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ABSTRACT. Continuous wave electron nuclear double resonance (CW ENDOR) spectr&®f,-1“N]-
histidine-labeled phthalate dioxygenase (PDO) fieseudomonas cepacwere recorded and found to

be virtually identical to those previously recorded frodnef1°N,]histidine-labeled protein [Gurbiel, R. J.,

Batie, C. J., Sivaraja, M., True, A. E., Fee, J. A., Hoffman, B. M., & Ballou, D. P. (1#83hemistry

28, 4861-4871]. Thus, the two histidine residues, previously shown to ligate one of the irons in the
cluster Ef. Gurbiel et al. 1989)], both coordinate the metal at thediNposition of their imidazole rings.
Pulsed ENDOR studies showed that the “remote”, noncoordinating nitrogen of the histidine imidazole
ring could be observed from the Rieske protein in a sampRRhafdobacter capsulatus/tochromebc
complex uniformly labeled witB®N but not in a sample of PDO labeled with-[°N,e-1“N]histidine, but

this atom was easily observed with a sampleRbif capsulatugytochromebc, complex that had been
uniformly labeled with'>N; this confirmed the conclusion from the CW ENDOR studies that ligation is
exclusively via N§) for both ligands in the PDO center. Modifications in the algorithms previously used

to simulate'N ENDOR spectra permitted us to compute spectra without any constraints on the relative
orientation of hyperfine and quadrupole tensors. This new algorithm was used to analyze current and
previously published spectra, and slightly different values for theFB-N angle and imidazole ring
rotation angles are presented. [Gurbielet al. (1989) Gurbiel, R. J., Ohnishi, T., Robertson, D. E., Daldal,

F., and Hoffman, B. M. (1991Biochemistry 3011579-11584]. This analysis has permitted us to refine

the proposed structure of the [2Fe-2S] Rieske-type cluster and rationalize some of the properties of these
novel centers. Although the spectra of cytochrdmee complex fromRh. capsulatusre of somewhat

lower resolution than those obtained with samples of PDO, our analysis nevertheless permits the conclusion
that the geometry of the cluster is essentially the same for all Rieske and Rieske-type proteins. Structural
constraints inferred from the spectroscopic results permitted us to apply the principles of distance geometry
to arrive at possible three-dimensional models of the active site structure of Rieske proteiRHrom
capsulatus Results from this test case indicate that similar procedures should be generally useful in
metalloprotein systems. We also recorded the pulsed and CW ENDOR spe@tra-tdbeled PDO, and

the resulting data were used to derive the full hyperfine tensors for both Fe(lll) and Fe(ll) ions, including
their orientations relative to thggtensor. TheA tensor of the ferric ion is nominally isotropic, while the

A tensor of the ferrous ion is axial, having & Ap; both tensors are coincident with the obserged
tensor, with A of the ferrous ion lying along the maximumvalue,g:. These results were examined
using refinements of existing theories of spin-coupling in [2Fet28iisters, and it is concluded that
current theories are not adequate to fully describe the experimental results.

Rieske-type iror-sulfur proteins were first recognized as review] and later as cofactors in various dioxygenases of
components of mitochondrial respiratiaef.[Rieske (1976), bacterial origin ¢f. Blumberg and Peisach (1974), Feteal.
Trumpower (1990), and Trumpower and Gennis (1994) for (1986), Batie and Ballou (1990), and Mason and Cammack

(1992) for review]. The Rieske iron-sulfur protein contains
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Scheme 1 (!N(u))). Our analyses of the ENDOR data place several
~ constraints on the three-dimensional atomic structure sur-
\(\N—H rounding the [2Fe-2S] cluster, and these have permitted us

CyS-S\ /«§/ to apply the principles of distance geometey. Crippen and

Fed* S AL Havel (1988)] to obtain possible structural models of the
/T~ Rieske active site. The results of this test case suggest that

Cys-S N%\ such a combination of approaches will have considerable

/k/ -H applicability in the studying of metalloenzyme active site

S~ structure. We further report that existing theories of

electronic spin coupling in [2Fe-2Sklusters appear inad-

a [2Fe-2S] cluster that exhibits spectral and chemical equate to fully describe ENDOR-derivédFe hyperfine
properties that distinguish it from the analogous [2Fe-2S] coupling tensors of the two Fe ions.

cluster of plant ferredoxins where the cluster is coordinated

by four cysteine thiolates, two to each irocf.[Blumberg MATERIALS AND METHODS

and Peisach (1974), Bertrand and Gayda (1979),ef e

(1984), Bertrancet al. (1985), Brittet al (1991), Lieblet Sample Preparatiorp,L-[0-1*N]Histidine was synthesized
al. (1992), and Shergill and Cammack (1994) for review]. by the reaction of KPN]CN with L-2,5-diamino-4-ketova-
Electronic spin coupling between the high-spin ferric ions |eric acid as described by Hunkapillet al. (1973, and
of the plant ferredoxins has been examined in great detail references therein) and was a generous gift from Dr. William
[cf. Sands and Dunham (1975) Bertragtdal. (1985)], and  Bachovchin. When that substance was dissolved in@®/D
the spin coupling in the Rieske cluster must be generally pNO;, the one-dimensional NMR spectrum of this material
similar. ThUS, in the fU”y oxidized proteins, the SpinS of showed a Sing'e, SharﬁN resonance near 200 ppmf[
the two Fe(lll) atoms are coupled to produce an EPR silent ggchovchiret al. (1986)]. Samples of uniformiPN-labeled
ground state, while in the one-electron reduced forms, the cytochromebc, complex fromRh. capsulatusvere obtained
Fe(lll) and Fe(ll) are coupled to yield an EPR detectaBle, 55 described previously (Gurbiet al, 1991). Phthalate
= 1/, ground state. One spectral feature that distinguishesdioxygenaSe was purified by the method of Batieal.
the reduced Rieske from the plant ferredoxins is its average 19g7). A histidine auxotroph d¥s. cepacidDB0110) was

EPR g-value. The IaEer typically havg-values of 2.04, 5 it from Dr. Ron Olsen and was grown as described by
1.95, and 1.87 witlga, ~ 1.96, whereas the former typically g ang Ballou (1981) except that the culture medium

haveg-values of 2.02, 1.90, and 1.80 wifa, ~1.91. The contained~1 mM b,L-[6-!*N]histidine. 5Fe was obtained

lower g,, of the Rieske-type proteins was recognized fr . .
; " om Amersham, and PDO was isolated from wild type cells
(Blumberg & Peisach, 1974; Bertrand & Gayda, 1979) as grown on 21uM 5FeSQ. Enzyme samples were 0.8 mM

indicating significantly different bonding to the spin-coupled and were adjusted to contaivb0% ethylene glycol. They

[2Fe-2S] cluster in the two classes of proteins. It is now were placed in quartz capillary tubes, reduced with a slight
known that this reflects the increased ligand field arising from P ' quartz capriiary Lo 9
excess of sodium dithionite, and stored in liquid nitrogen.

imidazole coordination to the Fe(ll) ion in the Rieske proteins
[cf. Bertrandet al. (1985) and Gurbiekt al. (1989) for ENDOR Measurements and Theory. Continuous wave
review]. Previous ENDOR studies of the Rieske-type (CW)ENDOR spectra were recorded on a Varian Associates
centers in PDO and thiec; complex, in which the proteins  E-110 spectrometer (35 GHz, Q-band) as described elsewhere
had been selectively enriched with,§-'*N,jhistidine or ~ (Werstet al, 1991). Pulsed ENDORcf. Gemperle and
uniformly enriched with!>N, unambiguously showed that Schweiger (1991)] spectra at X-band were recorded on a
two histidine residues were coordinated to the cluster spectrometer described by Feiral. (1992). Q-Band pulsed
(Gurbiel et al. 1989, 1991), which when combined with ENDOR spectra were recorded on a spectrometer described
earlier Mtssbauer results (Fext al. 1984) led to a model of by Davoustet al. (1996).

cluster in which one of the irons is coordinated to tWo Apragam and Bleaney (1970)], the ENDOR spectrum of a
cysteine thiolates while the other iron is coordinated to the ,y,cleus (3) of spin consists, in principle, of 2transitions

imidazole rings of two histidine residues, as shown in
Scheme 1.

To further explore the electronic properties of the Rieske AQ)
center and refine our knowledge of its structure, we report v, (m) = |:|:T +v(J)+
analyses for ENDOR spectra of samples of PDO obtained
from Pseudomonas cepacianriched with eithe®’Fe or
[6-1°N]-histidine isolated from a histidine auxotroph grown
on [0-15N,e-N]histidine (PDOPN(0)) and of a Rieske  Here A(J) andP(J) are the angle-dependent hyperfine and
protein, associated with the cytochroivg complex isolated ~ quadrupole coupling constants, respectively, which are
from Rhodobacter capsulatiggown on [5N](NH.,).SOx (bc;- molecular parameters and independent of the spectrometer
microwave frequency, and/(J) is the nuclear Larmor

1 Abbreviations: ENDOR, electron nuclear double resonance; EFG, frequency, ¢(J) = gq8:H). The N nucleus had = "/,
electric field gradient; PDO, phthalate dioxygenase; BC1, cytochrome and its ENDOR pattern consists of a doublet centered at

bc, or b, indicates intact cytochromiec, complex fromRhodobacter 15 i i 5 ;
capsulatus PDOEN(5)), PDO labeled with ¢-15N,e-2“N]histidine; A(®N)/2 having lines separated by@N). The hyperfine

PDOESN(U)), PDO uniformly labeled withsN; bey(5N(u)), uniformly couplings and Larmor frequencies of two nitrogen isotopes
15N-labeled cytochroméc; complex. obey the relation

at frequencies given to the first approximation by eq 1

3P(J
T()(ZmI — 1) where

—I+1=m=1 ()
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IV(15N)| _ |A(15N)
)

A(14N)i =1.403 )

Thus, the assignment of an ENDOR spectrum for one isotope
directly predicts features of the other one. The samples
employed in this study are frozen solutions and thus contain
a random distribution of all protein orientations. As reviewed
in detail (Gurbielet al, 1989; Hoffmanet al, 1993) the
principal values of a hyperfine tensor and its orientation
relative to theg tensor axis frame can be determined by
simulating a set of ENDOR spectra recordedgatalues
(fields) across the EPR envelope.

Molecular Modeling Peptide conformations were con-

structed using metric matrix distance geometry (Crippen and
Havel, 1988). Upper and lower distance bounds were
determined from the covalent geometry for atoms separated
‘H\\l\\\\‘\\\\‘\\\\‘\\\ ‘H‘\‘

by three bonds or less; lower bounds were set to the sum of 77717 T i
atomic radii (see caption to Figure 7) for atoms separated 60 70 80 90 100 11.0 120 60 70 80 90 100 1.0 120
by more than three bonds. The triangle smoothing of the
distance bounds, conversion into three-dimensional struc-
tures, and subsequent refinement against distance bounds was
carried out using the NAB program (Macke, 1996) and

followed closely the protocols used in the DGEOM program
(Blaney et al., 1990; Peishoff and Dixon, 1992). After
distance geometry refinement, the peptide coordinates were

Subjectedto15000stepsOfenergymlnlmlzatlonfollowed ‘\H\‘\M\‘HH‘HH‘HH‘HH‘ ‘H\\‘HH‘MH'HH‘HH‘HH‘HH‘

by molecular dynamics Simulated'annealing reﬁnement (G|p' 6.0 7.0 8.0 90 100 11.0 120 40 7.0 80 9.0 100 11.0 120 13.0
pert et al, 1990) using the AMBER all-atom force field Ficurel: CW ENDOR (35 GHz) spectra éfs. cepacighthalate
(Weineret al., 1986); the geometry of the core segment was dioxygenase (PDO) taken at differegtvalues across the EPR

- . - envelope. In each case, the upper spectrum is from FRY)),
kept fixed except for allowing free rotation about the the middle one is from PDAN(d)), and the bottom one is the

angles. The simulated-annealing refinements consisted ofsimylated spectrum. The conditions of the experiments were as
15 ps of molecular dynamics simulation, with the structures follows: temperature, 2 K; microwave frequency, 35.2 GHz;
heated to 600 K over the first 6 ps and then cooled back to microwave power, 0.16 mW; 100 kHz field-modulation amplitude,
0 K over the subsequent 9 ps, in a manner similar to NMR 225 32 POEG 0 E 8280 e 200 n ! BDOR e widih
refinement simulations [for further details, see Moetel. 0.25 MHz: and EPR line width, 40 G. '

(1991)]. We chose representatiyjeand y angles in the
allowed region (see Table 3 and Figure 7) as starting point32_01' edge of the EPR envelope; panels B and C of Figure
in attempts to build models of the core complexed to the 1 gnow spectra recorded gvalues between, andgy, and
peptide fragments CysThrHisLeuGlyCys (1) and CysPro- hane|s B-F of Figure 1 show spectra recordedgatalues
CysHis (2), where the core is coordinated to the first and betweeng, andgs. The earlier analysis of the spectra for
third residues of peptide 1 and to the first and fourth residues PDOEN(u)) showed that each of the two peaks in Figure
of peptide 2, with a disulfide bond between residue 6 of 1 corresponds to the, resonance of #N-labeled histidine
peptide 1 and residue 3 of peptide 2. A total of 100 4 to the F& ion of the cluster (Gurbiegt al., 1989).
structures were determined for each of the starting core o peak av, ~ 9.6 MHz is associated with the histidine
geometries given in Table 3; from each group, the 50 ligand denoted N(2), and according to eqA(SN(2)) ~
structures with the lowest AMBER energies after simulated g 4 \jHz: the peak at, ~ 8.6 MHz is from ligand N(1)
annealing were retained for statistical analysis. Overall, this 5,4 corresponds t8(*N(1)) ~ 6.4 MHz. (Note that these
procedure should sample widely the peptide structures that, 51,es do not correspond to principal values of a hyperfine
are allowed given the constraints we have assumed, but th§ensar ) Although the patterns spread out in the spectra taken
calculations take no account of the influence of the remainder 4 higher fields, the two peaks persist and the analysis showed
of the polypeptide chain or the solvent environment. Ad- {hat "here too, the intensity of each is primarily associated
ditional details are found in the legends to Figures 7 and 8. it a single I°N; the shoulders to higher frequencies
typically have significant contributions from both N(1) and
RESULTS N(2) [cf. Gurbiel et al (1989)].

CW and Pulsed ENDOR of Nitrogemhe EPR spectrum Comparison of the corresponding spectra from PEX(
of PDO is unchanged by substitution of isotopes, with (u)) and PDO¥N(J)) shows that all the features are
g-values ofg; = 2.01,0, = 1.91, andy; = 1.7. >N ENDOR reproduced in each spectrum; at each field, the frequencies
spectra were collected from PDEN(d)) at numerous fields  of these features match to within the experimental uncertainty
across the EPR envelope, and these are shown in Figureof about £0.2 MHz, and to a first approximation, the
1A—F along with corresponding spectra from PB®I(u)) intensities of the various features also match. These
(middle) and simulations (bottom, see below). Figure 1A observations indicate that both N(1) and N(2) are the
is a “single-crystal” spectrum taken at the low-fiely], = o-nitrogens of histidyl imidazole bound to the cluster.

‘\H ‘HH‘ \H‘\ H‘ H\;Hl\‘ ‘\H\‘{\H\‘\\H‘H\'W[H"H"WH‘HH\‘

80 90 100 1.0 120 40 70 80 90 100 11.0 120 130

g=1.94 g=1.79
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/‘ Table 1: Hyperfine Tensor Principal Values (Megahertz) and
(\ Orientation (Degrees) Relative tpTensor Principal Axes for the
A ‘\ 15N(u) bc, 15N Ligands in PDO and BC1
“ PDO BC1 new simulations
NLJ % W\\w WW\ WW\” site 1 site 2 site 1 site 2
: Principal Values
A 5.4 (0.2) 6.3 (0.2) 5.2 (0.2) 6.0 (0.2)
A 5.5(0.1) 6.7 (0.1) 5.8(0.1) 6.5 (0.1)
" | As 8.4(0.2) 10.2 (0.2) 8.5(0.3) 9.6 (0.3)
B 15N-3, #N-¢ PDO Euler Angles
| 0@ 0 (10) 0 (10) 0 (10) 0 (10)
J\ i 38(3) 45 (3) 35 (5) 45 (5)
)’b _c _c _c _c
WNV\,J 2o is defined as the angle of rotation of either of the-fReaxes
around thegs axis.? 8 andy are defined in Scheme 3y cannot be
determined solely from analysis of tHéN data because th&N
4 5 6 7 8 hyperfine tensor is so close to axial, with the unique axis alongNFe
MHz
FiIGURE 2: Pulsed Mims ENDOR spectra (35 GHz) @f,d-1°N]
histidine ¢5N(u))-labeled cytochrombc, complex fromRh. cap- Scheme 2
sulatus(A) and [0-1°N] histidine-labeled phthalate dioxygenase from )
Ps. cepaciaB) showing that the remot&N ENDOR in 5N(u) - Pro _(/3!/5\ .--"CO
bc, is associated with the site and not thé site of the histidine. Cys s His
The EPR signal in panel B is 40 times that of panel A. The Larmor \ S /
frequencies of°N for the two spectra are shown by tiwein panel Fe\s'/Fe\
A and the arrow in panel B. The observed coupling in panel A is _.Cys $ His
0.51 MHz. The conditions were as follows: temperature, 2 K; et \Thr/ \Leu
microwave frequency, 35.36 GHz; microwave pulse width, 50 ns; HaN Cys /
712, 720 ns; RF pulse width, 6@s; RF power, 300 W; 256 points Gly
per spectrum; and number of transients per point, (A) 720 and (B)
144. X9

We have used Mims (stimulated echo) pulsed ENDOR at
Q-band Ef. Gemperle and Schweiger (1991)] to examine the 1 , , )
“remote”, noncoordinated nitrogens of the bound histidines. Smaller**N(e) coupling, and Eh's precludes observation of
In earlier papersdf. Hoffmanet al. (1993)], we showed that ~ any significant ESEEM fron¥*N(e). The CW and pulsed
Mims ENDOR [f. Gemperle and Schweiger (1991)] is a ENDOR spectra shown in Figures 1 and 2 permit the
particularly effective method for studying weakly coupled conclusion that in PDO the imidazole rings of both coordi-
(A < 2 MHz) nuclei. The spectra in Figure 2 correspond to Nating histidine residues bind to the Fe at theid)N{osition?
the ENDOR from the noncoordinated (remote) nitrogen of Our observations do not bear directly on which N atoms of
the bcy(*5N(u)) complex (upper) and from PDO labeled with Fhe |m|dazole ring bind to Fe in BC1. Howevgr, the near
[0-15N,e-“N]histidine (lower). In the BC1 sample, gt= identity of all spectral features of the two proteins suggests
1.91, using a Mims ENDOR sequence with= 680 ns, the very strongly that the three-dimensional structure in the
spectrum consists of only two very sharp lines centered atimmediate environment of the [Fe-S] clusters is nearly
5.66 MHz [(15N) at 13.1 kG], with a hyperfine coupling ~identical in both proteins. .
constant of~0.51 MHz. The two lines are considered to A revised version of the simulation program was recently
arise from the two histidine imidazole rings, both of which described (Gurbie¢t al, 1993). The'®N ENDOR spectra
are labeled withi5N. Because this is not a single-crystal- of PDO collected at s_everal points within the EPR envelope,
like position, the absence of orientation-selective broadening @S Well as those previously reported for the Rieske center of
of the lines indicates that the hyperfine tensor for this site is thebc. complex (Gurbiekt al, 1991), were analyzed using
nominally isotropic. A spectrum taken under identical the new algorithm. The hyperfine tensors for PDO that result
conditions using PDGIN(6)) shows only broad unresolved ~ from these simulations are presented in Table 1 (see also
ENDOR lines in this frequency region, despite the fact that Scheme 2, above). The principal values (1) differ
the EPR signal of this sample is 40 times stronger than thatOnly slightly from those previously reported; is increased
of thebe, ((3N(u)) complex?2 Thus, we confirm that th&N- by ~1 MHz, while the other principal values, including the
(6) PDO sample ha¥N(e), rather thantsN nuclei, at the ~ rotation angles, are nearly unchanged. Thosé™2) are
remote sites that give rise to the 0.5 MHz coupled ENDOR &S0 nearly unchanged; in particular, the principal values of
transitions inbc, (1N(u)). We note further that the very the hyperfine tensor are, within error, the same. The
weak hyperfine coupling to théN(e) corresponds to an even

8 Comparison of thé’N ENDOR spectra of the two protein samples
indicates a somewhat lower resolution for PERRI(0)), especially in

2The ability to see thé€N ENDOR of such a weakly coupled nucleus  the g,—gs region (data not shown). Although this may reflect sample
does not necessarily imply the ability to see #id ENDOR of the variability, we note that, with PDA{N(0)), all other nitrogens are the
same site. ThéN resonances are relatively easily observed because “N (I = 1) isotope, while in the PDGWN(u)), they are'™>N (I = ¥5).
the hyperfine interaction is effectively isotropic and the line widths An analogous isotope-dependent resolution was observed in our earlier
are extremely narrow. The quadrupole splitting of tienucleus would studies; the 'N] spectra of PDO grown with“N histidine in a'*>N
dominate the appearance of tN spectrum, spreading the resonances background are better-resolved than those of natural abundance (all
over an~3 MHz range. 1“N) enzymes (Gurbieét al., 1989).
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Ficure 3: Pulsed Davies ENDOR spectra (9.5 GHzj6%e-labeled
phthalate dioxygenase froRs. cepacia(A) Davies ENDOR at;
taken with two different microwave pulse widths. Spectrum S is

Gurbiel et al.

g-Band CW

31 Fe,

Fe,

[TETT[TTT [T I T T [T T T [TITTI[TI7T]|
0 5 10 15 20 25 30

MHz

FIGURE 4. CW ENDOR spectra (35 GHz) dfFe-labeledPs.
cepacia phthalate dioxygenase at the two edges of the EPR
envelope. ThéFe resonances are centeredt (@) and split by
2v(®>"Fe) (—1). (A) Spectrum taken at thg; (low-field edge) of

taken under conditions that are close to optimum for proton ENDOR the EPR envelope. Both the fFand Fg resonances lie at higher

in this protein. Only Fg and a series of proton peaks centered at

frequencies than théN and3C resonances. (B) ENDOR spectrum

14.8 MHz are observed clearly. Spectrum P is taken under taken atgs (high-field edge) of the EPR envelope.gHeas shifted
conditions that suppress the weakly coupled protons, revealing theto lower frequencies and partially overlaps # resonances in

broad underlying ENDOR from ke (B) Davies ENDOR spectra
taken atg, clearly showing peaks from both fF@nd Fe (solid
lines). Frequency regions with peaks frdkh and*N are shown

the 4-10 MHz region. The experimental conditions were as
follows: temperature, 2 K; microwave frequency, 35.2 GHz;
microwave power, 0.16 mW,; 100 kHz field-modulation amplitude,

in dashed lines. The experimental conditions were as follows and 2.5 G; RF power, 30 W; RF band width, 100 kHz; scan rate, 2.5

were: common to all spectra: temperature, 4.2 K; microwave
frequency, 9.49 GHz; RF pulse width, 283; repetition rate, 33
Hz; and 256 points per spectrum. (A, Spectrum S) Magnetic field,
0.3360 T; microwave pulse widths, 1260—120 ns;7,3, 312 ns;
and 180 transients. (A, Spectrum P) Magnetic field, 0.3360 T;
microwave pulse widths, 4620—40 ns; 7,3 268 ns; and 144
transients. (B) magnetic field, 0.3526 T,—® MHz region,
microwave pulse widths, 6432—64 ns; 7,3, 288 ns; and 160
transients; 525 MHz region: microwave pulse widths, 4@0—

40 ns; 1,3, 288 ns; and 96 transients.

principal tensor values for BC1 are all increasedNdyMHz,
and the rotation anglg has increased significantly.

CW and Pulsed ENDOR of IronThe X-band Davies
pulsed ENDOR ¢f. Gemperle and Schweiger (1991)]
spectrum of’Fe ( = Y,)-enriched PDO taken at the low-
field, g, edge of the EPR envelope is shown in Figur@s3 (
upper). The spectrum shows intensity in the rande—
19 MHz that arises, at least in part, frdid ENDOR, but it
also shows a doublet centered~a22 MHz that is split by
twice the Larmor frequency of iron {Fe)~ 1 MHz]. This

MHz/s; and 100 scans.

not present in samples containing the natural abundance of
5"Fe. When ag; X-band Davies pulsed ENDORCc]
Gemperle and Schweiger (1991)] spectrum is collected under
“POSHE" conditions ¢f. Doanet al. (1991)] that strongly
suppress proton lines (Figure 3g, lower), it also shows a
broad 5"Fe feature centered #(Fe)/2 ~ 16 MHz, thus
confirming the above assignment.

A set of%"Fe, spectra collected in the Davies pulsed mode
atg-values across the EPR envelope (Figure 5) was used to
analyze the®Fey coupling tensor. The field-dependent
variation of signals shown in Figure 5 is the classical
“triangle” pattern Ef. Gurbielet al. (1993)] associated with
rhombic and coaxiafy and A tensors where the hyperfine
couplings are large compared ta(Ee). The principal
hyperfine values are at the centers of the doublets(&t/

2), 02(A2), andgs(Asl2); they areA(Fen) = [Ag, Az, Ag]l =
[43, 56, 50] MHz (Table 2).
The detection and analysis of thé#e; signals at fields

doublet is absent from a sample containing predominantly other thang, is more difficult because the hyperfine tensor

sske ( = 0), and it is assigned to one of the Fe atoms,
denoted Fg, with A(Fex) ~ 43 MHz atg;. This assignment
is consistent with the corresponding Q-band CW ENDOR
spectrum aty; (Figure 4,g:), which also shows a doublet
centered atA(Fen)/2 ~ 22 MHz and is split by twice the
Larmor frequency of iron at 35 GHz {2Fe) ~ 3.4 MHz].
Note that the greater intensity of the line of the *"Fe
compared to ity— counterpart is common with Q-band CW
ENDOR.

Careful examination of thegy CW Q-band ENDOR
spectrum (Figure 4g;) of the >Fe-enriched protein reveals

is highly anisotropic. The experiment requires a simulta-
neous analysis of both CW Q-band and pulsed X-band data,
and even then, the results are less precise than in the case of
Fe.. As the magnetic field is increased frogg, the >Fes
peaks move rapidly toward lower frequency and broaden,
effectively disappearing at intermediatgvalues in the
Q-band CW spectrum. However, if the X-band pulsed
spectrometer is properly séff-e signals can be detected near
02 (Figure 3,0,) as a doublet centered at6.5 MHz (A ~

13 MHz), which is not present in the natural-abundance
sample. At thegs (high-field) edge of the EPR envelope,

an additional doublet that apparently arises from the secondthe Q-band®’Fes ENDOR spectrum again shows &ffres

iron site, F@. The signal is centered #(Fes)/2 ~ 16.5
MHz and split by 2(Fe)~ 3.4 MHz. Again, this signal is

doublet, centered #(Fes) ~ 7.5 MHz (Figure 4gs). These
observations are consistent with an axile(B) hyperfine
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Table 2: Observed Hyperfine Coupling Constants (Megahertz) for Selected [2Fe-2S] Clusters

ferrous site ferric site
O 02 [¢5] 01 02 O3
phthalate dioxygena&e A 33.0+ 0.5 13.0+£ 0.5 14.0+ 1.0 43.0+ 0.5 55.0+ 0.5 50.0+ 0.5
Ve Vo€ > 0
ThermusRieske protein A 33+1.5 14+ 15 11+ 3 43+ 3 55+ 3 50+ 3
V V,,¢ >0
adrenodoxin, putidaredoxin A 35+15 24+ 4 17+ 4 43+15 56+ 2 50+ 1.5
\Y Vo >0
plant ferredoxif A 36.5+ 0.5 15.0+ 0.7 13.0+ 0.4 42+ 0.4 50.0+ 2 51.6+ 0.3
\Y Vo, <0

an all casesA, g, and quadrupoley tensors are coaxial. Thgtensors are defined witly > g2 > gs. In all cases, the ferrous ion quadrupole
tensor is axialV.; is the unique principal value, and its correspondence withAtiensor is given in the table. We are not concerned with the
ferric ion quadrupole tensorgThis work. ¢ Feeet al. (1984). Tensors are oriented relativegtso as to match those of PD®Fritz et al. (1971).
e Fritz et al. (1971) and Andersoet al. (1975). The numbers quoted are for algal ferredoxin; the measured values for spinach and parsley ferredoxins

are the same, within experimental error.

£3

8

25
MHz

Ficure 5: Pulsed Davies ENDOR spectra (9.5 GHz}®%e-labeled
PDO across the EPR envelope. Only thq Fequency region is
shown. The resonances follow a “triangle” pattern (denoted by the
dashed lines) for a rhombig and A tensor that are coaxial. The
three principal hyperfine componen#&/2) (®) are assigned aj;,

02, andgz. The patterns are centeredAR and split by 2(°"Fe)
(I—1)- The experimental conditions were as follows: temperature,
4.2 K; microwave frequency, 9.45 GHz; microwave pulse widths,
40—20—40 ns;t23, 270 ns; RF pulse width, 20s; RF power, 400
W; 100 points per spectrum; 33 Hz repetition rate; number of
transients between, 16@3] and 96 (),); and g-values from the
top, 1.78, 1.81, 1.85, 1.89, 1.92, 1.94, 1.96, 1.98, and 2.01.

Table 3: Core Geometries Used for Molecular Modeling

group B ya? 13
1 40 —100 80
2 50 —130 50
3 50 —100 80
4 50 b b
5 50 —-50 -10

a Subscripts on the angles refer to peptides 1 and 2, as described
in the text.> y angles were not restricted in this starting structure; in
all cases, thg angles were allowed to move freely during the simulated
annealing cycle.

tensor that is coaxial with thg tensor and has principal
values ofA(Fes) = [33, 13, 14] MHz [Table 2, Fe(ll) site].
The tensor components of fand Fg are indistinguishable
from those obtained from Misbauer studies of the corre-
sponding ferric and ferrous ions of tHEhermusRieske
cluster (Table 2; Feet al., 1984).

Molecular Modeling Neidleet al. (1991) and Davidson

1y A
a BenA MINACSHRGAQLLGHKRGNKTTYTCPFHGWTF
b TodB1 VQDTCTHGDWALSDG-YLDGDIVECTLHF
c RhCap MLGVCTHLGCVPMGDKSGDEF GGWECPCHGSHY
d Spina INAVCTHLGCVVPEN--AAENKFICPCHGSQY

* *

Ficure 6: Comparison of representative “active site” amino acid
sequences of the four known classes of Rieske-type proteips. (
BenA, benzoate dioxygenase froAtinetobacter calcoaceticus
accession number P07769) TodB1, a small iror-sulfur protein
involved in bacterial degradation of toluene (Neiékeal,, 1991).

(c) RhCap, Rieske protein from tle; complex ofRh. capsulatus
accession number P0850@) Spina, Rieske protein from thaf
complex of spinach. Rieske protein sequenceadd, have two
additional conserved cysteine residues as indicated by the * below
sequencel.

acid sequences of Rieske-type proteins. There are four
classes of such proteins, and one example of each is shown
in Figure 6: bacterial dioxygenases, analogous to PDO,
including toluene, naphthalene, benzoate, and benzene di-
oxygenases (Figure @); unfortunately, the sequence Bf
cepaciaPDO was completed only as the manuscript was
being submitted for publicatioh.Small Rieske-type proteins
carry out electron transfer functions in several of the
multicomponent dioxygenases (Figureo, Rieske proteins
are part of the cytochrombc; complex and involved in
respiratory electron transport (Figure §, And, Rieske
proteins are part of the cytochronigf complex and are
involved in photosynthetic electron transport (Figuredp,
These proteins have different molecular weights and different
redox properties (Trumpower, 1990; Mason & Cammack,
1992). Nevertheless, all the residues involved in coordina-
tion of the [2Fe-2S] cluster reside in a stretch<d#8 amino
acids characterized by the general pattern CysXHis(X)15
21CysXXHis. As pointed out by Davidsaet al. (1992), in
order for the two Cys residues to coordinate one Fe of the
[2Fe-2S] cluster and for the two His residues to coordinate
to the other Fe, “the intervening region between the

4The relevant sequence &fs. cepaciaPDO is CPHRRASLVY-
GRNEDSGLRCLYH (personal communication from C.-H. Chang and
G. J. Zylstra to D. P. Ballou). Additional sequences have appeared in
the literature since 1992, and these have been analyzed and consensus
sequences assigned for the four different classes of proteins containing
the Rieske-type center (D. P. Ballou and G. T. Gassner, unpublished).
Preliminary considerations suggest that substitution of proline for
threonine in peptide 1 has no effect on the outcome of the theoretical

et al. (1992) recently compared and analyzed available amino predictions of structure.
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conserved [Cys/His] boxes must twist back upon itself to sk M. &
bring them parallel to each other” [see Figure 7 of Davidson
et al. (1992) and Scheme 2).

We wondered if it would be possible to predict reasonable .. . ; L i i
three-dimensional structures of the Rieske active site by ABdG g6 B0 o B 1300 ja00
applying the following constraints: (i) the relatively short Gamma 1
sequence involved in providing the coordinating ligands t0 Ficure 7: Analysis of the histidine/; and y, angles. Contours
the [2Fe-2S] cluster, (ii) the looping of the sequence between indicate regions of steric overlap f8r= 50°; patterns fop3 = 40°
the two Cys/His boxes, (iii) the requirement that both His are similar. Steric overlaps were determined using the following

tomic radii: H,0.95A; N, 1.35A;0,1.30A;C,1.45A; S, 1.80

residues be coordinated to one of the Fe atoms through then‘z; and Fe, 1.80 A. Asterisks show the final values of thangles

0-N ring atoms, and (iv) the spatial arrangement of the two iy the refined structures. Almost all of the structures on the right
imidazole rings presented in Table 1 and illustrated in side of the figure areip (see text), and almost all on the left are
Scheme 3. In the case of tlhe; and bsf Rieske proteins,  down
an additional constraint might be provided by the presence
of a disulfide bond between additional conserved Cys stances), and the His of peptide 2 (24 instances). Almost
residues (noted by in Figure & and d) as previously none of the structures have hydrogen bonds to the exposed
suggested by Davidsacet al. (1992) (Scheme 2). sulfur atom. Following the previous suggestion of Davidson
Accordingly, we chose two segments of the amino acid et al.(1992), a disulfide bond was incorporated between the
sequence oRh. capsulatusRieske protein (Figure 6, c), noncoordinating Cys residues in the two peptides, and a
peptide 1 (CysThrHisLeuGlyCys) and peptide 2 (CysPro- second common feature of the resulting structures involved
CysHis), for this study. We began with idealized coordinates the placement of this disulfide bond. Since the two histidines
taken from plant ferredoxins (Moueseeal., 1994), replac-  are not equivalent, the plane defined by thedNgtoms of
ing two of the cysteine ligands with imidazoles, with an the imidazoles and the iron atoms has two distinct sides.
Fe—N bond length of 2.1 A and a (cf. Table 1) of zerd. Interestingly, the structures fall into two groups easily
Since they angle is not determined from the current ENDOR distinguished by the distance between the midpoint of the
data, ands is allowed to range between 35 and°5We disulfide bond and the Fe,N) plane. In about half of the
conducted conformational searches to see which combina-structures, the minimum value of this distance>i8.8 A
tions of thef andy angles were forbidden due to steric abave the plane (these structures are labal@yl while in
overlap in just the core region. Figure 7 shows these allowedthe other half, the distance is3.4 A belowthe plane (these
ranges of angles, determined primarily by the requirement structures are labeledowr). There was no significant
that the two histidine ligands not sterically overlap each other, difference in the average energies of these families of
and to a lesser extent by the requirement that the histidinestructures. Thelownarangement is indicated in Scheme 2.
rings avoid clashes with the inorganic sulfurs. Representatives of the two families of structures are shown
Of the 250 structures calculated, all had two features in in Figure 8, where the presence of one “buried” and one
common. First, the structures tended to wrap the peptide “exposed” inorganic sulfur can also be seen. For visual
chains around the iron-sulfur cluster so that one of the clarity, a single example taken from Figure 8 is presented
inorganic sulfurs and the two iron atoms were completely as a stereoview in Figure 9.
buried, while the other inorganic sulfur atom was exposed. Figure 8 also shows that the location of the disulfide bond
In addition, the buried sulfur was often hydrogen-bonded to relative to the iror-sulfur core determines the general nature
one or more amino hydrogens of the peptide group. Using of the peptide chain trace, but not its details. Analyses of
the criteria that a hydrogen bond is formed when theSH peptide hydrogen bonds reveal structural features in addition
distance is<2.6 A and the N-H—S angle is>120°, 93 of to the overallup/downclassification. The ThrHisLeuGly
the 250 structures have one or more hydrogen bonds to thesequence in peptide 1 formeg@aurn in 46 of the structures,
buried sulfur. The most common donors are the His of with ani—i+3 hydrogen bond between the carbonyl of the
peptide 1, with a hydrogen bond present in 33 of the threonine residue and the amide hydrogen of the Gly; 36 of
structures, the noncoordinating Cys of peptide 2 (29 in- these structures werdown A similar tight 5 turn was
formed from residues CysProCysHis of peptide 2 in 13

5 EXAFS studies of PDO by Tsaret al. (1989) indicate FeN bond structures, of which 11 wernep. Even where these hydrogen
lengths of 2.05 A and terminal FeS bond lengths of 2.32 A, bonds are not formed, the peptide backbone tends to have a
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Ficure 8: Representative structures of tiye (left) anddown(right) families of structures. The 10 lowest-energy structures in each family

are shown, superimposed on the active site core and the peptide backbone. Peptide 1 is at the left and peptide 2 at the right. Cysteine
(toward the back) and histidine (toward the front) side chain atoms are shown, and others are omitted. The inorganic sulfur atoms and the
sulfur atoms in the disulfide bridge are indicated by spheres.

FIGURE 9: Stereo presentation of representatipgtop) anddown(bottom) model structures selected from Figure 8. The view is nominally
along the Fe-Fe axis with one of the bridging S atoms “internal” to the structure. Peptide 1 is on the right, and the disulfide is shown by
the two balls on the right side in both structures.

chain reversal at these points. A cross-strand hydrogen bondNine of these cross-strand structures wdmvn Since
between the carbonyl of Pro in peptide 2 and the amide potential hydrogen bonds to other parts of the protein are
hydrogen of Thr in peptide 1 was found in 10 structures. not included in this model, it is not surprising that some of
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the lowest-energy structures contained this interaction.

The y angles of the final structures are shown in Figure
7. Although they were not restrained during the annealing
stage,y: showed two preferred ranges, with 76 structures in
the interval [60,90°] (po9 and 50 structures in the interval
[—80°,—50°] (negd. No y;angles were found in the interval
[—40°,40°]. The y, angle was more spread out, with 201
structures rather uniformly distributed over the interval
[—90°,7C°]. No y, angles were found below14(0 or above
13C°. They; angles were strongly correlated with overall
up—down in that all 76posstructures werep and 46 of 50
negstructures werglown

Overall, the segregation intap and down families
corresponds to two possible “chiralities” for wrapping the

Gurbiel et al.

exposed to the remainder of the protein or to solvent. The
predicted structures show generally tight turns or chain
reversals at the ThrHisLeuGly and CysProCysHis positions,
often stabilized by—i+3 hydrogen bonds. Itis possible to
form hydrogen bonds between amide protons of the histidine
or cysteine ligands and the buried inorganic sulfur; the
presence of these may influence redox or electron transport
properties of the active site. It will be of interest to compare
these models with eventual crystal structure determinations.
Since the modeling approach described here could easily be
extended to other sequences, it may also be of use in
constructing models of homologous proteins.

Iron ENDOR The %Fe ENDOR patterns recorded
throughout the EPR envelope by a combination of CW and

polypeptide chain around the [2Fe-2S] cluster. Once this is Pulséd ENDOR techniques have allowed us to determine the
determined, the general conformation of the chain and the full hyperfine tensors of the ferrous and ferric sites, including

location of the disulfide bond are roughly fixed, but within
fairly loose bounds, as illustrated in Figure 8.

DISCUSSION

Nitrogen ENDOR and Molecular Modelingearlier stud-
ies of PDO{*N(u)) (Gurbielet al, 1989) showed that two
histidines are coordinated to the ¥ esite of the [2Fe-2S]

their principal values and orientations relative to ¢fitensor
axes (Table 2). It should be pointed out that neither of the
two techniques alone would be able to achieve these results.
A Mdassbauer study of the Rieske-type centef irthermo-
philus (Feeet al., 1984) reported hyperfine tensor compo-
nents of F&" and F&" that are indistinguishable from those
reported in Table 2 if one assigns the more strongly coupled
Fea to the ferric site and the highly anisotropicg~® the

Rieske-type cluster. The present ENDOR examination of ferrous site. The ENDOR analysis further shows that these

PDO(*N(6)) demonstrates that the two histidines are each
ligated through N§), completing the structural model

deduced from the previous ENDOR analysis. The results

in Table 1 show that th&N hyperfine tensors for the Rieske
centers of PDO and BC1 froRh. capsulatuare effectively

two tensors are coaxial with thigtensor and that the unique,
large, hyperfine value of the axi&lFes?" tensor lies along

The ®Fe hyperfine tensors are qualitatively the same as
those reported for the [2Fe-2S] centers of adrenodoxin and

the same, supporting the additional conclusion that the yjant ferredoxin as summarized in Table 2. In particular, in

proposed structure of the [2Fe-2S] cluster is similar in all
Rieske-type proteins. The refined values of the hyperfine

all cases, the ferrous ion hyperfine tensor is axial, with the
unique hyperfine tensor component being larg@&ga{ ~

tensors reaffirm the essentials of the geometry proposed for33 MHz) and aligned along,. Therefore, these results do

the cluster (Gurbiekt al., 1989, 1991). All the hyperfine
tensors exhibit approximately axial behavior, where the
unigue axisAz corresponds to the FeN bond. Each center

not support the hypothesis that the differences between [2Fe-
2S] clusters in plant ferredoxins and Rieske-type complexes
may be reflected by the orientation of tlyetensor with

appears to have a slight but significant difference between yagpect to the Fle-Fe" bond. There appears, however, to
the tensor components for N(1) and N(2), and the couplings pe quantitative differences between the tensors of the ferrous

for N(1) and N(2) of PDO are indistinguishable from those
of their counterpart in BC1. However, it should be pointed
out that the resolution 0N spectra from théosc; complex
is much lower than that of PDO, a possible indication of
greater structural flexibility in the Rieske center.

The ENDOR determination of the orientation of thl-
(0) hyperfine tensors shows that the plane of theR¢—N
bonds coincides with thg;—gs; plane of theg tensor and
that the N-Fe—N angle between the two ligands is either
p1+ B2~ 80°, bisected bygs, or 51 + 2 ~ 10 (5 = 7/2
— i), bisected byg;. On structural grounds alone, the larger
value seems more plausible. We tentatively asgigrdong
the Fe-Fe axis andy, along the $—S*~ axis, resulting in

ions, withA(Fes) for plant ferredoxins and PDO being more
nearly axial and having larger values fAA = |A; — Al

[Al = Ar and Ag = (A; + Aj3)/2] than that of “non-plant”
[F&:S;] centers (e.g. adrenodoxin). The ferredoxin®Fe
hyperfine tensor is effectively axial, while the other two are
distinctly rhombic; all three types of clusters have the unique
or smallest hyperfine component 643 MHz which lies
alongg:.

By contrast, the quadrupole electric field gradidaEG)
tensor at the ferrous ion site of the Rieske-type centers, as
determined by Mssbauer spectroscopy (Fektal.,, 1984),
differs sharply from that of the plant ferredoxins (Table 2).
The EFG in ferredoxin is axial, with a unique component

an arrangement that is generally consistent with tetrahedralthat is negative and parallel #; for the Rieske centers,

coordination geometry (see Scheme 3).
As is evident in Figure 8, the modeling studies indicate
considerable flexibility in how the polypeptide backbone can

the tensor again is axial, but the unique component is positive
and lies perpendicular t&, (see Appendix). Bertrand and
Gayda (1979) have developed a model which suggests that

wrap around the active site core, but certain patterns arisethe properties of the cluster are governed by the rhombicity

because of thea priori constraints. Thus, the putative
disulfide linkage may lie either above or below (but not near)
the plane of the iron and nitrogen atoms of the core. In
addition, the models predict that one of the two inorganic
sulfur atoms will be buried by intervening sequences [
Figure 6) while the other inorganic sulfur atom will be

of the Fé* site. Theg tensor of a ferric ion is essentially
isotropic, and thus, according to eq 1, the anisotropy of the
clusterg tensor is determined by the individual tensor of
the Fé*(d®) ion. The environment of the Fe ion is
characterized as a tetragonally distorted tetrahedron. This
“crystal field” splits and mixesl orbitals [cf. Bertrandet al
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(1985, 1991)], with the orbital that contains the the sixth d andof the coordinating polypeptide chain, thereby achieving

electron being written as

|, (= cosO|ZTH sin O — Y[ (3)
Within this model, the anisotropig andA tensors and also
the EFG tensor for F&" are functions of the parametér
along with thed orbital energy spacings. We have rewritten
the Bertrand-Gayda expressions, including modifications by
Hearshenet al. (1986), and they are presented in the
Appendix.

The Bertrand-Gayda model, as applied to Rieske-type
centers, yields d electron contribution to thEFG of F&#*

a more complete picture of the active site. THee data
resolve experimental ambiguities about the spin-Hamiltonian
parameters of the Rieske [2Fe-2S] cluster and in so doing
disclose the incompleteness of our understanding of even
the simplest Fe S cluster.
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that agrees with experiment both in sign and in orientation AppeNDIX

with respect tdA,, when one takel)| ~ /6, corresponding
to a “dz—2" orbital. However, it predicts the wrong

Further insights into the electronic and geometric proper-

orientation of the ferrous ion hyperfine tensor relative to the ties of the Rieske center require a joint analysis of ghe

clusterg tensor as well as unsatisfactory values for its prin-

A,, and Fe quadrupole tensors. The mixed-valence, [2Fe-

cipal components (Table 2). Our experiments indicate that 2SJ*" center exhibits ar§ = ¥/, ground state because of

the uniqgue component of the axial hyperfine tensor of Fe
is largest and lies alongy = gnax the Bertrand-Gayda model

antiferromagnetic spin coupling between valence-localized
Fe*™ (S= %)) and Fé" (S= 2) ions. Equation Al gives

predicts that the unigque component is the smallest and placeghe relationship between the resulting clusgelensor and
|Amin| @longg;. One reason for these discrepancies may be the individual ion g tensors, as well as that between the

contributions from coupled (cluster) spin states ha\évy

observed hyperfine tensors for the two Fe sites and those of

1/,. This seems unlikely because they would be expected tothe individual ion tensors,

also cause unusual anisotropies at the ferric site (®age

al., 1989), which are not observed. A direct determination
of the electronic spin coupling would settle this issue. A

7 4

7 4
g= 591 - :‘,392 A= gal A,=— :__332 (A1)

second reason may be that Rieske centers are described by

a “dz2" ground state § ~ 0), as for the plant ferredoxins
(Munck et al.,, 1972). If so, the principal values &f, and
its orientation relative tg are predicted correctly. However,

Where @1, a;) refers to Fé&'s and @,, a,) to Fe's.
For our purposes, we rewrite the expressions of Bertrand
and Gayda forg, and a; of an uncoupled ferrous ion, as

the corresponding prediction for the d electron contribution corrected by Hearsheet al. (1986), as follows

to theEFG does not agree with experiment, with respect to
sign of the unique component, its relative magnitudes, or its

orientation relative toA, (Appendix). Thus, if this inter-
pretation holds, the difference between H#I€G tensors of

the two classes of [2Fe-2S] proteins must reflect contributions

to theEFG from the other d electrons on the high-spirfFe
(S= 2) (and ligand electrons) that are caused by the ¢His)
coordination of the Rieske-center#®don. In plant ferre-
doxins, the F& (d ion) is coordinated to four sulfur atoms
(two & and two cys S) in approximately tetrahedral

geometry, with five of the d electrons having essentially

spherical symmetry, thus not contributing to teG, while
the sixth d electron on Pe dominates itEFG. However,

it seems reasonable to suggest that, in the Rieske-type centers,

differential charge delocalization to the twé %nd the two

No of the His ligands deforms the charge density of the half-

filled d® subshell to the point that it makes a dominant
contribution to theEFG. This suggestion is in keeping with
the early remarks of Muck and co-workers who cautioned
against oversimplified interpretationsiBFG (and hyperfine)
components (Feet al,, 1984). In our opinion, these high-

Oy = G T AQy

P[4
a, — Z ?X(Q) + Agle

8, = a, - %”‘?‘[1 — 2 sirt(0—nI3)] + Ang] —

PI4
8~ 4l7Y(O) + AgZy]

B, = 8, — 2[‘71(1 —2sif6) + Agzz] =
P[4
2~ 2|20+ Ag) (A2

where 6 is defined in eq 3 (see Discussiom, ~ —19.2
MHz is the contact term, ang ~ 55 MHz. Theg-shifts,
Aggi, are functions of) andd orbital energy spacings that

precision ENDOR results indicate large gaps in our under- need not be specified here. Instead, they are calculated from

standing of the electronic structures of the simplest [2Fe-

2S] clusters and the need for further examination.

eq Al, using the experimentgltensor and the procedure of
Bertrand and Gayda to treat the ferric igntensor. The

This report shows that it is possible to apply knowledge 6-dependent contributions to tlae, X(6), Y(0), andZ(6),
of structural constraints derived from comparative sequencerepresent the electron-nuclear dipolar interaction with the
analyses and from ENDOR spectroscopy and to use molec-sixth electron on F& (eq A2). If the other d electrons form
ular-modeling techniques to obtain detailed predictions of a spherical subshell, then d electrons contributions to the
the geometrical structure of a metal cluster prosthetic group principal values predicted for thEFG tensor at F&, V,



7844 Biochemistry, Vol. 35, No. 24, 1996 Gurbiel et al.

can be written rewriting of the Bertramd Gayda expressions (eq A2). It
_ is clear that the experimentgdvalues for the coupled system
Vo = —4V-X(0) (01 ~ 2,92~ 1.9,0; ~ 1.8) must correspond to a set of
values Agi, Agy, andAgs ~ <~ 0.5, <~ 0.15, and<~
Vo = —4V-Y(0) (A3) 0.2). Even if one takes into account the reservations
expressed by Hearshext al. (1986) about this procedure,
V,, = —4V-Z(0) in this case, the anisotropic contribution to the hyperfine

s0 as to emphasize the connection betwéemd the dipolar ~ couplings predicted by eq A2 is dominated by the electron
contribution to the anisotropic part &f (V O |e|lR30) (eq nuclear dipolar interactionX(6), Y(68), Z(8)] and not the

A3). terms inAgy; this conclusion is independent of the assign-
The Fé* ion of plant ferredoxins is characterized by an Ment of observed-values @, g, andgs) to the Fé* ion
largest and lies alongy. The F& ion has an axial  crystal field model, it appears to be inherently impossible to

negative; it lies alongA,, and thusg;. All this can be the accompanying observation of an axalhyperfine tensor
explained by an P (S= 2) ion with a “d2’ ground state,  ([Aal > [Azl).
namelyf ~ 0 in eq 3 (see Discussion).

The Rieske centers have qualitatively simgaensors @ay REFERENCES
< 2) but quantitatively differeng-values. The F& site Abragam, A., & Bleaney, B. (1970Electron Paramagnetic
hyperfine tensor is like that for the plant ferredoxins, namely ~ Resonance of Transition lor@nd ed., Clarendon Press, Oxford.
axial with the unique component having the largest magni- Anderson, R. E., Dunham, W. R., Sands, R. H., Bearden, A. J., &
tude. The F#& site has an axial quadrupole tensgr 0), Crespi, H. L. (1975Biochim. Biophys. Acta 40806-322.
but the unique valud/,, is positive not negative and lies Bachovchin, W. W. (1986Biochemistry 257751-7759.
along the smallest component of the hyperfine tensor, not Ba€: C. J.. & Ballou, D. P. (1990ylethods Enzymol. 15&1-

70.
the largest. _ _ _ Batie, C. J., LaHaie, E., & Ballou, D. P. (1983) Biol. Chem.
Bertrand and Gayda interpret this by assignitwy —zz/6 262 1510-1518.
which corresponds to a yd-2" orbital for the sixth electron. Bertrand, P., & Gayda, J.-P. (197B)ochim. Biophys. Acta 579
This predicts that the uniqueFG component¥,;) coincides 107-121.
with the smallest hyperfine componert,f). Our experi-  Bertrand, P., Guigliarelli, B., Gayda, J.-P., Beardwood, P., &
ments show that this approach aligns thandV, tensors Gibson, J. F. (1985Biochim. Biophys. Acta 83261-266.

correctly. Although the calculation of the hyperfine com- Beﬂgﬂ%i" Guigliarelli, B., & More, C. (199New J. Chem. 15

ponents with eq A3 gives a hyperfine tensor that is close to Blaney, J. M., Crippen, G. M., Dearing, A., & Dixon, J. S. (1990)

axial for any assumed assignment of crystal fieldy( or 2) DGEOM - Distance GeometryQuantum Chemistry Program
axes to the observed tensor axes, it gives the unique Exchange, Bloomington, IN.

component as having tteenallestmagnitude, not the largest.  Blumberg, W. E., & Peisach, J. (197Aych. Biochem. Biophys.
Upon considering the dependence of ¢healues org, they 162 502-512. . o
assigng; < g, becauseg, should be least sensitive to Britt, R. D., Sauer, K., Klein, M. P., Knaff, D. B., Kriauciumas,

fluctuations in@ at & = —x/6 and from this deduce orbital '1A§9\2(E'19Cd-16” Yu, L., & Malkin, R. (1991)Biochemistry 30

energies. They suggest this assignment can be tested by ¢, & Ballou, D. P. (1981). Biol. Chem. 25612673-12680.
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