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ABSTRACT. The accuracy of the solution structures determined by NMR is often poor around paramagnetic
centers because the properties of the near protons are strongly perturbed by the electronic spin. The
structural information contained in the relaxation rates of these protons has been extracted here by measuring
the longitudinal relaxation times with the inversierecovery total correlation spectroscopy (IR-TOCSY)
sequence based on the recovery of cross peaks. In addition to measurements with nonselective-inversion
recovery for nonoverlapping signals, reliable data have been obtained for a majority of main-chain protons
from Chromatiumezinosum high-potential ferredoxin. When a small and constant contribution from
diamagnetism as well as the electronic spin distribution over the [4Fe-4S] cluster are taken into account,
the shortest longitudinal relaxation times depend directly on the distance separating the protons from the
paramagnetic center. This indicates that electimurclei dipolar interactions are the most efficient relaxation
mechanism for these protons. However, the expected dependence of the relaxation rates as the sixth
power of the distance has to be corrected because of induced relaxation among fast relaxing protons.
This approach reveals that the solution structure of the protein is significantly different from the crystal
structure around Phe-48. In addition, it provides an independent confirmation of the actual electronic
structure of the [4Fe-48j cluster in the protein. The method devised in this work, which does not rely

on specific enrichment, should be useful to improve the determination of NMR-derived solution structures
of paramagnetic macromolecules.

NMR experiments on paramagnetic iresulfur proteins 2S] ferredoxin. Similar studies with protons have also been
have been considerably developed in the recent years (Chengarried out with a [3Fe-4S] ferredoxin (Gorst et al., 1995)
& Markley, 1995; Bertini et al., 1995a). The main evolution and very recently with a [4Fe-4S] ferredoxin (Ciurli et al.,
has consisted in adapting classical 2D (Oh & Markley, 1990; 1996). In most instances[; measurements have been
Nettesheim et al., 1992; Gaillard et al., 1992; Banci et al., restricted to those signals with large hyperfine shifts which
1993; Teng et al, 1994) or 3D (Banci et al., 1995) are well separated from those situated in the diamagnetic
experiments to the special case of fast relaxing protons inenvelope. Both dipolar and contact interactions contribute
order to obtain structural information and, in some instances, to the total relaxation, and the specific part due to each
reconstruct the 3D structure of proteins in solution (Banci mechanism may be difficult to disentangle. For these
et al., 1995; Bertini et al., 1995b,c; Pochapsky et al., 1994). protons, NMR shifts can also potentially be used to obtain
Nevertheless, not all residues in the vicinity of the active structural information (Gochin & Roder, 1995; Banci et al.,
center were detected, or, if detected, the correlations with 1996), and this approach has been applied to Fe-S proteins
fast relaxing signals were not always established. Somein only a few instances (Bertini et al., 1995a; Huber at al.,
improvement was obtained by use of nuclei with lower 1995).
gyromagnetic ratios than that of protons, suctt®as **C, However, in view of the relatively poor definition of the

2 . H . H
2;9!;.(§hen? elt alibég%f L e:].alh, t}]995'| Sct:rofanll et al., presently determined solution structures of Fe-S proteins
; » Ala et al, ), for w Ic € electronucieus  — around the cluster (Banci et al., 1995; Bertini et al., 1995b;
Interactions are reduced_. Despite the strong IoerturbatlonPochapsky et al., 1994), structural information contained in
mduce(_j by the electronic spin, the enhancement of Fhe the relaxation times of protons is worth exploring, and the
relaxat.lon rates prqduced by the paramagnetic center Is %resent study witlChromatiumvinosum(Cv)* high potential
potential source of information on the distance relationship ferredoxin (HiPIP) is aimed at addressing this question
between the considered nuclei and the paramagnetic center. i i _ '

T, measurements have only been marginally used in the !N cases where the relaxation process is dominated by
case of iror-sulfur proteins. Recently, Chae and Markley €lectron-nuclear dipolar interaction, the detailed electronic
(1995) attempted to analy2éN relaxation times in a [2Fe-  Structure of the polynuclear active site is likely to have a

role in determining the relaxation properties of the protons.
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(Noodleman et al.,, 1995a). The distribution of the spin 180° 90°
density is related to the nature and the strength of the
interactions which occur among the iron atoms of the active
site, and it is not yet clear how the spread of the density is
related to the intensity of the dipolar interactions. i

From various spectroscopic studies developed in the recent P 7
years, a clearer picture of the electronic structure of reduced
and oxidized [4Fe-4S] clusters in HiPIP has been emerging. t4 t2
At the reduced level, th8 = 0 ground spin state originates
from dominant antiferromagnetic coupling between two

mixed valence pairs of iron atoms, all assigned a formal FIGURE 1. IR-TOCSY sequence,,tz, and tuq represent the
Fe25+ valence state (Mlddleton et al 1980) At room preparatlon, Inversichrecovery, and aCQUISItIOﬂ times, reSpE‘CtIVE|y.

temperature, excited states wik 0 significantly contribute NMR SpectroscopyData were recorded on a Varian 500
to the paramagnetism of the molecule. At the oxidized level, \;, Unity Plus spectrometer as previously described (Huber
the S=1/2 ground spin state can be described as the resulte; 5 1995) at 298 K.T; relaxation times were measured
of antiferromagnetic coupling between a mixed-valence pair by conventional IR pulse sequence (Bertini & Luchinat,

of iron atoms (formally F&*) and a ferric pair (Middleton  19g6)  This method is convenient for the well isolated peaks,
et al., 1980). Other interactions, such as double exchangegch as hyperfine-shifted peaks. For studies on overlapping
between the iron atoms of the mixed-valence pair, also heaks, the advantage of 2D NMR spectroscopy has already
contribute to establish the exact nature of the ground spinpaap pointed out (Arseniev et al., 1986). Instead of the
state and the ladder of excited states (Noodleman, 1988?previously proposed IR-COSY (Arseniev et al., 1986), we
Bominaar et al., 1994). _ , have adapted the IR-TOCSY sequence (Figure 1). For
Conclusions deduced from results obtained in models p3ramagnetic samples with broadened lines, the cross peaks
compounds reveal that a [4Fe-4SEluster, corresponding i, the TOCSY sequence, which are in the pure absorption
to the oxidized level oCv HIPIP, may be stabilized with  54e, are not sensitive to cancellation, unlike the antiphase
two different spin statef/2, 4, 1/Zor |7/2, 3, 1/Zin which signals detected with the COSY sequence. The TOCSY part
the numbers from left to right refer to the spin of the mixed- 4t the sequence was the one already implemented (Gaillard
valence pair, of the ferric pair, and of the whole cluster. At ot 51 1992). In order to limit the duration of the experiment,
each particular spin state are associated different spinihe R delays £ on Figure 1) were adapted to tfie range
densities on the iron and sulfur atoms constituting the C'“Stercovering the characteristic relaxation times of the signals

(Noodleman et al., 1995a). The relaxation properties ex- perturbed by the paramagnetism. With reduGedHiPIP,
hibited at room temperature by the NMR spectra depend NOtgight increments, i.e., eight IR-TOCSY experiments, were

only on the nature of the ground state but also on the implemented withr delays of 0, 20, 60, 90, 140, 210, 300,
populations of excited states. As a further complication, in g3nq 1250 ms. With oxidizedy HiPIP, which is more

most oxidized HiPIP investigated so far, the mixed-valence difficult to keep over long periods, three IR-TOCSY experi-
pair is not localized on a single pair of iron atoms but is ,ants were carried out withdelays of 0, 100, and 200 ms.

distributed over two pairs sharing a common iron which g0 experiment consisted in 256 increments of 2048
keeps a formal P& oxidation state in the two configura- complex points over a spectral window of 6.5 kHz.

tions. The iron atoms sharing the extra electron equilibrate 114 majority of T, values were obtained by a three-

between the formal Fe and Fé°" oxidation states. The  parameter fit of peak intensities to the following equation
kinetics of this exchange are fast on the NMR time scale (Weiss & Ferretti, 1985):

(Banci et al., 1993; Bertini et al., 1995d).

This paper describes measurements of the longitudinal I(r) =151 — (L + B (1 — exp(«/Ty)) exp(~7/T)] (1)
relaxation times of protons in the two oxidation state€of
HIPIP, an 85 amino acid protein whose X-ray (Carter etal., where « is the sum of acquisition and preparation times
1974) and solution structures (Banci et al., 1995; Bertini et (Figure 1), andB is an adjustable parameter which takes into
al., 1995b) are known. The main contribution to the account non ideal magnetization inversion and whose value
relaxation mechanism of the protons in close proximity of s smaller than, but close to, one. This equation considers
the active center has been established and used to set Uhe possible partial recovery of the signal before application

conditions under which distance constraints can be imple- of the inversion pulse (Weiss & Ferretti, 1985). It reduces
mented to determine structures of [4Fe-4S] proteins in tg

solution. Such analysis has led us to propose a local
conformational change of the protein in solution as compared
to the crystalline state.

mixing

tacq.

[(z) =11 — (1 + B) exp(—1/T,)]

when the relaxation time is much shorter than

EXPERIMENTAL PROCEDURES

Sample Preparation. £HiPIP samples were purified as
previously reported (Gaillard et al., 1992). The NMR

samples were 6.5 mM of reduced protein in 50 mM sodium experiments involving oxidizedCy HiPIP.

phosphate buffer at the uncorrected pH of 6.0 ¥OIMH,O
= 1/9 (v/v). The protein in the same buffer or in 20 mM

potassium phosphate, pH 8.2, was oxidized with a 5-fold

molar excess of potassium ferricyanide.

A fit using only two parameterdqandT;, with B = 1)
was used when the intensity of the peaks was not well
defined at timest much larger thanT, and for the 2D
In some in-
stances, the null point of the IR process was used to evaluate
Ta.

For the IR-COSY, it has been established that the
longitudinal relaxation time of the nuclei labeled during the
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evolution period {;, Figure 1) governd; of the correspond-  with a chemical shift of 100 ppm, i.eT; larger than 150
ing cross-correlation peaks (Arseniev et al., 1986). We havems in the range investigated here. From these estimates the
verified that both HN-Ha and Hx—HN cross peaks  dipolar contribution tol; seems predominant.

(respectively alond-; and F, dimensions) generally have In order to precisely assess the dipolar contributiofg
different relaxation times. The two experimental values the fraction of spin density distributed on all atoms constitut-
correspond to the relaxation times of the HN ara ptotons. ing the active site has to be considered. In magnetic coupled

In addition, the measurements of relaxation times of several systems, the contribution of one metal ion is proportional to
cross peaks, corresponding to correlations of, for instance,u?D~¢ (Bertini & Luchinat, 1986). Thus the dipolar contri-
one HN proton alond-; and several protons alorig, are bution of a cluster to the relaxation time of a given nucleus
equal and apply to the amidic proton relaxation time. These is taken proportional t§ «;°D;—® , where the sum extends to
duplicate measurements were important to assess the preciall atoms bearing spin density, at a distancé®; from the
sion of the results. considered proton. About 90% of the spin density is
The results obtained from the IR-TOCSY sequence have calculated to be concentrated on the iron atoms of reduced
been compared to those obtained from normal IR sequenceHiPIP (Noodleman et al., 1995a), and since the spin density
The agreement between pairs of values was in the limit of enters the formula as its squared value, the spin density on
expected errors for each sequence separately; for wellthe nonmetal atoms has only a marginal influence. Further-

separated peaks the difference was of the order of a fewmore, spectroscopic evidence (Middleton et al., 1980)
percent. indicates that the four iron atoms are equivalent in the ground

Both IR-TOCSY and the normal IR sequences give accessState of the red.uced protein. A symmetric spin distribution
to nonselectivel,. The consequences of the determination Was thus considered for the four iron atoms. It was then
of nonselectiveT; have been recently discussed at length POSSible to neglect the actual value of the spin density on
(La Mar & de Ropp, 1993). For macromolecules of the iron atoms and to define a simplified reduced distance
intermediate size, comparable@ HiPIP, the nonselective Dreq @s
T, can give an estimate of the paramagnetic contribution
(T1pay to the total relaxation but th& extracted from an IR Dieq= (Z D, %~
experiment may be meaningless for long IR delays. As
pointed out by Granot (1982), if cross-relaxation is no longer the sum extending to all four iron atorfis.
negligible, the recovery of magnetization is not a mono- At this point, it was not necessary to consider the structures
exponential process except for very short timesf eq 1. determined by NMR because they are in large agreement
The validity of the single-exponential approximation has been with the crystal structure (Banci et al., 1995) and because
checked here for the majority of th& measurements the T, measurements are intended to complement and, if
determined by the classical IR pulse sequence and whichpossible, improve the NOE data for those residues in the
cover a broad range dh values. No significant deviation  vicinity of the paramagnetic center.
was observed between tfievalues deduced from the slope Correlation between Relaxation Rates and Geome#y.
att = 0 and the values obtained by fitting the experimental plot of In Typarversus InD,e.qwas expected to give a straight
signal amplitudes over all the IR delay range. Nevertheless, ine with a slope of six. However, when rally values were
IR-TOCSY spectra have been recorded with special emphasisp|otted, a clear divergence from a straight line was noticed
put on short delays. which increased witlD,.q A constant value of 0.83 $had

The distances have been taken from the X-ray crystal to be subtracted to all experimental relaxation rates in order
structure of oxidizev HiPIP (Carter et al., 1974) to which  to obtain a linear correlation over the rangelxfs shown
the hydrogen atoms have been added by using the routineon Figure 2. This correction represents an average diamag-

included with CHARMM (Brooks et al., 1983). netic contribution to the relaxation times. In molecules of
moderate size, the dipolar diamagnetic contribution to the
RESULTS AND DISCUSSION relaxation rate was predicted to be compensated by cross-

, relaxation terms, at least for two-spin interactions (La Mar
Reduced HiPIP & de Ropp, 1993). Our results show that this conclusion is

Contributions to Relaxation.A total of 60 T, from only qualitatively valid. _ _
cysteinyl and backbone protons has been determined by A Plot of In Tips versus INDuin, With Dmin being the
combining normal IR and IR-TOCSY experiments on the distance of a given proton to the closest iron, shows a
reduced protein. Although many more side chain protons dispersion along the expected straight line far larger by about
could have been included, they were left aside in order to 20% than wherrqis used. This result clearly points out
avoid introducing additional complexity arising from side hatDreais the most relevant and useful variable determining
chain motions. the relaxation rate of protons in the vicinity of [4Fe-4S]

The very short relaxation times determined in reduCed Clusters.

HiPIP reflect the contribution of the paramagnetic ion

Ifur center. Three term inolar ntact. an rie) m 2 A local spin model analogous to the one recently developed by
suliur cente ee terms (dipolar, contact, and curie) may Bertrand et al. (1996) for [4Fe-4SEenters could be considered. The

contribute to the paramagnetic part of the relaxation time gooiar hamiltonian is then replaced (though under restricted conditions)
Tipar Curie relaxation can generally be neglected (Bertini by an effective one in which a reduced distance is defineb,as® ~
& Luchinat, 1986). An estimate of the contact contribution >w«Di > The enhancement of the nuclear longitudinal relaxation is

-1 i 1 ; proportional to the square of the dipolar interaction between the
to T.™* gives values smaller than 0.23'dor a proton with electronic and nuclear spins, i.e}Di%)2. However, the application

a chemical shift Of_20 ppm (the maximum shift observed in' of sych a model in the present case has not allowed us to get a better
the reduced protein) and of the order of & for a proton fit of the data than the use of a reduced distance as defined in the text.
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satisfactorily reflects the structure of the reduced protein in
solution has been deduced (Banci et al., 1995). This result
is borne out by the correlation of Figure 2. However, a few
data points fall significantly out of the fit of Figure 2. The
two main chain protons of Cys-46 are not very well aligned
with the other points of Figure 2. In the X-ray structure the
amide proton is closer to the proximal iron than the. H
(Carter et al.,, 1974). In contrast, thR measurements
reported here are in better agreement with the reverse
assignment. Nevertheless, these deviations from the fit in
Figure 2 are smaller than the one exhibited by the unambigu-
ously assigned HN of Phe-48 (Gaillard et al., 1992; Banci
FIGURE 2: Plot of InTypa versus InDyeq for protons of reduce@v etal., 1995; Li et al., 1995). This residue displays RMSD
HiPIP at pH 6.0T;p-andD,eqvalues were derived as stated inthe values three times larger than average in the solution
text. Tipar Of 5-CH; cysteinyl protons are represented @y The structures of the protein (Banci et al., 1995), mainly because
line corresponds to the best fit of the data with a slope of 5.5.  of insufficient interresidue correlations. From the X-ray
structure (Carter et al., 1974), its amidic proton should form
The adjustment of the data of Figure 2 in the range of g hydrogen bond with the sulfur atom of Cys-46. However,
Dreq for which paramagnetic relaxation is dominant gives a the correspondindpris longer than expected from dipolar
slope close to 5.5, i.e., significantly different from 6. relaxation which excludes the involvement of additional
Therefore, the relaxation times are shorter than expected forggontact relaxation mediated by the hydrogen bond. For
protons relatively far from the active site experiencing jnstance, the HN of Thr-81, which is also predicted to form
negl|g|b|e contact relaxation. Itis I|ke|y that the difference a hydrogen bond with a Cysteiny' sulfur (Carter et a|_7 1974),
between the slope of Figure 2 and the theoretical value of 6 gisplays a relaxation time one order of magnitude shorter
is due to the induced dipolar contribution of protons close than the HN of Phe-48 with a similar reduced distance to
to the iron-sulfur cluster which are interacting with protons the cluster (Figure 2). The relaxation time of one nonste-

3200

situated further away. reospecifically assigned-CH, proton of Phe-48 was also
The satisfactory correlation of Figure 2 clearly shows that longer than expected. These data are suggestive of a
dipolar relaxation is the dominant contributionTgy. All discrepancy between the model refined from X-ray data and

protons situated abeq shorter than about 10 A from the the structure in solution. Similar deviations from the
active site display signals thBy, of which closely follow  predicted behavior have been looked for in nearby residues,
adipolar law. Even thg-CH; of the coordinating cysteines,  but neither GIn-47 nor GIn-50 (the main chain protons of
which experience hyperfine shifts, are mainly relaxed by Met-49 have not been detected) display unexpected relaxation
dipolar interactions. TheiFipa-are distributed on both sides  rates for their main chain protons. Therefore, the discrepancy
of the theoretical line, with a relatively small dispersion s limited to Phe-48 (and maybe Met-49). Interestingly,
which can in part be due to the limit of application of the molecular simulations carried out with the restraints deduced
point-dipole approximation for those protons very close to from NOE obtained from NMR data provided two sets of
one iron and also by a more important contribution from configurations for this region (Banci et al., 1995). One
the spin density on the sulfur atoms (Ciurli et al., 1996). (found in roughly half of the calculated models) closely
Therefore, the hyperfine coupling of the cysteinyl protons follows the structure derived from X-ray diffraction data. In
with the [4Fe-4ST" cluster is not large enough to signifi-  contrast, the second set puts HN of Phe-48 at a reduced
cantly enhance the relaxation rates, in agreement with thedistance of about 6.5 A from the cluster (instead of ca. 4 A
predictions made above. FBregbeyond 10 A, the disper-  for the first set), i.e., where it is expected to be frdm

sion of Tiparincreases with the diamagnetic contribution to  measurements (Figure 2). The differences between these two
the relaxation process and the dipolar paramagnetic contribu-sets lie in ca. 140increases of the angles of residues 48

tion progressively vanishes for largBfeq. and 49 and ca. 90decrease iny of Phe-48. The simplest
The equivalence of the iron atoms in [4F4SP* clusters explanation for this observation is that the two conformations
is better evidenced by Msbauer spectroscopy of tBe= 0 of the main chain around Phe-48 can be stabilized: the

spin state at low temperature (Middleton et al., 1980). The crystallization conditions seem to select one of them in which
paramagnetism at ambient temperature is due to the thermathe main chain is close to the [4Fe-4S] center while the
population of excited spin states wih> 0, S= 1 states second conformation is the major one in solution. The
being prominant among them. The correlation revealed by differences are illustrated in Figure 3.
Figure 2 indicates that the equivalence of the four iron atoms _ .
is conserved for the excited states. This result suggests thatOXidized HiPIP
in a model with antiferromagnetically coupled pairs of iron An analogous series of measurements was carried out for
atoms, the firstS = 1 excited state is probably better the oxidized protein. In this cas&; have been measured
described by9/2, 9/2, Lifor which identical spin density  for 70 protons. But only 33 main chain protons were kept
on all four iron atoms is expected. This conclusion agrees for analysis as theill; belong to the range for which the
with the one drawn from theoretical calculations on model relaxation is dominated by the paramagnetism of the [4Fe-
compounds (J.-M. Mouesca, personal communication).  4SPB+ center. Cv HiPIP is a protein with a relatively high
Evidence for Differences between Solution and Crystal (ca. 326-350 mV) oxidation potential (Moulis et al., 1988,
Structures. From the NMR solution structures @ HiPIP, 1993). Solutions of oxidized protein have a tendency to
the conclusion that the X-ray structure of the oxidized protein convert slowly to the reduced form over the long time
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HNFE'48

Ficure 3: Two possible conformations of Phe-48. (Left) Representative conformation from the set of NMR structures (Banci et al., 1995)
which deviates from the crystal structure but is in agreement with relaxation data presented here. (Right) Partial view of the structure
obtained from X-ray data (Carter et al., 1974).

required for IR-TOCSY experiments. Since the occurrence i .
of electron self-exchange in mixtures of oxidized and reduced |
proteins introduces additional relaxation pathways, it was
of the utmost importance to monitor the completeness of the
oxidation through the intensities of the corresponding signals.
This procedure has limited the number of IR delays to only
three in different IR-TOCSY experiments recorded between
pH 6.0 and 8.2. ”
Although the oxidized protein has a paramagnetic ground ]
state, theT; of its protons are longer than for the reduced
protein. Such an increase is due to the overall increase in 83y : : : -
the ferric character of the cluster involving both the electronic . “ 5 6 " Dreg®) 100
relaxation time of the ground state and the contribution of FiIGURE4: Plot of InTyparversus InDq for protons of oxidizedCv
the excited states. In the oxidized protein, the excited statesgip'.P E}th%Hliﬁlezj Zpar gsf eﬂngthh gyzfsi?)?'itp{)?t%f)‘(s ;ﬁ%gig;?sggttaeﬂn
proba'\bly.have a smaller contrlbutlon' than n the reduqed aéreement with thgelectronic configuration degcribed in row 2 of
protein since they are expected to lie at higher energies.Taple 1.
Indeed, the spin ladder depends on the exchange coupling
which is larger for [4Fe-43] clusters than for reduced ones Taple 1: Determination of the Electronic Structure of the

320

Tipar(ms)

(Noodleman et al., 1995a). [4Fe-4S}* Cluster

Distance Dependence of the Relaxation RafBise same Fe Fe Fe Fe r
procedure described above for the reduced case was em=— 5 > 750 > 751 P 0926
ployed to extract the paramagnetic contributibpa, of Ti: 3+ 2.75+ 25+ 2.75+ 0.940
the measured relaxation rates were corrected by the same 3+ 2.5+ 2.75+ 2.75+ 0.924
constant factor (0.837%) as above in order to take into g;i gi g;ff gg; 8-822
account_the diamagnetic con_trlbutl_on. 25t 3t 5751 5751 0876

Experimental data on proteins (Middleton et al., 1980) and  2.75+ 2.75+ 3+ 2.5+ 0.876
model compounds (Mouesca et al., 1993) suggest that the 2.75t 2.5t 3+ 2.75+ 0.873
spin density is not equally distributed over the four iron atoms ~ 2-3© 2.75+ 3t 2.75+ 0.852

f [AFe-4S¥ We h hecked that [ distributi 2.75+ 2.75+ 2.5+ 3+ 0.909
of [4Fe- _]‘ - We have checked that an equal distribution 575, 551 5 751 3+ 0892
of the spin density on the four irons produces a poor 25+ 2.75+ 2.75+ 3+ 0.872

correlation betweefipar and Dreq (N0t shown). The ther- aThe 12 possible distributions of the valence states on the four iron

mally averaged spin-projection coefficiemtscalculated by atoms of the oxidized cluster have been considered, t&-€e, are
Noodleman and co-workers (1995b) are good approximationsatoms attached to Cys-43, -46, -63, and -77, respectively. The

of 4 in the valence bond approximation (Mouesca et al., corresponding Iy versus InDreq plots were drawn for 33 (main
1993). Otherwise these coefficients are proportionakito ~ cnain ands-Ch, cysteinyl) protons closest to the active site with the
S . . exception of the HN of Phe-48. The resulting correlation coefficients
by a covalency factor which is, to a good approximation, | 4 given,
equal for the four iron atoms+0.7: Mouesca et al., 1995).
Ki values of 1.6 for #>" and—0.9 for Fé* have been used, spin density £0.9) (Noodleman et al., 1995b). This
and the variablé®req = (2K;?Di~°)V¢ has been defined. hypothesis has induced a strong dispersion of the points on
The second important difference between [4Fe48hd the plot since a better correlation was found when the spin
[4Fe-4S? clusters originates from the occurrence of at least density was taken as the square root of half the sum of the
two positions of the mixed-valence pair over the cluster, as squared values. The plot with the latter conditions is the
evidenced by NMR (Bertini et al.,, 1995a). We have one shown on Figure 4. We have tested all possible coupling
considered the spin density on the interchanging irons asschemes involving two electronic configurations, i.e., two
resulting from the averaged spin density between an iron positions of the mixed-valence pair (Table 1). The scheme
belonging to the mixed-valence pair, with positive spin with the iron coordinated to the first cysteine in the sequence
density (1.6), and an iron of the ferric pair, with negative (Cys-43) being ferric and the iron coordinated to Cys-63
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being in the formal F&>" valence was the one which better taken into account, only isolat&id,, significantly departed
agreed with our results (second row of Table 1). This result from the general behavior.
is in perfect agreement with the previously established This study also clearly demonstrates that e when
conclusion based on the chemical shifts of cystefiv@H, properly scaled as a function of both distances and spin
protons observed in various HiPIP (Bertini et al., 1995d). densities on the metal ions, could be introduced as new
In the case of oxidize@v HiPIP, theTp, values are more  structural constraints for establishing the 3D structure of
scattered with a correlation factor of 0.94 (to be compared [4Fe-4S] proteins in solution. This is particularly true in
to a value of 0.98 in the reduced sample). This increasedthe vicinity of the clusters where the classical NOE con-
dispersion is largely due to the relatively small number of straints are less numerous, and their intensities have to be
experiments used fdi; measurements. It can also be noticed corrected to take into account the effect of the paramagnetic
that the value oD, for which significant deviation from  relaxation (Bertini et al., 1996). The most obvious use of
the fit occurs is smaller in the case of oxidized HiPIP (ca. 8 the approach has been provided by the localized change of
A, Figure 4) than in the case of reduced HiPIP (ca. 10 A, conformation of the main chain around Phe-48 evidenced
Figure 2). This is due to the overall smaller relaxation rates here in solution as compared to the crystal structure.
measured for oxidized HiPIP and to the smaller influence  Despite the more complex situation of the oxidized state,
of the paramagnetic contribution to the relaxation properties the dominant dipolar electremucleus character of the
of protons at relatively shorter distances from the cluster. relaxation mechanism was also evidenced. A larger disper-
No significant difference in the above correlation have sion of the experimental data was observed but the same
been found when considering either of the spin st{3é conclusions as for the reduced case may be extrapolated to
4, 1/Zand |7/2, 3, 1/Z]proposed for oxidized HiPIP the oxidized level. The relaxation data confirm the previ-
(Mouesca et al., 1993). Discriminating between these statesously established model for the location of the ferric iron
may be possible if well established level diagrams were and the dynamic equilibrium of the mixed-valence pair in
available. This point needs further investigation, both Cv HiPIP.
theoretically and experimentally, in order to improve the In view of the general rules established herein for the
present analysis. relaxation properties of the protons @i HiPIP, it can be

Structural Consequencesn spite of the additional sources ~ @nticipated that the distance relationships derived figm
of inaccuracy in thel; measurements for oxidized HiPIP, measurements will significantly contribute to improve the

the HN of Phe-48 is again the proton which deviates most future structure determination of [4Fe-4S] proteins in solu-
from the fit of Figure 4, as in the case of reduced HiPIP. tOn.
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