ferredoxins most closely in
absorption spectra, showing maxima at 320 and 415 nm and shoulders at 460 and
520 nm. The CD spectrum of this complex is much weaker than that of rubre-
doxin or adrenodoxin, and has amplitudes comparable to those of bacterial
ferredoxins, although the signs and positions of the extrema are quite discimilar
to all three patural iron—sulfur proteins.

Yang and Huennekens'*# have recently reported the preparation of iron—
sulfur complexes with soybean trypsin inhibitor and ribonuclease which resemble
those formed with BSA. They also describe a reaction of Fe', mercaptoethanol
and S%~ to form an unstable complex which shows absorption maxima at 318 and
412 nm and shoulders at about 460 and 520 nm. The Fe: inorganic sulfide stoichio-
metry was deduced to be 1:1. In the absence of oxygen, the complex could only
be formed with Fe'', but if oxygen was present, Fe!! sufficed. It was also observed
that the absorbance at 318 and 412 nm decreased slowly with time, but could be
regenerated by aeration. These observations suggest that the visible absorption
bands should be attributed to iron n the Fe'" state. EPR signals at g = 4 1 were
observed presumably due to high-spin Fe''!, with weak signals near g = 2 at-
tributed to a transient species. Unfortunately, attempts to 1solate this complex
failed.
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