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I .  introduction 

A. EPR SPECTROSCOPY OF METALLOPROTEINS 

The phenomenon of electron paramagnetic resonance (EPR) was dis- 
covered in 1945 ( I )  and was developed during the following decade by 
physicists into a practical method of spectroscopy. Initially, the objects 
of study were predominantly those of the solid-state physicist, i.e., 
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defects in crystals with well-defined symmetry properties. As a conse- 
quence, the original experiments and theoretical developments were 
biased toward single-crystal systems and the optimal use of symmetry 
arguments and perturbation theory methods. This bias is reflected in 
the structure of the classical textbooks on EPR (e.g., Ref. 2). 

The first EPR experiments on biological systems were carried out 
very much along the same lines. In the mid-l950s, a group of physicists 
at Cambridge University, led by D. J. E. Ingram, made a series of 
single-crystal EPR studies on hemoglobin derivatives (3 ,4) .  They took 
many spectra as a function of the orientation of the magnetic field with 
respect to the axes of the hemoglobin crystals frozen in their mother 
liquor. They were able to determine the orientation of the g-tensor 
principal axes with respect to  crystal axis systems. Later, with the X- 
ray structures available, the g-tensor axes were found to approximately 
correspond to the heme plane and heme normal. The authors concluded 
that, “detailed information on the orientation of the haem plane can be 
combined with X-ray measurements to  calculate the polypeptide chain 
directions and similar factors” (4 1. 

In spite of the conceptual and experimental beauty of this work, in 
hindsight we can now assess single-crystal EPR to have proved to be of 
little value to protein structure determination. In fact, single-crystal 
EPR studies per se make up an extremely small part of all biological 
EPR work. This is not only the case because of the obvious practical 
difficulties of the protein crystallization and of the collection of angular- 
dependent data. There are also two fundamental difficulties intrinsic 
to the nature of proteins. 

First, a biological metal site formally does not have any symmetry at 
all, if only because it is ligated by a polypeptide made up of levorotatory 
amino acid residues. This is especially true when the protein ligation 
forms a part of the first coordination sphere, as in iron-sulfur proteins. 
The statement implies that g-tensor axes cannot in general be expected 
to coincide with molecular bonds. Incidentally, it also explains why 
biochemists frequently run into problems when they attempt to analyze 
their EPR spectra using the high-symmetry approaches of the solid- 
state physicists. 

Second, it so happens that the line width in single-crystal protein 
EPR is similar to (and frequently even significantly larger than) that 
of the turning-point features in spectra from randomly oriented samples 
of frozen solutions. There is no increased resolution in protein single- 
crystal spectra. This fact is related to the phenomenon of g strain that 
will be discussed later. 

Also, in the mid-l950s, R. H. Sands studied transition ions in glasses 
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and he showed that the principal values of the g tensor and hyperfine 
tensors can be obtained from a single spectrum of a randomly oriented 
sample (5). The current widespread application of EPR spectroscopy to 
metalloproteins traces back to the late 1950s, when biochemist H. 
Beinert from the University of Wisconsin started to collaborate with 
physicist Sands at the University of Michigan and to apply the “powder 
EPR’ method to frozen solutions of biological samples. Their first shot 
was at copper in cytochrome oxidase (6). A year later, in 1960, their 
second study was on mitochondria1 membranes, in which they made 
the historical detection of what has long become an equivalence to 
iron-sulfur clusters, “the g = 1.94 signal” (7,8). While the subsequent 
discussion about the physical and chemical nature of this signal 
spanned the better part of the ensuing decade, the detection itself is 
generally-perhaps with the exception of the authors themselves-felt 
to be the zero point in time of the history of iron-sulfur biochemistry. 
It is obviously also the first EPR experiment on an iron-sulfur cluster. 

B. EPR SPECTROSCOPY OF IRON-SULFUR PROTEINS 

The story of the genesis of iron-sulfur biochemistry from the observa- 
tion of the g = 1.94 EPR signal is exemplary for all subsequent major 
developments in this field. The typical three-phase sequence of events 
is as follows. The first act is always the detection of an unusual, namely 
at the time unexplainable, EPR signal. This spurs a free flow of creative 
thinking, which one then attempts to contain and direct by collecting 
complementary information. Extensive analytical determinations, e.g., 
of Fe and acid-labile S content are a mandatory step, although these 
frequently prove to be rather less conclusive than one would want them 
to be. Of the other spectroscopies, Mossbauer usually provides a vital 
piece of the puzzle, notably, in the form of a ratio number of different 
iron sites, e.g., those with ferric over those with ferrous character. At 
this point then the time is ripe to  formulate “the grand concept” that 
ties all loose ends together. In the final stage, corroboration is provided 
by, e.g., X-ray structural determinations, this making the system ame- 
nable to structure-function studies on a detailed level. 

The assignment of the g = 1.94 line to  an iron complex was initially 
controversial when the possibility of clustering of ions was not yet 
considered. The paramagnet should be high-spin ferric, which was 
known to exhibit extremely small (in the third decimal), and usually 
positive, deviations from the free-electrong value of 2.0023, as a conse- 
quence of what is known as effective quenching of orbital angular 
momentum for d6 systems (2). Attempts to  reconcile the incompatible 
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led to several instants of “creative theorization” (9-12). Also in the 
same period the idea was formulated of antiferromagnetic Heisenberg 
exchange coupling between an iron pair of unlike valence, together 
with the vector coupling model to derive effective g values (the g = 
1.94 line) and hyperfine coupling values (13,14). However, it was only 
several years later that this idea proved to be “the grand concept” for 
[2Fe-2S] clusters. It had first to be rejected by one of the original 
proposers (121, and subsequently found sufficient support in magnetic 
susceptibility (151, electron-nuclear double-resonance (ENDOR) (16), 
Mossbauer (1 7), and infrared (2 8) measurements to deserve reproposing 
on a sound experimental basis (19) and, later, theoretical elaboration 
(20-25; see Section 11,B,3). This took place well into the 1970s and in 
the third and final historical phase, in which the concept of exchange 
coupling was extended to  [4Fe-4Sl clusters, and in which several X- 
ray structures were solved. Today these single-electron transferring 
Fe-S proteins form one of the best characterized classes of metalloprot- 
eins. A small caveat: our last statement does not always hold for the 
assignment of a specific biological role to  soluble electron-transferring 
Fe-S proteins, and generally does not hold for the mechanism(s) of 
their biosynthesis. 

There is a second class of Fe-S proteins whose members do not appear 
to be involved in net electron transfer at all, but rather act as complex 
Lewis acids (26-28). The chronicle of this class is very much that of the 
enzyme aconitase studied by Beinert and collaborators. This in its turn 
is an outgrowth of the discovery and identification of the 3Fe cluster, 
a sequence of events that bears remarkable similarity to  the g = 1.94 
story. 

The 3Fe story evolves some one and one-half decades out of phase 
with the 2Fe story. It also starts with an unusual EPR signal, namely 
a relatively symmetrical and sharp one at g = 2.01. It was initially 
observed in membrane particles (29,301, and membrane protein com- 
plexes (31,321, and in a soluble protein from mitochondria (33) [which 
only several years later turned out to be identical to  aconitase (34)l. 
Purification of the latter one allowed for the identification of the g = 
2.01 signal with iron (33). Also, 57Fe broadening was observed with 
bacterial membranes (30). For several years the signal was associated 
with the word HiPIP (high-potential iron protein), although at that 
time this acronym was already unambiguously assigned to the 
[4Fe-4SI3+ ’2 + structure. This mix-up led to amusing misconceptions, 
such as the “low-potential HiPIP’ (35). Although “soluble HiPIP’ (i.e,, 
aconitase) contained 3Fe per S = 4 EPR signal, this stoichiometry was 
initially considered to be “not readily interpretable,” because there 
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were only 2Fe per protein molecule (36). It was only when the Moss- 
bauer spectroscopy of reduced ferredoxin I from Azotobacter vinelandii 
revealed the very characteristic, and not hitherto observed, 2 : 1 inten- 
sity pattern (37) that all pieces once more fell into place and thus 
allowed for the formulation of the grand concept, namely, of the exis- 
tence of 3Fe clusters (37). This paved the way for a whole range of 
derived concepts, e.g., the [3Fe-4Sl cluster structure (38, 391, cluster 
interconversions (39-41 ), localized valence states (42, 431, and the 
[4Fe-4SI2+ Lewis acid (42). With some hop, step, and jump in the first 
X-ray analysis of a 3Fe protein (44-461, this story has come to a close. 
Today we have already entered a new period of detailed studies on the 
structure-function of both 3Fe proteins and [4Fe-4S12 + enzymes. Yet 
another caveat: the biological function of the 3Fe cluster remains con- 
troversial. 

Add another one and one-half decades to the discovery of the “soluble 
HiPIP” (i.e., aconitase) signal to  arrive at approximately the time of 
this writing. Is there room for yet another renaissance of iron-sulfur 
biochemistry, and if so, then where to look for it? 

Several multicenter iron-sulfur proteins do not seem to fit the pat- 
terns outlined thus far. These complex proteins are usually enzymes; 
however, they are not of the nonredox, Lewis acid type. They are also 
not of the single-electron transferring type. The catalyzed redox reac- 
tions are nonradical wet chemistry, i.e., they involve the transfer of 
pairs, or multiple pairs, of electrons. The Fe-S content of these proteins 
is generally quite high. 

As every new development in this field starts with an unusual EPR 
signal, so does this story. In this case a whole collection of unusual 
signals has been found in recent times: there are those with very high 
g values from very high-spin systems; there are also semiforbidden 
signals from high-integer spins, and there are the S = 4 signals with 
all three g values below the free-electron value. 

As this third wave in Fe-S history has only just started to unroll, we 
cannot perhaps yet be expected to recognize a unifying principle if we 
see one. PresentIy, it appears likely [at least to this author (47-59); see 
also Refs. 60-631 that the “grand concept” for this class of Fe-S proteins 
will encompass the notion of “larger Fe-S structures,” or “superclus- 
ters” (i.e., larger than 4Fe-S), and the notion of single4super)cluster- 
based multiple-redox transitions. Whatever will crystallize out in its 
due time, already the current studies of these proteins have provided 
several novel types of biological EPR spectra (“superspins”; cf. Refs. 49, 
51,52, 54-57,59, 631, which will be discussed at length below. There 
is even a first indication of consolidation of the supercluster concept in 
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the form of x-ray crystallographic data on the P-clusters in nitrogenase 
(64, 65). 

C. THE ELS CLASSIFICATION 

Classifications should be an aid in mastering complicated sets of data. 
In the official classification of iron-sulfur proteins (66),3Fe clusters as 
well as mixed-metal clusters are not considered. The major distinction 
is between simple and complex iron-sulfur proteins. “Complex” is to  
indicate the presence of additional redox groups, e.g., flavin, molybde- 
num, and heme. The simple proteins are further subdivided into pro- 
teins containing one cluster and two clusters. This approach is not 
practical in simplifying a discussion of the EPR of iron-sulfur proteins. 

In previous general reviews on Fe-S EPR, a common classification 
was according to the number of iron ions in a cluster, e.g., lFe, 2Fe, 
3Fe, 4Fe, 2 x 4Fe (cf. Refs. 67-69). These schemes are similarly less 
suited for our present purposes as we are in the course of reorienting 
our spectroscopy to also deal with problems other than the characteriza- 
tion of small Fe-S proteins. This reviewer has found some use in start- 
ing from a rather different choice of categories, and this he calls the 
“ELS classification”: class E, Electron transfer Fe-S proteins; class L, 
nonredox Fe-S enzymes that act as Lewis acids; and class S, putative 
Supercluster-containing Fe-S redox enzymes. 

This is a classification based on biological function. It also corre- 
sponds to the three waves in the history of iron-sulfur proteins outlined 
above. From the point of view of the EPR spectroscopist, the three 
classes stand for three dissimilar experimental and theoretical objec- 
tives. The proteins of class E are well characterized. EPR is used on 
them either as a routine analytical measurement, or to support the 
development of sophisticated theory (cf. g strain; double exchange) by 
test measurements in which the proteins are no more than just model 
systems. The class L proteins are EPR silent in their active form; 
however, at least some of them can become paramagnetic upon chemical 
reduction. In this state they can be scrutinized by’EPR-and more 
effectively by the derived technique of ENDOR-as an indirect way to 
learn about enzyme mechanisms (27). Class S proteins are the most 
complicated and the least defined structures. The spectroscopy now 
means making the first intrusions into an area of novel Fe-S arrange- 
ments and of unusual high-spin EPR signals. The concept of the ELS 
classification is summarized in Table I. 
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TABLE I 

THE ELS CLASSIFICATION: SUMMARY OF THE CURRENT STATUS OF EPR 
SPECTROSCOPY OF IRON-SULFUR PROTEINS 

Classification Class E Class L Class S 

Biological Single 
function e -  transfer 

First year 1960 
(Ref.) (7, 8) 

EPR theory Advanced 
EPR application Routine 

analysis 

Typical spectrum g = 2.1-1.8 

Nonredox Redox enzymes 

1978 1987 

Irrelevant Developing 
Indirect Exploring 

enzymes 

(34 1 (49) 

enzymological 
tool 

native enzyme (g == 18-1) 
None from Complex 

II. Fundamentals of Iron-Sulfur EPR 

A. THE BASIC BUILDING BLOCKS 

Lemma i: the valency of each iron in Fe-S clusters is always 111 or II. 
The iron ion can exist in many valency states; however, the aqueous 
solution chemistry of iron complexes is essentially limited to the ferric 
and the ferrous states. The redox behavior of iron in proteins is presum- 
ably to a large extent a subset of this chemistry. The occurrence, if only 
transient, and perhaps even only formally, of higher oxidation states 
Fe(1V) and Fe(V) has been proposed for a few hemoproteins reactive 
toward molecular oxygen. Similar proposals have thus far never been 
put forth in relation with iron-sulfur structures. Considering the iron 
site in rubredoxins is probably as close as one can get in modeling the 
individual iron site in iron-sulfur clusters. The FeS, sites in rubredox- 
ins (70, 71), desulforedoxin (721, and desulfoferrodoxin (73) all have 
a “garden variety” Fe3+/Fe2+ reduction potential around 0 mV. The 
putative FeS, site in rubrerythrins has Em = +230 mV (74). 

Lemma ii: the spin state of each iron ion in Fe-S clusters is purely 
high spin. The d5 ferric ion is high-spin S = P or low-spin S = t;  the d6 
ferrous ion is high-spin S = 2 or low-spin S = 0. Other possibilities 
are theoretically unfavorable and experimentally rare (cf. Ref. 75). The 
six-coordinated iron in hemoproteins experiences a crystal field whose 
strength is of the order of the high-spin to low-spin cross-over energy. 
X-Ray crystallography on iron-sulfur proteins has thus far shown that 
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the crystal field around the iron is deformed tetrahedral. The crystal 
field splitting for tetrahedral coordination being only four-ninths that 
of the equivalent octahedral case implies that low-spin configurations 
are unlikely. Tetrahedrally coordinated mononuclear iron in proteins, 
e.g., rubredoxin (761, desulforedoxin (721, desulfoferrodoxin (771, rub- 
rerythrin (74), and iron superoxide dismutase (781, is exclusively high 
spin. It is, therefore, to be expected that Fe-S clusters are made up 
only of ferric S = $ and/or ferrous S = 2 building blocks. 

Note, however, that recent evidence suggests that higher iron coordi- 
nation numbers are possible. One case is presented by the special iron 
in the cubane of aconitase, where binding of substrate leads to five, 
possibly six, coordination (42). Another, presently more remote, possi- 
bility is suggested by the structure of capped prismane model com- 
pounds, containing one or two six-coordinated metals capping the 
prismane core (79). In principle, the extension to six-coordinated iron 
in Fe-S proteins would make low-spin configurations possible. Rather 
strong-field ligands would, however, be required to add up with the 
weak-field sulfide contributions. A model system for this phenomenon 
has recently been synthesized (80). 

Lemma iii: the bridging ligand in iron-sulfur clusters is p-sulfide. 
This almost tautological statement excludes the Fe-(p-0)-Fe dinu- 
clear-type clusters (cf. Ref. 81 from our present considerations. The 
p-S2- as a ligand to the iron ion is both consistent with the absence of 
higher Fe oxidation states and the absence of low-spin configurations. 

It has been proved possible to  do a chemical (i.e., as a treatment of 
purified protein) global replacement of the p-S2- in a few Fe-S proteins 
by p-Se2- with two interesting consequences for the EPR spectrosco- 
pist. First, note that both S2- and Se2- are soft Lewis bases, there- 
fore ligands with potential covalent character. Thus, from the 
[2Fe-277Se]1 + -containing adrenal ferredoxin, 77Se (I = 4) splittings 
in the S = 3 X-band EPR are readily observed as a consequence of 
delocalization of the spin onto the two bridging ligands. This was early 
support for the [2Fe-2Xl structure (82). Second, the ionic radius of Se2- 
is significantly greater than that of S2-; the S + Se substitution means 
an increased strain on the protein fold. The 2 [4Fe-4Se11 + configuration 
in Clostridiumpasteurianum ferredoxin was the first example of a spin 
mixture and also of the system spin S = H in an iron-"sulfur" protein 
(83, 84). Note, however, that the acid-labile S/Se substitution has not 
been shown to be, nor is it  expected to be, of any biological relevance. 

Lemma iv: the external ligation of iron-sulfur clusters is (predomi- 
nantly) by the cysteine thiolate side group. This is rather a statement to  
be questioned. Mixed ligation by sulfur and nitrogen, (Cys)2(His)2, of 



EPR SPECTROSCOPY OF Fe-S PROTEINS 173 

the [2Fe-2Sl cluster in the Rieske protein appears to be well established 
(85-88). Mixed ligation by sulfur and oxygen, (Cys),(Asp), has been 
proposed for one of the [4Fe-4Sl clusters in Desulfouibrio africanus 
ferredoxin I11 (89,90) and for the single cubane in Pyrococcus furiosus 
ferredoxin (91 1. Partial ligation by nitrogen has been inferred from 
frequency-dependent line broadening in the EPR of a putative prismane 
[GFe-6Sl-containing protein from Desulfouibrio uulgaris (59). However, 
in most, if not all, cases, the Cys ligation is at least 50%, and for the 
majority of thus-far scrutinized systems it is, in fact, 100%. In other 
words, lemma iv is a statement about the relative lack of variation in 
the external ligation of Fe-S clusters. 

Proposition: the building blocks of iron-sulfur structures are 
very limited in number; therefore, the possible Fe-S structures are 
limited in number; therefore, the great variation in magnetic and 
redox properties is imposed by the higher coordination spheres, i.e., 
the protein and the solvent, and-if there is one-by the substrate. 

This statement summarizes the previous four lemmae and points to 
their implications for the EPR spectroscopist. There are simply four 
building blocks to  construct biological Fe-S clusters from. These are 
the high-spin ferric ion, the high-spin ferrous ion, the p-sulfide ion, and 
the cysteinate side group (with a limited possibility to replace the latter 
by one or two other amino acid residues). These four elements should 
provide the structural/chemical basis to explain the basic features of 
iron-sulfur protein EPR. What remains then are the variations in 
these EPR features and any additional unexplained properties. These 
remainders are really the raisins in the pudding, as they represent 
(bio)chemically relevant information in addition to a simple cluster 
identification. However, we have only just begun to explore these fields. 
At  this point in time, progress in dealing with the details of Fe-S EPR 
is still limited even for the best characterized class T electron transfer 
iron-sulfur proteins. We come back to this theme when we discuss 
g strain. 

B. SUPEREXCHANGE 

1. Heisenberg Exchange Interaction 

When two paramagnetic ions are close to  each other they can be 
subject to  direct Heisenberg exchange interaction. This quantum me- 
chanical phenomenon comes about by a finite overlap of the symmetry- 
adapted molecular orbitals of the individual metal centers. It effectively 



174 WILFRED R. HAGEN 

results in a decreased energy for the ground state of the coupled com- 
plex. The interaction of two local spins S ,  and S, is described by the 
Hamiltonian: 

Hexchange = J S ,  . Sz (plus higher order terms) (1) 
This direct interaction is not operative in Fe-S clusters; there is no 
direct metal-metal bond. The coupling is via the p-bridging sulfides, 
therefore, it is termed indirect exchange or superexchange. This aniso- 
tropic interaction is commonly described (cf. Ref. 2, p. 495) with the 
Hamiltonian: 

(2) 
The three terms describe the isotropic, the anisotropic, and the asym- 
metric part of the exchange, respectively. J is a scalar, K is a symmetric 
tensor, and Q is an antisymmetric tensor. The latter two terms are not 
easily dealt with especially in noncrystalline material. In relation to 
Fe-S clusters they have been thus far ignored, and we have presently no 
choice but to  continue to adhere to  this-silently made-assumption. 
Thus, the Heisenberg exchange interaction in Fe-S clusters is de- 
scribed by an effective Hamiltonian: 

Hsuperexchange = JS1 * SZ f SI * K 5 2  f Q . (S1 X 8 2 )  

Hsuperexchange J ’ s l  * sZ (3) 

This describes the angular average of Eq. (2). In practice, the prime is 
dropped from J ’ .  

The far-reaching consequences of the Heisenberg exchange interac- 
tion for the EPR of Fe-S clusters is readily illustrated on the simplest 
possible example, the one-electron reduced [2Fe-2S11 + cluster. Moss- 
bauer spectroscopy indicates that the “excess electron” is essentially 
localized on one of the two iron ions (17), i.e., we have well-defined 
high-spin ferric and high-spin ferrous entities. This is a simple example 
for which the epitaph “localized valence” (92) has in recent years be- 
come generally accepted. EPR spectroscopy, however, does not show 
the expected S = # and S = 2 spin systems, but rather reveals one 
single S = f spectrum per reduced [2Fe-2Sl cluster. Thus, the two spin 
systems have been “strongly,” antiferromagnetically coupled into a 
single, new paramagnet with a ground state effectively described as 
carrying a spin S = 4. 
2. The Gibson Model 

The first model to successfully describe this situation in a semiquanti- 
tative manner is the previously mentioned Gibson model (13, 14). In 
this antiferromagnetic-coupling model Gibson et al. make the following 
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a. The Gibson model 

b. Varret's case 1 

c. Varret's case 2 

FIG. 1. Distortion of the ferrous site in dinuclear clusters under the Gibson model (a) 
or the Bertrand-Gayda model (b or c). An asterisk indicates acid-labile sulfide. 

assumptions (or symmetry simplifications): (1) the symmetry at the 
ferric site is tetragonal; (2) the symmetry at the ferrous site is tetrahe- 
dral. Graphically this situation can be represented as in Fig. l a  by Fe3+ 
in a cube and Fe2+ in an adjacent cube elongated along the Fe-Fe axis. 
For EPR this means (1) the g tensor of the Fe3+ ion is isotropic, its 
scalar value being slightly greater than g,; (2) the Fe2+ g tensor has its 
z axis colinear with the Fe-Fe axis, and g, = g,. 

Making these two assumptions, and assuming the Hamiltonian Eq. 
(3) to hold, and with the usual procedure of angular momentum projec- 
tion operators, 

gdimer = clgl + c2g2 (4a) 
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~1 = [S(S + 1) + S1(S, + 1) - S2(S2 + 1)]/2S(S + 1) (4b) 
(4c) 

one readily obtains the Gibson model g-tensor equations for the effec- 
tive g tensor of the S = d ground state: 

gx-dimer = ($)&-ferric - (4)gx-ferroua (5a) 

gy-dirner = (5)gyferric - (4)gy-ferroua (5b) 

gz-dirner = (8)gz-ferrie - (b)ge (5c) 
For the ferric g tensor, Gibson et al. take the isotropic value g = 2.019 
(from Fe3+ in ZnS). The sixth electron of the ferrous ion is taken to be 
in the 1z2) orbital; therefore, assuming local tetragonal symmetry, the 
ferrous g tensor is 

gx-ferrous = g e  + 6h/Ayz (6a) 

gy-femue = g e  + 6h/Az.z (6b) 

gz-ferrous = g e  (64 
The quantity Ac is the crystal field splitting between the 1z2) single- 
electron ground state and the excited state Ig). 

The strength of this model is in its prediction that two of the g values 
are significantly below ge (i.e., in its explanation of “the”g = 1.94 EPR 
signal) and that the third g value is greater than ge. All thus far 
reported EPR spectra on [2Fe-2S11 + structures are consistent with this 
model (specifically, cf. Ref. 93). 

c2 = [S(S + 1) + S,(S, + 1) - S,(S, + 1)1/2S(S + 1) 

3. The Bertrand-Gayda Model 

The symmetry assumptions of the Gibson model are of course unreal- 
istic for protein Fe-S sites. Bertrand and Gayda have elaborated on 
the model by relaxing some of the high-symmetry restrictions (20). The 
crux of the Bertrand-Gayda model is to  make the EPR observables 
(e.g., effective g values) a function of the rhombicity at the ferrous site 
expressed in terms of a single parameter, 8. This latter concept comes 
from the work of Varret on high-spin ferrous ions (94). Varret defines 
two possible ways of rhombically distorting a tetrahedral site, and these 
are depicted in Fig. 1. 

The Bertrand-Gayda model differs from the Gibson model in two 
aspects. It allows for rhombicity at the ferrous site, assuming Varret’s 
“case 2” (cf. Fig. lc) to  be operative. It also allows for a rhombic g tensor 
from the ferric ion, however, without attempting to specify its source 
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or to  model its physics. Furthermore, the two g tensors are assumed to 
be colinear in order to retain the validity of the coupling Eqs. (4a)-(4c). 

Just as the Gibson model is a crystal field approach, so is the Ber- 
trand-Gayda model. It starts from the metal d orbitals in a tetragonal 
field and then mixes these as a result of rhombic deformation in cZv 
symmetry. The lowest one-electron orbital (i.e., the one containing the 
sixth electron) is now 

(7) 
in which 0 measures the mixing of the 12’) and lx2 - y’) states and also 
reflects some “degree” of rhombicity. The expressions for the ferrous g- 
tensor values now become 

gx.ferrous = g, + (8A/AYJ sin’(0 + d 3 )  (84 
gy.ferrous = g ,  + (8A/A,) sin2(0 - ~ 1 3 )  (8b) 

gz.f,,,u, = g, + (8A/Axy) sin’ 0 (8c) 
and the effective g values for the cluster are again calculated with Eqs. 
(5a)-(5c). Note that Eqs. (8a)-(8c) reduce to Eqs. (6a)-(6c) for 0 = 0. 
A sign error in the original equations was corrected by Hearshen et al. 
(25); the above equations are the corrected ones. Also, they are valid 
for both types of distortion discerned by Varret (cf. Fig. 1, b and c). 

Bertrand et al. have used the Bertrand-Gayda model as a means 
for systematic research on structural variations in dinuclear clusters 
(20-23). In order to  comply to the format used in an early phenomeno- 
logical study (951, the authors cast their analyses in the form (which 
they call the Coffman representation) of plots of the three clusters g 
values, g,, gy, and gz, versus an unnamed, phenomenological parameter 
x, defined as 

x = g y  - g, (9) 

It should be noted (in the opinion of the present reviewer) that this 
Coffman representation is only one out of an infinite number of possible 
ways to graphically analyze the EPR data, and it is not necessarily the 
most useful one. From Eqs. ( 5 )  and (8) it can be seen that the cluster g 
values are a function of the eight parameters glx, gly, glz, A, Ayz, A=, 
Axy, and 0. By giving the first six of these parameters a fixed value, 
Bertrand et al. force the cluster g values to  become a function of the 
latter two only. This has the practical advantage that two of the g 
values are a function of x only, and also that for small values of 0 there 
is an almost linear relationship between x and 0. A disadvantage is 
that this form of the model is bound to prove its own premise, namely, 

I4,,) = cos 0 1z2) + sin 0 Ix2 - y’) 
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that structural variation in [2Fe-2S] clusters is a function of x and Axy 
only. 

Some criticism has been ventured by Hearshen et al., notably, on the 
use of a single set of ferric g values, where there is some evidence that 
the ferric ion in these systems can have large rhombic components, 
which are further “amplified” by the factor of (8) in Eqs. (5a)-(5c) (25). 
The authors also express concern over the fact that their analyses of 
g strain (see below) in ferredoxins indicate an inherent error in the 
experimental g values when identified with turning points in the pow- 
der spectrum (25). Bertrand et al., however, are not convinced of the 
relevance of this latter error at the present state of accuracy in testing 
the model (23). 

Finally, we note that even the assumption of Czv symmetry at the 
ferrous site is a simplification of the real structure determined by X- 
ray crystallography (96). 

C. DOUBLE EXCHANGE 
1 .  Valence Delocalization 

When we reduce an [2Fe-2S12+ cluster with one electron equivalent, 
where does this “excess electron” go to? Is it always captured by one 
and the same iron? In an early attempt to  describe the cause ofg strain, 
Hearshen et al. played with the idea that there is a comparable chance 
for the electron to go to  FeA or to  FeB, i.e., resulting in a physical 
mixture of the states (Fey, Feg+) and (Fey, F e p  (97). A simple graph- 
ical representation of this situation would be a symmetrical, one-dimen- 
sional potential well for the excess electron along the Fe-Fe axis with 
an infinitely high barrier at half-way (Fig. 2a). As this concept found 
little experimental support, it was later rejected in favor of a g-strain 
version of the Bertrand-Gayda model (25). 

The question was readdressed theoretically from a different angle by 
Noodleman and Baerends (981, who considered the possibility that the 
excess electron would be delocalized over the sites FeA and FeB. We 
could denote this “resonance” situation, perhaps somewhat simplisti- 
cally, as (Fek5+, Fek6+). For a quantum mechanical description of the 
phenomenon of excess electron delocalization, the classical reference is 
the paper by Anderson and Hasegawa on double-exchange interaction 
(99). The potential well for the excess electron is now flat, between site 
A and site B (Fig. 2b). An important generality in this respect was 
pointed out some years ago by Middleton et al. in their Mossbauer 
studies on the considerably more complicated [4Fe-4S] system: “Any 
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B r A 

B r A 

B r A 

FIG. 2. Schematic representation of the potential of the excess electron (E,) in an 
FeAFeB cluster at a distance r from FeA when the iron valences (III/II) are fully localized 
(a), fully delocalized (b), or intermediate (c). 

sharing of the electrons between the spin-up and the spin-down iron 
atoms is inhibited by the Pauli exclusion principle” (100). Noodleman 
and Baerends have again pointed to this generality, whose importance 
is not to  be underestimated [here, we quote yet a later formulation 
by Day et al. (101 11: “Localized sites couple antiferromagnetically to 
produce the lowest spin system. On the other hand, sites which share 
a delocalized electron are coupled ferromagnetically to produce the 
highest system spin.” 

For the [2Fe-2SI1+ cluster this means that, when the excess electron 
is localized at one of the iron ions, then the system spin for the ground 
state (i.e., the state observed by EPR at cryogenic temperatures) is 
Sdjmer = 8 - 2 = - ;; when the excess electron is delocalized over the two 
iron sites, then the ground state has Sdimer = 5 + 2 = 8. We have 
already seen that Mossbauer spectroscopy identifies the excess electron 
in [2Fe-2Sl ferredoxins as being localized, and this is consistent with 
the S = d ground state observed in EPR. Therefore, the mechanism of 
double exchange, or of charge delocalization, is probably not significant 
for the description of the ground state properties of these proteins 
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[although it may be relevant to  the description of the highest state(s1 
of the spin ladder (98)l. Interestingly, dinuclear Fe(III/II) model com- 
pounds with bridging oxygens have recently been described and have 
been found to  exhibit Mossbauer, EPR, and susceptibility properties 
consistent with a ground state system spin S = Q (102-104). 

The present interest in double-exchange interactions has been 
spurred by the observation of valence delocalization in trimeric, cubane, 
and, possibly, superclusters. Mossbauer data on the [3Fe-4SIo cluster 
in inactive aconitase and in certain reduced ferredoxins (cf. Ref. 105 
and references quoted therein) point to  a situation in which one of the 
irons is localized high-spin ferric while the other two form a fully 
delocalized pair, i.e., [(Fei5+, Fei5+), Fet+l. Munck and Kent suggested 
that the spin of the internal (Fe,, FeB) dimer is S = 8 as a result of 
double exchange being the dominant interaction (106). The S = 3 spin 
is then envisioned to couple antiferromagnetically to  the S = 3 spin of 
Fec, resulting in a system spin Strimer = 2, consistent with, e.g., EPR 
data (105, 107). 

This conceptually simple scheme was put to  the test by Papaefthym- 
iou et aZ., who calculated 57Fe hyperfine values under this model for the 
two “sites” (FeA, Fe,) and Fec and compared these to their Mossbauer 
data on D. gigas ferredoxin I1 (105). The sign and magnitude of the 
predicted and experimental (angular-averaged) A values were found to 
be in very good agreement. Note, however, that the calculation involved 
some educated guesses on the starting A values for mononuclear ferric 
and ferrous sites from available literature data (105). We will not 
pursue this point here, but rather attempt a qualitative evaluation of 
the status quo of ongoing attempts to apply the concept of double- 
exchange interaction to understand the magnetic properties of 
iron-sulfur proteins. We are particularly interested in their relevance 
to EPR properties. 
2. Spin Ladders 

First, we have to point out that there is a mix-up of symbols in the 
literature for the Heisenberg part of the exchange interaction. Equation 
(3) can be found under three different forms: 

H =  - W S 1 - S z  (10a) 
H = - J S ,  *sz (lob) 

H = JS1- 52 (10c) 
The first form, Eq. (lOa), was used in the early work on ferredoxins by 
Dunham and Sands and co-workers (15, 19, 108). This form has re- 
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mained in use in the Fe-S field up to today, specifically, in studies 
on bulk magnetic susceptibility (101). Note that under this form the 
quantity J has a negative value for [2Fe-2SI2+”+ clusters. The second 
form, Eq. (lob), was recently used by Ding et al. in their work on the 
dinuclear Fe model compound with S = 3 ground state properties (104). 
The third form, Eq. (lOc), has been used in all the recent work on double 
exchange in iron-sulfur structures, starting with the NoodIe- 
man-Baerends paper (98). Not without reluctance I follow here their 
convention. The reader is urged to check carefully what is the personal 
preference of each author in order to  allow for a meaningful comparison 
of reported values (and signs!) of J .  

With the Heisenberg-type superexchange between two metal sites, 
site A and site B, written as Eq. (10~1, we have a spin ladder of states 
with absolute energies, 

in which SA and SB are the spin of the individual sites and S A B  is the 
system spin. The last two terms in Eq. (11) are a constant and since 
one is usually only interested in relative energies, the terms are simply 
dropped: 

With a positive value of J [that is, negative under the format of Eq. 
(10a) or (lob)] for a high-spin ferric-ferrous pair, we have the spin 
ladder given in Fig. 3A. When the metal pair is also subject to double- 
exchange interaction, a second term appears in the spin ladder 
equation: 

E(SAB) = ( J / ~ ) [ S A B ( S A B  f 111 * B(SAB -b (13) 

The term results from the double-exchange Hamiltonian (98,99,104, 
105,109): 

Hdouble exchange = vAB TAB (14) 

This operator works on the localized-valence dimer states [A) and IB) 
(where IA) means that the excess electron is on the A site, i.e., 
Fey ,  Fei+) according to: 
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912 - 
512 - 912 - 
312 - 
112 - 712 - 

712 - 
512 - 112 - 

312 - 
312 - 512 - 

512 - 
112,912 - 

712 - 
112, 512 - 

312 - 
312 - 712 - 
112 - 912 - 

A B C 
FIG. 3.  Spin ladder of the dinuclear Fe(III/II) cluster subject to superexchange and 

double exchange with J b B (ladder A), J 4 B (ladder B), or J = B / 2  (ladder C). The 
three ladders are not normalized to the same energy scale. 

VAB is a shift operator (sometimes called the double-exchange operator; 
cf. Ref. 1041, TAB is a transfer operator, and the coefficient B in Eq. (14) 
is a transfer integral. 

In simple words these equations have the following meaning: we 
start from the assumption that there exist two energetically degenerate 
states, IA) and IB), or (FeF,Fe$+) and (Fep,Feg+). The [A) state is 
100% occupied, the IB) state is empty. The effect of the Hdouble exchange 

operator is twofold. It delocalizes the electron over the two sites, and it 
lifts the degeneracy of the two energy states. 

Three typical situations can now occur. When J 9 B then the excess 
electron is essentially localized. The potential well is as in Fig. 2a, and 
the spin ladder is as in Fig. 3A. The low-temperature EPR is that of an 
S = 3 system. When J -G B, then the excess electron is essentially fully 
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delocalized. The potential well is given in Fig. 2b, and the spin ladder 
is that of Fig. 3B. The low-temperature EPR should be characteristic 
of an S = 9 system. A third possibility would be J = B. The energy 
barrier between the metals has a finite height (Fig. 2c). The spin ladder 
has an irregular, nested pattern (Fig. 3 0 .  The EPR will be very sensi- 
tive to the value of JIB. For example, for the case of 2 J  = B (see Fig. 
3 0 ,  the ground state is S = 9 and there are two low-lying excited states 
with S = 4 and S = f ,  respectively. 

We anticipate that in the coming years the concept of double ex- 
change will be a central theme in the more physically oriented studies 
on iron-sulfur proteins. The development is presently in its early 
phase, and this may bring along the risk of zealotry. It is, therefore, 
important that we realize the limitations as they stand, both in the 
theory and in the applications, and that we form a clear picture of what 
we want the ultimate goals of these efforts to  be. First we consider the 
theoretical limitations. 
3. Double Exchange Evaluated 

The simple form in which we have outlined the theory is approxi- 
mately the form in which it has thus far been applied to iron-sulfur 
structures. Under this form the two localized-valence configurations 
(FeF,  Feg’) and (Fey ,  F e p  1 are assumed to be fully equivalent; how- 
ever, at the same time, the initial occupancy (i.e., before the application 
of the double-exchange operator) is assumed to be 100% biased toward 
the configuration with the ferrous form at the A site. The possibility of 
a “fractional occupancy” (i.e., a finite number of the molecules have 
ferrous at the B site) has not been considered since the early proposal 
by Hearshen et al. (97). The possibility of “intermediate cases” (J = B), 
resulting in level crossings, has only been touched upon (104). Is our 
simple picture of a finite, symmetrical barrier in a potential well mean- 
ingful? The situation in which the excess electron delocalizes over more 
than two sites is expected to lead to additional complications (109). 

We now consider the applications per cluster type. The calculations 
of Noodleman and Baerends suggest that double exchange in oxidized 
and reduced [2Fe-2S] clusters is only significant when considering the 
highest levels of the spin ladder (981, and this is consistent with all 
EPR results thus far (i.e., S = 0, and S = 4, for the ground states) as 
well as all other magnetic measurements, including those on bulk 
susceptibility (15). 

For the oxidized [3Fe-4SI1’ cluster, initially a model of isotropic, 
antiferromagnetic Heisenberg exchange between the three S = 3 spins 
was proposed (110,111). Two S = I spins are coupled to an intermediate 
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spin S’ = 2 (or 3), and this in turn is coupled to the third S = 8 to yield 
the system spin of the trimer, S = 4. This model appears to  have stood 
the test of time remarkably well (112-116). It is consistent with the 
S = + EPR now observed in innumerable cases as well as with other 
magnetic measurements, specifically a recent one on susceptibility 
(101). Double exchange has not been considered, as there is apparently 
no need to, A similar situation exists in the linear [3Fe-4SI1+ cluster 
in “purple” aconitase, except that S’ = 5 and the system spin is S = 
Q (41). Again, double exchange appears to be insignificant. 

The reduced [3Fe-4Slo cluster has S = 2 EPR, and we have already 
seen that this is consistent with a model in which a (formally) ferric-fer- 
rous pair forms a delocalized pair by strong double exchange resulting 
in S’ = 8. This in turn is coupled to the S = Q spin of the third iron to 
yield the system spin S = 2. The model has been tested by comparing 
calculated iron hyperfine splitting parameters with Mossbauer data on 
D .  gigm ferredoxin I1 (105). There is some indication that the [3Fe-4Slo 
cluster in this protein has a low-lying excited state in which the electron 
is delocalized over all three Fe ions (105); however, it is presently not 
obvious how to interpret this data (101, 109). 

The situation for cubane clusters is far less clear. Presently, the point 
of reference appears to be the idea that the iron in these clusters can 
be considered to occur in coupled pairs. This concept comes from the 
early Mossbauer studies of the Liverpool group on Chromatium uino- 
sum HiPIP (11 7-119) and on Bacillus stearothermophilus ferredoxin 
(100). The proposals of these authors are summarized in the following 
scheme: 

[4Fe-4S13 + is (Fe3 +-Fe3 +) coupled to (Fe3 + -Fe2 + ) 
[4Fe-4S12 + is (Fe3 + -Fe2 +) coupled to (Fe3+ -Fe2 + ) 
[4Fe-4SI1+ is (Fe2+-Fe2+) coupled to (Fe3+-Fe2+) 

Within each pair the spins are coupled parallel, and the resulting dimer 
spins are coupled antiparallel to yield the cubane cluster spin. For 
all mixed-valence (Fe3 + -Fe2 +) pairs, an ad hoc delocalization is then 
assumed in order to  explain Mossbauer indistinguishability of individ- 
ual iron atoms. Indeed, this simple additionhubtraction of S = f (ferric) 
and S = 2 (ferrous) spins leads to the ground state system spins of 
S = 4, 0, and f, respectively, as we observe them, e.g., in EPR. Based 
on this scheme the authors even proposed a 4Fe version of the Gibson 
model in order to  explain that HiPIP has g > g, (119), and ferredoxin 
has g < g, (100). The authors hasten, however, to state that the system 
is a complicated one and that the model should be looked upon as an 
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intermediate in a developing description. We do comply with this and 
refer the interested reader to the original papers (100,119). 

The relevance of the Liverpool model in the present context is that 
it has recently been revived by Noodleman in a form in which double 
exchange is considered explicitly, i.e., as the delocalization mechanism 
for the (Fe3+-Fe2+) pair in the [4Fe-4S13+ HiPIP-type core (120). Jor- 
danov et al. have subsequently applied the model to analyze bulk sus- 
ceptibility data from an [Fe4S4(SR),11- complex, and they conclude it 
to be superior to  a Heisenberg exchange-only model (121). Very re- 
cently, the model has also been considered as a basis to explain para- 
magnetic shifts in 'H NMR from cysteine P-protons in HiPIPs (122, 
123). The reviewer considers it too early to  evaluate these results, 
and this especially so since he is presently involved in a project to 
redetermine the magnetic properties of HiPIP proteins. Two significant 
results of this work thus far are (1) the refutation of the long-standing 
Antanaitis-Moss model (124) for the EPR from C. uinosum HiPIP (and, 
therefore, a refutation of support from EPR data for the Liverpool 
model) and (2) the detection of four separate (instead of two pairs of) 
quadrupole doublets by high-resolution Mossbauer spectroscopy (125). 

The relevance of double-exchange interaction to the explanation of 
the magnetic properties of the other two redox states of the cubane 
cluster in proteins-[4Fe-4S12+; S = 0, [4Fe-4S11+; S = &-has thus 
far not been tested experimentally in any way. An interesting aspect 
is the substrate-induced localized valence in aconitase (42). 

In recent times, S > 3 EPR has been reported for several iron-sulfur 
proteins, and evidence has been put forth to suggest that this is typically 
associated with clusters containing more than four ions (49-59). A 
cluster spin with a value larger than that of the high-spin ferric ion 
implies some sort of parallel spin coupling, i.e., suggestive of double- 
exchange interaction of significance. Although this possibility has thus 
far not been discussed, let alone tested experimentally, it is to be ex- 
pected that the presently evolving research trends in double-exchange 
interactions and in superclusters/superspins will intertwine in the not 
too distant future. 

In summarizing the previous paragraphs we note that there is reason 
to believe that the concept of double exchange is an essential element 
in the description of the magnetic properties of iron-sulfur clusters. 
Possible exceptions are the reduced 2Fe cluster and the oxidized 2Fe 
and 3Fe clusters (and perhaps all fully oxidized nFe clusters). From an 
EPR spectroscopist's point of view the concept is especially important 
for the systems that have a ground state superspin, whose explanation 
requires some form of parallel spin alignment. At the same time we 
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should caution that any serious testing has thus far been limited to 
only one case, now several years ago, of a single protein (105). 

Is there any added value for the biochemist in this tedious biophysics? 
When we know what the basic elements of iron-sulfur clusters are, we 
can understand the gross features of their EPR spectra. It is then from 
the fine details of these spectra that we can extract information specific 
for the protein at hand. Double exchange does not necessarily have any 
direct relevance to biology; however, with elements such as the 
(Fei6 + -Fei5 + ) delocalized dimer we may be able to extend our list of 
basic building blocks beyond the four defined previously. 

Perhaps a helpful way to look at this problem is to draw an analogy 
with the definition of structure levels in protein chemistry: the first 
four building blocks (cf. Section 11,A.) are the basis of the primary 
magnetic structure of the iron-sulfur cluster; there is a secondary level 
of structure in the delocalized dimers, trimers, etc. within the cluster; 
a tertiary structural level is imposed on the cluster by the coordinating 
protein and its environment. All this contributes to the shape of the 
EPR spectrum. Thus, by a judicious definition of these structural ele- 
ments and by an establishing of their contributions to the spectrum, 
we can improve on our capacities to sort out the general from the specific 
spectral features, i.e., the common from the detailed (bio)chemical infor- 
mation. These details are the subject of the following section. 

111. g Strain in Doublet Systems 

A. INHOMOGENEOUS BROADENING OF IRON-SULFUR EPR 

We now turn our attention to an “advanced” topic in the EPR of 
metalloproteins: g strain. The theory has been developed to a large 
extent with reference to well-characterized iron-sulfur proteins, i.e., 
to class E systems. I have recently reviewed the complete literature on 
g strain in metalloproteins (126). The present section is an updated 
summary of Ref. 126. 

The EPR of simple S = 4 systems is described by the spin Hamil- 
tonian: 

H = p B * g - S  (16) 

This description should be valid for the low-temperature EPR of many 
iron-sulfur systems, as they have an S = 4 ground state well separated 
from the other levels of their spin ladder. We assume here that the 
cluster under consideration is not subject to  dipolar interaction, i.e., it 
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FIG. 4. The EPR line width of [2Fe-2SI1+ in spinach ferredoxin as a function of the 
microwave frequency (from Ref. 126). 

is magnetically well isolated by the surrounding diamagnetic protein. 
This is, e.g., a valid assumption for proteins that contain only a single 
cluster (or only a single paramagnetic cluster). Note, however, that it  
is very difficult to avoid dipolar broadening in model cluster EPR (cf. 
Ref. 47).  We also assume that the cluster has not been enriched in 
57Fe and/or 33S. Thus the only possible interactions, in addition to the 
Zeeman term of Eq. (161, are superhyperfine interactions with magnetic 
nuclei in the second and higher coordination sphere, i.e., ‘H, 13C, and 
I4N from the protein (and, possibly, 14N from coordinating His in the 
Rieske cluster). In standard continuous wave EPR, these ligand split- 
tings are usually not resolved, but rather contribute to the inhomoge- 
neous line width. In magnetic field units this contribution should be 
independent of the frequency of the applied microwave. Experimen- 
tally, however, one usually finds that the EPR line width from biological 
S = 4 systems has a major contribution that is linear in the microwave 
frequency. Figure 4 gives the example of the [2Fe-2S11+ cluster in 
spinach leaf ferredoxin (note: each point is from a different spectrome- 
ter). At the common X-band frequency the broadening is essentially 
dominated by a mechanism linear in the microwave frequency. This 
observation strongly suggests that the line width reflects a type of 
Zeeman interaction. 

We want to  analyze the EPR spectrum by the method of spectral 
synthesis. This means that we want to faithfully reproduce the experi- 
mental spectrum on a computer using a theoretically founded algo- 
rithm. There are two good but very different reasons why we want to 
achieve this goal. In the first place, this simulation technique is the 
only way in which we can separate in a quantitative manner the fine 
spectral details (the “tertiary magnetic structure” of the cluster re- 
flecting the specific protein environment) from the more general fea- 
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tures common to all clusters of a given type. A second objective is 
the analysis of compound data, i.e., overlapping spectra from different 
centers in complex systems. A classical example of this latter problem 
is the determination of the number, type, and stoichiometry of para- 
magnets in respiratory chain complexes (cf. Refs. 126 and 127). 

The technique of simulating “powder” spectra (e.g., spectra from 
frozen solutions of metalloproteins) is well established (128). The pow- 
der pattern is generated by computing individual spectra for many 
different orientations and adding them all up. This is called integration 
over the unit sphere: 

x” = / / P(g) S(g, W) d cos 8 d4 (17) 

S(g, W) is a shape function, usually a Gaussian of width W, whose peak 
position follows from Eq. (16): 

Bresonance = (h/P)v/g (18) 

in which 

g = v1;g; + 1;g; + lfgl (19) 

The gi values are the principal values of the g tensor. The li values are 
the direction cosines of the magnetic field vector with respect to  the g- 
tensor axis system. They translate in polar angles as 

1, = sin 8 cos 4 
Zy = sin 8 sin 4 
I, = case 

(20) 

P ( g )  is the transition probability (129): 
P(g) = g-’C(gP - g-21pg:) (21) 

This is all standard procedure. However, the line width, W, is experi- 
mentally found to be orientation dependent, i.e., a function of the direc- 
tion cosines. Our problem is that we do not know what the analytical 
expression of this dependence is. 

Two ad hoc solutions have been proposed (and subsequently applied 
in too many cases to be comprehensively reviewed here). The algorithm 
of Johnston and Hecht (130), 

w = v1;w; + 1;w; + 1:w: (22) 

is simply an analog of theg value, Eq. (191, suggestive of a distribution 
of the g values themselves. One could call this the simplest possible 
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FIG. 5. The X-band spectrum of the reduced [2Fe-2S] cluster in spinach ferredoxin 
(solid trace) is computer simulated (dots) with a line width anisotropy according to Eq. 
(23) (132). 

form of “g strain,” a term that was proposed several years later in the 
group of Sands and his collaborators (16, 108). 

A second proposal, due to Venable (131), 

is an analog of the expression for the first-order central hyperfine split- 
ting in orthorhombic symmetry: 

A = Vl2g:A; + 1;g;A; + lfg:Aflg2 (24) 

Although Eq. (23) is probably the most frequently used expression in 
work on iron-sulfur proteins (cf. Ref. 127), it cannot possibly be correct: 
there is no central (i.e., metal) hyperfine interaction in Fe-S clusters; 
ligand hyperfine interaction is negligible; the line width is not indepen- 
dent of the microwave frequency. 

In practice, the two proposed solutions, Eqs. (22) and (23), give virtu- 
ally indistinguishable results. This is a consequence of the fact that 
they both describe an effective line width tensor that is colinear with 
the g tensor. The appearance of the powder spectrum is dominated by 
the turning points of the g value, Eq. (19). What happens off-axis is to 
a large extent irrelevant to  the overall spectral shape. Unfortunately, 
both solutions give poor results. A typical illustration is given in Fig. 
5 (132). The word “typical” here indeed means exemplary for very many 
simple S = 4 spectra, The low-field peak and the high-field trough in 
the experimental spectrum are skewed, and this is not reproduced in 
the fit. Similarly, the asymmetry of the derivative-shaped feature is not 
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simulated. These asymmetries are the easily recognizable trademark of 
g-strain broadening. 

Over the past 25 years a dozen attempts have been made toward a 
more sophisticated approach of the line width problem in biological 
EPR. These studies were mainly concerned with hemoproteins (cf. refer- 
ences quoted in Ref. 126); however, some of the more recent ones address 
the problem in relation to specific types of iron-sulfur proteins (24, 
133). The central idea in all the proposed theories is to  have a distrib- 
uted effective g values by assuming a symmetric distribution in one or 
more quantities that directly define the effective g value itself. Thus, 
distributions have been proposed in crystal field splittings, spin-orbit 
interactions, ground state wave function coefficients, or coefficients in 
the spin Hamiltonian. All the proposed models approximately simulate 
the magnitudes of line width anisotropy; however, they neuer generate 
the skewings and asymmetries of real g strain. 

We must, therefore, conclude that the cause of g strain and the 
cause of the g tensor are two entities of a completely different nature. 
Somewhere in between these entities is an angular transformation 
resulting in a noncollinearity of tensor quantities. 

B. THE &STRAIN EQUATION AND ITS IMPLICATIONS 

Fritz et al., who first proposed the term “g strain,” also suggested a 
model for its physical nature: microheterogeneity in protein conforma- 
tion (16). Taking the strain in g strain literally, the present author 
later proposed to include a strain term in the spin Hamiltonian to 
describe effects of the matrix surrounding the protein (i.e., the frozen 
solvent) on the protein and the spin system within (134). The resulting 
equation for the angular-dependent line width (132,134) for the first 
time allowed for a line width tensor to be noncollinear with theg tensor. 
Its implementation in a spectrum simulation program for the first time 
closely reproduced the asymmetries of g strain in powder spectra of 
a low-spin hemoprotein (134) and an iron-sulfur protein (132). The 
program was also original in calculating spectra in g space with subse- 
quent transformation to field space. This idea was based on the notion, 
proposed by Strong (135), that the distribution function due t o g  strain 
is necessarily nonlinear on a magnetic field scale. However, the line 
width algorithm (132,134) was not the result of a rigorous derivation, 
and in a later study it was shown to contain an error of normalization 
(136). 

Combining the idea of a noncollinear line width tensor (132, 134) 
with the statistical concept of the g values as random variables (97), 
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two groups working on the problem of g strain joined forces and devel- 
oped the statistical theory of g strain (136). This theory was derived 
from the single premise that the g tensor is a linear function of a three- 
dimensional random variable: 

g = g o + R * p . R T  (25) 

Here, p is a tensor whose elements are random variables, go is a tensor 
whose elements do not fluctuate, and R is the three-dimensional rota- 
tion that transforms the p principal axis system to the go principal axis 
system. The resulting expression for the angular-dependent line width 
turned out to be a discouragingly complicated one, both in form and in 
its amenability to use in numerical analysis (136). It contains, e.g., a 
five-dimensional rotational transformation. 

The problem was saved from intractability by an unexpected finding 
(136): when the three elements of the p tensor in Eq. (25) are statisti- 
cally fully correlated (either positively or negatively), then the compli- 
cated five-dimensional expression reduces to a much simpler, three- 
dimensional expression; this turns out to be a normalized version of the 
successful (but not rigorously derived) expression in the early work (cf. 
Refs. 132 and 134). 

There is also a plausible physical interpretation of this result. When 
all the elements of the tensor describing g strain are fully correlated, 
then their ultimate cause must be a scalar. This scalar can be identified 
with a hydrostatic pressure exerted on the paramagnetic protein by its 
surroundings, the matrix of the (frozen) solution (126). Here is a simple 
picture to envisage the process: the outside of the protein is a globe. 
Inside is an iron-sulfur cluster, say a cubane, which is connected to the 
inner surface of the globe by means of a complicated network of strings 
(the protein structure). A hydrostatic pressure, or uniform stress on 
the globe is transduced onto the cubane as a strain with directional 
properties (the p tensor) unrelated to the structure of the cube (the go 
tensor). 

The unrestricted form of the statistical theory of g strain has been 
tested on high-quality multifrequency data from [2Fe-2SI1+ ferredox- 
ins, resulting in (1) very good fits, and (2) proof of full correlation 
between the p-tensor elements (25). Figure 6 gives an example of such 
a fit. In spite of some initial difficulties (137) and concern (1381, it  now 
appears that fully correlated g strain is also an adequate model for 
inhomogeneously broadened EPR from [4Fe-4SI3 + in HiPIPs (125) 
as well as from [4Fe-4SI1+ in ferredoxins (W. R. Dunham, personal 
communication, 1990) and in complex enzymes (139). It is also operative 
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FIG. 6. The P-band spectrum of the reduced [2Fe-2S] cluster in Synechococcus liuidus 
ferredoxin (solid trace) is computer simulated (dots) with a line width anisotropy ac- 
cording to Eq. (26), the g-strain equation (25, 139). 

in biological [3Fe-4SI1+ clusters (107) and in [6Fe-6SI3+ prismane 
cores in model compounds (47).  

The g-strain equation is 

Its derivation can be found in Ref. 136 and is not repeated here. Note 
that in the original work this equation was given in a compact matrix 
notation [Eq. (34) in Ref. 136; see also Ref. 126). Equation (26) accu- 
rately describes the angular-dependent line width in the above-men- 
tioned iron-sulfur systems. The line width, W, is interpreted as the 
variance of g in Eq. (25) when the principal g values are functions of 
fully correlated random variables. Equation (26) follows from a general 
statistical model that does not assume anything about the physical 
nature of g strain, other than that the full correlation implies the 
ultimate cause of g strain to be a scalar quantity. In other words, Eq. 
(26) provides a practical means to effectively describe line broadening 
in the EPR of iron-sulfur S = f systems while leaving ample room for 
future theorization on the molecular mechanisms involved. 
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The A values in Eq. (26) are the six independent elements of a 3 x 
3 real, symmetric matrix. This matrix describes the p tensor of 
Eq. (25) in the axis system that diagonalizes the g tensor. The A 
values also have a practical interpretation as g-strain parameters. 
The absolute values of the diagonal elements Aii are to  a good 
approximation equal to  the apparent line width on a g-value scale 
of the three features of the powder spectrum. Their approximate 
value can be read from the experimental spectrum. The off-diagonal 
elements, A,, are responsible for the typical asymmetries in g-strain 
broadened spectra. Their value can not be read from the spectrum, 
therefore analysis of g-strained spectra always requires computer 
simulation. Because the A values reflect a distribution in effective g 
values, these simulations have to be made in g space, and the 
resulting spectrum has to  be subsequently transformed to B space 
for comparison with experimental data (139). 

The numerical values of A can be positive or negative. This has the 
implication that the line width from g strain can be zero for some 
molecules that do not have their g tensor aligned with the external 
magnetic field (i.e., for some intermediate orientations). As an im- 
portant practical consequence the computation time required for simu- 
lations based on Eq. (26) increases by some two orders of magnitude 
compared to simulations based on the ad hoc algorithms of Eq. (22) or 
(23). A number of tricks on how to handle this problem numerically are 
detailed elsewhere (139). 

It appears to be generally accepted nowadays that g strain is an 
important determinant for the EPR spectral shape of iron-sulfur pro- 
teins. Frequently, however, the concept of g strain is only referred to 
parenthetically, and quantitative analysis is not attempted. Reluctance 
to apply Eq. (26) may be related to its complicated mathematical back- 
ground (136) and to the nontrivial character of its numerical analysis 
(139). This reviewer hopes for increased efforts in the future, which he 
advocates as follows. EPR spectral analysis of iron-sulfur proteins 
using the g-strain concept provides more accurate g values (93); it  gives 
better deconvolutions of complex spectra from multicenter proteins 
and, therefore, more reliable stoichiometry numbers (139); it should 
give information-by systematic comparison-on the internal flexibil- 
ityhigidity of proteins (25). A direct link has also been suggested 
between g strain and spin lattice relaxation; a rudimentary theory 
based on this idea had some success in describing continuous wave 
saturation of the [2Fe-2S11+ EPR from spinach ferredoxin (132). This 
suggestion has not incited any response in the decade following its 
proposal. 
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IV. High-Spin Kramers’ Systems 

A. THE WEAK-FIELD REGIME 

As withg strain, this is another field of biological EPR whose develop- 
ment is presently dominated by examples from iron-sulfur EPR. The 
biological superspins (S  > 3) are unknown outside the Fe-S field. We 
have already pointed to  their association with putative iron-sulfur 
superclusters. Remarkably, the S = Q system is a relative rarity for 
iron-sulfur clusters in contrast to its ubiquity in iron-protein EPR in 
general. On the other hand, the S = 3 system appears to be limited to 
the domain of iron-sulfur and mixed-metal iron-sulfur clusters, except 
for the cases of high-spin ferrous NO (140) and high-spin cobaltous 
proteins (141 1. 

Half-integer high-spin systems in biology have been analyzed with 
the spin Hamiltonian: 

H =  S * D ’ . S  + p B * g * S  (27) 

For S > 4, higher order terms in S are allowed theoretically (142), but 
this theme has only rarely been touched in biological EPR (143,144). 
There is a practical difficulty in discerning between the effects of higher 
order terms and the second-order term, S D’ - S, in half-integer spin 
systems (see, e.g., Ref. 145). The subject has thus far been completely 
ignored in iron-sulfur EPR. We have nothing to add here (but we will 
have, below, when discussing non-Kramers’ systems). 

A characteristic aspect of high-spin metalloprotein EPR, including 
all high-spin iron-sulfur EPR, is the general validity at X-band fre- 
quencies of the inequality 

S * D’ S P PB * g *  S (28) 

In this “weak-field limit,” the S = n/2  multiplet forms ( n  + 1) /2  
Kramers’ doublets, each of which is separated from the others by energ- 
ies significantly larger than the ~0.3-cm-l microwave quantum. On 
the other hand, all the doublets within the ground multiplet are at 
sufficiently low energies to be significantly populated in the tempera- 
ture range practical for iron-sulfur EPR, typically from 4 to 100 K. In 
this situation, each doublet of the S = n/2 system is expected to give 
rise to its own resonance, which can be described in terms of an effective 
S = 4 spectrum with three effective g values. For example, an S = 8 
system will have a superposition of five S,, = 4 spectra with a total of 
15 effective g values. However, not all of these g,, values are observ- 
ables, as will become obvious below. A practical way to analyze these 
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types of spectra is in terms of a single quantity, the rhombicity parame- 
ter, making use of a graphical representation of tabular values, for 
which I have proposed the name “rhombograms.” 

B. CALCULATION OF EFFECTIVE g VALUES 

Since the zero-field interaction tensor, D’, is traceless, one usually 
rewrites the term S 9 D‘ . S in the two-parameter form: 

HZF = D[S% - S(S + 11/31 + E(S: - S;) (29) 

and this allows us to  define “rhombicity” as a single parameter, EID, 
whose value is limited theoretically as (146, 147): 

0 I (EIDI I 6 (30) 

Note that some authors prefer to  define a rhombicity parameter, 7, 
in a slightly different manner, namely, 7 = 3E/D, as this limits the 
magnitude of rhombicity between zero and unity. 

We assume the D’ and g tensor to be collinear, and we write out the 
Zeeman interaction in a shorthand notation as 

with 

Gi = gil,/3BS, (i = x, y, z)  (32) 

The direction cosines, li, were defined in Eq. (20). With the spin func- 
tions for the S = n/2 system written as 

(33) Irn,) = ln/2); I(n - 1)/2); . . .; I - n/2) 

S*l%) = m,lm,) 

S+(m,) = VSCS + 1) - rn,(rn, + l)lm, + 1) 

and recalling that 

S-lrn, + 1) = VSCS + 1) - rn,(rn, + 1)JrnJ (34) 

s, = (t)(S+ + s-)  
s, = (ti)(S+ - s-)  

we can now construct the energy matrix by calculating all the matrix 
elements (rn,JHJrni). 
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(+$I 

(-91 

(+ti 

(-41 

For example, for S = # we have 

1%) = 13; 14); I -4); 1-8 (35) 

and the energy matrix is 

I +B) 1-8 I +t )  1-1) 

D + 3GJ2 0 6 ( G ,  - iGyY2 E V 5  

0 D - 3G,/2 E d 3  &(GZ + iGy)12 

V 5 ( G x  + iGy)/2 E V 5  -D + Gz/2 G, - iG, 

E d 5  G ( G X  - iGy)/2 G, + iGy -D - Gz/2 

The amounts of CPU time required by this approach may well be 
prohibitive in many practical applications. 

In the weak-field limit [cf. Eq. (2813 the Zeeman term is only a small 
perturbation to the zero-field interaction. A significant consequence of 
this is that the effectiveg values are frequency independent. In practice, 
substituting any “large” value for D and any “small” value for B in the 
energy matrix results in the same set of effective g values. Typical 

The equivalent matrices for S = 3; 8; and their application to 
iron-sulfur protein EPR can be found in Refs. 49 and 54. There are two 
ways to use these matrices for the interpretation of high-spin EPR data: 
the exact solution and the weak-field approximation. These approaches 
are similar in conception; however, they differ drastically in their prac- 
tical applicability. 

The exact solution is obtained as follows. Numerical diagonalization 
of the energy matrix gives the relative energies of the n + 1 levels 
within the S = n/2 multiplet. To find the effective g values of the EPR 
spectrum, we carry out the diagonalization along the principal axes (D’ 
and g are collinear), i.e., for the three possibilities, 

(Z,, zy,  I,) = (LO, 0); (0,1,0); (O,O,  1) (37) 

We choose values for the fitting parameters D, E ,  g,, gy, and g, and 
subsequently do the diagonalization along each axis for many different 
values of the external magnetic field, B,  in order to  find all those B 
values for which two of the n + 1 energy levels differ by an amount, 
AE, equal to the energy of the applied microwave quantum. We then 
get the effective g values from the resonance condition: 
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dummy values can be anywhere within the range 10 < D < 100 cm-’, 
and 0.01 < B < 1 T. The complexity of the problem is now considerably 
reduced, because the matrix diagonalization has to be done for a single 
B value only, and also because the geff values no longer depend on the 
values of D and E ,  but only on their ratio, EID. 

A further simplification ensues from the realization that the geff 
values shift much more significantly by changes in the value of EID 
than by deviations in the real g values from the free-electron value. In 
other words, we can, as a reasonable starting point, assume that the 
real g values are 

(39) 
This should be a good assumption for the 3d5 system with quenched 
orbital angular momentum, e.g., Fe(II1) in rubredoxin. It should also 
be a rather good assumption for iron-sulfur systems, especially for the 
most oxidized ones. There are few reports on attempts to document 
deviations from Eq. (39) in high-spin EPR from iron-sulfur proteins. 
A real g, = 2.04 was deduced from the S = $ EPR from the iron-molyb- 
denum cofactor in dithionite-reduced nitrogenase (148, 149). For the 
equivalent spectrum from the vanadium-containing nitrogenase, g = 
2.06 has been reported (150). In general, it would appear that the 
deviations in high-spin iron-sulfur EPR are maximally of the order of 
a few digits in the second decimal place of the real g values, and this 
is probably comparable to  the uncertainty in the effective g values due 
to our limited understanding of the details of the line shapes in these 
spectra. 

With the three elements of the real g tensor fixed at  2.00, and the 
value of the axial zero-field parameter, D,  irrelevant, we find that any 
half-integer high-spin system has an EPR spectrum that is a function 
of a single parameter only, i.e., the rhombicity EID. This allows us to 
analyze these spectra by means of simple, two-dimensional graphs of 
effective g values versus rhombicity. 

g,  = gr = g, = 2.00 

c. THE READING OF RHOMBOGRAMS 

Rhombograms for the cases S = 3, f, 4, and 8 are given in Fig. 7 (A-D) 
(54, 69, 147, 151). All possible g values for the subspectrum from a 
particular Kramers’ doublet are represented by the three curves in the 
individual panels. Spectral analysis means now simply placing a ruler 
parallel to  the vertical axes of Fig. 7 and moving it along the horizontal 
axes to a rhombicity that produces all the experimentally observed 
effective g values. Thus graphically determined approximate values 



198 WILFRED R. HAGEN 

can be checked with more accurate computer calculations. These calcu- 
lations also allow for trials with real g values deviating from 2.00. A 
simple, efficient program running on personal computers is available 
from the author (152). In practice, three types of problems can occur: 
(1) not all the theoretically predicted effective g values are observed, 
(2) the system has more than one discrete rhombicity, and (3) the system 
is a mixture of different spins (the latter two problems will be addressed 
separately below). 

It should be evident from a quick glance at  Fig. 7 that in many cases 
some of the effective g values are simply too low to be detected. The 
maximum value for the electromagnet of an X-band EPR spectrometer 
is typically of the order of 1 T. This excludes detection of all g < 0.6. 
The problem can not be solved simply by the application of higher 
magnetic fields, because this would take us out ofthe weak-field regime, 
leading to a breakdown of Eq. (28) and, therefore, of the validity of the 
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FIG. 7. Rhombograms: (A) S = f; (B) S = Q; (C) S = 4; (D) S = 8. 
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diagrams in Fig. 7. A closely related problem is that of the low intensity 
of highly anisotropic spectra. In the axial case (i.e., E = O), no spectrum 
other than that from the I++) doublet is observable. All the other dou- 
blets have two g values outside the magnetic field range, g, = gy = 0. 
The thirdg value always corresponds to a practical field value; however, 
it is also not observed because the transition probability is zero [cf. 
Eq. (21)l. Reworded, an infinitely wide spectrum has infinitely low 
intensity, or the smaller the g anisotropy the higher the spectral inten- 
sity will be. This notion leads to three rules of thumb relating to the 
intensity of subspectra from half-integer spins: 

Rule 1: the likelihood of observing a transition within the higher 

Rule 2: this likelihood decreases with increasing system spin, S. 
Rule 3: the likelihood also decreases with increasing projected spin, m,. 

doublets increases with increasing rhombicity, EID. 
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Consider some examples to illustrate these rules. The molybde- 
num-iron cofactor in nitrogenase is an  S = $ system with a relatively 
low rhombicity value, EID = 0.055 (148). The spectrum from the /+I) 
doublet is extremely weak and is difficult to detect (149). When the 
cofactor is isolated from the protein, the rhombicity increases (EID = 

0.11) and the excited state EPR becomes readily observable (153). In 
the vanadium-containing nitrogenase the rhombicity has further in- 
creased to EID = 0.26, and now the two subspectra have comparable 
intensity (150). The S = I is poorly represented in the iron-sulfur 
proteins, therefore, we look at  other iron proteins. Ferric high-spin 
hemoproteins are S = f systems of low rhombicity. No EPR other than 
from the It-+) ground doublet has ever been observed. Highly rhombic 

EPR from all three doublets is observable (69,154). Data on Fe-S (or 
Fe-Se) S = 4 and S = 8 systems are presently limited to two (49, 84) 
and four (51, 54, 56, 57) cases, respectively. EPR from the highest 
doublet has not been observed for any of these systems. EPR from the 
second highest doublet is, a t  best, only indicated in one or two cases 
(49, 57). 

A fourth rule of thumb applies to the (lower) intermediate doublets. 
Again, by inspection of Fig. 7 it is obvious that systems with S 2 f have 
a t  least one doublet with three coinciding g values for a particular 
value of the rhombicity parameter. An actual rhombicity close to this 
value will lead to a near-isotropic subspectrum of relatively high inten- 
sity. It is helpful to realize that the rhombograms of Fig. 7 possess a 
graphical symmetry in the sense that extending the lowest panel along 
the horizontal axis to the range f 5 EID 5 1 results in the (stretched) 
mirror image of the upper panel (cf. Ref. 147). The same operation on 
the next to the lowest panel gives the mirror image of the second highest 
panel. For those systems that have an  odd number of Kramers’ doublets 
(i.e., S = $, 1, Y ,  etc.), extension of the middle panel should produce its 
own mirror image. These systems all have an isotropic spectrum at 
maximal rhombicity, i.e., EID = f. For S = $this gives rise to the well- 
known g = 4.3 line, whose isotropy allows ;or the detection of small 
quantities of adventitiously bound ferric ion in biological preparations. 
The equivalent of this for S = systems is an  isotropic line a t  g = 6.4. 
The first putative detection of an S = system with E/D I- f has recently 
been made (57). 

In addition, systems with S 2 4 have another doublet with coinciding 
g values for intermediate values of EID. For a real g value of 2.00 we 
find for the next to the lowest doublet of an S = 3 system an isotropic 
spectrum with g = 5.00 (E/D = 0.117). And for an S = f system there 

s = 5  systems are found in mononuclear ferric centers. In some cases 
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is an isotropic spectrum with g = 5.34 (E/D = 0.055). Actual systems 
with a rhombicity close to  any of the quoted values are likely to have 
an easily detectable, near-isotropic subspectrum. Examples are found 
in the S = Z ,  g = 5.2 EPR from selenium-substituted ferredoxin (83, 
84) and in the recently reported S = 8, g = 5.7 EPR from the putative 
prismane protein (52,55,59) and from a carbon monoxide dehydroge- 
nase (56). We summarize the previous statements: 

Rule 4: near-isotropic, therefore easily detectable, subspectra occur 
for the middle doublet in maximally rhombic S = !j or 8 systems and 
for the 128) doublet from S = Z or 4 systems of intermediate rhombicity. 

Finally, we must consider the angular dependency of the line width as 
well as the dependency on m,. Since the theoretical description of line 
width in high-spin systems is undeveloped, we have to rely on a 
few practical observations plus some very rudimentary theory. From 
early work on high-spin ferric heme in myoglobin (S  = S, l+d) EPR, 
EID = 0) it was concluded that the effective g values were distributed 
as a consequence of the combined effects of g strain in the real g values 
and a distribution in the parameter E ,  the latter effect being rather 
strongly angular dependent (134). Similarly, we have found for other, 
more rhombic systems, such as for the mononuclear high-spin ferric 
site in Escherichia coli superoxide dismutase with EID = 0.24 (1551, 
that the inhomogeneous line width results from the combined effects 
of g strain and a distributed rhombicity. Since the real g tensor in the 
present approach is taken to be (near) isotropic, the line width from g 
strain is isotropic in magnetic field units. On the other hand, a distrib- 
uted E value results in line widths that increase very rapidly with 
increasing magnetic field, i.e., with decreasing effective g value. Con- 
sidering attempts at further theorization on the subject to  be presently 
premature, I simply summarize a limited set of phenomenological ob- 
servations: 

Rule 5: within a subspectrum the line width in field units usually 
increases (therefore, the intensity decreases) rather rapidly with de- 
creasing effective g value; lines of different subspectra with similar 
effective g values have line widths of the same order of magnitude. 

When taking all the five rules of thumb together the following picture 
emerges. Near-axial systems will exhibit the I +if) subspectrum only. 
With increasing rhombicity the 1'4) subspectrum becomes more diffi- 
cult to detect, and subspectra from higher doublets become significant. 
Sometimes the mathematical coincidence of effective g values causes 
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FIG. 8. Temperature dependence of the S = 4 X-band EPR of the P-cluster in thionine- 
oxidized nitrogenase Mo-Fe protein from Azotobucter uinelundii (49). 

one of the intermediate subspectra to become dominant. With increas- 
ing system spin it is increasingly difficult to detect EPR from the 
highest doublets. 

D. PRACTICAL ASPECTS OF IRON-SULFUR HIGH-SPIN EPR 

Figure 8 shows the temperature dependence of part of the X-band 
spectrum from thionine-oxidized Mo-Fe protein of nitrogenase (49). 
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The spectrum is from an S = 4 superspin assigned to the P-cluster, 
a putative iron-sulfur supercluster (49, 63) of otherwise undefined 
structure. Figure 8 is a convenient example to illustrate the intensity 
rules derived in the previous section, and to discuss additional practical 
aspects . 

The rhombicity of the S = f system is E / D  = 0.043. This value is 
consistent with a l?b) subspectrum withg = 10.4, 5.4, and 1.8 (cf. Fig. 
7C). We do not observe this subspectrum below T = 10 K but only at 
intermediate temperatures (Fig. 8). The S = 4 multiplet is upside down 
as a result of the D value being negative. This is probably the major 
reason why the-in principle easily detectable-spectrum of Fig. 8 has 
escaped detection for a number of years (156-159). In recent times it 
has become increasingly evident that inverted multiplets are the rule 
rather than the exception in iron-sulfur S = 8 (150, 151, 160, 161), 
S = f (49,841, and S = (54-56) systems. This had added importance 
to extended temperature variation in EPR, thus making the experi- 
ment more involved. 

Possibly related to the inversion of the spin multiplet is the repeated 
observation that the EPR is not microwave saturable. All traces in Fig. 
8 were recorded with 200 mW microwave power, typically the output 
of a leveled X-band klystron. Again, this nonsaturability appears to be 
the rule for high-spin, especially superspin Fe-S, systems. This not 
only means that current spectrometer performance is suboptimal with 
respect to the detection of these systems, but it also implies that su- 
perspins will probably not readily be studied by pulsed techniques and 
by double-resonance techniques. 

In addition to the I++) subspectrum, only the I?j) subspectrum is 
positively identified at geff = 5.8, consistent with out intensity Rules 
1-3. The Rule 4-predicted mathematical coincidence of effective g val- 
ues, resulting in near-isotropic subspectra, is not observed in this partic- 
ular S = .5 system. However, the isotropic line at g = 4.3 from a very 
small amount of adventitious iron (S  = 4) is a case in point. S = 8 
examples of this phenomenon may be found in the recently detected 
EPR spectra from different iron-sulfur proteins (55, 57, 59). 

The Rule 5-predicted line width increase with decreasing effective g 
values is observed for the g = 10.4 and 5.5 features from the I+*) 
subspectrum. 

We have indicated that the broadening described by Rule 5 is related 
to a distributed rhombicity. This smoothly varying, statistical distribu- 
tion should be discriminated from a discrete distribution of rhombicities 
reflecting a limited number of discernible conformers. Only the latter 
results in resolved spectra from different components. For example, it 
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FIG. 9. Multiple rhombicities in the S = f X-band EPR of the dissimilatory sulfite 
reductase from Desulfouibrw vulgaris strain Hildenborough (54 ). 

is not at all uncommon to observe up to four different 124) subspectra 
from S = 3 hemoproteins and sirohemoproteins (cf. Refs. 54,162, and 
references quoted therein). The limited data presently available on 
S = 9 systems in iron-sulfur proteins indicate that here discrete distri- 
butions in rhombicity are also a common phenomenon. An example is 
given in Fig. 9. The EPR from D .  vulgaris sulfite reductase exhibits (at 
least) three sharp peaks at very high effective g values of 17,15.1, and 
11.7, and these have all been ascribed to the 1'4) subspectrum from an 
S = 8 system with discretely different rhombicities (54). Similar effects 
have been observed in the S = 8 EPR form the putative prismane 
protein (59). These discrete distributions both in hemoproteins and in 
iron-sulfur proteins have thus far not been explained in (biokhemical 
terms; they do present an additional complication in the spectroscopic 
analysis. 

The spectrum of Fig. 9 also illustrates another practical rule for 
superspin EPR. From the rhombograms in Fig. 7 it can be seen that, 
in the weak-field limit, there is a maximum to g,, for each particular 
system spin, namely, g = 6 (S  = $1, g = 10 (S = 8, g = 14 (S  = $1, 
and g = 18 (S = 4). This can be summarized in the simple rule: 

gmax 5 s (40) 

The observation of, e.g., g = 17 in spectrum of Fig. 9 identifies the 
system spin S 2 8. 

The construction of the rhombograms, and every rule deduced from 
them, is based on the weak-field assumption. At higher magnetic field 
values, i.e., at lower effective g values, the assumption will increasingly 
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lose its validity. In attempts to  evaluate this problem, rhombogram- 
predicted g values were compared to g values obtained from exact 
calculations for S = 3 (49) and S = 8 (54). Even for relatively small 
values of the zero-field splitting D (twice the X-band microwave quan- 
tum), the differences between the two methods became significant only 
for those lower effective g values that thus far have escaped detection. 
However, this is not necessarily true for data taken at higher micro- 
wave frequencies, as was shown by Aasa for the S = 3 ferric transferrin 
(163). 

At the end of our discussion of high-spin Kramers’ systems we briefly 
consider an important but virtually unexplored theme (see Ref. 164 for 
a single exception): the validity of spin quantification procedures for 
high-spin systems. The quantification of S = 4 spectra against that of 
an S = 8 concentration standard is a well-established procedure (128). 
It is generally assumed-although nowhere explicitly stated in the vast 
literature on biological EPR-that this procedure also fully holds for 
Kramers’ high-spin subspectra, provided correction is made for partial 
population according to Boltzmann statistics. However, no formal 
mathematical proof of this thesis has been given. There is ad hoc sup- 
port in the practical finding that quantification of I ?#) subspectra from 
high-spin systems usually gives a number that is an approximate multi- 
ple of the protein concentration. To what extend this “approximate” is 
a consequence of nonrigorous theory remains to  be established. This 
caveat is emphasized for quantification on other than 1 k4)  subspectra 
and on non-weak-field spectra. 

V. Non-Krarners’ Systems 

A. PRINCIPLES OF DUAL-MODE EPR IN S = 2 SYSTEMS 

We have seen that application of the spin Hamiltonian of Eq. (27) to 
half-integer spin systems (S = n/2) in the weak-field limit results in a 
grouping of levels within the spin multiplet into (2n + 1)/2 doublets. 
The same Hamiltonian applied to integer spin, or non-Kramers’ sys- 
tems (S = n), results in a grouping into n doublets and one singlet (see 
Fig. 10, left panel). Note, that these doublets are similar to the higher 
doublets of half-integer systems in that their associated subspectra in 
axial symmetry have two effective g values equal to  zero. However, the 
two systems are very different with respect to  the nature of the transi- 
tion: Kramers’ systems are subject to [Am[ = 1 transitions; non-Kram- 
ers’ systems have (Am1 = 0 transitions. In quantum mechanical lan- 
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FIG. 10. Level scheme for the S = 2 multiplet under different zero-field spin Hamilto- 
nians. 

guage the two levels of a non-Kramers’ doublet are not interconvertible 
by the time-reversal operator (2). An important consequence of this 
statement is that the two levels are not necessarily degenerate in a 
zero magnetic field. In fact, a finite rhombicity (E # 0) is sufficient to 
split the non-Kramers’ doublet (Fig. 10). Kramers’ doublets can never 
be split in zero field. 

In axial symmetry (E = 0) the lowest three levels of Fig. 10 are 
admixed by the Zeeman interaction; therefore, a IAml = 1 transition 
within the first doublet is weakly allowed for all orientations except 
when the magnetic field is along the z axis. This transition is equivalent 
to  the “half-field’’ transition with g,. = 4 observed in many triplet 
( S  = 1) systems. However, in the weak field limit this admixture is 
negligible, and no such subspectrum has ever been positively identified 
yet for iron-sulfur systems with S 2 2. An additional complication 
here is that a finite rhombicity splits the doublet by an amount A1 = 6E, 
and this splitting can easily be greater than the energy of practically 
employed microwave quanta (162). 

Rhombicity induces a much smaller splitting in the second doublet, 
A2 = 3E2/D for S = 2. It also mixes the levels of the doublet through 
coupling with the 10) singlet, and this creates the possibility to observe 
IAml = 0 transitions within the doublet (2). This requires a special 
experimental setup called parallel-mode EPR, in which the magnetic 
component of the microwave, B, ,  is put parallel to the static magnetic 
field, B .  In standard EPR spectrometers detecting IAml = 1 transitions, 
the common geometry is to have the vectors B and B ,  perpendicular. A 
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bimodal cavity is a resonator that can operate in each of the two modes, 
which are then typically separated in frequency by some 50 MHz (144, 
162). 

The approximate resonance condition for such non-Kramers’ intra- 
doublets transitions was formulated 40 years ago by Bleaney and Scovil 
(165) as 

hu = u(ge-&3B)2 + A2 (41) 

Another simple and useful approximate rule (166) holds for the transi- 
tion probability, or the intensity of the parallel-mode spectrum 111, at a 
given microwave frequency: 

Ill 0: A2 (42) 

The transition is also observable in a regular spectrometer except for 
those molecules that have their z axis exactly parallel to the static field 
B, i.e., 8 = 0. In the neighborhood of the z axis we have (167) 

(43) 

The shape of non-Kramers’ resonances is nonstandard in several 
respects. The inhomogeneous broadening appears to  be related to a 
distribution in the intradoublet splitting A, in its turn possibly induced 
by a distribution in rhombicities (168; see also Refs. 162 and 169 and 
references quoted therein). As a result of the transition probability 
being proportional to the splitting A, the line shape is asymmetrically 
tailing toward low field and has a zero intensity at  the effective g value 
for axial symmetry (2, 162, 166). Furthermore, in biological systems 
the distribution in A is frequently such that the resonance line is 
broadened “into zero field,” i.e., A > hu, with partial loss of intensity 
(162). Finally, in normal-mode spectra the powder pattern is deformed 
as a consequence of the zero transition probability along the z axis. All 
these effects combined have the result that reading effective g values 
directly from the polycrystal spectrum is usually much less accurate 
than with Kramers’ systems. In many casesgeEdeterminations are only 
possible by spectral simulation techniques adapted for integer-spin 
systems (144,162). Also, for the quantification of powder spectra from 
non-Kramers’ systems the use of spectral simulations appears to  be 
mandatory; on a more advanced level these simulations become in- 
volved and time consuming (144). The bottom line is that there is no 
quick and easy way to quantitate these spectra. 

When discussing high-spin Kramers’ systems we noted that for S > 
3 higher order terms in the spin operator should be added to the spin 

1,/111 = (4) tan2 8 
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Hamiltonian. We decided that this is very rarely done, possibly because 
second and higher order terms result in similar effects in the powder 
spectrum. This is not true for non-Kramers’ systems. For example, for 
a rhombic S = 2 system the complete zero-field Hamiltonian is an 
extension of Eq. (30), namely (2, 145, 170, 171 1: 

HZF = (~/6)[S,4 + S; + S,“ - (i)S(S + 1)(3S2 + 3 s  - l)]  

(F/lS0)[35S,4 - 30S(S + 1)s: 

25s: - 6S(S + 1) + 3S2(S + 1)’I 

D[S: - S(S + 1)/3] + E[S,Z - S:) 

(b/2){[7S: - S(S + 1) - 5I(S,Z - S:) 

(S: - S,2)[7S: - S(S + 1) - 51) 

(44) 

When we calculate the approximate values for the non-Kramers’ dou- 
blet splittings under this Hamiltonian (they are given in Fig. lo), it 
can be seen that the effects of the new a, F, and b terms are easily 
incorporated, by substitution, into the old D and E terms, except for a 
splitting of the second doublet linear in the quantity a. This has the 
far-reaching implication that the upper doublet can be split even in 
cubic symmetry, therefore that no rhombicity is required for a finite 
transition probability. We have made one attempt at rigorously analyz- 
ing a bimodal spectrum (S  = 2 in cytochrome oxidase) with the Hamilto- 
nian of Eq. (441, and we have found the a term to dominate the splitting 
ofthe second doublet (144). It would appear that all studies on biological 
non-Kramers’ doublets ignoring this term are incomplete. 

B. IRON-SULFUR NON-KRAMERS’ SYSTEMS 

EPR on non-Kramers’ systems was introduced to the field of iron- 
sulfur clusters with the detection of an S = 2 signal from the [3Fe-4SIo 
cluster in the 7Fe Thermus thermophilus ferredoxin (107). The spectra 
(see Fig. 11) were very similar to those previously found for S = 2 in 
other biological and model systems (162). Only a single, asymmetric 
feature is observed extending toward zero field such that the main 
intensity of the first-derivative spectrum is below the base line. The 
line is assigned to the transition within the second doublet, subject to 
a broad distribution in A2. The transition is IAm( = 0, but is generally 
referred to as ‘‘1AmI = 4” (105, 107,144, 162) to indicate that it origi- 
nates from the second non-Kramers’ doublet, for which the high-field 
labeling is 1k2). Figure 11 also shows the main effect of raising the 
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FIG. 11. The S = 2 X-band EPR from the [3Fe-4Slo cluster in Thermw thermophilus 
ferredoxin (trace a) and ferrous EDTA (trace b), and their respective P-band spectra 
(traces c and d). The S = 4 signal around g = 2 in trace (a) is from the oxidized [3Fe-4S] 
cluster (107). 

magnitude of the microwave quantum. The spectral feature at  higher 
frequency has a less asymmetric shape due to  the fact that a smaller 
fraction of the distributed A values disappears into zero field. 

The 7Fe ferredoxin contains a [3Fe-4Sl and a [4Fe-4Sl cluster at a 
mutual distance of the order of ==1 nm (45, 46). This is the typical 
distance for which dipole-dipole interactions show up in the EPR spec- 
trum as broadenings, shifts, and/or splittings. The 7Fe ferredoxins have 
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a protein fold similar to the 8Fe ferredoxins (45,461. The latter contain 
two [4Fe-4Sl cubanes, and in the reduced state show EPR spectra with 
dipole-dipole effects between two S = 1 spins (172). The reduced 7Fe 
ferredoxin is special in that the interaction is between S = 3 (the 
cubane) and S = 2. The S = 2 EPR (cf. Fig. 11) is too broad to detect 
dipolar effects, however, the cubane spectrum is affected in an unusual 
way: the interaction signal has some effectiveg values that are constant 
in the microwave frequency. This effect appears to be a direct conse- 
quence of the non-Kramers’ nature of the disturbing spin (107). 

A signal similar to  that of Fig. 11 has been observed for the [3Fe-4Slo 
cluster in D. gigas ferredoxin I1 (1051, probably for the D. gigas Ni-Fe 
hydrogenase (1 73), and possibly also for aconitase (quoted in Ref. 169). 

The determination of zero-field splitting parameters for non-Kram- 
ers’ systems is more difficult than for Kramers’ systems. The ambiguity 
introduced by the extra terms in the spin Hamiltonian, Eq. (44)’ espe- 
cially the a term (cf. Fig. 101, makes it impossible to  read a rhombicity 
directly from the spectrum. Unambiguous assignment requires the 
detection of resonances from both non-Kramers’ doublets of an S = 2 
system (144). This notion is still not generally appreciated (105,169). 
Also, the determination of the intradoublet splitting in terms of the 
dominant D quantity [or its effective substitute in accordance with Eq. 
(44), D’ = D + 2Fi1.5 + ai51 is apparently not trivial. For the T .  
thermophilus ferredoxin, a positive D was indicated by EPR, whereas 
MCD spectroscopy clearly indicated a negative D (107). It was then 
suggested that the EPR was complicated by relaxation phenomena 
(107). Except for an early, naive attempt by the present author (1621, 
spin lattice relaxation in biological non-Kramers’ systems has not been 
explored. 

We have very recently identified two new iron-sulfur non-Kramers’ 
systems (57,591. The EPR differs from that of hitherto reported biologi- 
cal S = 2 systems in two respects: (1) the line width is reduced by an 
order of magnitude and (2) the ratio of parallel-mode over normal-mode 
intensity has increased by an order of magnitude compared to the ratio 
of =2, predicted by Eq. (43) and thus far found in practice (cf. Ref. 169). 
The bimodal spectrum for one of the systems is given in Fig. 12. The 
signal is from an intermediate redox state of the putative iron-sulfur 
supercluster, the P-cluster in the A.  vinelandii Mo-Fe nitrogenase. 
The effective g value is =12, and this is unusual because thus far 
determined-by spectral simulation-g,, values for biological non- 
Kramers’ systems are usually close to  8 (162). Note that some pre- 
viously reported (cf. Refs. 173-1 75) g values close to  12 are only uppar- 
ent values corresponding to the zero crossing of the asymmetrical spec- 
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FIG. 12. Dual-mode S = 3 X-band EPR from the P-cluster in Azobucter uinelundii 
nitrogenase Mo-Fe protein poised at a potential of - 188 mV at  pH 7.5. Trace A is the 
normal-mode spectrum, i.e., with B perpendicular to B,; trace B is the parallel-mode 
spectrum, i.e., with B parallel to B1. The two spectra were taken with the same bimodal 
cavity, all conditions, other than the frequency mode, being identical (57). 

tral feature of the “(Am1 = 4” transition at X-band. These values have 
no physical meaning. 

A simple model to  explain the spectrum of Fig. 12 is to assume that 
the system is S = 3, and the resonance is from the highest doublet, i.e., 
“lAml = 6” with geff = 12 (57). No serious attempts have been made yet 
to support this view with simulations based on the S = 3 equivalent of 
the spin Hamiltonian in Eq. (44) (which should now also encompass 
sixth-order terms in S, i.e., of the form S6). 

The second novel system is the putative prismane protein, which in 
one of its intermediate redox states exhibits a sharp parallel-mode 
signal with geff = 16 (59). By the same token, this signal is identified 
with a ‘‘lArnl = 8” transition within the highest doublet of an S = 4 
system (59). 

These intuitive interpretations may perhaps soon prove to be prema- 
ture. They do, however, make it clear that in the field of iron-sulfur 
EPR there is a considerable need for theoretical development regarding 
non-Kramers’ spins and superspins. 
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VI. Epilogue 

EPR spectroscopy of iron-sulfur complexes and proteins is in its 
fourth decade. It was suggested in Section I that the field is experiencing 
its third renaissance; the body of this article gives support to this view. 
In conjunction with the opening up of the area of superclusters we 
expect to see important developments in our understanding of high- 
spin EPR, both for half-integer and integer systems. Data on these 
novel clusters and on the well-characterized “classical” two-, three-, 
and four-iron clusters will inspire us to further assess the relevance of 
mechanisms of double-exchange interactions. Also, it  is hoped that 
work on the g-strain concept will gain impetus as new experimental 
data become available. Because of these progressions the iron-sulfur 
protein has by far long outdone the hemoprotein as the pet object of 
those interested in the development of metalloprotein EPR. 

For various reasons, certain subjects have not explicitly been treated 
in this article. The mechanisms used by the [2Fe-2S11 + cluster for spin 
lattice relaxation have been shown to be standard (1761, and with no 
other data available we have nothing to add but to  assume that this is 
true also for other clusters. Similarly, the mixed-metal clusters were 
not a separate theme. The Mo-Fe and V-Fe clusters in nitrogenases 
were referred to for their S = 3 EPR; however, the Co-, Zn-, and Cd- 
substituted cubanes (154, 177, 178) and a putative W-Fe-S cluster 
(1 79) were not treated, as there appears to be nothing fundamentally 
new in their EPR properties. The EPR-related double-resonance and 
pulsed techniques were left out partly because of limitations of size, 
but also because recent reviews of metalloproteins are available (180, 
181 ). 

One subject, that of the mixed spins, was swept under the rug because 
of a complete lack of theorization on its physical and biochemical na- 
ture. In recent times it has become increasingly evident that many 
iron-sulfur systems exist as a mixture of two or more spin states. This 
has been found for cubane structures (83, 84, 91, 125, 126, 151, 160, 
182-184) and for superclusters (51,52,56,57,59). The term “physical 
mixture” has been proposed (184) to  indicate that these states appear 
not to  mix thermodynamically or quantum mechanically. One would 
hope that it will not take until the next renaissance of iron-sulfur EPR 
before it will dawn on us what a physical mixture of spin states means. 
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