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ABSTRACT Cytochrome c oxidase catalyzes the reduction of oxygen to water with a concomitant conservation of energy
in the form of a transmembrane proton gradient. The enzyme has a catalytic site consisting of a binuclear center of a copper
ion and a heme group. The spectroscopic parameters of this center are unusual. The origin of broad electron paramagnetic
resonance (EPR) signals in the oxidized state at rather low resonant field, the so-called g’ = 12 signal, has been a matter of
debate for over 30 years. We have studied the angular dependence of this resonance in both parallel and perpendicular mode
X-band EPR in oriented multilayers containing cytochrome ¢ oxidase to resolve the assignment. The “slow” form and
compounds formed by the addition of formate and fluoride to the oxidized enzyme display these resonances, which result
from transitions between states of an integer-spin multiplet arising from magnetic exchange coupling between the five
unpaired electrons of high spin Fe(lll) heme a5 and the single unpaired electron of Cug. The first successful simulation of
similar signals observed in both perpendicular and parallel mode X-band EPR spectra in frozen aqueous solution of the
fluoride compound of the closely related enzyme, quinol oxidase or cytochrome bog, has been reported recently (Oganesyan
et al., 1998, J. Am. Chem. Soc. 120:4232-4233). This suggested that the exchange interaction between the two metal ions
of the binuclear center is very weak (J] ~ 1 cm™"), with the axial zero-field splitting (D ~ 5 cm™") of the high-spin heme
dominating the form of the ground state. We show that this model accounts well for the angular dependences of the X-band
EPR spectra in both perpendicular and parallel modes of oriented multilayers of cytochrome ¢ oxidase derivatives and that
the experimental results are inconsistent with earlier schemes that use exchange coupling parameters of several hundred
wavenumbers.

INTRODUCTION

Mitochondrial cytochromec oxidase (ferrocytochrome: reduction and, possibly, of the process of proton transloca-
oxygen oxidoreductase, EC 1.9.3.1) catalyzes the reductiotion. The site is energy conserving and, by a mechanism that
of oxygen to water and couples the free energy of thiss still unclear, couples the energy to proton translocation.
reaction with the extrusion of protons from the mitochon-The protein structure was modeled with surprising accuracy
drial matrix. Extensive analysis of this enzyme, using abefore the resolution of the crystal structure, by a combina-
wide variety of techniques, has revealed much about it$ion of site-directed mutagenesis, sequence comparisons,
structure and function, but the recent publication of theand various biophysical methods (Hosler et al., 1993;
crystal structures of bovine cytochrongeoxidase (Tsuki- Brown et al., 1994). All of the redox active metal centers lie
hara et al., 1995, 1996) arrhracoccus denitrificansyto-  in one of two subunits. The Gusite is bound by subunit II,
chromec oxidase (lwata et al., 1995), a bacterial homologthe remaining centers by subunit I. Herreeand a; lie on

of the mammalian enzyme, has placed mechanistic studiegpposite sides of transmembrane helix X, at an angle of
on a more secure basis. The enzyme has four redox-activiD4° to each other but with both heme planes perpendicular
metal centers Gy hemea, hemeas, and Cy. Cu,, a to the membrane. Hemeis ligated by Hi§* from helix II
binuclear copper site, transfers electrons via low-spin, sixand His"’® from helix X and hemea, by His*”® of helix X
coordinate hema, liganded by two histidine groups, to the (bovine numbering). Gulies close to the high-spin heme
binuclear catalytic center. The catalytic center comprises &s, coordinated by H&', from helix VI, and Hi$*° and
high-spin, five-coordinate herme and Ci, bound to three  His*** from helices VIl and VIII (Tsukihara et al., 1995;
histidine ligands. This is the site of oxygen binding andlwata et al., 1995).

Electron paramagnetic resonance (EPR) spectroscopy has
been an important biophysical tool for the study of the
individual metal sites of this complex enzyme. At X-band in
the oxidized state, all forms of the enzyme show a rhombic
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amount of Cy to the diamagnetic state or to a small amountspectrum only the low-field signal is present. Hence these
of enzyme lacking Cy (Hunter et al., 1997). The heme signals are very similar to those reported for the slow and
a;-Cug binuclear center gives rise, under certain conditionsyarious inhibited forms of bovine cytochronwe oxidase
to highly unusual EPR signals, depending on the history o{Greenaway et al., 1977; Hagen, 1982) and attest to a close
the enzyme. Because this site has been difficult to probe bytructural relationship between the active sites in the two
optical and magnetic techniques, these signals have been gfizymes.
great interest. However, their assignment and interpretation The orientation of hema of cytochromec oxidase was
are still controversial. first established by measurements of the angular depen-

Cytochromec oxidase may be isolated in a number of dence of the EPR signals of the enzyme in oriented multi-
forms. Of interest here are the “slow” form of the enzyme|ayers of mitochondrial membranes (Blum et al., 1978). The
and compounds formed by the addition of formate andrystal structures of cytochroneexidase confirm the heme
fluoride. These all display unusual low-field EPR reso- grientation deduced from these studies. Henties with its
nances, which are believed to arise from transitions betweefgrmal in the membrane plane, thgandg, signals being
states of an integer-spin multiplet that result from the magxt 60° and 30° to the membrane, respectively (Blum et al.,
netic coupling between the five unpaired electrons of hemq978)_ The hemes of cytochrorbe, have a similar orien-
a; and the single unpaired electron ongCiAs usually  tation (Salerno and Ingledew, 1991). The EPR resonances
prepared, the “slow” form of the enzyme shows a slow rat€yt hemea correspond to the in-heme-plane projections of
of internal electron transfer, sluggish ligand binding, and gy, d,, andd,, orbitals and so approximate to the axes of

. 'YX

broad EPR resonance gt = 12 (Brudvig et al., 1981, ihnect and lowest unpaired electron density. The angular

Schc_)onover and Palm_er, 1990; Coc_)per and Salerno, 1992aependence of the minor species of high-spin ferric heme
Cycling the enzyme with reductant in the presence of Oxy'signal atg = 6 showed that hema is also oriented with its
gen generates a so-called fast form of the enzyme with a fa?‘ntormal in the membrane plane

:pten:jalbc_eI((aj(.:tron_rt;]anggkbetween hem@dfs a}nd Lap'dt The orientation dependence of the X-band EPR signals in
'gand binding. The resor:anc?gi“— . IS absent — hoth perpendicular and parallel modes, displayed by these
from this form of the enzyme. A “fast” to “slow” conversion integer-spin comolexes. is addressed in this paper. The aim
can be achieved by incubation of the enzyme at low pH or gersp P ' paper.

by treatment with formate (Schoonover and Palmer, 1990)!§ to assess the validity of theoretical models describing the

f . interaction between the heme-copper pair. Additional ori-
These treatments restore the= 12 resonance, typical of . . .
. . . entation-dependent experiments are reported with the EPR
the integer-spin complexes of cytochromeoxidase. A

weak resonance gt = 2.95 is always present with tigé = spectrometer operating in parallel mode, that is, with the

12 signal and shows temperature and power saturation ngP(';edt ma_lgnetlc f'eld(?")t.and the mlzliglntetlc field O];hthe
pendences similar to those of the= 12 signal. This must Incident microwave radiationi) parallel to one another.

also arise from the same integer-spin species. Binding of 'S contrasts with the more usual perpendicular mode
fluoride to cytochromec oxidase gives rise to a complex measurements in which, is applied perpendicular to the

series of resonances gt = 8.5, 6, 5, 4.3, and 3.2, the applied magnetic field. The advantage of making this com-
signals atg = 6 andg = 4.3 coming from uncoupled parison is that_t_he selectio_n rules for magnetic dipole mi-
high-spin ferric heme and from low-symmetry nonhemetrowave transitions are different in the two modes and
iron (Cooper and Salerno, 1992). hence are complementary to one another.

A comparison between the EPR signals found in the Recently, the first successful simulation of both perpen-
bacterial quinol oxidase, cytochrorbe,, and cytochrome dicular and parallel mode X-band EPR spectra of fluoride-
oxidase is instructive. Spectroscopic studies and close s&0s has been reported (Oganesyan etal., 1998). This reveals
quence homologies show these oxidases to be closely réhat there is only a very weak exchange interactidh~ 1
lated (Chepuri and Gennis, 1990), although,Gsi absent cm 1) between the two metal ions of the binuclear center
from subunit Il of cytochroméos, presumably because this and shows that, in species exhibiting these broad signals, the
enzyme accepts electrons from quinol rather than cytoPresence of ligands bound either to hemer to Cy; play
chromec. In oxidized cytochroméos, a variety of ligands, Only a minor part in mediating the interaction betwesn
including F, HCOO™, and HO, bind hemeo,, which and Ci. We show here that this model accounts well for
remains high-spin Fe(lll)S = 5/2 (Cheesman et al., 1994; the angular dependences of the X-band EPR spectra of
Ingledew et al., 1993; Calhoun et al., 1994; Little et al.,cytochromec oxidase derivatives in both perpendicular and
1996). Perpendicular mode X-band EPR spectra of all thesparallel modes and, indeed, further shows that the experi-
derivatives show broad, fast relaxing features with the overmental results are not consistent with earlier schemes that
all pattern of a weak derivative signal gt ~ 12 region  use exchange coupling parameters of several hundred.cm
accompanied by a broad band in the regiongbf~ 3.2  The results give strong support to the proposed weak cou-
(Watmough et al., 1993). In the parallel mode X-bandpling scheme (Oganesyan et al., 1998).
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MATERIALS AND METHODS (a) . ] 30 29

43 37
Preparation of mitochondrial membranes | [ \ (
Mitochondria (heavy mitochondrial fraction) were prepared from ox heart
muscle (Green and Ziegler, 1963) and were disrupted by a single passage —105°
through a French pressure cell as described previously (Salerno an — 90
Ingledew, 1991). 15

,._/\/-/\/\/_/—/\/\—’\/ —«
Oriented multilayers W —u5
— 30"
Mitochondrial membrane fragments, suspended 1& mg protein/ml in 2 —s
mM HEPES (pH 7.4), were immediately used for multilayer preparation or — 0
were incubated with 10 mM sodium fluoride or sodium formate in the s
above buffer for 24 h on ice. Oriented multilayers were then prepared by )

depositing the treated mitochondrial membranes onto a nitrocellulose-
coated acetate sheet by centrifugation in a swinging bucket rotor (Beckman
SW28) at 50,000 g for 1 h at 4°C(Blum et al., 1978). Hemispherical

polycarbonate inserts were used to produce a flat internal bottom to the (b (©
centrifuge tube. The deposited membranes were dried under a gentle 2s 50
stream of nitrogen for 1-3 h before being sliced into strips and inserted into a
quartz EPR tubes of-3 mm internal diameter. The EPR tubes were then | o 401 A
quickly frozen and stored under liquid nitrogen until use. r A o 7

o 30

154 T g &
Electron paramagnetic resonance spectroscopy v 3 wg o H o =5
v

Perpendicular mode EPR spectra were obtained using a Bruker ER200D 0y @ © ° 104 A A
spectrometer interfaced to a ESP3220 computer (Bruker Analytische § o9 T A T
Messtechnik GmBH, Silberstreifen, W-7512, Rheinstetten 4, Germany) 5 Y y 0

(15) 0 15 30 45 6.0 75 90 105 (15) 0 15 30 45 60 75 90 105

equipped with a variable-temperature cryostat and liquid helium transfer
Angle (Deg) Angle (Deg)

line (Oxford Instruments, Osney Mead, Oxford, England). Parallel mode

EPR spectra were obtained using a Bruker ER300D spectrometer ﬁtteEIGURE 1 @) EPR spectra of oriented multilayers prepared from mito-

with a dual mode cavity, (type ER4116DM), which can be switched . - e . .
between modes by tuning at different frequencies. In these experiment%hond”al membranes containing untreated, oxidized (“slow”) cytochrome
. oxidase, recorded with the applied magnetic field at anglebétween

perpendicular mode spectra were obtained at 9.67 GHz, while parallei o o - :
mode spectra were obtained at 9.37 GHz. The angle between the plane %iin;:geiozretosah:wﬂa;so?/fetrlﬁemgltg?tl;:.Jggeaygrsia?ifcf:eo;nﬁzr
the sample sheet and the applied magnetic field was measured with & o ) . pect o).
goniometer. The angle between the plane of the sample (and thus thlntensmes with angle of applied magnetic field to membrane plgre12

membrane) and the applied magnetic field is defined, asich tha® = 0° (PO)ng T 6 @) Igt Z 347 ((;V), g =3 (4. EPR ;(p))ect\rszeter Sett'n%s;rs
when the field lies in the plane arid= 90° when the field is normal to the T oChaton amplitude » microwave power 20 mW, irequency 3.
plane. GHz, temperature 4-5 K.

RESULTS with respect to the membrane plane. Therefore the signals
from the two hemes are expected to have opposite polar-
izations, withg,, = 6 being at maximum when the mem-
Perpendicular mode X-band EPR spectra of oxidizedorane normal is parallel to the applied magnetic field. The
(“slow”) fluoride- and formate-treated mitochondrial mem- signal atg, = 3, arising from the low-spin ferric heme, will
branes, recorded with the applied magnetic fidB})(at be at maximum with the applied magnetic field parallel to
various angles between15° and 105° to the plane of the the membrane plane. Thg, = 2.25 resonance from the
membranes, are shown in Figs. 1, 2, and 3, respectively. THew-spin ferric heme was largely obscured in these samples
signal atg = 6 is theg, , resonance of magnetically isolated by strong overlapping resonances from other components in
high-spin Fe(lll) hemag, and the peak aj = 3.0 istheg,  the membranes. As well as these angular dependent reso-
resonance of low-spin Fe(lll) henae The angular variation nances, the spectrum of rhombic high-sfir 5/2 adven-

of these two signals allows the orientation of the membrangitious Fe(lll) was observed @ = 4.3. This arises from an

to be established and provides a measure of the mosaisotropic Kramers doublet and hence shows no orientation
spread of individual protein molecules. Previous workdependence. In addition, signals arising from the, @)+
(Blum et al., 1978) on the EPR of oriented layers showed-e,{1ll) coupled pair are observed. Since tlgevalues
that the low-spin hema plane contains the normal to the arising from such systems will in general depend on the
membrane. This result is confirmed by recent crystal strucmicrowave frequency used, they are labeled as effecfive
tures, which also show that heraghas a similar orientation values §') (Brudvig et al., 1980).

Perpendicular mode EPR spectroscopy
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FIGURE 2 @) EPR spectra of oriented multilayers prepared from mito- An
. . . i gle (Deg) Angie (Deg)
chondrial membranes containing cytochrotrexidase treated with 10 mM
sodium fluoride for 24 h before multilayer productiob.gndc) Variation
of the intensities of resonances with angle of applied magnetic figtd:
12(0),g=6),9=5(0),g=43(4),g=3332{).g=3(),

g = 3.15 () (difference, measurement at X° subtracted from that at 0°).
Spectrometer conditions were as for Fig. 1.

FIGURE 3 @) EPR spectra of oriented multilayers prepared from mito-
chondrial membranes containing cytochrocraxidase treated with 10 mM
sodium formate for 24 h before multilayer production.andc) Variation

of the intensities of resonances with angle of applied magnetic fiptd:

12 ©),g=6(1),g= 3.6 (V),g= 3 (A). Spectrometer conditions were
as for Fig. 1.

The EPR spectra of “slow” cytochromeoxidase (Fig.
1a), with the applied magnetic field at15° to 105° to the  (Schoonover and Palmer, 1990). The resonances=at6
plane of the multilayers, gives signalsgit= 11, 3.7, and andg = 4.3 overlay the positions of existing resonances
2.9 in addition to those & = 6 andg, = 3. Similar signals  from high-spin ferric heme and low-symmetry nonheme
have been reported gt = 12 andg’ = 2.95 (Cooper and iron: a comparison of Fig. 2 with Figs. 1a and 3a shows
Salerno, 1992). The variations in intensity with orientationthis clearly. In addition, resonancesgit= 12 and aig, =
are given graphically in Fig. 1p and c, showing that the 3 are visible. The latter resonance, arising from the low-spin
g’ = 11 resonance is at maximum with the applied magnetiderric heme, is oriented as described previously (Blum et al.,
field perpendicular to the multilayer plané € 90°). Other  1978). Again, theg = 2.25 resonance was obscured.
resonances are less clearly defined because of their low Fig. 2, b and c, plots the angular dependence of the
intensity. Theg’ = 3.7 signal appears to be at maximum resonances of fluoride-treated oxidaseyat 12, 8.6, 6, 5,
with the applied magnetic field parallel to the plane of the3.3/3.2, and 3. All except that gt= 3.3/3.2 show a marked
multilayers @ = 0°). Theg’ = 2.9 resonance is partially angular dependence. The= 12, 8.6, 6, 5 resonances are at
obscured by the, = 3 resonance of the low-spin ferric maximum with the applied magnetic field perpendicular to
heme but appears to be at maximum with the field at arounthe plane of the multilayerso(= 90°). Theg = 3.3/3.2
30° to the multilayers. resonance is broad, with an ill-defined peghkvalue that

The spectra of the fluoride-treated oxidase are shown imlecreases somewhat in magnitude as the angle of the ap-
Fig. 2a. Resonances at= 8.6, 6, 5, 4.3 and a broad peak plied magnetic field to the multilayer plane increases from
between 3.3 and 3.2 and 3.0 are prominent, comparing wel° to 90°, but the main change is a narrowing of the peak
with those of the published spectrum of unoriented samplewidth as this angle increases.
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Fig. 3 a shows the orientation dependence of the EPR 103
spectra of the formate compound of cytochrocexidase, @
and Fig. 3,b andc, plots the angular dependences of the

l

intensities. The spectra are similar to those of the unligated,
oxidized oxidase, with resonancesgat 12, 6, 4.3, 3.6, 3, “\/vs_\,\_\ — 1S
and 2.9. The angular variation of the= 6 andg = 3 K
resonances indicate the degree of orientation and the extent W\_/M — 90
of mosaic spread. The intensity maxima for te= 12 % :2(5):
resonance occur with the applied field perpendicutar; X
90°, for theg = 3.6 signal with the field parallef = 0° and \“\*\/v\—\_\ —'45.
for the g° = 2.9 resonance with the field at 30° to the V\‘_\_\/___\*\ —
membrane plane} = 30°. % ""(1)5

—15

Parallel mode EPR spectroscopy

Parallel mode EPR spectra of the unligated, oxidized cyto-

chromec oxidase and of fluoride-cytochronoeoxidase as a 107 80
function of orientation are shown in Fig. 4. The parallel ®) |
mode spectra of the formate compound (not shown) were

virtually identical to those of the unligated, oxidized cyto-

chromec oxidase. All of the spectra are featureless at fields _\—\,./\/_,\_‘\
aboveg = 6, except for an orientation independent step \\_\/\/v‘—\- — 105
feature at around) = 4 (not shown). The parallel mode \—\”‘\/\/"\’v\ — %0
signal atg’ = 10.3 of oxidized, unligated oxidize shows a M\/\/M—_\‘ —15
broad trough of maximum depth with the magnetic field ‘v\/\/w\ — 60
perpendicular to the membrane plarte= 90°), whereas ~\\’\,\,\~_\\ — 45"
the spectra of the fluoride form gives two troughsgat= \—\'—\\’\/\/\—\ — 30

10.7 and 8.0, with similar orientations. —15

=

h | h h he | ield si Is in both FIGURE 4 Parallel mode EPR spectra of) (untreated, oxidized
The results show that the low field signals in bot perpen'(“slow") cytochromec oxidase andk) cytochromec oxidase treated with

dicular and parallel modes have their maximum valueSodium fluoride as described in the legend to Fig. 2. Spectra were recorded
when the applied magnetic field lies in the heme plane andvith the applied magnetic field at anglésetween—15° and 105° to the

are at minimum when the field is along the heme normal plane of the multilayers. The effectivgvalues of t_he major feaFures are
Although the Spectra of the *Slow” and formae-irealed "7 200% e Peces EF specuorece et oion arpice
enzyme have very similar spectral shapes and angular de-
pendences in the perpendicular mode, the low field region is

somewhat more complex in the fluoride-treated form. In the

following sections we present an analysis of the angulaorientation of the heme normai, is in the XY, that is, the
dependence of the low field signal that reproduces the maimembrane plane. The angledescribes the orientation of
features of the observed signals of oriented multilayersthne hemexy axes relative to the membrane normal,
namely, the angular variation of their intensities and shapesBBecause th& andy axes are equivalent for high-spin Fe(lll)

We do not attempt to fit the spectra because the computéieme, this angle is unimportant for calculations of its EPR
time required for such a process would be considerable. Thepectra. However, for a binuclear coupled system this angle
need to vary parameters, including linewidths, would makgs of crucial importance for the simulation of EPR line-
the task unmanageable. shapes and intensities because the presence of a nonzero
rhombicity E # 0 ensures th& andy axes are inequivalent.

The direction of the applied magnetic fieR} is defined by

two angles6, ¢, whereasB |, the oscillating microwave

The coordinate systems used for analysis of the experimentsagnetic field, is always in th¥Y plane. For each partic-

are shown in Fig. 5XYZandxyzdefine the membrane and ular orientation of the applied magnetic field relative to the
heme coordinate systems, respectively, Withdefining the  membrane plane, the random distribution of heme normals
membrane plane anxly lying in the YZ plane, so that the in the membrane plane and the presence of mosaic spread

ANALYSIS OF RESULTS

Coordinate system
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Vanngard, 1975)n;(T) is the temperature-dependent pop-
ulation difference between the resonant states. The mean-
ings of Q(6 — 6,) andN(6,, o,) are described in the next
section. Experimentally the derivative of the absorption
line, namelydl(B)/oB, has been measured. The resonant
field position and other quantities in Eq. 1 are angular
dependent. The simulation of EPR spectra of complex sys-
tems withS > 1/2 are extremely time-consuming because,
in addition to averaging over all orientations of molecules
according to Eq. 1, the integration over randomly distrib-
X (@) uted zero-field splitting parameters is needed. The positions
of the resonant fields at each orientation are calculated
precisely, using the general eigenvalue method (Belford et
al., 1973). Once these fields are known the wavefunctions of
the states and the other quantities needed in Eq. 1 are
calculated by the usual methods (Belford et al., 1973; Wang
and Hanson, 1996; Pilbrow, 1990). To reduce the amount of
time required for simulation, an interpolation scheme has
been applied. A restricted number of equally spaced direc-
tions of the external magnetic field,(¢) are chosen by the
FIGURE 5 XYZandxyzare the membrane and heme coordinate frames,apple'peel method of partitioning of a unit sphere (van
whereZ andz are the normals to the membrane and heme planes, resped€en, 1978; Gribnau et al., 1990). The one-dimensional
tively. YZlies in thexy plane. The angle. measures the orientation of the cubic spline interpolation method (Bu-ging and Ding-yuan,
hem_exy axes r(_elat_ive to_ the membrane normal, The direction of the 1989) has then been applied a|0ng béthndqb ang|es_ A
applied magnetic field, is defined by two angles, ¢, whereaB , and .
B, the oscillating microwave magnetic fields, are always either fixed in ther_nethOd for traCk'ng the angular depende.nce of the respnant
XY plane or parallel td,, respectively. The cone of half-angé defines ~ field for each pair of levels has been implemented in a
the mosaic spread. computer program and will be described separately. Addi-
tional integration over the rhombic ZFS paramekgrto
which the EPR spectra of non-Kramers systems are partic-
(see later) require averaging betwees @ = 360°and 0= yjarly sensitive (Hendrich and Debrunner, 1989), has been

6 = 180° with a weighting factoQ(6 — f). achieved by numerical integration of Eq. 1 o#r@ssuming
a Gaussian distribution to represent the sprea @flend-
EPR simulation method rich and Debrunner, 1989).

A general computer program for the simulation of EPR

spectra, developed by one of us (VSO), has been adapted for

the simulation of the EPR spectra of oriented multilayersAnalysis for mosaic spread
including cases of non-Kramers systems. The followin

general expression is used (van Veen, 1978):
1 T (27
Ligp(B) = N6, o) EJ J
o0 Jy Jo along the Fe-N pyrrole axes of the porphyrin= 3, being
. g, lies along the heme normal. Therefore with perfect
“(My(L(D)HPB — Bny(T)Q( — 6,)sin 6 d6 do (1) alignment of all of the protein molecules the two signals at
Bj is the field position for resonance between statesdj, 9~ 6 an?g =3 wczuld be expected to drop to zero intensity
and (M;(L(|))) represents the transition probability of ab- & = 0% and 90°, respectively. That this does not occur
sorption of microwave radiation of energy between these implies there is imperfect or incomplete orientation of the
states in either parallel or perpendicular mode. The experiProtein molecules. This phenomenon, known as mosaic
mental conditions constrain the microwave fi@dto liein ~ spread, was analyzed in the seminal paper of Blum et al.
the membrane plan®(B — Bj) is a normalized lineshape (1978). We have analyzed mosaic spread with this approach
function of field, and the facto¢aB{j/ahv| converts fre- by averaging the probability of the membrane orientation
guency-swept to field-swept spectra as described elsewhesavay from the true orientational anghg. This is modeled
(Hendrich and Debrunner, 1989; van Veen, 1978; Aasa ands a Gaussian distribution of the tilts of the normal to the

YThe signals ag = 6 (high-spin ferric heme) and = 3
(low-spin ferric heme) have well-known orientations with
respect to the heme axes. The= 6 contains the tway

dB;
: tensor componentg, and g, oriented in the heme plane

ohv
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multilayer plane with half-width otr: Kramers pairs. The pair with effective spth= 1/2 is 10
) cm ™1 (2D) below the next highest pair. An isotroplo/alue
Q6 — 6, = eXp<—<6 - 90) ) of ~1 cm* will couple this pair with theS = 1/2 Kramers

(o) pair from Cu(ll) to give four energy states (Eq. 3; see Fig.

6). In order of ascending energy, the effective spin compo-

The averaging is performed by numerical integration fol-nents along the Fe-Cu axis are-91, —1, O:

lowed by division by the normalizing factdi(6,, o,) = 2
J§ Q0 — 6)sin 6 df, which, in the case of irregular 1/11 -1 -11

distribution, depends on the parametgras well as on the A = b ( > >) Ms=0

specified angled,. For regular distribution along the unit v

sphere, as for molecules in solution, we candgt— o°. 13 -1 11

N(6,, o,) then reduces to the well-known normalizing factor B) = _S'nd"ﬁ , 2> + COS¢2*2> Ms=+1
4. The dependence of the normalizing factor on the ori-

entational angled, is an indication that areas on the unit, . |—3 1> -1 - > B

sphere covered by various spreads of applied magneti|(§:> - —sm¢‘7,§ * cos¢>‘7,7 Ms=—1
fields with an effective thickness, are different from one

orientation to another. The need to use a normalization D) :1(1 _1> I ’;1 1>) Ms=0 (3)
factor does not appear to have been appreciated in earlier \E 2" 2 2'2 s

work. Only after such an analysis can the orientation de- .
pendences of the broad signalgat 12 andg ~ 3 regions  Where tan @ = \/8J/(2D — J). [B) and|C) are axially

be obtained and the results compared with a theoreticaqegenerate excep_t i_n the presence of a rhombic distogion,
simulation. Calculations using both tige= 6 andg = 3.0 when they are split into two state)’ = 1/V2(B) — |C))

signals give similar values of 21° for this parameigrThis and |(_:>’ = IV2(B) + [C)). . _
compares with values of 25° obtained for cytochrome Anisotropy of the) tensor (Eq. 2) is required to account
oxidase in membranes by Blum et al. (1978) satisfactorily both for the observed resonant field values and

for the relative transition intensities in parallel and perpen-

2’ 2

22

Energy level scheme

To account for the angular dependences of the parallel and 1? C T ]
perpendicular mode features we require an energy level ;3 fic>

scheme on which an assignment can be based. We therefore 10

. L 1B>"
test the results against an energy level scheme that accounts 0.8 _|D>> .
well for other magnetic data, including the parallel and 05 H 2 Bliz
perpendicular mode EPR signals of cytochroime, in 0.3 L A> =

0.0

glassy solutions (Oganesyan et al., 1998). In this model the
energy levels of two interacting metal ions are described by

TTE TTH
[¢]
Vv
\'

H 18
1.5

the following spin-Hamiltonian (Oganesyan et al., 1998): &= ' 13
% 310
A =[9BBS+ D& - &13) + E& - B ] JB_I\- 08
g Lo b B3 o5
+[gBBY™ — &3+ &, @ 7B, < 03
— 00
The first term represents the Zeeman interaction and zero- 18
field splittings (ZFS) at iron @ and E are the axial and 15 & 2
rhombic ZFS parameters), the second term is the Zeeman 1.3 IC> .
interaction at Cg(Il), and the third is the spin-coupling (‘J'g 18> .
between the two metals defined bythe exchange coupling 05 [ID> .
tensor. A basis set is constructed using products of the 43 [
single ion spin function$S;, M,)|S,, M), whereS, andS, 00 (& i
refer to the total spins of the individual ions. e e TN ESNFERETREESNEes cecec et
For the case of high-spin Fe(lll) and Cu(l§, = 5/2 and 0.0 0.1 0.2 03 04
S, = 1/2. In the limit of strong exchange couplinig] >> B, Tesla

|D , the 12 product functions splitinto two multiplets of total FIGURE 6 The four energy levels generated by exchange coupling of
H A f—
spinS' = 2 andS' = 3. For the case dﬂ| = |D|’ the weak effective spins,S = 1/2, on high-spin Fe(lll) heme and gl), as

coupling limit, using aD value at the Fe(lll) heme of 5.0 gescribed in the text, with a magnetic field applied along the three heme
cm 1, the S = 5/2 levels of Fe(lll) are split into three principal axesx, y, andz.
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dicular modes. The resulting energy levels as a function of ' T T '
B,y- the magnetic field along each principal axis are shown
in Fig. 6 for the weak coupling case. This scheme is used as
the basis for the simulation of the angular dependences of 900
g’ = 12 features in the parallel and perpendicular mode
EPR described in the next section.

75°
Simulation of angular variation of EPR
Simulated angular variations of the EPR spectra in perpen- 48
dicular and parallel modes in the regionsgdf~ 12 B ~ .
0.05T) andg ~ 6 (B ~ 0.11T) are shown in Figs. 7 and 8, 0

respectively. Thg ~ 6 signal has been simulated using the
set of parameters that account for the frozen solution spec-
trum, namelyD = 5 cm %, E = 0 cm™ %, with linewidths 0.00 005 — da
A,y, = [0.01 0.015 0.015] cmt. Theg ~ 6 signal inte- ’
grates to~7% of uncoupled high-spin Fe(lll) heme. The fGuRE 8 simulated angular variations of the EPR spectra in parallel
g’ =~ 12 signal is simulated using the following parameters:mode forg ~ 12. The spectra are generated from the same set of param-
D =5cm % E=0.22 cm %, with a Gaussian spread Bf  eters as in Fig. 7.
o, = 0.05 cm* and with components of the coupling
tensor (expressed in the heme coordinate frame), gs=
[-0.25—-0.25 —1.55] cm *. The mosaic spread was esti- shown in Fig. 9. Shaded regions indicate mosaic spread with
mated to be 21°, and for thgg ~ 12 signale is 30°. Note o, = 20° at magnetic field orientations in the vicinity of
that there is a contribution to the experimental spectra fron, = 0 and 90°, respectively. The importance of allowing
minor components of unoriented fractions. Blum et al.for mosaic spread is apparent when we examine the origin
(1978) also observed such contributions and estimated thaff the angular variation af ~ 6 signal. As can be seen from
~15% of the EPR signal came from unoriented protein. Fig. 9 b, without mosaic spread the signal would be isotro-
The angular dependences of the predicted resonant pogic at 6 = 90°, because there is no dependence of the
tions, expressed in the membrane coordinate sysigm resonant field onp. This would give a symmetrical deriv-
between 0° and 90° and at selected value$ efjual to 0°,  ative-shaped signal. However, asymmetriga+ 6 signals
—60°, and—90°, for both they’ ~ 12 andg ~ 6 signals, are are observed. As the mosaic spread given by the fagor
grows the anisotropy of the resonant position increases
because the dependencedbecomes more prominent (see
the shaded arean Fig. 9 b near 6 = 90°), resulting in
asymmetrical shapes of both averaged absorption and de-

|

0.10 0.15

rivative spectra. Hence the analysis of the formgof 6
/\ 90° spectra at this orientation of magnetic field can serve as a

rather sensitive measure of mosaic spread. Blum et al.

(1978) used thg = 3 signal of low-spin heme to estimate
/\ 75° the degree of mosaic spread. The most distinct effect on

anisotropy is observed & = 0°, where a pronounced
orientation dependence &, is predicted by the shaded

N N ” area neap = 0° (Fig. 9b). The intensity is distributed over
S~ 00 a wide range of fields, resulting in a spectral shape of low
= intensity with an almost Gaussian pattern centered at
. | . | . | . ~0.11T (Fig. 7).
Because the angular dependence ofghe 12 signal is
0.00 0.05 B,%;gla 0.15 0.20 closely similar to that of thegy ~ 6, the same qualitative

picture is expected for the angular variation as for the
FIGURE 7 Simulated angular variations of perpendicular mode EPRsecond signal. Indeed, at= 90° orientation (Figs. 2 and 3
spectra forg ~ 12 (B ~ 0.05T) andgj 6B~ OilT) regionsg~6  g), theg' ~ 12 signal in both parallel and perpendicular
signal simulation parametes =5 cm -, E = 0 cm 7, linewidthsA,,, = modes possesses the characteristic form of a broad asym-
[0.01 0.015 0.015] cm™. g =~ 12 signal parameter® = 5cm™*, E = 0.22 trical derivati h d si | with | ti
cm ™%, Gaussian spread &, = 0.05cm *, J,,, = [-0.25-0.25—1.55] me rica . ernva I\_/e_s ape_ signal with a long nega 'Ye'
cm~L. The mosaic spread is estimated at 21°, and fogthe12 signala ~ Signed wing typical of oriented molecules and resulting
is 30°. from inhomogeneous broadening arising from the distribu-
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FIGURE 9 Angular dependencies of resonance positiona)aj & 12 and b) g ~ 6 signals expressed in a membrane coordinate system as a function
of 6 at selected values ap of —0°, —60°, and—90°. The shaded region indicates the width of the mosaic spreadoyith 21° for magnetic field
orientations relative to membrane plane in the vicinityggf= 0° and 90°, respectively.

tion in, and averaging oveE alone (Hendrich and Debrun- resonance at low field, thg¢ =~ 12 signal, is assigned to the
ner, 1989; Abragam and Bleaney, 1970). As the appliedransition from|D) to |B)’ states, a second resonance around
magnetic field approaches the membrane plane, the signal Bt~ 0.2T will inevitably arise betweejB)’ and|C)’, as seen
first becomes more symmetrical because of the compensat Fig. 6. However, the intensity of this second signal is
ing effects between, on one hand, inhomogeneous broadeexpected to be vanishingly small in parallel mode because it
ing from E distribution and, on the other, broadening due tolies at a higher field, which in turn requires to be very
an increasing angular anisotropy. Finally the signal loses akmall, as emphasized earlier.
significant intensity, as shown in Figs. 1-8andb. The fact that the experimentally observed angular varia-
tion of theg’ ~ 12 EPR signal (Figs. 1-4) is similar in
parallel and perpendicular modes is of crucial importance to
the assignment of transitions. When a magnetic field lies
The simulations show that thlig ~ 12 andg’ ~ 3.3 signals  along the membrane normal, in the heme plane, With
are due to resonant transitions between stigsand |B)’ 90°, the signal is at maximum in parallel as well as perpen-
and betweelB)’ and|C)’, respectively (Fig. 6). In principle, dicular modes, indicating that the Zeeman matrix element
parallel mode signals can arise between any pair of statdsetween the resonant states is inxg@lane. This can occur
that have nonzero transition moments (Zeeman compdor state§D) and|B)’, which have Zeeman matrix elements
nents) along the direction of the applied field. In this casealong thex andy axes and hence will yield maximum
for example, when the magnetic field is applied along theresonances in both modes when the field is inxp@lane
heme principal axig, intensity can appear for transitions (Fig. 6, b andc. As the field changes orientation into the
between state8)’ and|C)’, a so-calledAM = =2 transi- membrane plane wher@ = 0°, the resonance moves to a
tion, or, when the field is applied along the principle axis higher field, giving only highly anisotropic signals of low
between state}®) and|B)’, aAM = *1 transition. Gener- intensity, as seen in Figs. 1-4.
ally for orientations of the applied field along principal axes = This interpretation rules out transitions between states
i the transition probability depends ok, where A is  |B) and|C)’ (AM = =*2) as candidates for thg' ~ 12
the energy difference between two states in zero field, asignal because the nonzero Zeeman matrix element between
(M(i)) = (A/hv)2. Hence signals at low fields have high these states lie along t@xis, not in thexy plane, where its
intensity in parallel mode, becausk is similar to hy,  value will be zero. Hence the maximum intensity of the
whereas at high field the signal intensity is lower becausesignal in parallel mode is predicted to occur when the
the value ofA must tend to zero to satisfy the resonancemagnetic field is in the membrane plares 0°, contrary to
conditionhv = VA2 + (2gB3B)2. the experimental evidence. Computer simulations support
In perpendicular mode the resonant intensity becomethis conclusion.
significant only by field-induced mixing with the other  The observed angular variation of tgé~ 12 signal in
states, as, for example, for the field orientat®jly (Fig. 6  parallel mode is also inconsistent with transitions within an
c). Test calculations with the model show that, once theS = 2 state arising from the so-called strong coupling

Assignment of EPR
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model. Earlier interpretations of thg' ~ 12 signal as perpendicular and parallel mode X-band EPR frozen solu-
arising fromAM = =4 or =2 resonances either between tion spectra of the quinol oxidase cytochrorhe, were
|£2) or |=1) states ofS = 2 (Hagen, 1982; Brudvig et al., fitted satisfactorily with this weak coupling model, and
1986) are ruled out by these results because such resonangesposals were made for the assignment of the transitions
are predicted to have opposite angular dependences in pahat give rise to the EPR features. The orientation-dependent
allel and perpendicular modes. It is possible within thisdata presented here provide a more stringent set of criteria
strong coupling model to find resonant transitions betweeragainst which this model and the proposed assignments can
stated0) and|+1) or|—1) atB ~ 0.05T by using extremely be tested. We have shown that the angular dependencies of
low values forD of ~0.2 cmi *. However, this results inthe the EPR signals in thg ~ 10-12 region are correctly
appearance of additional multiple resonances in both paragiven by Oganesyan (Oganesyan et al., 1998). The orienta-
lel and perpendicular modes, which have not been observetlon dependencies and the simulations for cytochrame
Such a low value oD for high-spin Fe(lll) heme is also oxidase, however, require a modification to the assignment
inconsistent with a large body of experimental data onused in the earlier work. The transitions in the regiorgof
histidine coordinated hemes. Analysis of variable tempera= 12 take place betweéB) and|B)’ when the field is in the
ture and magnetic field circular dichroism (MCD) data of hemexy plane. On the other hand, in fluoride-cytochrome
the high-spin heme in cytochron®, points unequivocally  bo, the spectra were simulated on the basis of assignments
to more reasonable values rof =5 cm ! (Cheesman et between|B)’ and [C)’ with the field in theyz plane. The
al., manuscript in preparation). energies of these four levels and the mixing of the levels
The model predicts that the signal in the regiorgof= depend sensitively on the choice of zero-field parameters
3.3 arises as a result of resonance betwi@hand |C)’ and on the anisotropy af but not the overall magnitude of
states. In perpendicular mode the maximum intensity occurd. Therefore it is possible that the assignments vary, as
when the magnetic field is in the membrane plafe=(0°) between the two enzymes.
because, at this orientation, the angle betweery thés and Much experimental and theoretical effort has been ex-
the membrane plane is rather small & 30°), and the pended to obtain an energy level scheme that will account
magnetic field is effectively in the vicinity of thgzheme for the magnetic properties of the binuclear center in cyto-
plane, where the resonant field positions are restricted to ehromec oxidase, primarily with a view to arriving at an
rather narrow interval ned ~ 0.2T (Fig. 6,aandc). As  estimate of the magnitude and sign of the exchange cou-
the field approaches the membrane nornfad=(90°) it lies  pling between the high-spin heme and thegQitdagen,
in the vicinity of the hemex axis, where the resonance 1982; Moss et al., 1978; Dunham et al., 1983). Previous
disappears (Fig. 6). Hence the angular variation of signal work within a strong coupling model, in which the ground
g’ = 3.3 tends to be opposite that observed forghe- 12 state separates into two distinct spin systems ®ith2 and
signal. The experimental results shown in Figs. 1 and X5 = 3, has assigned the transitiongat= 12 in cytochrome
suggest that the intensity in the regigh~ 3—4 follows this ¢ oxidase to aAM = =4 transition within anM = =2
prediction, but the signal-to-noise ratio is less than optimalpon-Kramers pair of a8 = 2 system using & value of
and further experiments are required at lower temperatures.19 cmi * in a Hamiltonian that assumes the strong cou-
and higher microwave powers to improve the quality of thepling limit (Hagen, 1982). The relationship betwenthe
data. axial zero field splitting parameter of high-spin Fe(lll) heme
andD’ isD’ =~ (4/3)D (Buluggiu, 1980). Hence the value of
0.9 cm * thus obtained foD is far too small for a high-spin
DISCUSSION Fe(lll) heme with proximal histidine ligation, which is more
The theoretical model presented by Oganesyan et al. (1998)pically 5-8 cm * (Brudvig et al., 1980). Using this value
gave the first detailed description of a coupling schemeve were unable to simulate the essential spectral features
between high-spin Fe(ll) heme and Cu(ll) in which the observed in experiments on frozen solutions of protein, that
value at the heme was allowed to assume a value-®f is, the ratio of the peak intensities of tlgg ~ 12 signal
cm 1, as expected for a histidine coordinated high-spinbetween the two modes and the appearance of the second
heme, and the exchange coupling was found to be on thsignal @' =~ 3.2) only in perpendicular mode. Moreover, the
order of 1 cm*. The lowest energy levels in this case are aangular dependence results reported here are quite incom-
group of four arising from the coupling of two spins with patible with a strong coupling model giving distinct spin
effective S = 1/2, one on Cu(ll) and the other from the systems witt5= 2 and 3. In the strong coupling model the
lowest Kramers doublet of high-spin heme. The resultingorientation dependences of transitions betwabh, = =2
energy levels have effectivdg values of 0,+1, —1,and 0. and AMg = *4 levels are predicted to be opposite in
The separation of these levels in zero field depends on thperpendicular and parallel modes, whereas the experimental
values ofD andE at the heme iron and the value &fthe  results presented here show them to have the same orienta-
exchange coupling constant. It is necessary to use an anistien dependence. No previous attempts to assign the transi-
tropic value ofJ to obtain satisfactory fits to the data. The tion atg’ ~ 3.2 have been made, although as shown in our
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earlier work (Oganesyan et al., 1998), this also severelynagnetization of high-spin hengg in a coupled state with
restrains the model to a weak coupling. Cug(Il) that leads to similar conclusions. Thus the broad
Theoretical models based on both the strong and weakignals in the low-field region that have been known for so
coupling limits have also been used to interpretsstmauer long in the oxidase field are now understood in rather
and magnetic susceptibility data on cytochromexidase complete detail. This leads to the conclusion that the inter-
(Moss et al., 1978; Dunham et al., 1983; Kent et al., 1983action is weak and the EPR spectrum is not greatly influ-
Tweedle et al., 1978; Day et al., 1993; Barnes et al., 1991enced by a ligand bound to either one of the two metal ions,
Rusnak et al., 1987) as well as on heme-copper-bridgegrovided that the heme remains high spin and that D.
assemblies pertinent to cytochrorn@xidase (Kauffmann In this case the energy levels are dominate®bthe heme
et al., 1997). Messbauer spectra of the-Cug site of oxi-  axial ZFS, and only secondarily influenced by the value of
dized Thermus thermophilus ;a@a; could be simulated J. This contrasts with the situation in which cyanide ion is
equally well in terms of a weakl(~ 1 cm %) or a strong bound at the binuclear center (Thomson et al., 1982),
(J > 7 cm %) coupling (Rusnak et al., 1987). Both models switching the heme low spin and coupling the two spins
could also fit the entire family of magnetization curves of ferromagnetically via the bridging cyanide ion. When other
the a;-Cug site of slow form of oxidized cytochrome  species occupy the site that could bridge between heme
oxidase collected at several magnetic fields (Day et al.Fe(lll) and Cy(ll), such as peroxide, as recently proposed
1993). Thus in neither case could effective discriminationfrom the x-ray structural data (Yoshikawa et al., 1998), the
between the two models be obtained. Both studies invokedtrength of the coupling is not known. In the absence of the
structural heterogeneity of the dinuclear site to account fodistinctive EPR spectra discussed in this paper, other diag-
the experimental data. The most complete fit of susceptinostic methods will need to be brought to bear.
bility magnetization curves for a sample of “slow” cyto-
chromec oxidase was obtained by Day et al. (1993), using
the ZFS parameter§ =2,D=-74 Cmfl, E/D = 0.27. We thank G. N. George for communicating his results of the angular
Because it is impossible to reconcile le= 12 EPR signal depgndence of the p_erpendicular mode EPR of oriented multilayers of
of the “slow” form with this set of parameters, the authors bovine cytochrome oxidase at the X- and Q-bands many years ago. These

experimental results are consistent with our model.

suggested that the signal may arise from a small subpopu-
99 g y pop This work was funded by the UK Biotechnology and Biological Sciences

lation within the sample. _ Research Council by grants GR/J33142 to WJI, BO1727 and BO2073 to
EPR signals from an unoriented non-Kramers ion at thexst, and BO3032-1 to the Metalloprotein Center.
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