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Abstract: The ENDOR response 6fFe nuclei and protons of the high-potential iresulfur (HiPIP) protein

iso-1l from Ectothiorhodospira halophilan frozen solutions, i.e., on nonoriented systems, has been exploited

to determine electronic and structural details of the oxidized9f&" cluster and its protein environment.

Two distinct5’Fe hyperfine couplings were resolved and assigned to pairs of highly symmetric ferric and
mixed-valence iron ions in agreement with results ofgslmauer and ENDOR studies on related proteins and
model compounds. From the analysis of dipolar contributions of the eight cygt&it— and five additional

protons of residues close to the cluster, the spin population on the iron ions in the ferric and the mixed-valence
pair was deduced. The symmetric spin vector coupling model yields coefficients, which suggest the existence
of a |"/,,3,0state or an admixture df/,,4,0and|"/»,4Y,0as possible ground states of the cluster. The
identification of the mixed-valence and ferric irons within the cluster was in agreement with NMR results
based on the sequence specific assignments of proton couplings. In addition, a unique orientatigitesfdbe

with respect to the molecular frame was found in the protein, the maxgrethsor component being nearly
perpendicular to the cluster face containing the mixed-valence irons. The intermediate and minimal components
were related to the vectors connecting the ferric and mixed-valence irons, respectively. The analysis of the
isotropic parts of the cysteine CH,-proton interactions allowed establishment of a correlation with the NMR
shifts of corresponding protons, obtained by applying different scaling factors for protons close to the ferric
and mixed-valence pair, respectively. The empirical law used to describe the relationship between the geometric
orientation of a CH bond and the observed isotropic interaction for these types of clusters could be verified.

Introduction asymmetry in protein&! and spin frustration in both sym-
metric and asymmetric compourtéiconcur in the stabiliza-

; i +
| TTe u.ndersia.ndlng gf thz (Ialeﬁtronlc structu(;e of;;%ﬁ biv i tion of a ground state that can be qualitatively described by a
CIUSLErS In protéins and Models has progressed considerably e e ferric pair antiferromagnetically coupled to a high-mul-

recent years.® Th_ese clusters formally _contain three ferric ion_s tiplicity, mixed-valence ferrie-ferrous pair. Due to spin frustra-
and one ferrous |_cﬂ1and are characterized by an overall anti- ;515204 1o the onset of double exchange coupling in the
ferromagnetic Heisenberg coupling, yielding@s '/, ground mixed-valence paité1’the latter has a subspin value exceeding
statel®12 Vibronic coupling in symmetrical modelg,intrinsic that of the former,byllz as was first shown by Msbauer
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the six possible positions. This has been demonstrated by EPRrom frozen protein solutions do contain in principle all the
and>Fe and'H ENDOR studies of model compountfs23 necessary information, but its extraction is much more difficult
In proteins, the intrinsic asymmetry is much larger than that than in the case of single-crystal ENDOR. So far only in the
induced by crystal packing forces in otherwise symmetric case of the mononuclear centers such as copper(ll) in superoxide
compounds. Therefore, the preference for one of the six possibledismutas& =" and for the heme proteins myoglobin and
positions is expected to be stronger. Unfortunately, the resolutionhemoglobii*38 could the proton hyperfine tensors be recon-
of low-temperature Mssbauer datt24while clearly showing  structed using powder-type ENDOR spectra simulations.
the pairwise arrangement of the iron ions, is insufficient to show  In applying this approach to iron sulfur proteins we have
that more than one pairwise arrangement is present. Surprisingly,chosen the HiPIP iso-Il fronk. halophila since the room-
clear evidence for the existence of preferred mixed-valence pairtemperature equilibrium between the two electronic isomers for

localizations came from room-temperatiitd NMR experi- this protein is most shifted to one extreme, making the second
ments. The hyperfine-shifted resonances ofHeH, protons isomer undetectabf&:22Most importantly, and possibly related
of the cluster-coordinated cysteines have been sequenceto the essence of the problem, this oxidized HiPIP displays an
specifically assigned in a number of }fSg]°"-containing high- EPR spectrum devoid of any detectable heterogeféitihe

potential iror-sulfur proteins (HiPIP) and interpreted in terms aim of the present study, besides that of showing that the
of a preference for two out of the six possible mixed-valence approach can be successful, is to compare the electronic structure
pairs814.25-28 |nterestingly, these two preferential mixed-valence of the oxidized [FgS4]3t cluster at low temperature with the
pairs localizations are conserved over the whole class of HiPIPs,picture emerging from high-temperatutél NMR data. In

the differences among the members of the class being restrictedparticular, we want to check whether a single orientation of the
to different populations of the two states. This phenomenon has mixed-valence pair exists at low temperatures, as found from
been termed “electronic isomeris#?within a given HiPIP, room-temperature NMR data on this particular protéiff,and,

fast equilibrium is present between the two electronic isorhers. if so, analyze whether the two methods coincide in terms of
The energetic preference for these two isomers over the otherghe orientation. Moreover, a comparison of the directions of
must be on the order €T at room temperature. The picture theg-tensor axes with respect to the mixed-valence pair in the
for proteins, at variance with models, is clearer at room protein with those obtained from the model compounds is of
temperature than it is at low temperature, due to the limited interest?! Finally we want to separate the isotropic (contact plus
resolution of M@sbauer spectroscopy. Indeed, the temperature pseudocontact) contribution to the hyperfine tensor of individual
dependence of the equilibrium constant between the two isomerscysteing3-CH, protons and compare it with that obtained from
prevailing at room temperature is not known. EPR spectroscopy room-temperature NMR. Such a comparison should yield
at low temperature has given heterogeneous signals for severainformation on the ground-state electronic structure, the energy
HiPIPs possibly representing different forms of the iso- separation of the first excited states, and the adequacy of the
mers®11,24,30,31 current spin coupling modeétst6.17.3941 for [Fe,S4]3 clusters.

A link between high- and low-temperature electronic struc- )
tures of HiPIPs could be in principle established'ByENDOR Materials and Methods

spectroscopy, provided the full proton hyperfine tensor can be Preparation of the Protein SamplesOxidizedE. halophilaiso-II

obtained within they-tensor frame by measuring the orientation - Hipip (1) was isolated and purified according to a previously described
dependence of the ENDOR featuf@s®® Unfortunately, single  proceduré’ Fe-enrichedl was prepared with the same protocol as

crystals of proteins suitable for ENDOR spectroscopy are seldomabove, following growth of the bacteria fiFe-enriched mediuri.
available. Powder-like ENDOR spectra such as those obtainedAll protein samples were kept in 30 mM phosphate buffer, pH 7.2.
The EPR samples df were optimized in concentration (ca. 1 mM)

54(%%)9@011)(; J.; Gloux, P.; Lamotte, B.; Rius, Bhys. Re. Lett. 1985 to minimize ENDOR accumulation time. A sample bin deuterated
,(20) Gloux, 3.: Gloux, P.: Hendriks, H.: Rius, G.Am. Chemn. So¢987 buffer was al_so prepared using flye cycle_s of solvent exchange with

109, 3220. an ultrafiltration Amicon cell equipped with a YM1 membrane, to
(21) Gloux, J.; Gloux, P.; Lamotte, B.; Mouesca, J.-M.; Rius,JGAM. exchange all solvent-exposed N- or O-bound protons.

Chem. Soc1994 116, 1953. EPR and ENDOR SpectroscopyEPR spectra at X-band frequen-
(22) Rius, G.; Lamotte, BJ. Am. Chem. S0d.989 111, 2464. cies were recorded on Bruker ER 420 or ESP 300 spectrometers

11?2)7'1";“‘95”' J.-M.; Rius, G.; Lamotte, B. Am. Chem. Sod993 equipped with a continuous helium flow cryostat (ESR 900) in a
(24) Bertini, I.; Campos, A. P.; Luchinat, C.; Teixeira, M. Inorg. te_mperature range from 4 to 60_ K. Tr_le magnetic field and the

Biochem.1993 52, 227. microwave frequency were determined with a NMR gaussmeter and a
(25) Banci, L.; Bertini, |.; Briganti, F.; Scozzafava, A.; Vicens-Oliver, microwave counter, respectively. The modulation amplitude for spectra

M.; Luchinat, C.Inorg. Chim. Actal991, 180, 171. recording was 0.1 mT. Microwave power and temperature were adjusted
(26) Bertini, I.; Briganti, F.; Luchinat, C.; Scozzafava, A.; Sola, J. to obtain optimal signal intensity avoiding spectral broadening.

Am. Chem. Sod 991 113 1237.
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C.: Piccioli, M. J. Am. Chem. Sod.993 115, 3431. cavity (ER 200 ENB) with a helical rf coil, or a dual cavity with a

(28) Bertini, I.; Ciurli, S.; Dikiy, A.; Luchinat, CJ. Am. Chem. Soc. homemade Helmholtz caif. The rf was generated by a Wavetek Model
1993 115 12020. 3000 synthesizer and amplified with an ENI A150 power amplifier.

(29) Bertini, 1.; Luchinat, C.Transition metal sulfur chemistnACS The rf was frequency modulated with 10 kHz so that ENDOR spectra

fgggposiugn}%ries 653; American Chemical Society: Washington, DC, \yere recorded as first derivatives. ENDOR measurements were
(36)prunham' W. R.; Hagen, W. R.; Fee, J. A.; Sands, R. H.; Dunbar performed between 10 and 20 K. Up to 13 ENDOR spectra were

J. B.; Humblet, CBiochim. Biophys. Actd991, 1079 253. obtained at different working points across the EPR powder spectrum
(31) Beinert, H.; Thomson, A. JArch. Biochem. Biophysl983 222, spanning a magnetic field range of ca. 20 mT. The ENDOR spectra
333.
(32) Rist, G.; Hyde, J. SI. Chem. Phys1969 52, 4633. (36) Hiuttermann, J., Kappl, R.; Banci, L.; Bertini, Biochim. Biophys.
(33) Schweiger, AStruct. Bondingl982 51, 1—-122. Acta 1988 956, 173.
(34) Kappl, R.; Httermann, JAdvanced EPRElsevier: Amsterdam, (37) Reinhard, H.; Kappl, R.; Htermann, J.; Viezzoli, M.-SJ. Phys.
1989; pp 50%540. Chem.1994 98, 8806.
(35) Hoffman, B. M.; Gurbiel, R. J.; Werst, M. M.; Sivaraja, M. J. (38) Hittermann, J.; Burgard, C.; Kappl, R. Chem. Soc., Faraday
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ENDOR Response of Ectothiorhodospira halophila iso-ll

extended over a frequency range from 1 to 36 MHz. The spectral
accumulation time varied between 40 and 2000 s.

Simulation of ENDOR Powder Spectra.The program Prometheus
was employed for simulation of powdéH-ENDOR spectra. This
program allows to interactively fit the simulated resonance pattern to
an experimental one. It is based on the formalism described by Kreilick
et al.#344which uses the point dipole approximation for calculation of
the dipolar hyperfine interaction of a proton for an orientation selection
determined by the working point within the EPR spectrum (i.e., the
magnetic field or the effectivg-factor). A similar method has been
developed by Hoffman and co-workefs'é The program, which has
been described in detail recentfyjs designed to be applicable to
systems with rhombig-symmetry and arbitrary arrangement of metal
(and/or ligand) hyperfine tensors. In particular, when a given hyperfine
tensor is collinear with thg-tensor, then the orientation selection is
calculated by an analytical expression. This avoids artifacts in the
simulated pattern arising from an insufficient number of randomly
generated orientations and reduces processing time consid&rahky.

J. Am. Chem. Soc., Vol. 121, No. 9,10290
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Figure 1. EPR spectra ol (X-band, 9.5 GHz, at 10 K, modulation

program uses as input a spatial structure (Brookhaven Protein Databanl%mplitude 0.1 mT) obtained for microwave powers of 2 mW (top) and
pdb-format) of the active site of a protein or a putative related structure 6 uW (bottom). At high powers the spectrum broadens considerably.

from which atoms with electron spin density (up to 10) and interacting
protons (up to 20) can be selected. The individual spin populations,
optional isotropic interactions for protons, the arrangement of the
g-tensor with respect to the molecular frame as well as the spatial
positions of the protons can be varied. The interaction of a proton with

each spin center is calculated componentwise and summed up for all

the selected-orientations determined by the ENDOR working point

within the separately simulated EPR spectrum. The shape of a powder

spectrum for a single proton is obtained by folding the calculated
resonance positions with a mathematical line shape function (i.e., first
derivative of a Gaussian in our case). The final simulated powder
spectrum is then composed of ENDOR spectra of all selected protons.
Small variations of the position of an interacting proton within the
ensemble of molecules which provoke a distribution of resonance

Theg-tensor values used for simulation are indicated in the lower trace.
No additional peaks associated with further spectral species are apparent.

proton frequency withvy = 0 are plotted for all experimental fields.
The data points represent the line maxima or the points of steepest
slope for monophasic (above or below the baseline) and biphasic (above
and below the baseline) line shapes, respectively, but the line width is
not included. In this representation the experimental frequencies can
be compared with simulated ones (usually of the extremal turning
points) for the same field positions (grfactors). In such a way the
arrangement of g-tensor orientation within the molecular frame can
be tested, to which particularly the behavior of dipolar couplings is
sensitively responding. To determine the isotropic contributions of the
cysteine-CH, protons, the line behavior of each proton for several

frequencies and thus line broadening in the experimental spectrum POS&<otropic values was examined in the field-frequency plot. The best

a problem when comparing with simulations. The effect is more
pronounced for protons close to spin centers due tothdependence

of the dipolar interaction as was described in a protein single-crystal
ENDOR study*® Also the intrinsic variability of magnetic parameters
(g-strain, A-strain) within the ensemble of molecules contributes
significantly to EPR as well as ENDOR powder line shaffes.
Superposition of successively simulated ENDOR spectra with slightly
different parametergyftensor values or directionéyso) can be used to
mimic such a variability. In this study, the effect gfstrain could be
analyzed for a single proton.

A simulated powder-type pattern for all contributing protons
represents a compromise with respect to the mentioned parameters an
may not completely reproduce all the experimental details of a powder
ENDOR spectrum. For an analysis of the behavior of an individual
proton across the EPR powder spectrum a field-frequency plot is helpful.
In this, the experimental resonance positions, normalized to the free

(39) Mouesca, J.-M.; Noodleman, L.; Case, D. A.; Lamotte|r®rg.
Chem.1995 34, 4347.

(40) Belinskii, M.. I.; Bertini, I.; Galas, O.; Luchinat, @. Naturforsch.
1995 503, 75.

(41) Belinskii, M. I.; Bertini, |.; Galas, O.; Luchinat, Gnorg. Chim.
Acta 1996 243 91.

(42) Huttermann, J.; Kappl, RVetal lons in Biological SystemMarcel
Dekker: Basel, 1987; Vol. 22, pp-180.

(43) Hurst, G. C.; Henderson, T. A.; Kreilick, R. W. Am. Chem. Soc.
1985 107, 7294.

(44) Henderson, T. A.; Hurst, G. C.; Kreilick, R. W. Am. Chem. Soc.
1985 107, 7299.

(45) Hoffman, B. M.; Martinsen, J.; Venters, R. A.Magn. Res1984
59, 110.

(46) Hoffman, B. M.; Venters, R. A.; Martinsen, J.Magn. Res1985
62, 537.

(47) Hutermann, J.; Dges, G. P.; Reinhard, H.; Schmidt, Guclear
Magnetic Resonance of Paramagnetic Macromolecid&sver Academic
Publishers: Dordrecht, The Netherlands, 1995; pp-1B®.

(48) Kappl, R.; Hitermann, Jlsr. J. Chem.1989 29, 73.

(49) Neese, F.; Kappl, R.; Hiermann, J.; Zumft, W. G.; Kroneck, P.
M. H. J. Biol. Inorg. Chem1998,3, 53.

combinations were selected and used again for simultaneous simulations
of all interacting protons.

Results

EPR SpectroscopyThe EPR spectrum df shows the typical
features of oxidized HiPIPs, generally observable in EPR only
below liquid nitrogen temperatures, exhibiting averggactors
Oav > 2. The spectrum of Figure 1, recorded under nonsaturating
conditions (6uW, bottom trace), shows a pattern of slight
rhombic distortion with principalg-tensor componentg =

.145, 2.034, and 2.024 determined from simulation. When
higher microwave powers (2 mW, top trace) or lower temper-
atures are applied, the spectral shape is broadened until the
rhombic feature eventually disappears. In agreement with
previous datd? and in contrast to the EPR spectra of other
HiPIPs isolated fronC. vinosum E. vacuolataiso-l and iso-Il,

R. gelatinosusC. tepidum and Rf. fermentan*30.50.51 ng
additional weak resonances associated with the presence of
minor species and/or with dimer formatidri®-3lare observed,

so that the spectrum df is considered to arise from a single
species.

In samples substituted with’Fe, the line width is not
significantly broadened. As a consequence, the hyperfine
interaction of the unpaired electron with thée nuclei [ =
15) remains inaccessible to EPR spectroscopy.

5’Fe-ENDOR. The ENDOR spectra for three representative
g-factors obtained on th&Fe-substituted sample in the fre-
guency range 920 MHz are depicted in Figure 2. Apart from

(50) Moulis, J.-M.; Scherrer, N.; Gagnon, J.; Forest, E.; Petillot, Y.;
Garcia, D.Arch. Biochem. Biophy4.993 305, 186.

(51) Hochkoeppler, A.; Kofod, P.; Ferro, F.; Ciurli, Brch. Biochem.
Biophys.1995 322, 313.
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Figure 2. ENDOR spectra of’Fe-substituted. at threeg-selections:

(a) g = 2.143, (b)g = 2.053, and (c, dy = 2.030. Spectrum d was
obtained with a frequency-shifted cavity so that for the sgraelection

as in spectrum c the different magnetic field displaces the free proton
frequency and proton lines. The two groups®@fe resonances are
marked with arrows, and the superimpodddesonances are indicated
by sticks.

resonances centered around the free proton frequandwo
relatively intense pairs of signals are discernible on the low-
and on the high-frequency side of (e.g., trace c). One is
centered at about 11.5 MHz, the other at about 17.5 MHz. Each
line of the pair is separated from the other by about 0.9 MHz
which corresponds to the Larmor splittingvEd) for 5Fe at

X-band magnetic fields. These resonances are absent in sample

with 5%Fe in the cluster (compare Figure 3, trace E at frequencies
+2.7,+3.6 MHz and—2.5,—3.5 MHz) so that the lines marked
with arrows in Figure 2 are attributed to two Larmor-spiie
resonances. A downward shift in microwave frequency by
approximately 0.8 GHz reveals some weak lines which move
to lower frequencies, concomitantly with the free proton frequen-
cy v, (Figure 2, trace d), at the sangefactor as in trace c,
indicating that the lines originate from weakly coupled protons
(marked with sticks). The two groups 8fFe resonances, on
the other hand, remain essentially unaltered in their position,
since they are centered arouA@’Fe)/2. Thus, thé&’Fe-hyper-
fine values directly read from the ENDOR spectrum have an
error margin of ca+0.3 MHz because of the superposition with
proton lines and the rather large line width. It is obvious from
Figure 2 (trace a) that for this field positiog & 2.143) the
A(®"Fe) values can be determined for the low-frequency signal

but have to be estimated for the high-frequency doublet because
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Figure 3. ENDOR spectra ol (*Fe in natural abundance) at selected
g-factors indicated by letters in the EPR spectrum (top, scale of the
EPR is theg-factor). The ENDOR spectra are normalized to the
corresponding free proton frequency to illustrate the evolution of lines
across the EPR spectrum for various field positions. The asterisks mark
the lines arising from Phe44 H-proton (HCB) in the region of;
before they merge with other proton resonances.

of the EPR spectrum (frorg = 2.040 to 2.030) the resonance
frequencies of both doublets remain nearly identical. The coup-
ling values found for each Larmor-split doublet along the princi-
pal g-components are compiled in Table 1 foand compared
to Mossbauet and ENDOR data on oxidized. zinosumHiPIP
(32)18v52and model compound?:53The two groups of doublets
found in the®>”Fe ENDOR spectrum of are assigned to the
ferric and mixed-valence pairs of iron ions as detected by
Mdssbauer spectroscop$?43In principle, for each individual
57Fe ion of the cluster, a Larmor-split doublet is expected. Four
groups of doublets have indeed been observed in the well-
resolved single-crystal ENDOR spectra of JE€SCHCsDs)4] 1~
(3).22 A resolution of the individua?’Fe doublet lines within a
pair in the powder ENDOR spectra bfis prevented by nearly
identical hyperfine components (withit0.3 MHz) and the
superposition of slightly different contributions due to a small
anisotropy for a giveg-selection, for which the spectral inten-
sity is distributed over an increased frequency range. These fac-
tors could be the source of the larger line widths {019VIHz)
observed forl as compared with those & (0.1-0.2 MHz).

IH ENDOR. Some representative ENDOR spectra obtained
from a sample ofl with naturally abundantéFe are shown in

the latter lines are buried under the rather intense central proton (52) Anderson, R. E.; Anger, G.; Petersson, L.; Ehrenberg, A.; Cammack,

resonances. For othgffactors (Figure 2, trace b) ti¥é e reso-

nances emerge from a gamut of lines and appear more clearly.

When the field position is changed within the nearly axial part

R.; Hall, D. O.; Mullinger, R., Rao, K. KBiochim. Biophys. Actd975

63.
(53) Papaefthymiou, V.; Millar, M. M.; Mock, E.Inorg. Chem.1986,
25, 3010.
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Table 1. 5Fe Couplings for [F€5,]%" Clusters in Proteins and
Model Compounds

oxidizedE. halophilaiso-Il HiPIP (1)

powder ENDOR group | group IR
alongg-factor A(MHz) £ 0.3 A(MHz) £ 0.3  this work b
2.140 19.8 <32
2.030 224 35 ¢
2.020 22.2 35.1
average 21.6 33

oxidizedE. halophilaiso-II HiPIP (1)

Méssbauer ferric pair mixed-valence
(in MHz) +1.5 pair +1 ref 24
Axx 21.9 —29.5
Ay 21.9 —-32.1
A 20.3 —-32.9
average 21.4 —31.5
powder ENDOR oxidizedC. vinosumHiPIP (2)
(in MHz) group | group Il ref 52
A 21.2+0.1 29.8+ 0.8
Aq 22.8+0.1 32.0+0.2
average 22 30.9
Méssbauer oxidizedC. vinosumHiPIP (2)
(in MHz) ferric pair mixed-valence pair ref 18 sim
Axx 19.2+1.3 —28.2+19
Ay 22.4+0.8 —30.6+ 0.6 — 17—
Az, 19.3+ 0.8 —32.6+£ 0.8 -6 -4 -2 0 2 4 6
average 20.3 —30.5
9 MHz
single-crystal [FesSy(SCH2GDs)4]* (3) Figure 4. Comparison of experimental ENDOR spectra for some

ENDOR (inMHz)  ferricpair  mixed-valence pair  ref 22 representativg-selections [(ap = 2.141, (d)g = 2.090, and (f)g =
2.034] to related simulated patterns (b, c, e, g) with all protons of Chart

2’;‘1” 186 :ggé 2 incl_uded. In simulat_ion c the ir_lteraction of thggHproton of Phe44
A 21.8 —36.5 |S_SW|tched off to notify the assignment of the extreme resonances to
average 19.8 -335 this proton.

Méssbauer [FesSu(S-2,4,6i-PrCeHo)a '~ (4) (Figure 3, trace A) a well-separated extreme line pair is visible
(in MHz) ferric pair mixed-valence pair ref 53 (marked by asterisks) with a splitting of 6.8 MHz which
A 21.9 —281 decreases in traces B and C. Exchange of the aqueous buffer
Ay 20.6 -32.2 with D,O, which has often proven helpful in quantifying
Az 18.5 —32.9 exchangeable NH or OH protons in the cluster neighborhood
average 20.3 —311 (e.g., refs 54-56), has not been successful in the present case.

2The sign could not be directly determined, but the values should Only subtle if any changes of line intensities were observed in

be associated with a negative sign from comparison with the other data.the range oft1.5 MHz, with no clear loss of resonances (data
not shown). The larger couplings remained completely unaf-

Figure 3. The corresponding working points are indicated as fected, indicating that they arise from nonexchangeable protons.
letter code in the EPR spectrum (insert). For all ENDOR spectra  To visualize the variation of ENDOR lines across the EPR
the free proton frequency associated with each working point spectrum, the line positions for all working points with set
was set to zero in order to emphasize the evolution of lines to zero were plotted versus the magnetic field scale (field-
depending on the selected field (@factor). The large signal  frequency plot) in Figure 5A, which shows the gradual decrease
intensity around the free proton frequeneyl(MHz) is mainly of the outermost line pair in the region gf, followed by an
due to many weakly coupled protons at distances larger thanincrease to the maximal splitting alomg.
4.5 A from the cluster, while the larger couplings are originating ~ Simulation of *H-ENDOR Spectra. There is no X-ray
from fewer protons close to the cluster. The line pattern determined crystal structure information on HiPIP iso-Il avail-
generally is rather symmetrical aroung with line width able. The starting point for the ENDOR simulations was
between 0.4 and 1 MHz for the outer lines. Such ENDOR line therefore the structural model df” which was obtained by
widths are often found in proteins in which structural disorder molecular dynamics calculations on the sequence adjusted X-ray
at low temperatures leads to a distribution of relevant magnetic structure of isoenzyme | . halophila®” The cluster atoms
parametersg-strain, A-strain)3448 and the four ligating cysteines 39, 42, 55, and 71 (up ¢to C

Afrequency range from 1 to 36 MHz was scanned in.order (54) Werst, M. M.. Kennedy, M.-C.. Beinert, H. Hoffman, B. M.
to detect possibl&N interaction or very large proton couplings  Biochemistry199Q 29, 10526.
(then centered arourd/2). However, no indications for such 11((15%3D9?an’ P. E.; Fan, C.; Hoffman, B. M. Am. Chem. Sod 994
interactions were found. The largest proton hyperfln(_a splitting (56) Hoffman, B. M.: DeRose, V. J., Doan, P. E., Gurbiel. R. J.
of ca. 10 MHz is observed aroumgd= 2.034, as shown intrace  pouseman, A. L. P.; Telser, J. Biological Magnetic ResonancBerliner,
E of Figure 3 with enhanced outermost lines. Alang 2.145 L. J., Reuben, J., Eds.; Plenum Press: New York, 1993; pp-25&
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6 T T T T T T -CH, protons were identified by sequence specific assignment.
A . It was demonstrated that four downfield shiftédl NMR lines
4 HCB Phess o arise fromB-CH, protons of Cys42 and Cys55, which therefore

have to be bound to the mixed-valence pair. Conversely, the
four upfield shifted signals were assignedst@H, protons of
Cys39 and Cys71, bound to the ferric irons of the cluster.
Ll According to this assignment, Fe2 and Fe3 in Chart 1 were
7 . L . . e chosen as the mixed-valence pair (large dark-gray spheres) and
- ; . .o L Fel and Fe4 as the ferric pair (large open spheres).
T As a further parameter the orientation of t¢ensor must
be fixed. On the basis of both single-crystal EPR data?bf?
. and of theoretical consideratioPfsijt can be assumed that (i)
the minimal g-factor gs; is closely correlated to the vector
—— ——— connecting the iron ions of the mixed-valence pair, (ii) the
312 314 316 318 320 322 324 326 328 330 332 334 intermediateg-factor g, is correlated to the vector connecting
mT the iron ions of the ferric pair, and (iii) the maximgdfactorg;
is nearly perpendicular to the two cluster faces containing the
mixed-valence pair Fe2Fe3 and the ferric pair FedFe4.
Finally, from the similarity of the®’Fe-hyperfine interactions
7 of 1 and 3 (Table 1) and their correlation to spin densities
obtained from the analysis of dipolar contributions of proton
. interactions in3,2% the expected range of the spin populations
on the iron atoms is estimated to be within 1.0 and 1.5 for the
J mixed-valence and withir-0.5 and—1.0 for the ferric irons.
With these prerequisites systematic simulations were per-
formed with eight operative spin centers, i.e., the four iron ions
and the four cysteinyl sulfur atoms. For the latter, spin
populations betweer0.10 and 0.10 were tested. Contributions
arising from inorganic sulfurs were neglected because of their
larger distances to interacting cystejp¥CH, protons and their
expected low spin densiti@3The size of the dipolar (“through
space”) interaction is then determined by the distances between
each proton and each spin center and by gharientation
selected by the ENDOR field position. Another variable

MHz

-6 M T A M T M T T T T T T T M T T

312 314 316 318 320 322 324 326 328 330 332 334
mT

Figure 5. (A) Representation of ENDOR resonances at all experimental

field positions on the EPR spectrum (field-frequency plot). The data . . L ; . . .
points correspond to the maxima of monophasic or to steepest slopeaffecnng the ENDOR line positions is the isotropic hyperfine

of biphasic lines and are normalized to the free proton frequency for cONntribution due to the summation of pseudocontact coupling,
each field. Experimental line widths are omitted for the sake of clarity. @rising from magnetic susceptibility anisotropy, and of contact
The extremal resonances obtained from simulations of individual coupling, arising from spin density delocalization via the bonds
protons for all fields are projected onto experimental data points. The connecting the residue to a spin center. Hence, the isotropic
variations for HCB Phe44 (dashed line), for cystefh€H, protons couplings of all eight cysteing-CH, protons were varied
H3 to H6 (isotropic values of set |, Table 2) close to the mixed-valence independently employing negative or positive contributions for
irons (solid line) and for cysteing-proton H7 (dotted line) closetoa  thpse close to ferric sites or to mixed-valence iron ions,
ferric iron are indicated. (B) Projection of extremal resonances simulated respectively. For each cysteifieCH, proton the line behavior
for cysteinef-protons H3 to HE (isotropic values of set Il, Table 2) ¢ o died and compared to the experimental pattern for several
close to the mixed-valence irons. For assignment of protons refer to .. - . Lo .
Charts 1 and 2. field posmons in th'e EPR spe.ctrgm,. res'ultlng ina redugtlon of
possible combinations of spin distribution and isotropic cou-
atoms) taken from the MD structure are depicted and specified p_||r_1g_s. In fa sr:mllalr way, purely dipolar _coulple_d ﬁlrc&to;s' n tEe
in Chart 1. The largest spheres mark the iron atoms, the medium-V/CINIy of the cluster were successively included in the
imulations. A sketch of the arrangement of relevant and

sized dark-gray spheres represent the inorganic and cysteine® . . .
sulfur atoms, and the small light-gray spheres are the Cysteinepotent|ally relevant protons around the cubane is given in Chart

B-CH; protons which are at distances between 3.2 and 3.9 A to 2. The cyst_eineﬁ-CHg. protons are cqlored black, and protons
the iron ion to which the cysteine is bound. The arrangement of other residues depicted as open circles. Altogether, apart from

of the four cysteine arms with respect to the cluster is only the eight cysteing-CH protons, there are nine dipolar protons

slightly altered when compared to the crystal structuré=of seen to occur within a sphere of a_lbauA around the spin
halophilaiso- HiPIP57 centers which were tested for their effects on the ENDOR

The next prerequisite for the simulation is to choose those spectra by simulation. Three of them will be discussed below.
iron atoms constituting the mixed-valence pair, i.e., having  The results of the simulation procedure are shown in Figure
positive spin populations, while the other pair consequently is 4 for three representative field positions. The experimental

ferric, with negative spin populations. As outlined above, there SPectrum atg = 2.141 (trace a) is compared with two
are, in principle, six possibilities for the assignment of the two Simulations. Trace b contains all protons considered, whereas

pairs. However, in a recent NMR study on oxidiz&d’ the in trace c, the purely dipolar coupled Phe4#1H(HCB) was
paramagnetic shiftetH NMR resonances of all eight cysteine omitted from simulation. From this comparison it can be
(57) Breiter, D. R.; Meyer, T. E.; Rayment, |.; Holden, H. W.Biol. (58) Le Pape, L.; Lamotte, B.; Mouesca, J.-M.; Rius, JGAm. Chem.

Chem.1991, 266, 18660. Soc.1997 119, 9757.
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Chart 1

. mixed valence Fe
O ferric Fe

7J Spin population

Orientation of the
g - tensor

d,:2.024 g,:2.034

g,:2.145

Chart 2 isotropic hyperfine coupling can be used to fit such a broad
experimental resonance. This possible spectral overlap within
broad lines is the main reason for not obtaining one definite
value of the isotropic contribution for each cysteifieCH,
protons. As a matter of fact, two sets of isotropic contributions
for cysteine protons in the vicinity of the mixed-valence irons
were extracted, which fit the experimental line behavior over
the range of EPR field positions roughly equally well (sets |
and Il, listed in Table 2).

To visualize the validity of the chosen parameters for all field
positions, the variation of the extreme turning points of simulated
patterns (i.e., the maximal coupling for a certgiselection)
for selected cysteing-CH, protons are projected onto the
ENDOR line positions in the field-frequency plot (Figure 5A,B).
The resulting curves calculated with isotropic couplings of set
| (Table 2) for the four3-CH, protons attached to Cys42 and
Cys55 (i.e., H3-H6), bound to the mixed-valence iron ions,
are shown in Figure 5A. They cover the larger couplings in the

concluded that Phe44 1 clearly gives rise to the extremal egion ofg; andgs. In particular, Cys42 {2 (H3) and Cys55
line pair seen in traces a and b, showing a splitting of 6.8 MHz. HS1 (H6) are responsible for the extreme lines, while their
The large magnitude of this interaction is caused by the rather Vicinal partners Cys42 pll (H4) and Cys55 H2 (HS)
symmetric position of the proton with respect to the mixed- contribute more to the inner features (with couplings of 4 to
valence iron ions, for which a high spin population around 1.3 & 7 MHz). The line variations calculated for protons H3, H4,
is required in simulations (see Chart 1). For this proton, the H5, and H6 using the isotropic couplings of set Il are shown in
simulated line shape models the experimental one very closelyFigureé 5B. These lines are now more confined to the outer
after introducingy-strain (from 2.1550 to 2.1433, Figure 4, trace €xperimental points. It is not possible, only by spectra com-
b, see also Materials and Methods). The simulated variation of Parison, to clearly favor either set | or set Il of isotropic values,
the extremal resonances of this proton for smajiéactors than and for the moment, both sets are retained for discussion.
g1 is shown in the field-frequency plot of Figure 5A (lines HCB ~ From the group of protons close to the ferric iron ions (Cys39
Phe44), which precisely follows the experimental data points HA1 (H1) and K52 (H2) and Cys71 A1 (H8) and K82 (H7))
before merging with other lines. This characteristic behavior spectral contributions are found in a range upi8.5 MHz
could not be reproduced with any cysteif#CH, protons or around the free proton frequency. Their extremal couplings are
any other dipolar coupled proton for any alternative configu- severely overlapping with other spectral components of H3 to
ration of spin centers argitensor (see below). Thus, this finding  H6 and further dipolar protons for most of the field positions.
confirms the NMR assignment of the mixed-valence pair to Fe2 Only for proton H7 a unique contribution to the line variation
and Fe3’ It also supports the chosen orientation of the maximal in the region ofg, can be obtained, which is also shown in
g-factor perpendicular to this cubane face and the values of theFigure 5A. As a consequence, it is not possible in each case to
mixed-valence irons’ spin populations. determine isotropic contributions directly and unambiguously,
It is noted that alongy;, apart from the interaction of Phe44 but estimates can be given (Table 2). These mainly rely on the
HpB1 proton, no other hyperfine coupling exceeds 4.5 MHz. For condition to restrict them to the experimental pattern withix
otherg-orientations (Figure 4, tracesj) the spectral rangeis  MHz in theg;-region and to avoid interference with the extremal
spread over ca. 10 MHz. Concomitantly, rather broad and weak lines of H3-H6 close to the mixed-valence irons.
outer lines are observed (e.g., trace f) which are mainly due to A separate analysis of the interactions of purely dipolar pro-
interactions of cysteing8-CH, protons close to the mixed- tons within 4.0 A around the cluster (cf. Chart 2) reveals that,
valence pair. Several proton lines or various values of the apart from Phe44 Bil, no maximal coupling value larger than




1932 J. Am. Chem. Soc., Vol. 121, No. 9, 1999 Kappl et al.

Table 2. Comparison of Isotropic Hyperfine Couplings of Cystefix€H, Protons froml Derived from Simulation of ENDOR Spectra with
Values Calculated from Paramagnetic Shifts of NMR fréirand with Data from Model Compouril

set | set Il Aso (MHZ) H NMR Asso (MHz) ENDOR
proton Aiso (MHZ) Aiso (MHZ) ENDOR hyperfine shifts (single crystal of3),
(Chart 1) ENDOR ENDOR (calcd from NMR) (ppm), ref 27 ref 23
H5 (Cys55 H52) 1.8 3.9 3.9 98 3.63 (A6)
H6 (Cys55 Hil) 3.3 2.2 2.0 51 1.86 (A5)
H3 (Cys42 H32) 2.0 2.3 2.3 59 2.60 (A8)
H4 (Cys42 Hpl) (0.8) (2.6) 1.9 48 1.60 (A7)
H2 (Cys39 H52) (-1.8) -1.8) -15 -32 —1.80 (A2)
H1 (Cys39 H81) (—1.6) (-1.6) -1.4 -30 —1.95 (A1)
H7 (Cys71 H52) —1a —1a -1.0 —21 —1.04 (A3)
H8 (Cys71 H81) (—-1.5) (-1.5) -1.3 —27 —2.00 (A4)

aThe marked values show a critical influence on the ENDOR simulations and are determin@@®telHz. The other couplings (in parentheses)
are more variable. Due to the low resolution within broad lines the values cannot be assigned unambiguously. The error margin is estimated with
+1 MHz. The calculated\s, values from paramagnetic shifts were normalized to ENDOR values for H5 and H7, respectively; for details see text.
Sets | and 1l for isotropic couplings could be distinguished only for the mixed-valence bound cyst€ide protons. Couplings from model
compound3 (ref 23) were grouped according to the closest agreement with protein data.

ca. 5 MHz is expected for any field position, thus under- Finally, some comments apply to the precision and the error
lining the exceptional behavior of Phe44H The Tyr74 H margins of the magnetic parameters determined from fits of
proton, which lies at 3.5 A from the mixed-valence Fe2, is simulated patterns to the experimental spectra showing rather
contributing to the extremely broad line &2.5 MHz in the broad lines with limited resolution. Such spectral characteristics
g-region (e.g., Figure 3, trace E), but an isolated line cannot are the result of intrinsic properties of the protein (strain effects,
be assigned because of overlap with several other resonancesisorder) and the random orientation of molecules in frozen
and the pronounced powder character. In a similar way, for solution. As a consequence, it was already mentioned above
Cys39 Hy, close to Fel (ca. 3.1 A), the maximal splitting of for the isotropic contributions of cysteingCH, protons that

4.8 MHz is reached aroungl = 2.09, where there is overlap some values can only be estimated within a large error margin
with an extremely broad line expanding frabi.7 to+2.8 MHz or cannot be assigned uniquely. In the case of the spin
(Figure 4, traces d and e). In thel.5 MHz frequency range  populations for the mixed-valence pair FeRe3, a range of
aroundwvy, only small if any changes in line intensities are 1.20 and 1.40 can be given. In this way the coupling of Phe44
detected in the spectrum of the sample dissolvedJ@.00rhis HA1 still remains inside the line width of the extremal lines
observation is in agreement with what is expected. Unlike the alongg; directions. Combinations of spin populations for Fe2/
case of the reduced [F®] cluster of aconitasé and of [FeS,] Fe3 of 1.30/1.30 as well as 1.20/1.40 or 1.40/1.20 can reproduce
in reduced hydrogena®ein which the significant hydrogen  equally well this coupling and its line behavior. If spin
bonding occurring between cluster iron(s) and ligands could be populations on Fe2 and Fe3 of ca. 1.0 are used, the hyperfine
exploited to yield structural information, only one potentially splitting would be reduced by more than 2 MHz, requiring
exchangeable proton (Cys71 NH) is found in the vicinity of an however the proton Phe4434 to approach the cubane face by
iron ion in the structure of. This proton, close to ferric Fe4, 0.4 A, to a very short distance of 2.9 A. On the other hand, for
would yield maximal couplings of ca. 3 MHz. Further dipolar spin populations larger than 1.50, an increased distance to the
protons are mainly contributing to the central parts of the cubane is required for Phe44AH, but also for other dipolar
ENDOR spectra, which however are inaccessible to a detailedprotons close to the cluster such as Tyr7é, hvhich other-
analysis. wise would yield discernible larger couplings. Such an expan-

So far, the reasonable agreement between simulation of aSion of the protein upon going to low temperature is rather
large number of interactions and the experiment is obtained with improbable. _ ) o
the configuration of magnetic parameters summarized in Chart Concerning the spin populations of the ferric pair, it must be
1, which is supported by information from NMR and model stated th.at these values have glayger va}rlablllty than in the case
system ENDOR studies. To verify this configuration several Of the mixed-valence pair, as indicated in Chart 1. This is due
alternatives for the arrangementgfensor, assignment of the 0 the absence of a clearly resolved coupling to a neighboring
mixed-valence pair and the spin density distribution were tested Proton. The information is basically obtained from protons H1,
by analyzing both the dipolar interactions of vicinal protons H2, H7, H8, and l. Cys39, which clearly have a larger
and the dipolar contribution of the cysteingtCH, protons  Variability of parameters than/fi of Phe44. The value af0.05
because these contributions are extremely sensitive to thefor the spin populations at the cysteinyl sulfur atoms used for
effective distance +1/r3) from the spin centers and to the Simulations implies a maximal dipolar coupling of 0.7 MHz,
angular selection. If, for example, thgtensor is rotated such ~ Which is not able to compete with the much larger interaction
thatg; is perpendicular to the face containing Fel and Fe2, the to the irons or with the isotropic contnbutlon_. The S|ml_JIat|ons
largest couplings (again up to ca. 10 MHz) are then obtained also shoyv thgt a not|_ceable change of th_e line beh_awor of H4
in the gi-region, and the minimal ones alorg. Thus, the to H6 arises if cysteinyl sulfur atoms spin populathn va!ues
symmetry of the line behavior for this configuration is drastically 'arger than 0.10 are used. However, this would then impair the
changed and cannot be adjusted to the experimental behaviosYmmetry of the line variation. Hence, only an upper estimate
(cf. Figures 5A,B) by any reasonable variation of simulation ©f <0.10 for the absolute value of the cysteinyl sulfur spin
parameters. In addition, further configurations with the mixed- POPulation can be given at present.
valence pair on Fe2Fe4 and related-tensor orientation as
well as an interchange af, and gs directions could be ruled
out as alternative possibilities by this procedure, thus validating The hyperfine values of the’Fe ENDOR interaction are
the configuration suggested in Chart 1. obtained as absolute values because this spectroscopy only yields

Discussion
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transition energies. The group | couplings in Table 1 agree very  Summing up, thé’Fe-ENDOR results clearly confirm the
well with those obtained by Mesbauer spectroscopy for the presence of two distinct iron sites associated to a ferric and a

ferric pair in 1,24 2,18 and [FQS4(S-2,4,6-PrCeHy)4]1 (4)53 mixed-valence pair. The individual iron ions within each pair
and are similar to the principal hyperfine couplings obtained seem to be highly symmetric with respect to the metal hyperfine
by ENDOR for the ferric sites 252 and in 3.22 Furthermore, interaction. There is an extensive similarity among proteins and
the group Il hyperfine values found BjfFe ENDOR forl (Table model compounds concerning the magnitude oftke tensors,

1) are very similar to the values obtained by single-crystal further proving the concept that this physical observable
ENDOR in3??for the mixed-valence pair, albeit they are slightly constitutes an intrinsic property of the [fSg]3* cluster core,
larger than the values obtained by d&bauer spectroscopy in  regardless of the surrounding environment.

1**and in4>* or by ENDOR in2.52 Comparable hyperfine values The systematic simulations of proton interactions leave only
have been.found ina Q-barjd E.NDOR §tudy of frozen solutions e possibility for the arrangement of theensor with respect
of 2 and HiPIP ofE. halophilawith >'Fe in natural abundance g the cluster geometry. The essential findings are that (i) the
(2_.20/_0)_59 A d_etermmatlon of the sign for these values,_ i orientation of the maximaty-tensor componeng; is perpen-
principle achievable by double-ENDOR, was not feasible, gicyar to the cubane face containing the mixed-valence irons
probably because of the large experimental line width in 544 (jj) the directions off, andgs are associated to the vectors
comparison to the small bandwidth of the pump frequency and/ ¢onnecting the ferric and the mixed-valence irons, respectively.
or insufficient power of the pumping frequency. However, itis They nerfectly agree with the configuration found in the single-
obvious that a negative sign should be associated to the ‘_’alue%rystal ENDOR study 08, where the deviations between e
of group II, as these couplings are correlated to the mixed- yirections and the same molecular directions were found to be
valence pair. _ _ less than 181922 Recalling the analysis of the dipolar interac-
Only one doublet is observed for the ferric as well as for the tions, spin populations aroun#1.30 on each mixed-valence
mixed-valence pair, indicating that the expected lines of each ., 4re required (see Chart 1). This value is comparable to the
individual iron ion within a pair overlap, contributing to the 5165 of 1.36 and 1.29 for the two mixed-valence irons derived
observed rather broad resonances. Moreover, a small variatiory, ., the dipolar tensors of protons & The spin values of the
in magnetic parameters, induced for example by a structural ¢, i pair (ca.—0.70), determined with lower precision, are
disorder of the cubane, together with the powder character, MaYaiso similar to the Va|L’leS 0£0.62 and—0.72 found in3.23 A’s

add'}'o'f‘a”% br_oaﬂen_ Lhe lines, é’;ﬁ‘)"ggmg a hl_gheir Tlpect(rjal pointed out by Mouesca et & these experimental spin densities
resolution basically inherent to - A maximal aflowed spin populations, with or without corrections to account for

plifferencg of Q'7 M';Zf in thﬁ hly./perfi.r(ljehcc;uplinr?dvalE:as Ofr:.hi spin relocalization from the sulfur atoms, can be related to
Iron ions Is estimated from the line width of each doublet, whic vector-coupling coefficients; theoretically derived for the
requires a highly symmetric situation within each pair. Similarly, 19,4 H,00spin state a&(mv) = +1.83,K(f) = —1.33 and for
the two types of’Fe interactions i _sho_wed a comparqble the |7/,34,00spin state ak(mv) = +1.50, K(f) = —1.003
small anisotropy and individual contributions of the four irons From the comparison it seems that the experimental spin popu-
were not resolvable? F_or comparison, much I_arge_r diffe_ren(_:es lations of+1.3 and—0.7 correlate more closely to the coeffi-
mrthebixitrrlerg?l! hn)gpﬁglrlle-cfmfc?r:gms Ofr trr],r? |2$v£#a| Ir:gg 'ONS GientsK; of the [7/,3Y,Cstate?? The isotropic®’Fe hyperfine
are optained from single-crysta measureme ounting coupling found inl1 by Mossbauer and ENDOR spectroscopy
up to 3.5 and 6 MHz for the ferric and mixed-valence iron ions, (Table 1) are also fairly close to the values-683.0 MHz for
: > .

respeqt!vely’-. . . . . . the mixed-valence an¢t20.0 MHz for the ferric irons predicted

Additional information on the relative orientation of tige by theoretical considerations for tHé, 3 Y staté® as compared

sgngti-(gin?)(f)rtshg?;::eb?’e(iiu\;i%e;\mairzc;?ethgalIJEtll:?lg ' ;r%@trthrﬁ to values 0f—38.5 andt26.7 MHz for respective irons expected
P “in a|%,,4,0spin staté®3° Recently, it has been shown that

Despite the fact that the lines of the mixed-valence pair are . 7 7 a1 .
hidden under proton resonances, the minimal coupling has to;r; aec:rgg(rt:tjrrif)ucgo%r%l]frlﬂeStfitregé’f’i{szmrzng)' d/jc?n/ ?mi:r
be roughly associated with the direction@f In the analysis EPgR and NMR data better than ’an fo osed 9 S, S]’
of hyperfine tensors 8,22 both minimal tensor components of statel‘o For instance, a ground-state )f/urr)mti%n givg)r?itfy (2(,)1/81)
the mixed-valence iron ions were found to be nearly parallel to 15,4 Yo (0.19)2(7),4 Ys[yields coupling coefficients values

the g; direction (with & and 25 deviation), but only one of . - . .

the minimal hyperfine components of the ferric iron ions roughly gff+lt'r?6 a'?*g-ml close todtf}e spin p_opulatlon? gl\llenHln Chart

points alongg: (26°). In contrast, forl, the minimal coupling or the mixed-valence and Ierric pair, reSpectively. However,
a clear distinction of the models does not seem feasible due to

of the ferric pair is again observed alogg(corresponding to th iability of Spi lati iicularly of the ferric i
the group | resonances, Table 1), suggesting that the minimal e variability of spin populations, particularly of the ferric irons,
and to the indeterminate relocalizable sulfur spin population.

components are arranged symmetrically with respect to the i i
g-tensor for both the mixed-valence and ferric iron ions. No  Let us now turn to the interpretation of the two sets of
gross changes of the hyperfine values occur algngnd gs, isotropic contributions to the ENDOR spectrum of the eight
thus leading to the assumption that rather axial components ofCysteine protons, presented in Table 2. The main difference
the 5Fe tensor are oriented within the,gs plane. It is noted ~ between set | and set Il refers to protons-H®, which are
that an identical behavior 6fFe resonances has been observed close to the mixed-valence iron ions. The isotropic values for
in 2.52 Whether these components for, e.g., the mixed-valence Some of the cysteine protons that could be directly determined
pair are aligned along the bonds between the iron ions and thefrom simulations are marked with an asterisk in Table 2, while
cubane sulfurs, as was derived from single-crystal model the values in parentheses represent estimates. For the sake of
substance, or adopt a different arrangement, cannot be decidegompleteness also the estimated values are included in the
on the basis of powder ENDOR measurements. analysis below, but their lower significance should be kept in
(59) Houseman. A. L. P.. Oh, B.-H.. Kennedy, M. C.. Fan, C.. Werst, mind. For both sets, the protons of cysteines bound to the mixed-

M. M.; Beinert, H.. Markley, J. L.; Hoffman, B. MBiochemistry1992 valence iron ions require positive isotropic couplings, while
31, 2073. those at ferric iron ions require negative values. To discriminate
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shifted resonances (up to 98 an@2 ppm, respectively, Table

2) observed in théH NMR spectra ofl has allowed their
assignment to thg-CH;, protons of the cysteine residues close
to the mixed-valence and ferric iron ions of the J64°" cluster

in 1. Thus, a correlation of the isotropic couplings obtained from
NMR and ENDOR spectroscopies can be attempted. The shifts
of protons coupled to an electron by hyperfine interaction are
related to the Fermi contact terfby eq 2463in which the

Jug A (§' + 1) expE/KT)
i —%cmﬁ (§+1)
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S' values are the total spin of the cluster for eatthlevel, at
energyk;, of the coupled systen®(' = 1/, for the ground state),
and all other constants have their usual physical meaning. The
Cji values are given by eq®8wherei refers to the energy level

_ 50
(5,1

andj to the particular metal ion to which the cysteine bearing

the proton is bound. In our modély; = Cy refer to the ferric

iron ions andCsz = C,4 refer to the mixed-valence iron ions.
The Aiso values from ENDOR are given b4Cjy, i.e., by the
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Figure 6. Plot of the normalized isotropic couplings of cysteth€H,

protons (set | in a, set Il in b) versus their dihedral angles of the MD

structure. The protons close to the ferric irons are represented by crosses?rOdUCt. Of. the hyperfme coupling qonSt.am n the 6_\bsence of
and those close to the mixed-valence irons are marked as filled squares'@gnetic interactions between the iron ioAg (nultiplied by
(For coupling values of both sets see Table 2). The curves were theCji coefficient of the ground state which is the only relevant

calculated with the empirical formula (eq 1). Details are described in State in the low-temperature ENDOR experiment. Calculation
the text. of 67" values from eq 2 would require knowledge of the
values for all the levels populated at the temperature of the NMR
between set | and set Il, the simulated values are rescaled to axperiment and their relative spin eigenfunction (or admixtures
spin population of 1 at each iron. The coupling should then thereof). However, the two groups of protons from the ferric
depend mainly on the geometry of the cysteine arrangef@&ht.  and the mixed-valence pairs should sense the s&mspin
An empirical formula has been found that relates the-&e ladder, and thus their shifts should depend only on their
C—H dihedral angle of each cysteiffeCH, proton from the individual Ay values and on either of the two sets Gf
MD structure to its isotropic hyperfine coupling as given coefficients. Therefore, the hyperfine shifts should be convertible
belowt*.60 directly to hyperfine values, provided two different factors are
used for the two groups of protons. For normalization, in each
of the groups, the most reliabkgs, value from ENDOR was
used (i.e., H5 for the first group and H7 for the second). By
applying the factors 3.9/98 and 1.0/21 MHz/ppm, respectively,
thus derived, we find the calculateé¥s, values for the other
protons shown in Table 2 in good agreement with the values

A*(6) = Asin(h) + B cos@) + C (1)
in which A*so(0) indicates the rescaled isotropic hyperfine
values®! The data for both set | and set Il are compared in Figure

6a,b. The curves were calculated from the fit of eq 1 starting . . . .
with the coefficients derived from ENDOR data 862 (A = experimentally derived from ENDOR, with the exception of
1.52,B = —0.07,C = 1.21). For set Il the parametefs = H4 which is, however, one of the least reliable ENDOR values

1.57,B = —0.4, andC = 1.52 obtained are closely related to (Table 2). . .
these values. For the fit of set | (Figure 6a) a phase shift of ca. !t Should be noted that the ratio of the conversion factors
90° had to be introduced as the major difference. The compari- (0-84) reflects the effect of the population of excitgdstates.

son indicates that set Il is the only one consistent with the

This ratio should be unity if the NMR experiments could be

expected angular dependence and is thus considered to represeHFrformEd &4 K and is expected to approach zero and tend to

the good isotropic coupling constants.

E. halophilaiso-Il HiPIP has been extensively studied by
NMR spectroscopy in its reduced and its paramagnetic oxidize
statel*27.28The study of the connectivities and the temperature

dependence of the large positive and negative contact hyperfine

(60) Bertini, I.; Capozzi, F.; Luchinat, C.; Piccioli, M.; Vila, A. J.
Am. Chem. Sod 994 115 651.

(61) The formula used by Lamotte etZdlis algebraically equivalent to
eq 1, although the coefficients have different physical meanings.

(62) Noodleman, L; Chen, J.-L.; Case, D. A.; Giori, C.; Rius, G.;
Mouesca, J.-M.; Lamotte, BNuclear Magnetic Resonance of Paramagnetic
MacromoleculesKluwer Academic Publishers: Dordrecht, The Nether-
lands, 1995; pp 339367.

—1 at infinite temperature. A value of 0.84 evidences the
substantial separation of the ground state from the first excited

g states in oxidized HiPIPs, in turn confirming that the magnetic

couplingJ constants are in the hundreds of wavenumbers range.
The last column in Table 2 gives the isotropic couplings

derived from the detailed proton ENDOR single-crystal study

of the oxidized [FgS4] center in the model compoung)( All

eight thiolate-CH protons are listed, but a comparison with the

present ENDOR results is warranted only for the protons marked

in column 2, which are, with the exception of H7, the protons

(63) Bertini, I.; Luchinat C. NMR of Paramagnetic Substan¢asord.
Chem. Re. 1996 150, 1-296.
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Table 3. Principal Dipolar Tensor Components of Cysteffx€H,
Protons Close to Mixed-Valence Irons fratrand of Thiolate-CH
Protons of3 for Comparison
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the smaller isotropic coupling has a larger dipolar contribution.
This trend, however, cannot be followed through for interactions
H3 and H4 since the distinction between the isotropic parts in

incipal principal directions prinlcipal the protein is much less distinct. Also, the differences between
proton D arat  with respect to the Ad_Ve};jﬁz) dipolar parts for these protons are smaller than they are in the
(Chart 1) Adgip (MHZ) g-tensor frame Ofpref 2P model compound. Altogether, this comparison shows a reason-

able agreement between model compound and protein and
supports the conclusions about the validity of the point-dipolar
model calculations of dipolar interactions discussed in detalil
for the model compound resuf%.One should note that the
dipolar parts in the model compounds are more rhombic in
symmetry than are the respective protein tensors. Taken together
with the slightly enhanced absolute values in the model one
might conclude that the distances of the respective protons to
the spin centers are shorter than they are in the protein.

A final remark concerns the structure of the cluster which
was derived from a molecular dynamics approach. For ENDOR

a2 The principal directions are related only to the cystefh€H, simulations onIy small Changes in hydrogen pOSi'[iOﬂS (Within
protons of the proteir? The values were related to protein protons in  +0.05 A) were introduced to improve the match with experi-
the same way as in Table 2. mental frequency positions. This refers not only to the directly

ligating cysteines but also to amino acid residues in the

of the mixed-valence iron bound cysteines. One should not jymediate environment of the cluster, in particular Phe44 and
expect to be able to generate a direct correlation between theTyr74_ Due to the high sensitivity of dipolar couplings in
model compound and the protein. For one thing, the model ENDOR on the distance it is concluded that the MD structure
compound displays in EPR six oxidized species with somewhat js a good model of the structure bfin accordance with NMR

different g-tensor values produced by irradiation at low tem- resu|tg7) and that no gross changes in the cluster geometry are
peratured-and ENDOR data are available only for one of them. occurring upon freezing the protein.

Furthermore, the sequence-specific proton assignment which is )
available for the protein cannot be transferred to the model Conclusions
compound. Nevertheless, a comparison of results should yield The work described in this report represents, to our knowl-
a general impression of the interrelation of data. For this we edge, the first combined’Fe- and'H-ENDOR analysis of
have grouped the mixed-valence bound thiolate-@kbtons electronic and structural details of a jSg]3* cluster of a high-
of 3 such as to associate the largest isotropic coupling with the potential iron-sulfur protein in frozen solution. Two distinct
largest value of the protein. Then the magnitude of values, in iron sites associated with a ferric and a mixed-valence pair were
general, agrees well with those of protdims well as with the discerned from°’Fe ENDOR, exhibiting a high degree of
results of the NMR study” In fact, the tendency of couplings internal symmetry. The iron hyperfine interactions determined
to be different for the protons of the same thiolate-@ithe agree well with data obtained from Msbauer experiments on
model compound due to the different dihedral angles is reflected E. halophilaiso-Il HiPIP and related proteins as well as with
in the protein (cf., e.g., H5 and H6 in the protein nomenclature) ENDOR results on model systems, favoring/a 3}/,Cstate or
as is the trend that the couplings of the gtfotons of the two an admixture of%,,4,%,Cand|"/,,4 M.[states as the ground state.
thiolate groups which are connected to the two mixed-valence The analysis of dipolar contributions to proton hyperfine
iron ions have different values. interaction allowed determination of the orientation of the
Another relation between the ENDOR data of the model g-tensor with respect to the molecular frame, identification of
compound3 and the protein concerns the dipolar parts of the the mixed-valence and ferric irons with specific iron sites of
proton interaction tensors. Table 3 lists the respective values.the proposed structure, and derivation of the spin population
Again, only the four cysteines of the mixed-valence pair are within the cluster. These results independently support the
considered since the other protons in the protein are much lessassignments obtained by NMR of proteins in solution and
well determined. Keeping in mind the same reservation con- ENDOR on single crystals of model substances. Moreover, they
cerning the proton assignment3rand in the protein discussed confirm the concept of the spin vector coupling model and
above as well as the error margins of the simulations for the theoretical considerations derived on its basis, thus providing a
protein, there is a relatively fair agreement, if not for the link to the analysis of electronic states based on NMR results
numerical values then for the tendencies of couplings. Considerobtained at room temperature.
the values for the two cysteine protons H5 and H6 which could
be related to the interactions A6 and A5 in the model compounds
according to their isotropic couplings as discussed above. As
in the model compound, the proton with the larger isotropic
part (H5) has the smaller dipolar tensor whereas the one with JA9804427

H5 (Cys55 H82)  3.216 —0.261 —0.194 0.946  4.26
-1.711  0.930-0.323 0.176 —2.26
~1.589 —1.589 —0.922 —0.262 —2.00
—-3.568  0.894-0.426 —0.135  8.71
—2.930  0.434 0673 0.598 —6.27

6.323 —0.173 —0.595 0.785 —2.44
H3 (Cys42 H82)  7.010 —0.364 —0.783 —0.504  3.35
—-4162 —0.869 0.475-0.141 —1.95
—2.978 —0.367 —0.385 0.847 —1.40
—-4.043  0913-0.261 0314  7.00
—-3.073 —0.418 —0.728 0.544 —4.95

6.910  0.092-0.630 —0.771 —2.05

H6 (Cys55 HB1)

H4 (Cys42 1)
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