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ABSTRACT:. The orientation of the-tensors of the Rieske irersulfur protein subunit was determined in

a single crystal of the bovine mitochondrial cytochrobee complex with stigmatellin in the Qquinol
binding site. Theg-tensor principal axes are skewed with respect to theFeeand S-S atom direction

in the 2Fe2S cluster, which is allowed by the lack of rigorous symmetry of the cluster. The asymmetric
unit in the crystal is the active dimer, and t¢ensor axes have slightly different orientations relative to
the iron—sulfur cluster in the two halves of the dimer. The- 1.79 axis makes an average angle of 30
with respect to the FeFe direction and thg ~ 2.024 axis an average angle of°28ith respect to the

S—S direction. This assignment of tigetensor axis directions indicates that conformations of the Rieske
protein are likely the same in the cytochroimg andbsf complexes and that the extent of motion of the
Rieske head domain during the catalytic cycle has been highly conserved during evolution of these distantly
related complexes.

The cyt bc; complex is an essential component in the establishment of the proton motive force that drives the
mitochondrial respiratory chain, and the structurally analo- synthesis of ATP.

gous cytbef complex of chloroplasts plays a similar role in - Electron transfer through the cit; and bsf complexes
oxygenic photosynthesislX The cytbc, complex is a Jikely occurs through the so-called “Q-cycle”, first proposed
dimeric integral membrane complex composed of as few aspy Mitchell (2), and later modified by several groupd—(
three subunits in some prokaryotes and up to 11 subunits in7)_ |n the cytbc, complex, ubiquinol (UQH) is oxidized at
eukaryotes such as in bovine mitochondria. There are fourthe quinol oxidase (§) site, at the interface between the cyt
essential, redox-active, metal centers in the complex: ap protein and the “Rieske” ironsulfur protein (ISP)%, 8).
Rieske iron-sulfur complex (2Fe2S) in the Rieske ISP, two  Electron transfer from UQHis bifurcated so that the first
b-type hemes with different redox potentials in a single cyt electron is transferred to the 2Fe2S cluster, leaving an
b protein, and ac-type heme in the cyt, protein. The  ynstable semiquinone species at thesif®, which is oxidized
function ofbc, (andbef) complexes is to catalyze the transfer py cytb, . The two protons from the quinol oxidized at the
of electrons from quinol to cyt (cyt f) coupled tightly to @, site are released to the p-side of the membrane (i.e., in
the vectorial translocation of protons across the membrane.the case of mitochondria, the intermembrane space). After
This proton translocation makes a vital contribution to the two turnovers of the Qsite, the two electrons sent to the
low-potential chain reduce UQ at the §ite to UQH, with
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! Abbreviations: CW, continuous wave; cyt, cytochrome; loft . ;
plastoquinol plastocyanin oxidoreductase;lmyt ubiquinol cytochrome to gate electron transfer at the, Qite and prevent side

c oxidoreductase; EFG, electric field gradient; ENDOR, electron nuclear reactions §, 13—15). One such switch has been suggested
double resonance; EPR, electron paramagnetic resonance; ESE, electropy the recent series dfc; crystal structures of the mito-

spin echo; ESEEM, ESE envelope modulation; ISP frsuifur protein, — cpongrialbe, (1, 16). Different crystal forms and crystals
NCS, noncrystallographic symmetry;,Quinol oxidase; rms, root- ’

mean-square; UQ, ubiquinone; U@tdbiquinol; WT, wild-type; 2Fe2s, ~ grown in the presence and absence fi@ibitors show
two-iron and two-sulfur. the hydrophilic “head” domain of the ISP in several different
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positions. One position, termed IS§Pplaces the ISP close is a general feature of cyibc; and bgf complexes from

to the distal niche of the £xsite with ligands of the 2Fe2S  eukaryotes, prokaryotes, and archae&a24—27). Membrane
cluster in contact with the gFite. The other position, termed fragments containing an active, intact byt or bsf complex
ISP, places the ISP close to cgt, while in some crystals,  are readily oriented on Mylar sheets for EPR measurements.
the ISP is located in intermediate positions. In the bovine One could use the-tensor orientation to determine the
mitochondrial bg; crystals, the ISP headgroup pivots by conformations and movement of the ISP in states not
~65°, moving the 2Fe2S cluster by 21.2 A. This pivoting available in crystals such as tie; Q, site occupied by
action provides a mechanism for the catalytic switch that ubiquinone, or in site-directed mutants.

prevents both electrons from the quinol from flowing through  Unfortunately, there are two incompatible assignments of
the high-potential chaingj. The 2Fe2S cluster in the ISP theg-tensor axes to the molecular axes of the 2Fe2S cluster.
can undergo only one-electron redox reactions and would Bertrandet al. (28) made one assignment on the basis of
have to pivot to ISP to be close enough to transfer an theoretical ligand field considerations, while Gurbéglal.
electron to cytc; and pivot back before it can accept the (29) made an alternate assignment on the basis of experi-

second QlchQH. . mental ENDOR data. Current crystal structures show that
There is evidence that the redox properties of the 2Fe2Sthe 2Fe2S cluster and its ligands have only approximate
cluster are coupled to the position of the ISP. Brughal. “symmetry”; hence, th@-tensor axes may deviate signifi-

(17) found that changing the redox state of the cluster cantly from the molecular axes of the cluster. Recent EPR
imposed a different equilibrium position for the ISP head- measurements of the 2Fe2S cluster inbffecomplex @7)
group. In a complementary fashion, Darroueetal. (18) show a noticeable difference between the orientation of its
and Croftset al. (19) proposed that the redox properties of g-tensor axes and the molecular axes of the 2Fe2S cluster
the 2Fe2S cluster are modulated by the position of the ISP.in bc, crystals, and it is unclear whether this reflects a real
Together, these data imply that the redox transitions of the difference in structure or a skewing of tletensor and
2Fe2S cluster and the conformation of the ISP are coupledmolecular axes in the respective species.

in some way. One can imagine redox coupling occurring  This is a preliminary report on the determination of the
either by changing the environment around the cluster (€.9.,g-tensor orientation of the ISP of the bovine mitochondrial
by altering H-b_onded Iigand_s to the 2Fe2S cluster imidazc_JIe) bc, complex with stigmatellin from single-crystal EPR
or by mechanical deformation of the cluster. Such coupling measurements. The orientation is generally consistent with
guides the reaction of £ite reactive species, thus inhibiting ligand field theory 28) but shows subtle effects of crystal

side reactions1(9). . _ _ packing interactions on the orientation and/or principal values
The reduced ISP has an anisotrogitensor, meaning that  of the g-tensor.

its EPR spectrum depends in a well-understood fashion on
its orientation relative to the magnetic field of the spectrom- MATERIALS AND METHODS
eter. The orientation of thg-tensor axes relative to the plane . ) ) )
of the membrane is readily determined in samples of oriented  Protein Crystal Crystals of bovine mitochondriathc,
membranes, and such EPR measurements have clearljnhibited with stigmatellin were grown in the Berry lab for
demonstrated that the ISP does pivot by up ti6@lifferent -ray diffraction studies (PDB entry 1PP9; L.-S. Huang, D.
physiologically relevant states. Thus, one would like to know Cobessi, and E. A. Berry, in press). The crystals were grown
the orientation of they-tensor axes to determine the con- with stigmatellin present and were not treated with redox
formational changes of the ISP in the membrane because€agents. The EPR data (below) show that the ISP and cyt
the g-tensor axes ought to be tied closely to the molecular ¢ Were at least partially reduced, but both byttemes were
axes of the cluster. This would allow determination of Oxidized. Stigmatellin is generally thought to form the same
conformations under conditions that cannot be attained in Complex in the @site as the natural quinol substrate but is
crystals. incapable of reactingl1j. This crystal provides a good
Additional impetus for understanding tigetensor comes ~ Structural model of the ISFconformation and of the active
from observations that the 2Fe2S EPR line shape changestomplex; including the hydrogen bond between the substrate
sometimes dramatically, with various occupants in the Q and the ISP.
site. The high-field peak corresponding tp shifts in A typical crystal approximately 0.4 mm 0.2 mmx 0.2
Rhodobacter capsulatusyt bc; upon titration of substrate ~ mm in size, grown originally for diffraction measurements,
quinone and quinol, suggesting that two quinones may bindwas drawn into a 1.1 mm (outside diameter) quartz EPR
simultaneously at the Qocket @0, 21). This observation  capillary (Wilmad Glass, Buena, NJ) together with a small
resulted in the so-called “double-occupancy” catalytic models drop of the mother liquor. The long axis of the crystal, which
and has been applied to &it; complexes. However, other ~ coincides with the crystallographgeaxis, aligned itself along
authors argue that only one quinone species is involg2d (  the axis of the capillary. The sample was frozen and stored
23). To date, the origin of thg-factor shifts remains unclear, on dry ice or in liquid nitrogen until measurements were
but given the strong correlations among ISP conformation, taken at 10 K. The crystal belongs to space gr8@g2;2;
Q, site occupancy, and EPR line shafté)( a more detailed ~ Wwith the cytbc, dimer as the asymmetric unit.
relationship should be established. Defining the origins of EPR EPR measurements were made on a Bruker ESP380E
the gx-shifts would allow rigorous experimental testing of pulsed EPR/ENDOR spectrometer lvéa 3 mmSplit Ring
some of the catalytic models. resonator and Flexline goniometer and cryostat with an
The ISPg-factors are also very relevant to an additional Oxford ITC-503 temperature controller. The microwave
aspect of cytbg and bgf structure and functionEPR frequency was measured with an EIP 575B counter. The
measurements on several systems suggest that ISP pivotingample was rotated around the capillary axis perpendicular
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to the applied magnetic field in 1&teps through 360ESE
signals measured as function of magnetic field were used to
record the EPR spectrum at each orientation. Initial attempts
using CW EPR with a field modulation of 100 kHz revealed 1.98
that the EPR line width showed considerabitstrain, with
the line width increasing rapidly as the deviation fram
increased. In EPR, the conventional first-derivative signal
amplitude is inversely proportional to the square of the line
width, so the EPR signal became undetectablayfactors

of <1.95. In the ESE spectrum, peak height is linearly
proportional to the reciprocal of the line width, offering better 1.86 1 /= Monomer B
relative sensitivity for broad lines. However, the ESE signal ;

of the ISP has a periodic modulation of intensity known as 9
ESEEM that is so severe at some orientations that it makes Rotation Angle/degrees

th? ESE signal vanish. To avoid that, relatively broad pgype 1: g-Factor of the Rieske ISP as a function of rotation
microwave pulses of 120 and 240 ns were used to generatebout the crystat-axis. The solid lines are the fits to the individual
the echo. These long pulse widths allow use of lower monomers in the asymmetric unit. Experimental data poin®s: (

microwave powers and higher resonaf@rvalues while ~ monomer A andM andv) two distinct sets of symmetry-related
eliminating much of the ESEEM sites in monomer B. The directions corresponding to ahand

] ] ] b-axes are indicated below the rotation angles.
Data Analysis The resonant fields and the effective

g-factors of peaks in the EPR spectra were measured usingerms of a NCS element relating the two halves of the dimer.
the WIN-EPR software package from Bruker. The widths To the extent that the NCS generated identical monomers
at half-height of the EPR lines were as much as 6 mT at ijn the chicken dimer, the ISP in both monomers would have
some orientations, making it difficult to determine the precise identical EPR parameters. Examination of the bovine crystal
peak position in the presence of significant noise. In those strycture showed no obvious differences in the structure of

cases, a moderate amount of spectral smoothing was useghe ISP headgroup between the two monomers that comprise
to help locate the position of the peak. An examination of the asymmetric unit.

EPR line positions as a function of crystal orientation
revealed three traces consistent with rotations of the known
g-factors of the ISP and a few other peaks that could be
either large-amplitude excursions of noise or EPR lines from
oxidized hemes in cybc. In addition, there was a back-
ground signal from the resonator due to Cu(ll) that forms

on an exposed copper surface in the microwave coupling magnetic field in three orthogonal planes. However, when

loop. i . ) ) the crystal contains several magnetically distinct, symmetry-
_The line positions and corresponding microwave frequen- rg|ated sites, the measurement of each of those sites during
cies of EPR lines consistent with the ISP were then used as,gtation in a single plane is equivalent to a rotation in a
input to the computer program EPR-NMR (Department of jtferent plane for each of those sites, as described by Weil
Chemistry, University of Saskatchewan, Saskatoon, SK) gt g1 (30). For the bovinebc; crystal, rotation about one of
which performed least-squares fits of spin Hamiltonian e 2 fold axes or the hypothesized NCS axis generates the
parameters to the input considering both the space groupsame data as rotation in four different planes related by those
symmetry of the crystal and possible misalignment of the gy metry elements. Thus, a single rotation aboutthgis
crystal. Structures were visualized and manipulated Using of the crystal would generate sufficient data for the complete

Swiss PDB-Viewer version 3.7 and POV version 3.5. getermination of the-tensor and its orientation without the
Additional calculations were performed using Mathematica grrors resulting from remounting the crystal. The quality of

version 4.2, and plots were generated with SigmaPlot 2001. e fits to the experimental data provides a stringent test of
this hypothesis.

An examination of theg-factors plotted as a function of

The g-Tensor Is Different for the Two ISPs in the the rotation angle (Figure 1) shows a set of data points falling
Asymmetric UnitThe cytbc dimer is the asymmetric unit  along a sinusoidal path betweeryaf ~2.03 and~1.88, a
in this crystal, and there is one 2Fe2S cluster in the Rieskerange of~23 mT. This set of data will be called monomer
ISP of each monomer comprising the dimer. In B%2,2; A for convenience and corresponds to one of the monomers
space group, there are four symmetry-related sites for eachin the bc; dimer. Theg,-axis happens to be coincident with
monomer, but not all four sites can be distinguished in a the a-axis of the crystal so that the expected pair of tracks
magnetic resonance measuremed@).( When the applied  are coincident. The majority of the remaining points in the
magnetic field is perpendicular to one of the crystal symmetry rotational pattern fall along a pair of sinusoidal tracks that
axes, there are degeneracies resulting in at most two distinctdo not cross the track from monomer A. Each track ranges
sites per monomer. The space group and the overallbetween ag of ~1.94 and 1.85 but shifted in phase with
orientation of thébc; complex within the crystal are the same respect to each other and to monomer A. They are assigned
as in crystals of the chickdm; complex (PDB entries 1BCC  to two sets of symmetry-related sites from the other
and 3BCC). Those chickdm; complexes were analyzed in - monomer, B.

202 1 Monomer A

e

g-factor
2
L}

1.90 A

9[9 180 270 360

In view of this NCS element, the initial hypothesis was
that the two monomers have identicgitensors whose
orientations are related by the NCS. This hypothesis results
in considerable simplification in data acquisition and analysis.
Single-crystal EPR measurements for the complete deter-
mination of ag-tensor normally require rotation of the

RESULTS



Rieskeg-Tensor Orientation in thbg, Complex Biochemistry, Vol. 43, No. 2, 2004433

Table 1: g-Tensors and Direction Cosines for the Reduced ISP in a Crystal of Bovine MitochondriakQyith Stigmatellin

g-tensor principal values direction cosines
Monomer A (ISP Chain E)
Axes:a b [
2.0240 0.0000—0.0001 2.024 1.00000 0.00012 0.00026
0.0000 1.8805 0.029 1.89 —0.00004 0.95121-0.30853
—0.0001 0.0293 1.799 1.79 —0.00028 0.38530 0.95171

Monomer B (ISP Chain R)

1.9375 —0.0232 0.096 2.024
—0.0232 1.8518 0.044 1.89

0.0962 0.0449 1.91 1.79

Axes:a b c

0.73226  0.46985 0.4930
0.07776 —0.77685 0.06248
0.67658 —0.41923 —0.60538

EPR-NMR was used to fit g-tensor to the data from both  and showed no systematic deviation from the experimental
monomers using rotation matrices describing the crystal- data (Figure 1). Subsequent fits wghensor principal values
lographic symmetry and the hypothesized NCS. The NCS bracketing the range reported for dyt; with stigmatellin
matrix relating the two monomers was constructed to yielded the same rms deviation agidensor orientations that
superimpose the ISP headgroups in the crystal structure. Thevaried by at most 4 Thus, over the entire range gfvalues
best fit of ag-tensor to the data using EPR-NMR did not reported for the Rieske 2Fe2S cluster in dyt with
yield a very good fit in a number of aspects. The fit has an stigmatellin, theg-tensor orientation is nearly invariant.
rms deviation of 1.40 mT, which is significantly larger than  The fit based on the hypothesis of identigaiensors for
the line width in many orientations. The principal values of the two monomers in the asymmetric unit is significantly
the g-tensor had rather large error bars but did include the worse ¢ < 0.001) than the fits with different tensors, and
full range of values reported fdic, with stigmatellin. Also,  therefore, the original hypothesis must be rejected. On the
there were systematic deviations between the best fit andbasis of this inability to adequately fit the experimental data,
the experimental data over a wide range of orientations. it must be concluded that the two monomers in the asym-
These aspects of the fit raise serious concern that the originaimetric unit haveg-tensors that differ in orientation and/or
hypothesis is invalid, and consequently, other fits to test that principal values. The results obtained with a single set of
hypothesis were undertaken. principal values (1.79, 1.89, and 2.028)lY will be used in

A series of fits were made allowing the two monomers to the rest of this paper because the primary focus is on
have differenig-tensors, which presented a problem. There determining the orientation of thgetensor axes and because
is only experimental rotational data in two independent planesthe orientations obtained from the fits are largely invariant
for each monomer. The data are incomplete for the deter-over the range of reportegivalues.
mination of the fullg-tensor of either monomer. Additional The g-Tensor Orientation Matches Ligand Field Theory
measurements for obtaining a complete data set for eachPredictions.The fits to the experimental data determine the
monomer did not appear to be practical for two reasons. (1) g-tensor for one of the symmetry-related sites in the crystal.
The g-strain is largest near thg—gx plane needed for a  That tensor must be assigned to a particular site to determine
complete data set, and the available X-band EPR spectromits orientation relative to the molecular structure. An assign-
eter lacked adequate sensitivity for measurements in thatment must be made for each ISP (labeled chains E and R in
plane. (2) The single-axis goniometer used for these mea-the crystal structure). Only one set of assignments met the
surements does not allow accurate remounting of the crystalstrict criteria of consistency with the EPR of oriented
and would produce unacceptable uncertainty in the data. membranes, consistency with the model of Bertrandl.

However, there is independent information that can be used(28) and the data of Gurbiekt al. (29), and similar
to supplement the measurements presented here. The EPRrientations in both monomers. Tlygensors in the crystal
spectrum of cytbc, and bef inhibited with stigmatellin has  axis system are listed in Table 1.
been studied in a wide range of samples from intact cells A set of orthogonal molecular axef€ S, andp) was
and organelles through the isolated complex and has verydefined for both ISP with one axife, along the FeFe
consisteng-factors. Thus, the principal values of theéensor  vector of the 2Fe2S cluster. Another axisis perpendicular
in the crystal are rather tightly constrained unless the crystalto the Fe-axis and the SS vector, and theS-axis is
produces an unprecedented environment or conformation.perpendicular to both. The orientation of tgeensor for
With the inclusion of this prior information about the both monomers is shown in Figure 2, and the direction cosine
principal values, it is possible to achieve the original goal matrices and the angles between ghensor and molecular
of establishing the orientation of tigetensor axes relative  axes are given in Table 2. This assignment agrees with the
to the molecular axes of the 2Fe2S cluster. EPR of oriented membranes of bdity andbsf which show

A series of fits were made using EPR-NMR in which the that theg,-axis, roughly perpendicular to the plane of the
principal values of th@-tensor were fixed at the values (1.79, 2Fe2S cluster, lies in the plane of the membrane in the
1.89, and 2.024) reported for bovine &g with stigmatellin presence of stigmatellirl{, 24—27). The axis assignment
in solution @1), but with the orientations of thg-tensor also agrees with that of Bertrared al. based on ligand field
allowed to vary independently for the two monomers. The considerations assuming perfé&t, or D, symmetry for the
best fit was quite good with an rms deviation of 0.67 mT cluster. It disagrees with the assignment of Gurleiehl
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Ficure 2: Orientation of theg-tensor axes of monomer B in chain R (gray) and monomer A in chain E (green) relative to the molecular
axes of the cluster. The two histidine ligands to the cluster are shown to provide its orientation, but the two cysteine ligands on the other
Fe are not. This figure is drawn for “wall-eyed” or defocused stereoviewing.

Table 2: Direction Cosines Relating tigeTensor Axes to the
Molecular Axes and Angles between the Axes for the Reduced ISP
in a Crystal of Bovine Mitochondrial Cylbc; with Stigmatellin

Direction Cosines

g-value Fe-axis Saxis p-axis
Monomer A (ISP Chain E)
2.024 —0.49399 0.41200 0.76546
1.89 0.81420 —0.08974 0.5736
1.79 —0.30503 —0.90676 0.2911
Monomer B (ISP Chain R)
2.024 —0.29138 0.17315 0.94041
1.89 0.95331 —0.02898 0.3005
1.79 —0.07932 —0.98447 0.1566
Angles between Axes
monomer A monomer B
Fe—gx 40° 20°
S0, 36° 18
p—gy 25° 10°

(29) which interchanged the directions of tge~ 1.79 and

Some of the apparent difference in orientation seen in Figure
2 may arise in the fitting process from differences in principal
values. However, the ¥520° differences in the orientation

in Figure 2 are much larger than the-& variation in the
orientation seen in fits bracketing the range of observed
principal values. A substantial portion of the difference in
the orientation of the-tensor in the two monomers of the
asymmetric unit must be real.

In any case, thg-tensor axes do not coincide with the
molecular axes. All attempts to fit the experimental data with
ag-tensor coincident with the molecular axes failed, neither
coming close to the data points nor returning reasonable
g-tensor principal values. Thus, thletensor axes deviate
significantly from the molecular axes of the 2Fe2S cluster
in the ISP p < 0.001).

DISCUSSION

The general direction of each principgttensor has
important implications for the electronic structure of the
2Fe2S cluster and its role in electron transfer reactions. The
g-tensor axes are oriented basically as proposed by Bertrand
et al. (28) from ligand field considerations which confirm
the basic model used for the cluster. However, Gurbtel

g ~ 2.024 axes but for understandable reasons. Their g (29) point out that there is no self-consistent interpretation
assignment is based on experimental ENDOR data from theof o-tensor, ENDOR, and Nesbauer data, indicating “large
histidine nitrogens. The dipolar hyperfine interactions di- gaps in our understanding of the electronic structures of the

rected along the NFe bond indicated an NFe—N angle
of either 80 or 100 depending on the axis assignment.

simplest 2Fe2S clusters”. It was always tacitly assumed that
the principal axes of all these magnetic interactions coincided

Expecting that the Fe(ll) ligand geometry would be nearly \yith each other and with the molecular axes of the cluster.

the N—-Fe—N angle is actually~91°, a value consistent with
either assignment.

should be aligned is based ultimately on the symmetry
constraint that eg-tensor and other magnetic axes must

Theg-tensor orientations are fairly close to each other even coincide with a rigorous 2-fold or higher axis or mirror plane
though the orientations and/or the principal values cannot normal passing through the 2Fe2S cluster. In the absence of

be identical for the two monomers. The obviagstrain in
all EPR spectra of unoriented samples of bgt makes it
likely that the principal values in the crystal differ slightly.

any better structural information, previous studies assumed
that the 2Fe2S cluster had orthorhombic symmetry, either
C,, or D,, that would require exact alignment of magnetic
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and molecular axes. The ISP lacks any symmetry, leadingorientations of their respective ISiPtensor axes. We have
to the skewed axes for thg-tensor. Theg-tensor, > Fe applied theg-tensor orientations found here to oriented
hyperfine interaction, and EFG can all have different axis membranes obsf (A. G. Roberts, M. K. Bowman, and D.
systems, which is probably the reason that Gurbieél. M. Kramer, manuscript in preparation) and find a small
found that a self-consistent interpretation based on coincidentdifference in the orientation of the 2Fe2S cluster in thesISP
axes is impossible. The angles between the axes of theconformation relative to cybci;, but that the transition to
different quantities are important but often elusive experi- the analogue of the ISFconformation involves the same
mental values that may be required to completely understandrotation. This similarity implies that the conformations of
EFG, hyperfine, angj-factor data 29, 32). the 2Fe2S cluster, as well as the degree of motion during
The difference in the orientation of thgetensor axes in  each step of the catalytic cycle, have been highly conserved
the 2Fe2S cluster of chain E versus chain R seems quiteduring the extended evolution of these functionally similar

real. Its origin appears to lie in thggstrain that dominates
the line width of Rieske and other 2Fe2S ISBS)( The
orientation of theg-tensor axes is sensitive to structural
variations because there are no symmetry constraints on the
principal axis directions of thg-tensor. Thus, the difference
in orientation indicates that the two halves of thg dimer

but distantly related enzyme complexes.
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in the crystal adopt slightly different structures caused by REFERENCES

different environments, different contacts, and different
crystal packing forces in their respective crystal sites.

We looked closely for differences between the structures
of the two monomers in the asymmetric unit even though
they are nominally in the same ISRonformation. Little
difference was observed in the structure of either the ISP or
cyt b. The two monomers differ slightly at the 1Syt b
interface, mainly in the angle of approach differing by°2.6
Whether the approach angle and interactions at the-t$P
b interface or whether subtler structural differences are
responsible for the observed skewing of the orientation of
the g-tensors is hard to say.

Yet whatever alters the orientation of tgeensor is likely
also the source of thg-value changes allegedly caused by
binding of substrate as hypothesized in thesi@e double-
occupancy model20). The changes ig-values observed
with different treatments of the cyic, complex probably
have more to do with changes in the interactions at the ISP
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pocket @1).

This paper emphasizes the intradimer differences in the
orientations of they-tensor axes. Yet it is important not to
lose sight of the fact that the axes on each monomer do have
very similar orientations that largely agree with the theoretical
ligand field analysis 28), and that the discrepancies with
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