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Abstract: Fully oxidized cytochrome bos from Escherichia coli has been studied in its oxidized and several
ligand-bound forms using electron paramagnetic resonance (EPR) and magnetic circular dichroism (MCD)
spectroscopies. In each form, the spin-coupled high-spin Fe(lll) heme o; and Cug(ll) ion at the active site
give rise to similar fast-relaxing broad features in the dual-mode X-band EPR spectra. Simulations of dual-
mode spectra are presented which show that this EPR can arise only from a dinuclear site in which the
metal ions are weakly coupled by an anisotropic exchange interaction of |J| ~ 1 cm™. A variable-temperature
and magnetic field (VTVF) MCD study is also presented for the cytochrome bos fluoride and azide derivatives.
New methods are used to extract the contribution to the MCD of the spin-coupled active site in the presence
of strong transitions from low-spin Fe(lll) heme b. Analysis of the MCD data, independent of the EPR
study, also shows that the spin-coupling within the active site is weak with |J| ~ 1 cm~1. These conclusions
overturn a long-held view that such EPR signals in bovine cytochrome c oxidase arise from an S' = 2
ground state resulting from strong exchange coupling (|J| > 102 cm™) within the active site.

1. Introduction chromesaag from Paracoccus denitrificari§~1? and Rhodo-
bacter sphaeriode®¥ cytochromebaz from Thermus thermo-
philus* and quinol oxidasbos.*> The structures of the oxidized
enzyme reveal an active site (Chart 1) consisting of a heme
coordinated by a single histidine residue and a copper iog, Cu
liganded by three histidine groups. Irt@, the copper ion lies
~4.9 A from the heme iron at an angle sfL3° from the heme
normal through the iron. An unexpected feature of the active
site, revealed in the €O, ParacoccusandThermusstructures,
is a covalent bond between one of thegChistidine ligands
and a tyrosine residue (H240/Y244, in bovined}.>1114This
OIyrosine residue is hydrogen-bonded to the hydroxy group of
the hemeag hydroxy-farnesyl side-chaih.

In the oxidized forms of all HCOs studied, there is a magnetic
t School of Chemical Sciences and Pharmacy. coupling between the Fe(lll) heme andglil) ions. The nature

* School of Biological Sciences.
§ Present address: School of Cell and Molecular Biosciences, The (8) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamaguchi, H.;

The quinol oxidase cytochronies (bost), from Escherichia
coli, is a member of the superfamily of membrane-bound heme-
copper oxidases (HCOs) which catalyze the reduction of
dioxygen to water in the aerobic respiratory chains of prokary-
otes and in mitochondria, concomitant with vectorial translo-
cation of protons across the membrdn&. Reduction of
dioxygen takes place at a heme-copper site located within a
highly conserved subunit (I) consisting of 12 trans-membrane
helices, common to all known HCOs. The most extensively
studied of these enzymes is cytochromexidase (€O) from
bovine heart mitochondria. Crystal structures have been reporte
for several HCOs including several forms ot@,/—° cyto-
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Chart 1. The Active Site of CcO (Created from Structure File
20CC Using a Combination of the Programs MOLSCRIPT*¢ and
RASTER3DY)

heme a;

his376

of this interaction has fascinated chemists since Beinert first
proposed such a coupling to explain the lack of EPR signals
typical of high-spin (HS) Fe(lll) heme and Cu(ll) from the active
site of 01819 Greenaway et & subsequently reported that
the X-band EPR spectrum of oxidize@@ does contain broad
features, with unusually short spiattice relaxation times, at
effective g-values ofg’ ~ 3 and~12 (originally calledg’ =
14)2122 These signals were assigned to the interacting heme-
iron and copper paf? but their assignment was ambiguous
because early preparations of the enzyme were heteroge
neous?>23containing up to four distinct chemical forms of the
active site (for a review of this subject, see paper by Mét)dy
Oxidizedbo; and its fluoride-, chloride-, formate-, and azide-
bound forms all display similar, broad X-band EPR featére%.

occur?930 Second, the optical properties of the hemebaf
which compare to those of the protoheme IX class, are far better
understood than those of tleetype hemes found in €331
Both factors allow detailed interpretation of the MCD spectra
of b03.27,29

For the fluoride derivative ofbo;, we showed that the
perpendicular and parallel Zeeman mode X-band EPR spectra
could be simulated only if spin-coupling between hemgand
Cug(ll) is weak (with|J| ~ 1 cnm1).32In this paper, dual-mode
X-band EPR spectra of the oxidized and the chloride-, azide-,
and formate-bound forms @io; are presented for the first time.
These all contain a spectral pattern similar to that observed for
the fluoride derivative. We show that the common features of
these spectra can only be simulated on the assumption of a weak
spin-coupling scheme in whiclh must also be anisotropic.
Several of theséo; derivatives have also been studied using
variable-temperature and variable magnetic field (VTVF) MCD
spectroscopy. A new method is described for deconvoluting the
hemeos; MCD contributions in the presence of the more intense
bands arising from the second heme in the protein, low-spin
(LS) Fe(ll) hemeb. The magnetic field and temperature
dependence of the MCD spectra have been analyzed indepen-
dently of the EPR results. This also shows clearly that the
magnetic coupling between herngand Cy in these forms is
weak with|J| ~ 1 cnm . The results from the two techniques
provide complementary information because the EPR and MCD
spectra are sensitive to different parameters in the spin-
Hamiltonian. Within a weak coupling model, whei@| > |J],
the MCD is sensitive to the magnitude Bf the axial zero-
field parameter of the heme, whereas small changekare
more influential on the form of the EPR spectra. The implica-
tions of these findings for the active site structures in the ligand-
bound derivatives are discussed.

2. Materials and Methods

This paper addresses the question of the nature and the strength

of the interaction between the two metal ions at the active site
of HCOs which results in these broad EPR signals.

Here, we apply both EPR and MCD spectroscoy.coli
bo; has particular advantages for MCD studies of the dinuclear
site28 First, becauséos receives electrons from a membrane
quinol pool, rather than from soluble cytochrowét lacks the
dinuclear Cy site found in subunit Il of €O. This simplifies

2.1. Sample Preparation.bo; was isolated from RG145, a previ-
ously described overexpressing strainofcoli.3® For spectroscopic
experiments, protein samples were exchanged into 50 mM HEPES,
0.2% (w/v) octylf-p-glucopyranoside pH= 7.5. Enzyme concentra-
tions were determined optically usirgos nm = 182 mM cm™* for
the oxidized enzyme prior to ligand additihand verified by single
integration of theg = 2.98 EPR feature of henteagainst copper(ll)
EDTA standards using the method of Aasa anddéad 3> All reagents

the optical spectrum especially at wavelengths longer than 600were of analytical grade or better. HEPES, oglyb-glucopyranoside,

nm, where charge-transfer (CT) bands from the HS Fe(lll) heme
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Natl. Acad. Sci. U.S.AL967, 58, 1073-1079.

(19) Van Gelder, B. F.; Beinert, HBiochim. Biophys. Actd969 189 1—24.

(20) Greenaway, F. T.; Chan, S. H. P.; Vincow,Biochim. Biophys. Act&a977,

490, 62—68.

(21) Because thg-values of these features from non-Kramers systems will be
strongly dependent on microwave frequency, we will follow the accepted
convention of labeling them as effectigevalues,g'.2°

(22) Brudvig, G. W.; Stevens, T. H.; Morse, R. H.; Chan, SBibchemistry
1981, 20, 3912-3921.

(23) Van Buuren, K. J. H.; Nicholls, P.; Van Gelder, B.Biochim. Biophys.
Acta 1972 256, 258-276.
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(25) Watmough, N. J.; Cheesman, M. R.; Gennis, R. B.; Greenwood, C.;
Thomson, A. JFEBS Lett.1993 319 151-154.

(26) Moody, A. J.; Butler, C. S.; Watmough, N. J.; Thomson, A. J.; Rich, P. R.
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and the sodium salts of fluoride, formate, chloride, and azide were
purchased from Sigma. Ligand-bound derivatives were prepared as
previously described to give final ligand concentrations of 20 mM
fluoride and format&® 0.5 M chloride2636and 1 mM azidé? For low-
temperature MCD measurements, glycerol glassing agent (50%, v/v)
was added to the sampl&s.
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1997, 36, 16259-16266.
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Chart 2. Energy Level Scheme for the Weak and Strong Coupling Previous attempts to explain the broad EPR sigfals and
Schemes As Described in the Text the magnetic susceptibility of d©*245 have been formulated
on this basis. The ground-state multiplet has been assumed to
e be S = 2 as a result of strong antiferromagnetic coupling. In
g3 —— this case, the system can be described by an effective spin-
T - Hamiltonian inS:
== —_— D) = H=g8HS +D'(S/ - S3)+E(S/ -89 (2
4D \6D-5uJ whereD' andE' are now the zero-field splitting parameters of
the resultanS = 2 spin-state )’ = 3/4,D3).
3/ — In the case of weak coupling, whél < |DJ, the axial zero-
2D "-\j‘\k2D+%J field splitting at the heme splits the Fe(lll) levels into three
— Kramers doublets separated in energy Iy énd D, respec-
—-— PRvI2E 2 tively, with the lowest doublet havinilE® = +/, andD being
U EYY typically 5—7 cmi L. Exchange coupling between each of these
§=2 $— 5JJ//j three Kramers pairs and the single Kramers pair of(@uS=
~y LD h 1/, gives rise to three sets of states, each consisting of four levels
1J/4 with the components of the lowest set characterizedVigy
values of 0, 0;+1, and—1. EPR transitions between any pair
F 0 J=D of these sublevels will only be observable experimentally if the
Strong Coupling Weak Coupling energy separation between them in the presence of a magnetic
field lies between 0 and 9 GHz and if the selection rules allow

_ for significant intensity. However, the temperature dependence
2.2. EPR SpectroscopyEPR spectra were measured with a Bruker - of the MCD intensity of the HS Fe(lll) heme transitions will
ER300D spectrometer fitted with a dual-mode cavity (type ER4116DM), depend both on thermal populations over all levels and on
that can be switched between perpendicular and parallel Zeeman mOde§econd-order Zeeman mixing. Thus, the two techniques applied
by tuning to different frequencies. Perpendicular-mode spectra were together provide a powerful means' of determining the wave
obtained at-9.7 GHz, and parallel-mode spectra were obtained%# . . . . .
P P functions and spin-Hamiltonian parameters. The following

GHz. These two experimental arrangements differ in the orientation . . ’

of Hy, the oscillating microwave magnetic field, relativeHg the static sections describe the experimental EPR and MCD data and the

magnetic field, resulting in transition selection rules/Afls = +1 theoretical analyses which have been carried out independently

andAMs = 0, respectively. The instrument is interfaced to a ESP1600 for each method.

computer (Bruker Analytische Messtechnik GmBH, Silberstreifen,  3.2. EPR SpectraFigure 1 shows the X-band perpendicular-

W-7512, Rheinstetten 4, Germany) and equipped with a variable- and parallel-mode EPR spectra of five formsbag (fluoride,

temperature cryostat and liquid helium transfer line (Oxford Instruments, azide, chloride, formate, and oxidized). The spectra were

Osney Mead, Oxford, England). _ recorded at low temperature (5 K) and high microwave power
2.3. MCD SpectroscopyMCD spectra were recorded on a circular (103 mW), which saturates the EPR signalg at 2.98, 2.24,

Spltcollsuperconduting sclenoid apable of generating magnetc felds 150 ising from the magnetcally isolated LS Fe(1) heoie
P P g P g gmag For clarity, their positions are indicated on the figure. The

upto5T.
P narrow, derivative feature from HS Fe(lll) heme @t 5.8,
3. Resullts observed in each sample, represents only a small fractib®o]

3.1. Exchange Coupling between HS Fe(lll) Heme and  ©f heme which has became uncoupled froms(@) > These

Cu(ll) lon. The magnetic interaction between HS Fe(lll) heme WO species are half-integer spin, or Kramers systems, and
and Cu(ll) can be described by an effective spin-Hamiltonian @Ppear in the normal perpendicular mode EPR. These spectra
involving an exchange coupling tensar are actually dominated by a series of broad features, with short
spin—lattice relaxation times, across the regior3D0 mT.
A = [g8HS+ D(§2 — &13) + E(§2 — S/Z)] Fe Parallel-mode EPR specttafor which the oscillating micro-
AoCu . AFe - ACu wave magnetic field is applied parallel to the static field, were
[9BHY ™ + 53-8 (1) also recorded. In this mode, transitions from heorand from

where [Feis the local spin-Hamiltonian for the = 5, heme HS Fe(lll) heme, both simple Kramers systems, are forbidden

Fe(lll) ion and contains Zeeman, axid), and rhombic E) (38) Hagen, W. RBiochim. Biophys. Acta982 708 82—98.

zero-field splitting terms, respectively.{Jis the Zeeman spin- (39 E&Qﬁ%@g%?% Sﬁggsy R.H.; Shaw, R. W.; BeinertBlidchim. Biophys.
Hamiltonian for theS = ¥/, Cug(ll). Two limiting cases are of (40) Hagen, W. R.; Dunham, W. R.; Sands, R. H.: Shaw, R. W.: Beinert, H.
i . - i > Biochim. Biophys. Actd984 765 399-402.

interest: the so-called §trong coupling scheme, whéres Brudvig. G. W, Morse R_H.. Chan. S.2. Magn. Resorl986 67, 189
|D|, and the weak coupling case, whgh< |D| (see Chart 2). 201.

)
)
)
)
In the former case, the resulting energy levels split into two (42) Barnes, Z. K.; Babcock, G. T.; Dye, J. Biochemistry1991, 30, 7597
)
)
)

(41

. . . 7603.
multiplets of total spinS = 2 andS = 3 which are further (43) Day, E. D.; Peterson, J.; Sendova, M. S.; Schoonover, J. R.; Palmer, G.
Biochemistry1993 32, 7855-7860.
(44) Falk, K. E.; Vangard, T.; Angstim, J. FEBS Lett.1997, 75, 23—27.
(45) Tweedle, M. F.; Wilson, L. J.; Garcidifjuez, L.; Babcock, G. T.; Palmer,
(37) Thomson, A. J.; Cheesman, M. R.; George, $1ethods Enzymoll993 G. J. Biol. Chem1978 253 8065-8071.
226, 199-232. (46) Hendrich, M. P.; Debrunner, P. Biophys. J.1989 56, 489-506.

split by zero-field terms arising from distortions at the heme.
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heme b mode spectrum, and the ratio of parallel to perpendicular mode
g=58 I intensity at low-field should be<1.7. Simulations have been

@F normalized to experimental spectra by simulation of hdme
signals in perpendicular mode spectra recorded at 10 K with
2.01 mW microwave power as an internal standard. We have
/\ﬁ found that the simulation criteria can be satisfied only when
M [J] is ~1 cmm® and D ~ 5 cnrl. Thus, the weak coupling

3 regime,J < D, is the appropriate one.

3.4, Four-State Model. In this section, we describe the
assignment of the EPR spectra within the four lowest energy
(¢ Cr levels that arise in the weak coupling limit (Chart 2). The lowest
Kramers doublet NIE® = +1/,) of the HS Fe(lll) heme is
separated by 10 cm (2D) from the Mge = 43/, doublet in an
axial zero-field field whereD = 5 cnr L. An isotropicJ of 1

N | cm~! couples this doublet with the G(il) S = Y, Kramers

pair, giving four states, in ascending order of energy,
(d) HCOO
|AD=L(‘1';1D— ‘;11' M.=0
V22" 2 22 S

M ]|

. 13-1 11
(e) Oxidised |B= —sin ¢‘§,7D+ COS¢‘§,§ Mg=+1
—~——— ] s ‘—_3 1 ‘;1;1 __
. . . . . |CO= —sing > ,2D+ cos¢ 5% Mg 1
100 200 300 400 500 600
Magnetic Field (mT) 1/1-1 —-11 _
Figure 1. Dual-mode X-band EPR spectra of oxidizeds and adducts. IDL= 72 (‘E’?D_F ‘ 2 Ms=0 (3)

For each, the upper spectrum was recorded in perpendicular mode at 9.7

GHz and the lower was recorded in parallel mode at 9.4 GHz (5 K; 103
mW: modulation, 1 mT; 250M). P ( where tan 2 = (8)Y2)/(2D — J). The degeneracy gBand

|COwill be further lifted by a rhombic distortion, to give
and hence not observed. In the perpendicular mode, broadtwo states
signals occur in two regions, low-field at 2000 mT with a
derivative shaped band, the intensity and position of which vary, B'0= (13/2)(IBC- |CL
and a mid-field region at150—-290 mT with a more complex
spectral envelope consisting of a broad derivative which varies 21d
in width, intensity, and fine structure. In all five cases, the low-
field feature is also detected in parallel mode with an intensity
similar to that observed in perpendicular mode, whereas the mid-
field signals are absent from parallel mode. Therefore, although 1J] < 1 cmr? and to include a rhombic distortion but that

the spectra of these five derivatives exhibit differences in must also be anisotropic with thk component being larger
intensities and resonance positions, there are characteristicqhan‘]x andJ,. The effect of this anisotropy is to position one

common to all spectra which severely restrict the pos_,sible of the energy levelslAT] further from the remaining three, as
electronic ground-state parameters. We show below, by simula-jg jjjystrated in Figure 2ac. X-band EPR transitions within
tion of EPR spectra which exhibit these characteristics, that the IB'J |C'0 and [DOlevels, shown by arrows on the figure,

magnitude o] can be determined unambiguously. then appear in only two magnetic field regions as required. An

/3.3. Analysis of EPR.A general computer program 10 jsotropic J would maintain the levelATclose enough to the
simulate EPR spectra in both perpendicular and parallel modesy e three to give rise to a third EPR feature. Simulations thus
has been described elsewh&r&or the case of HS Fe(lll) heme obtained, usingJ| ~ 1 cmr! and anisotropic, are shown in

0z and Cu(ll), the Hamiltonian of eq 1 has been applied 0 &  gjgre 24, e. Variations if| of the order of 0.1 cmt influence
basis set comprising products of the single ion spin-functions e form of the simulation to about the same degree as changes
LSCeMSu Dle“MS [J hereafter abbreviated {1 Ms Tifor S = in E/D, and a narrow range of these two parameters can yield
/2, S* = Y. The moleculag-axis is taken to lie perpendicular  gagistactory results. Indeed, a slight increase in the anisotropy
to th.e heme plang. Thgvalues of both metals are setto 2.BY of J and a complementary change EID yields spectra
varying the magnltudg af, we have attemlf’te?I to simulate dual- comparable to those in Figure 2, but the assignment of the low-
mode EPR'Spe.ctra dlsplgylng the chargctepsﬂcs common to thegny mid-field features within theB'[] |C'[) and [DOlevels is
five bos derivatives, specifically two derivative-shaped perpen- reyersed. It is not possible to distinguish between these two
dicular-mode bands in the field regions-2000 and 166-290 cases using powder spectra. (See Supporting Information for
mT, respectively, only the former having intensity in the parallel- ,ther details on EPR simulations and assignments.)
(47) Hunter, D. J. B.; Oganesyan, V. S.; Salerno, J. C.; Butler, C. S.; Ingledew, In sgmmary, th_e major features of the_dual'moqe EPR spectra
W. J.; Thomson, A. JBiophys. J200Q 78, 439-450. of all five derivatives ofboz have been simulated in terms of a

|CO= (1W/2)(IBCH- |CL) (4)

Trials with this model show that not only is it necessary to set

4160 J. AM. CHEM. SOC. = VOL. 126, NO. 13, 2004
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temperatures is an order of magnitude more intense than that

H
LS E @H, of HS Fe(lll) heme under comparable conditions.
. D)
L0 ) However, Fe(lll) heme; gives rise to two MCD CT bands

IB) characteristic of the HS state at wavelengths longer than 600
0.5 nm which are not overlapped by the intense bands of LS Fe-
00F)— (1) hemeb.2° The lower energy CT band (G)is observed at

800-1300 nm in the MCD of a range of HS Fe(lll) henfgs°

Tﬁz.o (b H, but being an almost pure porphyrim)(— Fe(lll) (d) CT
51'5 D) transition, it is extremely weak. Although it has been observed
810 @/’ for several boy derivatives at room temperatufe,it has
E s insufficient intensity in the low-temperature MCD spectra to

be observed above the LS hem€T bands in the same region.
The second band, GTappears in the 666670 nm region and

2.0 gains appreciable intensity by mixing heavily with the porphyrin
m—m* transitions at shorter wavelengtbisThe energies of these

z — d charge-transfer transitions depend directly on d-orbital
energies and consequently are sensitive to the nature of the axial
0.5 ligands. Both CT and CT, are derivative-shaped features in
00 Ea the MCD, but, in the presence of LS heme, the,®and is
often overlapped to higher energy. However, the negative part
of this MCD band to lower energy is usually detectable and,
for HS Fe(lll) hemes with one histidine ligand, is observed to
vary in position from~660 nm when there is no distal ligaiid

to ~620 nm for distal hydroxide coordinatiSAOther coordina-

tion types, such as histidinefB at 636-645 nm, lie between
these extremes. The magnetic field and temperature dependence
of the HS features in the MCD ddo; carry information about

the magnetic properties of the dinuclear site. The variable-
temperature MCD data can be analyzed to yield a measure of
the magnitude of interaction between the metal ions.

A general method of analyzing MCD spectra and magnetiza-
tion curves of HS metal ions has been presented else®Where
using the application of irreducible tensor methods for simplify-
ing multielectron terms and consideration of spawbit coupling
(SOC) together with the Zeeman interaction. This gave analytical
expressions that parametrize MCD spectra into Gaussian and
four-level scheme in which the spin-coupling between HS Fe- derivative-shaped bands. The relationship between optical band
(1) hemeoz and C(ll) is weak (J| ~ 1 cnm) and anisotropic. polarization, the form of the MCD spectra, and of magnetization
Small changes in the degree of this anisotropy yield two different curves for each transition in the spectrum was described, and
transition assignments. These differences do not alter the generaymmetry coefficients were tabulated for a HS Fe(lll) ion in
conclusion concerning the magnitude bfThese conclusions  point symmetryD,q. If, as is the case here, the ground state is
are based on the simulation of EPR properties that are common®A;, then these particular coefficients are also validdp,
to all of the spectra presented, showing that the same couplingsymmetry forxy-polarized transitions of the tyg#&; — E(i)
scheme is applicable to all of thm; derivatives, even though  and can be used to derive the following equation:
there is substantial chemical variation in the nature of the ligand
lying between the iron and the copper ions.

3.5. MCD Properties of Hemesb and oz. Although in
principle the ground-state electronic properties of the coupled
dinuclear site can be extracted from a VTVF MCD study of
electronic bands arising from either metal, in practice this entails
studying electronic bands arising from HS Fe(lll) heogeThe
electronic transitions of Gy(ll) are of insufficient intensity both
in absorption and in MCD to be detected over a background of
much more intense heme bands. In the casbogf however,
this approach is further complicated by the presence of the verys) cheng, J. C.; Osborne, G. A.; Stephens, P. J.; Eaton, Wathre (London)
intense MCD bands of LS Fe(lll) henh,EBOth absorptlon and (49) %%L%srﬁjaqn%%ﬂs._é?%reenwood, C.; Thomson, Add. Inorg. Chem1991
MCD spectra show clearly that herogis HS Fe(lll) in all of 36, 201—255.
the derivatives studied héfeand that heme is LS Fe(lll). (50) Seward, H. E. T. Ph.D. Thesis, University of East Anglia, 1999.
The MCD spectrum of LS Fe(lll) heme at liquid helium 7, 359-407.

R IR AP BT
0.0 0.1 0.2 0.3 0.4
Magnetic Field (Tesla)

Figure 2. (a—c) Simulations of energy levels with magnetic field parallel
to x,y,z axes for the spin-coupled pai® = %, and $; = %, using the
parameterg = [—0.5,—0.5,—0.8] cnT%, D =5 cnr'!, E/D = 0.035,0 =

0.15 cntl. (d) EPR absorption envelope in the perpendicutaj and
parallel (- - -) modes simulated from energy levels described in (a). (e)
Derivative of (d).

6p 6y — e d Of [ Hp
Ae(CA, E()) = K—h A5 BLHC, + 3 A
where

Cr = p/ 765 /A M FEQTIM(SER 1 Hsol E))

(51) Braterman, P. S.; Davies, R. C.; Williams, R. JABy. Chem. Phys1964
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A = /18, Im FEOFMCEQILIEDD @

whereC; andAy represent respectively temperature-dependent
and -independent parts as described in detail in ref($3,

are reduced matrix elements of any operator, afdf is
thermally and orientationally averaged in accordance with:

E
ex

oy Aasing dodg (6)

]
Zex

J

1

4770

T

02;1JZ [S(q

whereA; = c0s6, sinf cos¢, and sind sin ¢ for k =z, x, .

Here, [j is the net expectation value of the spin operator
component in the ground-statge

The electronic transitions of both the LS & Y,) Fe(lll)
hemeb and the HS $ = 5/,) Fe(lll) hemeos are xy-polarized
throughout the UV-visible and near-infrared regiof$>>Both
hemes are taken to belong to an effectig point group3*°6
and all of the transitions argA; — SE. Spin—orbit coupling
within the excitec®E manifold results in a series of overlapping
derivative-shaped temperature-dependent MCD bands (pseudo
A-terms) for both the porphyrim—s* and the CT transitions
of hemeos. Because all of the transitions of both hemes are
Xy-polarized, their MCD temperature and field dependences are
wavelength invariant. According to eq 5, the MCD profiles of
both hemes are determined by the products of band shap
functions and reduced matrix elements. We can therefore
describe the overall MCD spectra as a superposition of the
following contributions:

A€(A,TH) = Cy(A)B(TH)F + C (A)S(TH)P + A(/l)ﬁ—;
@)

where Ae(4,T,H) is the total MCD intensity at a specific
wavelength, temperature, and magnetic field;@rél) andChs
(4) terms describe the temperature-dependent parts due to hem
b and heme; respectively; and\(1) represents the temperature-
independent contributions from both hemes. The temperature-
and field-dependent factolS(T,H)(F for heme b can be
calculated with the following expressidh:

) do do

tanl‘( e

wherel’ = \/g§p0§0+(gfxco§¢+g§ysir12¢)sin26, the gji-fac-
tors being taken directly from the EPR spectra.

Provided that the exchange coupling is small, the optical
properties of hemes are unchanged. However, the ground-
state magnetic properties are modified, and this will be reflected
in the MCD spectra via the temperature- and field-dependent

21 co¥ 6sinf

_pH
0 gZZ r LT

_ 1
BTHE =22 2k

(52) Vickery, L.; Nozawa, T.; Sauer, KI. Am. Chem. Sod 976 98, 343—
350

(53) Oganesyan, V. S.; George, S. J.; Cheesman, M. R.; Thomson].Allem.
Phys.1999 110, 762-777.

(54) Rots, M. I. F.; Zandstra, P. J. Mol. Phys.1982 46, 1283-1310.

(55) Smith, D. W.; Williams, R. J. PStruct. Bondingl97Q 7, 1.

(56) Oganesyan, V. S.; Sharonov, Y. Biochim. Biophys. Actd998 1429
163-175.

(57) Thomson, A. J.; Johnson, M. Biochem. J198Q 191, 411-420.
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Figure 3. (a) Visible region MCD of fluoride-bountbos. Temperatures
were 1.80, 2.11, 2.84, 4.20, 5.21, 6.92, 9.99, 13.0, 16.0, 20.0, 29.2, 49.8,
73.1, 110, 161, 200 K. (b) 596750 nm region expansion of spectra in
Figure 4a. (c) 596750 nm region MCD of azide-bourizb;. Temperatures
were 1.67, 1.81, 2.14, 2.86, 4.21, 4.97, 5.97, 8.21, 10.7, 13.1, 16.0, 20.0,
26.1, 45.1, 68.9, 88.7 K (5 T, 246M). All major bands increase with
decreasing temperature.
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factor [$(T,H)(Ms. The latter can be readily calculated by
diagonalization of the Hamiltonian matrix constructed from eq
1. The net expectation values of the spin oper@n‘or all
resulting states are calculated and averaged both thermally and
orientationally in accordance with eq 6. The resulting temper-
ature-dependent magnetization curves of hegeICD bands

are sensitive to the parameters of the spin-Hamiltonian.

3.6. Experimental MCD Spectra. Figure 3a shows the
visible region MCD spectrum of the fluoride derivative twds
measured between 1.6 and 200 K, at 5 T. The spectrum is
strongly temperature dependent at all wavelengths, indicating
hat all of the features arise from paramagnetic chromophores.
All features between 450 and 600 nm are typical of LS Fe(lll)
heme and are due to herbeThe variable-temperature MCD
spectra have also been recorded for oxidibegland for two
derivatives with azide and formate, respectively, bound at the
active site (data not shown). Figure 3b,c shows the region of
the MCD between 600 and 700 nm for the fluoride and azide
derivatives, respectively. In each case, a distinct minimum, at
616 nm for fluoride and at 637 nm for azide, is observed which
is typical of the HS Fe(lll) charge-transfer band, £of heme
Bs. As the temperature is increased, all of the hdm@CD
bands, which dominate Figure 3a, lose intensity with a similar
dependence on temperature, showing that they arise from the
same chromophore and all have the saryg ¢ptical polariza-
tion. However, the CITMCD bands (Figure 3b,c) clearly have
a different temperature dependence, becoming more distinct as
the temperature is raised 420 K, and decreasing in intensity
at higher temperatures.

These features contain information about the ground-state
magnetic properties. To separate the MCD temperature and field
dependence of HS Fe(lll) heme from these data, two approaches
have been used. The peak-to-trough MCD intensifyyr,
between 624 and 615.5 nm for the fluoride derivative, and from
646 to 637 nm for the azide derivative, was measured and
recorded at a constant magnetic fiell ® T and different
temperatures between 1.67 and 100 K. The narrow bandwidth
allows observation of the henwg contribution as the intensity
of the broader hemé tail decreases. However, the herne
contributionCis(A)[5(T,H)[® along withA(%), the temperature-
independent contribution from both hemes, must now be
removed.Aeyr is plotted versus I/ (not shown) and extrapo-
lated to high temperature, TL/— O, allowing A(1) to be
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Figure 4. Visible region MCD of (a) fluoride-boundbo; and (b) azide- 0.0 [ )
boundbo; recorded using constant ratio temperatures and magnetic fields 0.0 0.2 0.4 0.6
of 1.79 K/0.425 T, 4.23 K/1.00 T, 10.0 K/2.37 T, 16.1 K/3.79 T, 20.0 K/4.74 ’ ’ T : :
T for fluoride-boundboz and 1.72 K/0.402 T, 4.26 K/1.00 T, 10.0 K/2.35 1
T, 20.0 K/4.69 T for azide-bounios. The arrows indicate the direction of Figure 5. RD plots of the HS Fe(lll) hemez CT, band intensity extracted
change with increasing temperature. from the Aeg MCD data set as described in the text for (a) fluoride-bound

bo; and (b) azide-boundos. (®) extracted data points; simulations based

. on (—) Jyyz= [—0.34,—0.34,—2.30] cnT* and (- - -) the strong coupling
determined and subtracted from the,r data set. The heme parameter sel = —250 cnl, D' = 0.89 ¢, E/D’ = 0.25.

contribution to the intensity is removed by the so-called ratio
method which exploits the fact that the temperature and field for the strong coupling regime whede= 250 cnt! andD’ =

dependences of henfiebands are predictable, becase /, 0.89 cntl. Only weak coupling parameters give a fit to the
MCD intensities vary as tanh{3HI'/2kT), eq 8. By recording data.
MCD spectra at fixed ratios dfi/T, the contribution of hemb Thus, the RD-MCD approach provides a very clear distinction

to the total spectrum remains constant. MCD spectra recordedbetween the weak and strong coupling regimes, but it also
under this condition are shown in Figure 4 for the fluoride and provides the information essential to complete the analysis of
azide derivatives. Between 450 and 600 nm, where heme the Aeyr data. TheAer data set is acquired within the restriction
features dominate, the spectra show only small differences, of a fixed H/T ratio. The magnetic field used at the lowest
attributable to contributions from underlying herog bands. attainable temperature~(.7 K) is chosen so as to give an
At wavelengths longer than 600 nm, major changes are observedacceptable signal intensity. In practice, this dictates that, at the
due to the different field and temperature dependences of themaximum field (5 T), the appropriate temperature~20 K.
hemeos CT, bands. From these ratio data (RD), a second CT The Aeyt data which can be recorded over a wider temperature
intensity data setAeg, is measured at the same wavelengths range (1.7200 K) constitute a larger data set and provide an
used to construcheyt from the VT MCD spectra. Because the  additional route to determining the magnitude of the ZFS and
temperature-independent part (obtained by high-temperatureJ parameters. Fitting the RD curves of Figure 5 yields a value
extrapolation of the VT data) has a linear magnetic field for (C'1,) — C'Y(4;)) in the term for heme; intensity in eq
dependence, it can be scaled according to the fields used in the7. The corresponding value for herbe(C'S(1,) — C'S(14)), is

RD spectra and subtracted from those spectra to give a correctegprovided by the invariant part of the RD-MCD intensity in the
set of Aer. The remaining hemle contribution is then eliminated ~ Aeg data set. This can, in turn, be used to fix the LS hdme
by taking one of theAer points (T1,H1) as a reference and  contribution in the expression for the VT MCD intensity,
subtracting it from the others. Finally, the correct®eek set is

normalized to another reference poiit,Hy) to give a set of Aeyr(T,H) = (C°(1,) — C5(1))B(T,H)T +

points (T,H) related directly to the intensity factors which are hs hs s
themselves a function of the parameters in the spin-Hamiltonian (€ —C (il))[@(T’H)m (10)

of eq 1: The Aeyr(T,H) data can then be simulated, again using the

parameters of eq 1. Figure 6 shows, for the fluoride and azide

[S,(TH)P — (T, H,)(1° _ Aep(TH) — Aeg(Ty,Hy) bos derivatives, plots of thé\eyr(T,H) data set (solid circles)
[$(T,,H,)(1° — BT, H)T®  Aeg(ToHy) — Aeg(Ty,Hy) against 1T measuredtsb T plus simulations (solid lines). The
9 magnitudes of the individual contributions to the simulated curve

from the LS (- - -) and HS-+¢---) heme terms of eq 10 are also
whereAeg(T,H) are now the experimental peak-to-trough MCD  shown (they are actually of opposite signs). Figure 6a also show
RD intensities corrected for the temperature-independent con-a composite curve derived from the strong coupling-{}
tributionsA(4). The experimental data for the fluoride and azide parameter sel = 250 cnml, D' = 0.89 cn1?, E'/D' = 0.25.
forms are shown as solid circles in Figure 5. The predicted Slight improvements to the agreement are achieved by minor
dependence oAegr(T,H) on 1T has been calculated for two changes td andE/D as detailed in the figure legends. Thus,
sets of spin-Hamiltonian parameters. The solid lines show the MCD analysis is in agreement with the EPR conclusions
simulations within the weak coupling scheme usifig, = that |J] ~ 1 cm ! but complements the EPR in being more
[—0.34,—0.34,—2.30] cnT. The dotted line shows predictions  sensitive to variations D and E rather than inJ itself.
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overlapped by a broad tail of intense LS Fe(lll) hemieands,

by collecting MCD at magnetic fields and temperatures selected
to ensure that the hentecontributions remain invariant, we
have been able to separate the contributions from the LS and
HS hemes. Analysis of the VT-MCD curves of hemén terms

of two coupling models, withJ| ~ 1 cnT ! and|J| ~ 250 cnT?,

0.15

0.10

0.05

8 b, shows unambiguously thdtmust lie in the former regime with
= A R a hemeD-value of ~5 cm L. Although the MCD spectra are
£0.15 - ®) sensitive taJ, rather than to the anisotropy dnwhen it is small,
L they are also sensitive to the value Bf Thus, the analyses
0.10 | carried out by EPR and MCD are complementary, enabling

different sets of spin-Hamiltonian parameter to be determined
accurately. However, both techniques do depend on the mag-
nitude ofJ and clearly demonstrate thaitnust be much smaller
T . thanD and cannot lie in the region rande> D. The J-value
0'0000' ' '0'2' ' '0'4' ' |0I6 must also be anisotropic to obtain a good description of the
' ST ' EPR spectra.
The conclusions from this work, of a weakly coupled pair,

0.05

Figure 6. HS Fe(lll) hemeos Ct; band intensity extracted from theeyrt
MCD data set for (a) fluoride-bourtab; and (b) azide-bounHos. (®) data

points; (- - -) simulated LS Fe(lll) hem contribution, ¢-++) simulated are different from those drawn from many studies over the last
contribution from the coupled active site usiBg= 5 cn %, E/D = 0.06, 30 years of the magnetic properties of the heme-copper site in
Jxyz = [~0.34,-0.34,—2.30] cm™* (fluoride) andD = 4.2 cmi™t, E/D = the form of bovine €O which gives rise to thg' = 12 signals.

0.04,Jyy; = [—0.34,—0.34,—2.30] cnT?! (azide); () sum of these two

contributions. In (a),+¢--+) simulated sum of hemie contribution plus that Because crystallographic studies of the oxidized formbaf

derived from a strong coupling parameter et —250 cntl, D' = 0.89 and @O show remarkably similar structures for both active

cm™, E/D = 0.25. sites, these apparent differences between the magnetic properties
require explanation. We have, therefore, reexamined earlier

4. Discussion interpretations of the EPR spectra and magnetic susceptibility

We have probed the ground-state magnetic parameters of thedata for @O. We can show, indeed, that they are all consistent

active site, spin-coupled pair, HS Fe(lll) hemgand Cu(ll), with th? weakly f:oupled model put fo.rward here fms
in E. coli HCO, bos, using both parallel and perpendicular mode Previous Studies A number of previous EPR studies have

X-band EPR and VTVF MCD spectroscopy. The EPR properties assigned the broagl = 12 signals. For example, in a pion_eering _
of the active site in the oxidized, fluoride, azide, and formate US€ Of parallel-mode EPR measurements, Hagen assigned this

forms have been studied in detail. Despite having different signal to itransition With_in.thMS = &2 non-Kramers douti)let
ligands bound at the heme-copper site, the EPR spectra of allof an S=2 sy_stem arising from strongJ( > 100 Cmgg
four derivatives are remarkably similar, showing broad signals 2ntiferromagnetic coupling of Gdl) to HS Fe(lll) hemeas.
in two regions with effectivey'-values of~12 and~3. Both It was, however, necessary to use ZFS parametddssf+1.19

1 d [ A— H 1
signals have intensity in the perpendicular EPR mode, but only (£0-16) cnT* and E/D" = 0.25. As Hagen pointed ouby'-
the former has significant intensity in the parallel mode. These values arising from helme axial distortion should be significantly
distinctive features of the EPR spectra have been successfuIlylarg(':'r thant+1.19 cm™* and thus suggested HS ferryl (Fe

simulated using a model of weak anisotropic exchange coupling O) hemeag as an Qltern.ative. ori.gin of ths. = 2 species.
(191 ~ 1 cnY) between high-spin ferric hen and Cu(ll). However, hemes with this oxidation and spin state were, and

All transitions arise from within the four lowest levels with €main, unknown. Although fastdd may contain an equilib-
effectiveMs = 0, 0,+1, —1, the highest and lowest of which UM mixture of HS and LS Fe(lll) hem, it is now generally

are separated by3+/2J in zero field. The assignment of the accepted that, in samples ot@ with the characteristic EPR
two groups of EPR transitions within this four-level scheme is signals, hemeg is |ngeed HS Fe(ll!?.‘"58Nevertheless, we have .
not unambiguous. For example, either the signal at 12 can tested the appropriateness of this model and. parameter set in
occur between theMs +1 and —1 levels and theg ~ 3 an attempt to accour_n for the E_PRkoIBg._ Ass_umlng arS = 2
transitions can occur betwednls = 0 and+1 or the former ~ 9round state and using the spin-Hamiltonian, eq 1, \With=

can occur betweeNls = 0 and-+1 and the latter betweeh1 +1.19 cnr?! after adjustment to the local herog value of D

and —1. The assignments can only be settled definitively by — O-7D' = 0.89 cm* andE'/D’ = 0.25 and withJ set to an
experiments on oriented samples. Although we do not have suchiSPtropic value of—250 cm™,* the g’ = 12 signal at X-band

data on orientetios, we have reported EPR spectra of oriented c0Uld be simulated in both perpendicular and parallel mode (see
samples of €0 and shown that thg = 12 signal arises from Supporting Information). Yet, significantly, it fails to predict a
transitions betweeMs = 0 and+1.47 spectrum of sufficient intensity, or of the correct band shape,

. in th rpendicular m . More importantly, it also falil
VTVF MCD spectra has been used to determine the ground- the perpend cual ode. More importantly, it also fails to
. . ) reproduce the mid-field features observed rggax 3 for both
state magnetic parameters of the dinuclear metal site of two Co .
. : . the bos derivatives and €0. All of our attempts to simulate
adducts ofbos, with fluoride and azide. The VT-MCD of the . o .
- . . - these signals within a strong coupling model have proved
oxidized and formate-bourbs is of a similar form, consistent unsuccessful
with the general conclusion thgli ~ 1 cn! (data not shown). '

The MCD was used to probe the porphyrin-to-Fe(ll)Z@BNd  <g) yo0dy. A. 3.: Cooper, C. E.; Rich, P. Biochim. Biophys. Acta991
of hemeos between 600 and 650 nm. Although this region is 1059 189-207.
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Many studies of €O by magnetic susceptibility have also
been reported 4> Some of the early work may have been
bedevilled by the presence of heterogeneity at the active site.
Magnetic susceptibility magnetization data, collected from
homogeneous preparations of@ showing the broad EPE
= 12 signals, could be fitted to a model of strong exchange
coupling within the dinuclear site having& = 2 system but
with D' = —7 cn?, a highly unusual value for the axial zero-
field splitting of HS Fe(lll) hemé?3 We, therefore, have applied
the weak coupling model using parameters drawn from the
present work to simulate the saturation magnetization curves
reported by Day et &@ An excellent fit to the data has been
obtained (see Supporting Information). Thus, we conclude that,
in this particular case, the susceptibility magnetization data do
not allow for a distinction to be made betwegwalues of~1
cmt and several hundred crh

Mdossbauer studies on oxidized cytochrorogas from
Thermus thermophilusevealed multiple, preparation and pH
dependent, forms of hengg, all spin-coupled to Cg(ll). The
properties of one form of henwg, at pH 6.5, could be fitted to
either strong or weakiJ| ~ 1 cnt1) coupling scheme¥:60 A
broad resonance gt ~ 3.3 in the X-band EPR was assigned
to the heme. However, this signal was enhanced by increasing
the power to 10 mW, and it shows a strong similarity to the
broadbo; EPR feature§!

Effects of Site HeterogeneityThis work seeks to understand
how various forms of the active site of oxidized HCOs give

Chart 3. The Exchange Coupling Pathways for the Anisotropic
Contributions to J As Described in the Text

z

dx!-y:
N
x N
() dy
()
N— —N
x N//(’\ .
U, Na () J,,

rise to broad X-band EPR signals similar to those originally

reported, atg = 3 andg = 12, for bovine @O. Early
preparations of @0 were actually heterogeneous, containing
several forms of the oxidized heme-copper 3tt@he broad
EPR signals are due to one form only, slowQ thus-called

is ~1 cnr ! and anisotropic in all derivatives. Crystal structures
of oxidized HCOs show that Gl) is 4.5-5 A from Fe(lll)
and~1.8 A off the heme perpendicular through Fe(THj13-15
These distances are too long to allow significant overlap between

because of the rate at which it binds ligands such as cyanided-orbitals, and the coupling must be mediated by intervening

ion.82 Slow CcO can be transformed by redox cycling (pulsing)
into a fast form which rapidly binds ligands such as Cahd
F~.24 Improved preparation methods also yield fast enzyme
which has an EPR-silent active sfeHowever, observation of
broad EPR signals does not necessarily indicate low activity.
Oxidized boz exhibits fast ligand binding and reactivity, yet
displays the characteristic EPR. Importantly, the simulated EPR
has been normalized to the heimspectrum allowing integra-
tion, showing clearly that all of the active site is in the same
EPR active form. This eliminates the possibility that activity is
due to a subpopulation with an EPR-silent coupled site. Whether
the EPR silence of the active site in fast@is due to small
quantitative differences id or to more fundamental structural
differences is not known. However, application of the MCD
methods described here will be of value in resolving this

ligands in a superexchange mechanism. Yet, despite different
ligands at the active site, Fe(H)Cu(ll) couplings are very
similar. To achive this, certain features must be common to each
derivative. These can be illustrated by discussion of the fluoride
example. RT-MCD studies indicated that Binds directly to
hemeos,?® but, given the Fe(l1B-Cu(ll) distance, it is unlikely
to bridge between the metal ions. In the fluoride adduct of an
inorganic model, where the Feu distance is 3.96 A, the F
is only 1.87 A from Fe(lll) and clearly not a true bridging
ligand®® For bos-fluoride, the exchange coupling was found to
be J,y, = [—0.34, —0.34, —2.30] cnm?, the z-axis being the
heme perpendicular through Fe(lll). These values Jgk
correspond to an isotropic contribution 6f0.99 cnt! and
anisotropic components dfnis = [0.65, 0.65,—1.31] cnTL.

All five d-orbitals of HS Fe(lll) are magnetic and cannot

question and in probing higher heme redox states, such as ferryicontribute to anisotrop¥. Mixing of Cug(ll) d-orbitals by spin-

(Fe(lV)), implicated in the reaction cycle of cytochronge
oxidase5465

Exchange Pathways and Implications for the Structure
of the Active Site.We now examine the implications thgl]

(59) Rusnak, F. M.; Maock, E.; Nitsche, C. I.; Zimmerman, B. H.; Fee, J.JA.
Biol. Chem.1987, 262, 16328-16332.

(60) Kent, T. A.; Minck, E.; Dunham, W. R.; Filter, W. F.; Findling, K. L,;
Yoshida, T.; Fee, J. Al. Biol. Chem.1982 257, 12489-12492.

(61) Fee, J. A,; Choc, M. G.; Findling, K. L.; Lorence, R.; YoshidaPFfoc.
Natl. Acad. Sci. U.S.AL98Q 77, 147—151.

(62) Baker, G. T.; Noguchi, M.; Palmer, @. Biol. Chem 1987, 262 596—
604

(63) PaIrﬁer, G.; Baker, G. M.; Noguchi, NChem. Scr1988 28A 41-46.

orbit coupling (SOC) must therefore be the source of exchange
anisotropy, and the pathway between the metals must involve
one of the formally nonmagnetic orbitals of guU). Coupling

via the magnetic orbital would result in a larger isotrogic
Chart 3 illustrates one way in which this might occur.gQL)

is liganded by three histidine nitrogens in a plane approximately
parallel to the heme with Gudisplaced from the-axis. In a

(64) Fabian, M.; Palmer, @iochemistryl999 38, 6270-6275.
(65) Morgan, J. E.; Verkhovsky, M. I.; Palmer, G.; WikstmpM. Biochemistry
2001, 40, 6882-6892.
(66) Lee, S. C.; Holm, R. HJ. Am. Chem. S0d.993 115 5833-5834.
)

(67) Moriya, T.Phys. Re. 196Q 120, 91-99.
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coordinate system collinear with that of the heme, the magnetic

orbital of Cus(Il), 3dyy, is directed toward the ligating N atoms.
The p-orbitals F provide effective overlap with the magnetic
orbitals of Fe(lll). As shown, the G(ll) 3d, would not overlap

effectively with F~ p-orbitals, resulting in a negligible exchange

The four-level modéP may have a wider applicability. For
example, this model has been adapted to analyze the EPR spectra
of and to account for the exchange interaction between ar-iron
nitrosyl complex, withS = 3/,, and semiquinone £ radical
(S = ) in Photosystem [#2 Despite the different nature of

interaction, perhaps represented by the observed small isotropiche protein complex and the different spin-state of the Fe(lll)

contribution toJ. In contrast, the nonmagnetic g{u) orbitals
3de-2 and (3dy £+ 3d,,) are positioned potentially to provide
effective overlap with F p-orbitals. Mixing of Cwg(ll) d-orbitals
by SOC transfers spin density from,gdnto these formally

ion, the features in X-band EPR spectra in both parallel and
perpendicular modes are remarkably similar to those observed
in the bos derivatives. There are other examples of dual-mode
EPR spectra containing the same pattern of bands reported here

nonmagnetic orbitals, contributing to exchange coupling between for the bo; adducts. These appear to arise fromSan %/, Fe-

copper and iron via thd,, and Jy terms, respectively. Thus,

(1) heme weakly coupled to & = %/, paramagnet. However,

the coupling, which results from second-order SOC, is smaller in these examples, the second paramagnet appears to be a LS
in magnitude than might be anticipated for direct overlap of Fe(lll) heme: at pH 7.4, the tetraheme cytochrogg, from
magnetic orbitals and is also anisotropic (see Supporting Nitrosomonas europaeaontains one HS and three LS Fe(lll)
Information for additional comments). The weak couplings hemes, as judged by Mebauer and electronic absorption
indicate that overlap of magnetic orbitals is severely hindered spectroscopy, and gives rise to the same pattern of EPR spectra

in all of these forms obos. This suggests a high degree of
structural similarity, and the long FeCu distance may also be

as forbos;® dual-mode EPR spectra almost indistinguishable
from those of thévo; azide adduct are reported for an octaheme

a common feature. In a series of inorganic models of the cytochrome isolated frodesulfuromonas acetoxidaf&and
dinuclear site, in which the metal ions are separated by oxo, bos-fluoride type EPR is found in the pentaheme nitrite

hydroxo, or F ions, the Fe-Cu distance is much shorter, 3:6

reductase, Nrf&5 Crystallographic structures for NrfA and for

3.8 A. With formate and acetate bridges, the separation cytochromecss4 show that both contain a HS heme in close
increases. All are strongly antiferromagnetically coupled to give proximity to a LS Fe(lll) heme €4 A 7—).85:86

S =
spectref6.68-73

The long Fe-Cu separation may have mechanistic implica-
tions. Most model complexes have short#&u distancess<4

2 ground states. None give rise to X-band EPR
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