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57Fe Q-band ENDOR has been used to study the [4Fe—-4S]'* state
created by ~ irradiation of single crystals of the synthetic model
compound [N(C,Hs)4]2[FesS4(SCH,C¢Hs)4] enriched in ¥’ Fe. This
compound is an excellent biomimetic model of the active sites of
many 4 iron—4 sulfur proteins, enabling detailed and systematic
studies of its oxidized [4Fe—4S]3* and reduced [4Fe-4S]'* param-
agnetic states. Taking advantage of the fact that Q-band ENDOR,
in contrast with X-Band ENDOR, allows for a very good separation
of the >’Fe transitions from those of the protons, the complete hy-
perfine tensors of the four iron atoms for the [4Fe-4S]!* species has
been measured with precision. For each iron atom, the electron or-
bital and electron spin isotropic contributions have been determined
separately. Moreover, it is remarkable that two 37 Fe hyperfine ten-
sors attributed to the ferrous pair of iron atoms are very different.
In effect, one tensor presents a much larger anisotropic part and a
much smaller isotropic part than those of the other. This difference
has been interpreted in terms of a differential electron orbital hy-

perfine interaction among the two ferrous ions.  © 2001 Elsevier Science

I. INTRODUCTION

The most common and representative prosthetic site of iro
sulfur proteins performing quite diverse electron-transfer ara
enzymatic functional rolesl¢3 is the 4Fe—4S cubane-type
cluster. Three naturally occuring redox states are known: [4F
4SPt, [AFe—-4SYt, and [4Fe-4S}, the former two being in-
volved in high-potential iron—sulfur proteins (HiPIP) and th
latter two in ferredoxin electron transfer proteins (and other
These are all mixed-valence states involving, formally, tFe

and 3 Fé", 2 F&t and 2 Fé", and 3 Fé* and 1 Fé" ions,
respectively.

Mossbauer, EPR, ENDOR, and NMR are the main spectrg;-
scopic methods used for the characterization and study of th
redox states. Moreover, hyperfine interactions are the most imé AFe—4Sy state and
portant observables accessible to these methods since they iy )

access to the electron spin density mapping on the cluster ator
and on their vicinal amino acid ligands, generally cysteines. A
%Fe and®’S nuclei have zero nuclear spin, only three nuclei
remain as affordable and potential probes for measuring the
hyperfine interactions with the unpaired electron spin density
5’Fe at the level of the cluster itself and the closest protons an
13C belonging to the Ckigroups at the level of the ligands.

The information gained froni’Fe Mdssbauer or ENDOR
spectroscopies in frozen solution is, indeed, of primary impor:
tance. However, they suffer from some limitations essentially
due to the fact that the experiments are performed on frozen s
lutions. The resolution is relatively poor and the determinatior
of the tensors is incomplete, as the eigendirections are missin

This is why, when feasible, single crystals are used. Systen
atic studies have been developped under the best conditions
resolution for the two paramagnetic states [4Fe3#8hd [4Fe—
4SJ+, relying on an approach based on EBR@) and ENDOR
(7-1J studies of single crystals of good [4Fe—4S] synthetic ana
logues of the proteins prosthetic sites. These analogues were s\
thesized in the diamagnetic [4Fe—&Sjtate, the paramagnetic
species being created (at low concentration)ybsadiation of
1ese single crystals. These species correspond to trapped ho

e [4Fe—4S} centers) and trapped electrons (the [4Fei#4S]
centers) simultaneously formed in the crystal). Compound
ﬁ)‘, [N(C2Hs)4]2[FesS4(SCH,CgHs)4], is the most convenient
model compound for these studies, since its thiolate @idups

imulate quite well those of cysteins in the proteins. The EPF
ignals of the [4Fe—48} centers in the crystals of this com-
pound are, after irradiation, more intense (by a factor of 5 tc
10) than those of the [4Fe—4S]centers and have been stud-
ied already by?’Fe ENDOR ) and later by proton ENDOR
, 12).
ﬁowever, it was imperative to develop the same studies o
if possible, on the same compound. Ir
ct, this paramagnetictistate plays a major role in most of
the iron—sulfur proteins. It is also the most challenging in terms

1 Now at the Biophysics Department of Leiden University, Huygens Labor&f itS magnetic properties. We wish to present in this article the
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study, by®*’Fe Q-band ENDOR, of a [4Fe—4S}educed state
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obtained fromy irradiating a single crystal of the previouslyphology, the last axis being defined as perpendicular to the tw
mentioned compound (I). The reduced center studied in thithers. These elements are used to orient our single crystals a
paper had previously been calles) (. This study is closely to study their EPR and ENDOR spectra in the three mutually
related to that of the same species in the same compound thélhogonal planeab, bc*, andac*. Each paramagnetic center

we recently completed by proton ENDOR at Q-Bahdi)( exhibits two inequivalent sites for a general orientation of the
static magnetic field with respect to the orientations of the unit
II. EXPERIMENTAL SECTION cell. These two sites become equivalent in the EPR and ENDOI
spectra when the magnetic field vector either is contained in th
(1) Preparation of [N(GHs)a4] o[ ®"FesSy(SCH.CsHs) 4] mirror glide planeac or is aligned along thb screw axis.
Single Crystals

Compound (I), enriched at 95% HFe was prepared as de{2) ENDOR Methodology

scribed previouslyq). Single crystals, weighing between 2 and Q-pand ENDOR experiments were performed on a Brukel
3 mg, were used. These were obtained, as befar§(by a Esp 300 spectrometer with an CF 935 flow helium cryosta
transport method in a Solution of the Compound in acetonitrilased to maintain the Samp'es at the temperature g|v|ng the mo
They were then irradiated up to doses of about 1 MGy bglys  intense ENDOR lines (i.e., 8 K). An old model of the ER 5106
in a®°Co source at room temperature, under argon atmosphese: variable temperature EPR Bruker cavity, leaving access t
The crystallographic structure of this compound at room tergample holders up to 3 mmin diameter, was adapted for ENDOF
perature has been published by Aveetlgl. (13). It corresponds e used a sample holder made from a 3-mm diameter Perspe
to the monoclinic space group2 1/c with Z = 4. The struc- cylinder with a tooled flat vertical surface for the sample, on
ture of the cubane cluster and of the terminal parts of its thiolajghich the single turn ENDOR loop (a 0.3-mm copper wire)
ligands is presented in Fig. 1, the atoms being labeled accordjggixed and glued in a thin groove inscribed on its sides, as
to the Averill structure determination. Single crystals genera'b’reviously carried out by G. Denningeid). It is connected via
grow with a well-developed face corresponding todleglane, coaxial cables to a 100-W ENI 3100 L broadband RF powet
its greatest dimension being along taeaxis. An orthogonal ampiifier. The single crystal is glued by Apiezon N grease anc
reference frame with axes b, andc* is defined from this mor- griented manually on the tooled plane of the holder. This probe
is then introduced with precision to the entrance of the cavity
such that it9Q-factor does not become less than 2500. The fac
that the sample and the copper loop are both fastened to tt
Perspex rod presents the inconvenience that they rotate togett
during the studies of the angular dependences of the ENDOI
lines. In principle, the radiofrequency field generated by the
ENDOR coil must be perpendicular to the static magnetic field.
However, we have verified that, most often, sufficient ENDOR
signals were obtained for the largest part of the orientations, th
component of the radiofrequency field along the perpendicula
direction being sufficient for that purpose.

III. EXPERIMENTAL RESULTS

The paramagnetic reduced centgrstudied here is char-
acterized by g tensor with the principal valueg; =2.043,
02=1.948, andy; = 1.871 (). A Q-band ENDOR spectrum of
the eight®’Fe transitions corresponding to its four iron cluster
atoms is presented in Fig. 2. The lines are very sharp, indicatin
that the resolution is therefore very good.

Angular variations of the ENDOR transitions are reported in
Figs. 3a—3d. Due to the existence of the two magnetically in-
equivalent sites, both of the ENDOR transitions obtained sepa
rately on the two sites of the EPR lines in each plane are reporte
Since the nuclear spin 6fFe is% and its hyperfine interactions
are are much larger than its nuclear Zeeman ter(to first
approximation), two ENDOR transitions. ~ are/2 + vre and
FIG. 1. Structure of the F£54(SCHCgHs)4 core. V_ A are/2 — vge are observed for each iron atom, separated by
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FIG.2. %Fe Q-band ENDOR spectrum of the [4Fe-4Sgenter k obtai-
ned from ay -irradiated single crystal of the [N¢Els5)4]2 [Fe4S4(SCHCsHs)4]
compound, enriched #/Fe, when the magnetic field is at3om b in thebc*

plane.

25

105

5| : s

0 10

MHz

FIG. 3. Experimental points and fits (continuous

Appendix.

2vFe~ 2.7 MHz. One must note that ENDOR transitions are
missing for some portions of orientations. This happens, ei
ther for orientations where the radiofrequency field generate
by our ENDOR loop makes a small angle with the static mag:
netic field or from the fact that the EPR line of this centerd,

for these orientations, concealed by those of the more intens
[4Fe—4SYcenters §).

While we succeeded in orienting correctly the crystal in the
bc* andac* planes, only ENDOR spectra in a so-cali@ty’
plane have been recorded, due to experimental difficulties in th
crystal orientation. However, from the EPR line angular varia-
tion in the same plane, and from the knowledge ofghensor,
it has been possible to correct for this slight disorientation effec
(@ lies at~3° from the “true”a axis, and lies at~8° from the
“true” b axis). All hyperfine tensors in this paper have been cor-
rected and are expressed with respect toahe,(c*) reference
frame.

1056

Arratrrqar

MHz

lines) of the angular dependences of the frequencies’@etftENDOR transitions af)-band
in the three planedc* (a), a’'b’ (b) low-field site (c) high-field site, and*a (d). The optimized parameters for the fitting curves are given in the
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A salient feature appears in Figs. 3a—3d: while the curves TABLE 1
corresponding to transitions marked 1 to 3 exhibit anisotropiesEigenvalues (Complete Tensor, Isotropic, and Anisotropic Parts,
of relatively similar magnitude, the anisotropy of those corréa MHz) and Eigenvectors (Direction Cosines along the a*, b, and
sponding to transitions 4 is much larger. It must be also pointEehxes) of the Four Measured *'Fe Hyperfine Tensors
out that these transitions 4 are much less intense than the others,

and are therefore missing for portions of orientations larger than Principal values (in MHz) Pré';‘;'izaelsdx;ﬁt'rzzzgi'trfg tion
those observed for the three others. This is especially the case Isotropic  Anisotropic -
for the low-frequency transition 4 that we could not detect at dinsors  Total part part a b ¢
in the aq* pla_ne (Fig. 3d) and for which we coul_d only obtgin _46.4 55 40984 -0161 —0.077
three points in thab plane (i.e., one for the low-field EPR site A;,  —41.1 —40.9 -0.2  40.045 -0.195 +0.980
and two for the high-field EPR site: cf. Figs. 3b, 3c). In effect, -34.8 +6.1  +0.173 +0.968  +0.184
it was critical to obtain these points in order to ascertain theA *35-1 - *i-o +0-843 *0-0‘2‘1 *0-5‘311
attribution of the high-frequency() curve 4 to the fourti’Fe 2 :gg-o —32. ;4'(1) 18'226 ;8'898 tg'gos
of the cluster. In fact, we had to recourse to TRIPLE ENDOR, 4313 4165  +0.667 —0035 40744
thus irradiating at the frequency of the transition of curve aA; 1255 42438 +0.7 40706 -0.289 —0.647
4. We could then observe, about 2.7 MHz lower, the associated +17.7 -71 +0.237 +0.957 -0.168
v_ ENDOR line emerging from the noise. Of course, it is no- +i-é 70 +1g-i *8-3327 +8-gg +8-i;g
: ; . P cw Ag 1490 417 -2. +0. +0. —0.
torious that ENDOR intensities are usually difficult to predict. +51 _119 40603 -0433 40670

Moreover, they are expected to be smaller at lower frequencies,

as is the case for transitions 4 with respect to the others. It is

still rather paradoxical that both, andv_ transitions 4 could IV. ANALYSIS AND DISCUSSION OF THE RESULTS
be easily detected down to 3 MHz in the plane (cf. Fig. 3a)

while none could be seen around 8 to 10 MHz in #ti(Figs. (1) Preliminary Remarks

3b and 3c) an@c* (Fig. 3d) planes.

In order to deduce the folFe hyperfine tensors from the
angular variations of the lines of Figs. 3a—3d, ¥ffee hyperfine
tensorsA were extracted from a precise procedure taking in%e
account theg and hyperfine tensors’ anisotropies at once, thﬁ]
is, from

Let us recall first that this reduced state is, to first approxi-
mation, built from two distinct pairs of iron atoms, a (usually)
localized mixed-valence pair¥¢ —-Fe&*>+ and a ferrous pair
+_Fe&*. Our previousg tensor analysis6) suggested that
e mixed-valence pair is located either on the-fre» pair on

on the Fg—Fg, pair, following the iron labeling introdiced in the
crystallographic structurel8) (cf. Fig. 1).

(W_)% — (v3)% = (vn/Q)(GA + Ag), [1] Since absolute signs of hyperfine couplings cannot be dete
mined by ENDOR, one must rely on other sources of infor-
mation to fix the signs given in Table 1. Firstly, the results of

wherev, is corrected for the magnetic field variatiotb( 1§. Mossbauer’s studies on proteins with their active sites in the

Equation [1] was directly solved fok for Tensors 1 to 3. For [4Fe—4S}+ state (7, 18, indicate that two iron atoms, corre-

Tensor 4 however, one could only rely on the high-field trarsponding to the mixed-valence pair, have tensors of negative sig

sitions in the three planes, and thus derive the six hyperfingth the largest magnitude, while those pertaining to the ferrou:

parameters from a minimization procedure. More explicit eypair are overall positive and of smaller magnitude. Therefore
pressions for the high-field frequency, given by SchweigéensorsA; andA; are attributed to the mixed-valence pair ions
etal (15, 16, were thus used. It can be verified on Figs. 3ahile tensor#\; andA 4 correspond to the ferrous pair ions. The

—3d that the agreement between fit curves and experimemtgults obtained by proton ENDOR of the same specidy (

points is excellent for the tensors 1 to 3. It is slightly less goaddicate that the mixed-valence pair is located on &ed Fe.

for tensor 4, as can be seen around the minima,aindv_ in  This establishes, by combining results of bethe and'H ex-

thebc* plane, ak=30° from thec* axis (cf. Fig. 3a). periments, that tensoss; andA, must be attributed to keand

From these fits and after diagonalization, the fiie hyper- Fe, and tensoré\s andA, to Fe; and Fg. At this stage, it is
fine tensors presented in Table 1 were obtained. These tensmigpossible to attribute individual hyperfine tensors within eact
are labeled 1 to 4 in this table in order of decreasing magmiair to definite iron ions.
tude of their isotropic hyperfine interactions, their attributions Comparison of thesé’Fe hyperfine tensors with those ob-
to the four iron atoms of the crystallographic structure remaitained for the [4Fe—438} state in the same compouri) 6hows
ing open. Their relative signs have been determined by TRIPlaEelative similarity of the isotropic parts for the two pairs, as well
ENDOR experiments. These experiments established that #seof their anisotropic parts when considering the mixed-valenc
tensorsA; and A, have the same sign, opposite to that?af pairs. The big difference concerns, as expected, the anisotrop
andA,. eigenvalues of the ferrous pair of the reduced cergewhich
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are of magnitude much larger than that of the ferric pair in theherea(Fe) stands as an “intrinsic” (i.e., free from spin coupling
oxidized [4Fe—4S} center 7). Another peculiar feature of the effects)®’Fe hyperfine coupling constant. This quantity is usu-
reduced center studied here must be stressed, that is, the r@lg-thought to be dependent on the iron oxydation state only
tively large inequivalence of the tensors, within each pair, eand thus transferable from one iron—sulfur system to anothe
pecially between tensobs; andA 4 of the ferrous pair, the last Typical values lie around-20 MHz (9). However, since a
one being peculiarly anisotropic. This is in contrast to the resuftaction of the spin population is delocalized on the sulfur lig-
reported in previous studies byddsSbauer on proteins with re-ands, thea(Fe) values also depend on the monomer covalenc
duced (%) active sites ligated to four cysteirisq, 18, forwhich factord(Fe), that is, on the fraction (normalized to unity) of un-
the spectra have been interpreted on the basis of two equivalgsited spin located on the iron site once iron—sulfur covalenc
iron atoms in each pair. The discrepancy can be explained gffiects have been taken into account. We found the following
part, by the fact that the ENDOR resolution is here very goodpvalency factor values, derived from DFT calculatioh){(
while being poor in Missbauer. Moreover, with this last methodd(Fe*+) = 0.73 andd(Fe’*) = 0.81. The quantitya(Fe) thus
itis necessary to reduce the already large number of parametgpears as the ionic equivalentagfe), when covalency effects

of the fitting procedure. have been removed from it, that is, whefre)= 1.
Incidently, a previous theoretical analysis %6Fe isotropic
(2) Theoretical Models hyperfine couplings9) introduced the “site value”
In this section, we will confine our discussion to the 3 K (Fe)- a(Fe)
57Fe isotropic hyperfine coupling constants, laying aside the Srest = Z A?sxop(Fe)= Fez K (Fe) [4]
Fe Fe

anisotropic parts. We already neglected them in our previous
experimental work on the [4Fe—4S]speciesT) as well as in , ) ,
our more theory-oriented articl) These last terms are quite®S @ guantity useful for probing and compariige hyperfine '
difficult to analyze because of the nature of the hyperfine cofRUPIings within the family of the iron—sulfur clusters of vari-
tributions involved. Since the iron nuclei are at the heart of tf€ nuclearity. In effect, a commaiire) value for all iron sites
spin population distribution, in contrast to the protons &@ eSUlts inaes = a(Fe) ~ —20 MHz (9), whereas the occur-
of the CH groups that are at its borders, their hyperfine tensdf&1ce of significantly d_|ffere.nt, though nondlrec'tly observable
are the sum of two contributions of similar magnitude: one d@i€ Values, translates itself intas value departing from the
to the electron orbital momentum, difficult to evaluate properlff€Viously given average value. _
and a second due to the electron spin momentum. Moreover, ongarting back from Eq. [3], the ionic valzgFe) contains two
must add that this problem is much more critical for the [4FeNain physical contributions
4SJ+state than for the [4Fe—4%]state. In effect, the hyperfine _ _ _
interactions with the nuclei of the ferrous pair have expected a(Fe) = apoi(Fe)+ aom(Fe) [5]
contributions due to the electron orbit of much more impor- _
tance than that for the ferric pair of [4Fe—48§] This is why it thatis, an isotropic core-polarization teegy(Fe) arising from
appeared to us especially interesting to dispose of precise mig&-polarization of thedito 4s shells gyoi(Fe**) ~ —34.6 MHz,
surements of’Fe hyperfine tensors, postponing the theoretic@ol(FE") ~ —37.8 MHz) (19, 20, and a tensorial orbital term
computation of the orbital terms to a future work combiningorb(F€), of which only the trace is considered here, expresse
both experimental data and quantum-chemical calculations. t0 first order as

Iron—sulfur clusters can be described as coupled ;Feigh- _ _
spin monomers bearing spBe (See = 2 for F&* and 3 for aom(Fe)= P(Fe)- Tr{Ag(Fe)}, (6]
Fe*t). Then spin coupling coefficient& (Fe); which reflect the
way in which the local monomer spi. projects itself onto the where P is defined for an iron atom as the dipolar coupling

total tetramer spir‘f;: YreSre, are defined7) as constant between ttéFe nucleus and one of itsiZlectrons:
P(F&+) = 87.6 MHz and P(F€**) = 98.7 MHz (9) while
e é) Ag(Fe)=d(Fe)Ag(Fe) stands as the local geensor corrected
K(Fe)= ~=_ [2] forthe free electron valuge (i.e., AQ = g — geld, where Id is
S5 the identity tensor).

with ZeeK (Fe) = 1. The averagé) in Eq. [2] is performed for (3) Summary of Proton Results
a given cluster spin state. Concerning experimetifad hyper-
fine coupling constantsAL. (Fe), we decomposed them in a

previous theoretical worlkdj in the manner

In order to perform the subsequetiFe tensor analysis, it
is appropriate to summarize here a few results obtained fror
the proton and*C ENDOR studies on the same redox species
and compound(l). These studies have shown that there are

ex| — . . . .
A P(Fe)= K (Fe)- a(Fe)= K (Fe)- d(Fe)- a(Fe), [3] indeed four thiolate ligands surrounding the [4Fe—4S] complex

0
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Moreover, the proton work reveals that a rotation of abo@t30 opped. IdentifyingAs; and A4 with Fe; and Fe, respectively,
one of the ligands (attached tojfy&as occured around the S—Cone obtainsa(Fe;) ~ —24.1 MHz anda(Fg)~ —13.4 MHz,
bond when compared to the original diamagnetic compoundwhereas a typical standard 4Fe-ferredoxin value would b

The set of spin coupling coefficients are as follokgFe) = —18 MHz (9). The corresponding ionic quantities are given by
1.48,K(Fe) = 1.82,K(Feg) = —1.03, andK (Fg) = —1.27, a(Fe)~—297 MHz and a(Fe)~—16.5 MHz. Finally,
extracted from the multicentric point—dipole analysis of the prérom aom(Fe)= a(Fe)— apo(Fe), one computesom(Fes) ~
ton anisotropic hyperfine tensors. As a consequengésReore +8.1 MHz andagn,(Fe;) ~ +21.3 MHz, whereas a typical stan-
“ferrous” and Fe is more “ferric” in the relative proportion dard 4Fe-ferredoxin value would Bel3 MHz. With that identi-
62/38%. fication, the orbital contribution of Ravould be therefore quite
unusual.

Identifying now A3z and A4 with Fe, and Feg, respectively,
one rather obtainsa(Fe)~ —165 MHz and a(Fe)~

It is useful, at first, to consider our present experimental19.5 MHz. The corresponding ionic quantities are then given
data by computing the value of the paramedge. We find by a(Fe;) ~ —20.4 MHz and a(Fe;) ~ —24.1 MHz. Finally,
—28.6 MHz, which compares very well with both standard 4Fefom ag,(Fe) = a(Fe) — agi(Fe), one computeag(Fes) ~
ferredoxin (-30.4 MHz) and aconitase-like{28/—32 MHz) +17.4 MHz andagn(Fey) ~ +13.7 MHz. In that case, the or-
values. Therefore, our reduced species most probably preséuitisl contribution of Fg would be slightly larger than expected,
the same hyperfine site values as in other comparable redox skisugh not far from a typical value.
tems. Differences among these various systems must be sougiithe second assignment, thatAs,identified with Feg, seems
therefore elsewhere. to us more likely. In effect, all the intrinsic hyperfine values thus

Let us then first examine the hyperfine couplings relative tib not depart much from what is currently known. Moreover, as
the atoms Feand Fe attributed to the mixed-valence pair. Asalready stated in the previous section, the proton work reveale
specified above, within each pair, there is no clue to assign eactnambiguous modification of the local ligand attached tp Fe
tensor to a definite iron atom. In this first pair, two possibilitiewith respect to the original diamagnetic compound. Finally,
have been considered. In the first case, teAgas attributed to one can expect a substantial anisotropic orbital contribution a
Fe, andA; to Fe. A linear extrapolation of the inequivalencewell for the iron atom corresponding to tihg hyperfine tensor.
within the mixed-valence pair, applied ti{Fe) anda,o(Fe), Indeed, comparing both th&; and A4 anisotropic tensors, it
yieldsd(Fe) ~ 0.78,d(Fe;) ~ 0.76 anda(Fe) ~ —36.6 MHz, is clear that the magnitude of the latter one surpasses that
a(Fe)) ~ —35.8 MHz. the former one (14.1 Vs 7.1 MHz for the largest of the three

From Eq. [3], a(Fa)~—-276 MHz and a(Fe)~ anisotropic values, for example). Assuming, as seems mo:
—17.6 MHz, that is, a(Fe)~ —353 MHz and a(Fe)~ reasonable, roughly same orders of magnitudes for the dipole
—232 MHz. Considering now the second possible assigterms, the difference could be mainly ascribed to this orbital
ment Ajattributed to Fg and A, to Fg), one rather ob- contribution.
tainsa(Fe)~ —21.7 MHz anda(Fe)~ —22.4 MHz, that is,

(4) Quantitative Analysis

a(Fe) ~ —27.8 MHz anda(Fe) ~ —29.5 MHz. Finally, from V. CONCLUSIONS
aorb(Fe)=a(Fe)— ayoi(Fe), aon(Fe) can be evaluated for both
hypotheses. The first assignment lead®jg(Fe;) ~ +1.3 MHz In our previous work on Fe-S clusters where we attemptec

and ayh(Fe) ~ +12.6 MHz, whereas the second one leads tm develop a systematic analysis ¥Fe hyperfine couplings
aorn(Fe) ~ +8.8 MHz andag(Fe) ~ +6.3 MHz. It then ap- for extracting semi-empirical spin projection coefficients, we
pears clearly that the first one is contradictory, siagg(Fe1)| < noted the existence of two classes within the data pertain
laorb(Fer)|, whereas Feis more “ferrous” and Femore "fer- ing to reduced “ferredoxin-like” [4Fe—4S] cluster8)( The
ric”. The second one is, in contrast, satisfactory and compafest was labeled as “standard” (or “classical”) ferredoxin
well with what was deduced for 4Fe-ferredoxins’ d#ip This data, with typical average hyperfine couplings-680 MHz
leads to assigning tensér to Fe and tensoA, to Fe. More-  within the mixed-valence pair, ang15 MHz within the fer-
over, the main difference between;FeEnd F¢ is one of spin- rous pair. The corresponding deduced spin coupling coef
coupling coefficients, as the sidg,(Fe) values turn out to be ficients are+1.35 and —0.85, respectively. In the second
very similar. The partial localization of the extra electron withirtlass, that of “aconitase-like” systems, both hyperfine cou-
the mixed-valence pair is therefore most probably due to somkngs and spin projection coefficients are of significantly
site energy difference between the two monom2t3. (The thi- larger magnitudes. As an example, for the aconitase-boun
olate ligand attached to [Fés, in that respect, distinguishedsystem, the following®’Fe hyperfine coupling constants have
very significantly from the other three by its Fe—S—C—H dihedraken measuredA(Fg,;) ~ —36 MHz, A(Fg)3)~ —40 MHz,
angles 13). A(F&) ~ +29 MHz, andA(Fey1) ~ +15MHz. Arelatively large

Turning now our attention to the tensds andA, attributed inequivalence of the iron parameters, especially within the fer:
to the ferrous pair, the same type of calculations can be develus pair, is observed for “aconitase-like” clusters.
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The ’Fe hyperfine values measured for the centgr Parameters are now given for Tensors 1 to 3, fitting respec
[4Fe—4S} cluster closely match the aconitase experimenttiyely high- and low-field points, and for Tensor 4 (only high

ones. In contrast to the case of the aconitase-bound system figlg).

foyr I'igands are here chemically identical, being thi.olates. ¥or the c*->b plane:

principle, one cannot_e_xclude th_e fac; that one ofthe_: ligands hashsor 1 high field A = 476.43
been c_hemlcally m0(_JI|f|ed, thu_s inducing anlsotr_o_py inthe corre- low field A= 337.69
§pond|n957Ee hyperfine coupling tensor. No additional EN D.Oa'ensor 2 high field A = 337.16
lines, pqmtmg to the presence.of some solvent molecule in the low field A= 22312
near vicinity of the pgramagnetlcpluster, has ever be.en detectedsor 3 high field A = 249.34
The only eﬁec; left is the distortion of the thiolate ligands by low field A= 150.61
nearby crystalline deffects. - _ Tensor4 highfield A=123.47

Even in that case, our proton work limits such distortions to

a rotation of about 300of ligand 3 (attached to Bparound the For the c*->aplane:

S—C bond. This means two things for future [4Fe—4S] protergnsor 1 high field A = 478.38
studies. First, one cannot directly deduce from the observation low field A =338.68
of inequivalence (within pairs) of iron hyperfine parameters thagnsor 2 high field A = 340.47
they have ligands of different nature. Second, these results illus- low field A =225.01
trate quite well that deriving, just by proportionality, spin popJensor 3 high field A =251.70
ulations from the isotropié’Fe hyperfine couplings can lead to low field A =155.77
incorrect results. It is necessary to follow a cautious analysis Bgnsor 4 high field A =110.63

B =357.13
B —241.88
B =235.21
B = 143.66
B =114.60
B =54.85

B =215.25
B =595.11
B =431.92
B = 352.25
B = 230.01
B = 248.24
B = 150.46
B = 61.36

the >’Fe hyperfine tensors along the lines presented al®)ve For the a’->b’ plane (low-field EPR line):

C=-2219
C=-16.77
C=-245
C=-1.09
C=1281
C=10.74
C =116.33
C=-12.12
C=-11.75
C =-15.87
C=-13.92
C =54.63
C=4271
C=-46.45

As demonstrated here, this originates from the fact that onefsor 1 high field A = 595.78 B = 370.00 C = —43.41
the two ferrous hyperfine tensors (i.84) presents a definitely lowfield A=43262 B=24993 C = —34.22
large orbital contribution, and thus becomes atypical. As argu@gnsor 2  high field A = 350.66 B = 241.30 C = —6.83
in Section 1V-(4), we tentatively chose to assign to Fe;, on low field A=228.30 B=147.03 C = —3.72
the basis of the fact tha#, presents an atypical orbital contri-Tensor 3 high field A = 253.13 B = 117.14 C = —22.80
bution most probably linked with this perturbation at the level lowfield A=154.10 B= 56.97 C = —16.59
of monomer 3. Tensor 4 high field A= 56.84 B=178.41 C = 9.88

Finally, as a side issue, and due to the difficulties of detecting
here the transitions 4 under the best conditions possible (shEf$ the a'->b" plane (high-field EPR line):
lines, Q-band, etc.), we wish to emphasize the following pointensor 1 high field A=1595.41 B =347.30 C =36.13
Had this species been studied in a frozen solution and not in a lowfield A=432.79 B =234.36 C =28.10
single crystalpne could very probably have missed these transiensor 2 high field A =350.73 B =236.04 C =0.37
tions and be led at best to difficulties in interpreting the ENDOR low field A =228.63 B=14510 C=-1.29
spectra, and at worst to attributing falsely the species studidgnsor 3 high field A=253.80 B =116.28 C =36.09
here to a three-Fe clusteiThis may typically happenin ENDOR low field A=154.56 B= 55.05 C=26.93
spectra of proteins and appears to us reminiscent of the MEENsor 4 highfield A= 55.50 B =247.45 C =16.16
Fe nitrogenase studies where ENDOR spectra correspondifnghce:
to five 5’Fe were detected®®, 23, whereas earlier MSsbauer 1721 -575 -3.23
experiments Z4, 25 suggested six iron atoms for the Mo—Fe gA; +A;g=| —575 1433 -1091
prosthetic group. Only later did crystallographic determinations —3.23 —-191 1596
demonstrate that the cluster is actually made up of six iron and
one molybdenum aton26, 27). Therefore, the lesson to re- 1291 007 —4.09
member is that in iron—sulfur proteins, it is not possible to rely 92 +A29=| 007 1139 213
completely on ENDOR to determine the number of iron atoms —4.09 213 1315
in a cluster, except if resolution and sensitivity are both very 1034 —6.45 1160
good. Moreover, the results obtained by this method must begA3+Agg —| —645 747 5.85)
as much as possible, brought together with those o§auer 1160 585 1113
studies where every iron atom weights equally in these spectra.
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