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Abstract: Fully oxidized cytochrome bo3 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(III) heme o3 and CuB(II) 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-1. A variable-temperature
and magnetic field (VTVF) MCD study is also presented for the cytochrome bo3 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(III) 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-1) within the active site.

1. Introduction

The quinol oxidase cytochromebo3 (bo3
1), 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 membrane.2-6 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 cytochromec oxidase (CcO) from
bovine heart mitochondria. Crystal structures have been reported
for several HCOs including several forms of CcO,7-9 cyto-

chromesaa3 from Paracoccus denitrificans10-12 and Rhodo-
bacter sphaeriodes,13 cytochromeba3 from Thermus thermo-
philus,14 and quinol oxidasebo3.15 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 ion, CuB,
liganded by three histidine groups. In CcO, the copper ion lies
∼4.9 Å from the heme iron at an angle of∼13° from the heme
normal through the iron. An unexpected feature of the active
site, revealed in the CcO, Paracoccus, andThermusstructures,
is a covalent bond between one of the CuB histidine ligands
and a tyrosine residue (H240/Y244, in bovine CcO).9,11,14This
tyrosine residue is hydrogen-bonded to the hydroxy group of
the hemea3 hydroxy-farnesyl side-chain.7

In the oxidized forms of all HCOs studied, there is a magnetic
coupling between the Fe(III) heme and CuB(II) ions. The nature† School of Chemical Sciences and Pharmacy.
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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(III) heme and Cu(II) from the active
site of CcO.18,19 Greenaway et al.20 subsequently reported that
the X-band EPR spectrum of oxidized CcO does contain broad
features, with unusually short spin-lattice relaxation times, at
effective g-values ofg′ ≈ 3 and∼12 (originally calledg′ )
14).21,22 These signals were assigned to the interacting heme-
iron and copper pair,20 but their assignment was ambiguous
because early preparations of the enzyme were heteroge-
neous,22,23containing up to four distinct chemical forms of the
active site (for a review of this subject, see paper by Moody24).
Oxidizedbo3 and its fluoride-, chloride-, formate-, and azide-
bound forms all display similar, broad X-band EPR features.25-27

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 spectroscopy.E. coli
bo3 has particular advantages for MCD studies of the dinuclear
site.28 First, becausebo3 receives electrons from a membrane
quinol pool, rather than from soluble cytochromec, it lacks the
dinuclear CuA site found in subunit II of CcO. This simplifies
the optical spectrum especially at wavelengths longer than 600
nm, where charge-transfer (CT) bands from the HS Fe(III) heme

occur.29,30 Second, the optical properties of the hemes ofbo3,
which compare to those of the protoheme IX class, are far better
understood than those of thea-type hemes found in CcO.3,31

Both factors allow detailed interpretation of the MCD spectra
of bo3.27,29

For the fluoride derivative ofbo3, we showed that the
perpendicular and parallel Zeeman mode X-band EPR spectra
could be simulated only if spin-coupling between hemeo3 and
CuB(II) is weak (with|J| ≈ 1 cm-1).32 In this paper, dual-mode
X-band EPR spectra of the oxidized and the chloride-, azide-,
and formate-bound forms ofbo3 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 whichJ must also be anisotropic.
Several of thesebo3 derivatives have also been studied using
variable-temperature and variable magnetic field (VTVF) MCD
spectroscopy. A new method is described for deconvoluting the
hemeo3 MCD contributions in the presence of the more intense
bands arising from the second heme in the protein, low-spin
(LS) Fe(III) heme b. 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 hemeo3 and CuB in these forms is
weak with |J| ≈ 1 cm-1. 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, where|D| > |J|,
the MCD is sensitive to the magnitude ofD, the axial zero-
field parameter of the heme, whereas small changes inJ are
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

2.1. Sample Preparation.bo3 was isolated from RG145, a previ-
ously described overexpressing strain ofE. coli.33 For spectroscopic
experiments, protein samples were exchanged into 50 mM HEPES,
0.2% (w/v) octyl-â-D-glucopyranoside pH) 7.5. Enzyme concentra-
tions were determined optically usingε406 nm ) 182 mM-1 cm-1 for
the oxidized enzyme prior to ligand additions34 and verified by single
integration of theg ) 2.98 EPR feature of hemeb against copper(II)
EDTA standards using the method of Aasa and Va¨ngärd.35 All reagents
were of analytical grade or better. HEPES, octyl-â-D-glucopyranoside,
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 formate,25 0.5 M chloride,26,36and 1 mM azide.27 For low-
temperature MCD measurements, glycerol glassing agent (50%, v/v)
was added to the samples.37
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Chart 1. The Active Site of CcO (Created from Structure File
2OCC Using a Combination of the Programs MOLSCRIPT16 and
RASTER3D17)
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2.2. EPR Spectroscopy.EPR spectra were measured with a Bruker
ER300D spectrometer fitted with a dual-mode cavity (type ER4116DM),
that can be switched between perpendicular and parallel Zeeman modes
by tuning to different frequencies. Perpendicular-mode spectra were
obtained at∼9.7 GHz, and parallel-mode spectra were obtained at∼9.4
GHz. These two experimental arrangements differ in the orientation
of H1, the oscillating microwave magnetic field, relative toH0, the static
magnetic field, resulting in transition selection rules of∆MS ) (1
and∆MS ) 0, respectively. The instrument is interfaced to a ESP1600
computer (Bruker Analytische Messtechnik GmBH, Silberstreifen,
W-7512, Rheinstetten 4, Germany) and equipped with a variable-
temperature cryostat and liquid helium transfer line (Oxford Instruments,
Osney Mead, Oxford, England).

2.3. MCD Spectroscopy.MCD spectra were recorded on a circular
dichrograph, model JASCO J-500D, using an Oxford Instruments SM4
split-coil superconducting solenoid capable of generating magnetic fields
up to 5 T.

3. Results

3.1. Exchange Coupling between HS Fe(III) Heme and
Cu(II) Ion. The magnetic interaction between HS Fe(III) heme
and Cu(II) can be described by an effective spin-Hamiltonian
involving an exchange coupling tensorJ:

where [ ]Fe is the local spin-Hamiltonian for theS ) 5/2 heme
Fe(III) ion and contains Zeeman, axial (D), and rhombic (E)
zero-field splitting terms, respectively. [ ]Cu is the Zeeman spin-
Hamiltonian for theS) 1/2 CuB(II). Two limiting cases are of
interest: the so-called strong coupling scheme, where|J| .
|D|, and the weak coupling case, when|J| , |D| (see Chart 2).
In the former case, the resulting energy levels split into two
multiplets of total spinS′ ) 2 andS′ ) 3 which are further
split by zero-field terms arising from distortions at the heme.

Previous attempts to explain the broad EPR signals38-41 and
the magnetic susceptibility of CcO42-45 have been formulated
on this basis. The ground-state multiplet has been assumed to
be S′ ) 2 as a result of strong antiferromagnetic coupling. In
this case, the system can be described by an effective spin-
Hamiltonian inS′:

whereD′ andE′ are now the zero-field splitting parameters of
the resultantS′ ) 2 spin-state (D′ ) 3/4D38).

In the case of weak coupling, when|J| , |D|, the axial zero-
field splitting at the heme splits the Fe(III) levels into three
Kramers doublets separated in energy by 2D and 4D, respec-
tively, with the lowest doublet havingMS

Fe ) (1/2 andD being
typically 5-7 cm-1. Exchange coupling between each of these
three Kramers pairs and the single Kramers pair of CuB(II) S)
1/2 gives rise to three sets of states, each consisting of four levels
with the components of the lowest set characterized byMS

values of 0, 0,+1, and-1. EPR transitions between any pair
of these sublevels will only be observable experimentally if the
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
of the MCD intensity of the HS Fe(III) heme transitions will
depend both on thermal populations over all levels and on
second-order Zeeman mixing. Thus, the two techniques applied
together provide a powerful means of determining the wave
functions and spin-Hamiltonian parameters. The following
sections describe the experimental EPR and MCD data and the
theoretical analyses which have been carried out independently
for each method.

3.2. EPR Spectra.Figure 1 shows the X-band perpendicular-
and parallel-mode EPR spectra of five forms ofbo3 (fluoride,
azide, chloride, formate, and oxidized). The spectra were
recorded at low temperature (5 K) and high microwave power
(103 mW), which saturates the EPR signals atg ) 2.98, 2.24,
1.50 arising from the magnetically isolated LS Fe(III) hemeb.25

For clarity, their positions are indicated on the figure. The
narrow, derivative feature from HS Fe(III) heme atg ) 5.8,
observed in each sample, represents only a small fraction (e5%)
of heme which has became uncoupled from CuB(II).32 These
two species are half-integer spin, or Kramers systems, and
appear in the normal perpendicular mode EPR. These spectra
are actually dominated by a series of broad features, with short
spin-lattice relaxation times, across the region 0-300 mT.
Parallel-mode EPR spectra,46 for which the oscillating micro-
wave magnetic field is applied parallel to the static field, were
also recorded. In this mode, transitions from hemeb and from
HS Fe(III) heme, both simple Kramers systems, are forbidden
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Chart 2. Energy Level Scheme for the Weak and Strong Coupling
Schemes As Described in the Text
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Ĥ ) gâHŜ′ + D′(Ŝ′z
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2 - Ŝ′y
2) (2)
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and hence not observed. In the perpendicular mode, broad
signals occur in two regions, low-field at 20-100 mT with a
derivative shaped band, the intensity and position of which vary,
and a mid-field region at∼150-290 mT with a more complex
spectral envelope consisting of a broad derivative which varies
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
the spectra of these five derivatives exhibit differences in
intensities and resonance positions, there are characteristics
common to all spectra which severely restrict the possible
electronic ground-state parameters. We show below, by simula-
tion of EPR spectra which exhibit these characteristics, that the
magnitude ofJ can be determined unambiguously.

3.3. Analysis of EPR. A general computer program to
simulate EPR spectra in both perpendicular and parallel modes
has been described elsewhere.47 For the case of HS Fe(III) heme
o3 and CuB(II), the Hamiltonian of eq 1 has been applied to a
basis set comprising products of the single ion spin-functions
|SFeMS

Fe〉|SCuMS
Cu〉, hereafter abbreviated to|MS

FeMS
Cu〉 for SFe )

5/2, SCu ) 1/2. The molecularz-axis is taken to lie perpendicular
to the heme plane. Theg-values of both metals are set to 2. By
varying the magnitude ofJ, we have attempted to simulate dual-
mode EPR spectra displaying the characteristics common to the
five bo3 derivatives, specifically two derivative-shaped perpen-
dicular-mode bands in the field regions 20-100 and 160-290
mT, respectively, only the former having intensity in the parallel-

mode spectrum, and the ratio of parallel to perpendicular mode
intensity at low-field should be<1.7. Simulations have been
normalized to experimental spectra by simulation of hemeb
signals in perpendicular mode spectra recorded at 10 K with
2.01 mW microwave power as an internal standard. We have
found that the simulation criteria can be satisfied only when
|J| is ∼1 cm-1 and D ≈ 5 cm-1. Thus, the weak coupling
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
levels that arise in the weak coupling limit (Chart 2). The lowest
Kramers doublet (MS

Fe ) (1/2) of the HS Fe(III) heme is
separated by 10 cm-1 (2D) from theMS

Fe ) (3/2 doublet in an
axial zero-field field whereD ) 5 cm-1. An isotropicJ of 1
cm-1 couples this doublet with the CuB(II) S ) 1/2 Kramers
pair, giving four states, in ascending order of energy,

where tan 2φ ) (8)1/2J/(2D - J). The degeneracy of|B〉 and
|C〉 will be further lifted by a rhombic distortion,E, to give
two states

and

Trials with this model show that not only is it necessary to set
|J| e 1 cm-1 and to include a rhombic distortion but thatJ
must also be anisotropic with theJz component being larger
thanJx andJy. The effect of this anisotropy is to position one
of the energy levels,|A〉, further from the remaining three, as
is illustrated in Figure 2a-c. X-band EPR transitions within
the |B′〉, |C′〉, and |D〉 levels, shown by arrows on the figure,
then appear in only two magnetic field regions as required. An
isotropic J would maintain the level|A〉 close enough to the
other three to give rise to a third EPR feature. Simulations thus
obtained, using|J| ≈ 1 cm-1 and anisotropic, are shown in
Figure 2d,e. Variations in|J| of the order of 0.1 cm-1 influence
the form of the simulation to about the same degree as changes
in E/D, and a narrow range of these two parameters can yield
satisfactory results. Indeed, a slight increase in the anisotropy
of J and a complementary change inE/D yields spectra
comparable to those in Figure 2, but the assignment of the low-
and mid-field features within the|B′〉, |C′〉, and |D〉 levels is
reversed. It is not possible to distinguish between these two
cases using powder spectra. (See Supporting Information for
further details on EPR simulations and assignments.)

In summary, the major features of the dual-mode EPR spectra
of all five derivatives ofbo3 have been simulated in terms of a

(47) Hunter, D. J. B.; Oganesyan, V. S.; Salerno, J. C.; Butler, C. S.; Ingledew,
W. J.; Thomson, A. J.Biophys. J.2000, 78, 439-450.

Figure 1. Dual-mode X-band EPR spectra of oxidizedbo3 and adducts.
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; 250µM).

|A〉 ) 1

x2
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2 〉 - | -1

2
,
1
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|B〉 ) -sinφ|32,
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2 〉 + cosφ|12,

1
2〉 MS ) +1

|C〉 ) -sinφ|-3
2

,
1
2〉 + cosφ| -1

2
,

-1
2 〉 MS ) -1

|D〉 ) 1

x2
(|12,

-1
2 〉 + | - 1

2
,
1
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four-level scheme in which the spin-coupling between HS Fe-
(III) hemeo3 and CuB(II) is weak (|J| ≈ 1 cm-1) and anisotropic.
Small changes in the degree of this anisotropy yield two different
transition assignments. These differences do not alter the general
conclusion concerning the magnitude ofJ. These conclusions
are based on the simulation of EPR properties that are common
to all of the spectra presented, showing that the same coupling
scheme is applicable to all of thebo3 derivatives, even though
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 o3. 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(III) hemeo3. The
electronic transitions of CuB(II) are of insufficient intensity both
in absorption and in MCD to be detected over a background of
much more intense heme bands. In the case ofbo3, however,
this approach is further complicated by the presence of the very
intense MCD bands of LS Fe(III) hemeb. Both absorption and
MCD spectra show clearly that hemeo3 is HS Fe(III) in all of
the derivatives studied here29 and that hemeb is LS Fe(III).
The MCD spectrum of LS Fe(III) heme at liquid helium

temperatures is an order of magnitude more intense than that
of HS Fe(III) heme under comparable conditions.

However, Fe(III) hemeo3 gives rise to two MCD CT bands
characteristic of the HS state at wavelengths longer than 600
nm which are not overlapped by the intense bands of LS Fe-
(III) hemeb.29 The lower energy CT band (CT1) is observed at
800-1300 nm in the MCD of a range of HS Fe(III) hemes,48-50

but being an almost pure porphyrin (π) f Fe(III) (d) CT
transition, it is extremely weak. Although it has been observed
for several bo3 derivatives at room temperature,29 it has
insufficient intensity in the low-temperature MCD spectra to
be observed above the LS hemeb CT bands in the same region.
The second band, CT2, appears in the 600-670 nm region and
gains appreciable intensity by mixing heavily with the porphyrin
π-π* transitions at shorter wavelengths.51 The energies of these
π f d charge-transfer transitions depend directly on d-orbital
energies and consequently are sensitive to the nature of the axial
ligands. Both CT1 and CT2 are derivative-shaped features in
the MCD, but, in the presence of LS heme, the CT2 band is
often overlapped to higher energy. However, the negative part
of this MCD band to lower energy is usually detectable and,
for HS Fe(III) hemes with one histidine ligand, is observed to
vary in position from∼660 nm when there is no distal ligand50

to ∼620 nm for distal hydroxide coordination.52 Other coordina-
tion types, such as histidine/H2O at 630-645 nm, lie between
these extremes. The magnetic field and temperature dependence
of the HS features in the MCD ofbo3 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 elsewhere53

using the application of irreducible tensor methods for simplify-
ing multielectron terms and consideration of spin-orbit coupling
(SOC) together with the Zeeman interaction. This gave analytical
expressions that parametrize MCD spectra into Gaussian and
derivative-shaped bands. The relationship between optical band
polarization, the form of the MCD spectra, and of magnetization
curves for each transition in the spectrum was described, and
symmetry coefficients were tabulated for a HS Fe(III) ion in
point symmetryD2d. If, as is the case here, the ground state is
6A1, then these particular coefficients are also valid inC4V

symmetry forxy-polarized transitions of the type6A1 f 6E(i)
and can be used to derive the following equation:

where

(48) Cheng, J. C.; Osborne, G. A.; Stephens, P. J.; Eaton, W. A.Nature (London)
1973, 241, 193-194.

(49) Cheesman, M. R.; Greenwood, C.; Thomson, A. J.AdV. Inorg. Chem.1991,
36, 201-255.

(50) Seward, H. E. T. Ph.D. Thesis, University of East Anglia, 1999.
(51) Braterman, P. S.; Davies, R. C.; Williams, R. J. P.AdV. Chem. Phys.1964,

7, 359-407.

Figure 2. (a-c) Simulations of energy levels with magnetic field parallel
to x,y,z axes for the spin-coupled pair,S1 ) 5/2 and S2 ) 1/2, using the
parametersJ ) [-0.5,-0.5,-0.8] cm-1, D ) 5 cm-1, E/D ) 0.035,σ )
0.15 cm-1. (d) EPR absorption envelope in the perpendicular (s) and
parallel (- - -) modes simulated from energy levels described in (a). (e)
Derivative of (d).

∆ε(6A1 f 6E(i)) ) -K
1

h∆
∂f
∂υ (〈Shz〉TCf′ + Hâ

3
Af′)

Cf′ ) x 1
105

|〈6A1||m⊥||6E(i)〉|2Im(〈6E(i)||HSO||6E(i)〉)

Exchange Coupling in Cytochrome bo3 A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 13, 2004 4161



whereCf ′ andAf ′ represent respectively temperature-dependent
and -independent parts as described in detail in ref 53,〈|| ||〉
are reduced matrix elements of any operator, and〈Shk〉T is
thermally and orientationally averaged in accordance with:

whereAzk ) cosθ, sin θ cosφ, and sinθ sin φ for k ) z, x, y.
Here,〈Sk〉jj is the net expectation value of the spin operator

componentSk in the ground-statej.
The electronic transitions of both the LS (S ) 1/2) Fe(III)

hemeb and the HS (S ) 5/2) Fe(III) hemeo3 arexy-polarized
throughout the UV-visible and near-infrared regions.54,55Both
hemes are taken to belong to an effectiveC4V point group,54,56

and all of the transitions are6A1 f 6E. Spin-orbit coupling
within the excited6E manifold results in a series of overlapping
derivative-shaped temperature-dependent MCD bands (pseudo-
A-terms) for both the porphyrinπ-π* and the CT transitions
of hemeo3. 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 shape
functions and reduced matrix elements. We can therefore
describe the overall MCD spectra as a superposition of the
following contributions:

where ∆ε(λ,T,H) is the total MCD intensity at a specific
wavelength, temperature, and magnetic field; theCls(λ) andChs-
(λ) terms describe the temperature-dependent parts due to heme
b and hemeo3 respectively; andA(λ) represents the temperature-
independent contributions from both hemes. The temperature-
and field-dependent factor〈Sz(T,H)〉ls for heme b can be
calculated with the following expression:57

where Γ ) xgzz
2 cos2θ+(gxx

2 cos2φ+gyy
2 sin2

φ)sin2θ, the gii-fac-
tors being taken directly from the EPR spectra.

Provided that the exchange coupling is small, the optical
properties of hemeo3 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

factor 〈Sz(T,H)〉hs. The latter can be readily calculated by
diagonalization of the Hamiltonian matrix constructed from eq
1. The net expectation values of the spin operatorSz

Fe for all
resulting states are calculated and averaged both thermally and
orientationally in accordance with eq 6. The resulting temper-
ature-dependent magnetization curves of hemeo3 MCD 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 ofbo3

measured between 1.6 and 200 K, at 5 T. The spectrum is
strongly temperature dependent at all wavelengths, indicating
that all of the features arise from paramagnetic chromophores.
All features between 450 and 600 nm are typical of LS Fe(III)
heme and are due to hemeb. The variable-temperature MCD
spectra have also been recorded for oxidizedbo3 and 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(III) charge-transfer band, CT2, of heme
o3. As the temperature is increased, all of the hemeb MCD
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 same (xy) optical polariza-
tion. However, the CT2 MCD bands (Figure 3b,c) clearly have
a different temperature dependence, becoming more distinct as
the temperature is raised to∼20 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(III) heme from these data, two approaches
have been used. The peak-to-trough MCD intensity,∆εVT,
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 field of 5 T and different
temperatures between 1.67 and 100 K. The narrow bandwidth
allows observation of the hemeo3 contribution as the intensity
of the broader hemeb tail decreases. However, the hemeb
contributionCls(λ)〈Sz(T,H)〉ls along withA(λ), the temperature-
independent contribution from both hemes, must now be
removed.∆εVT is plotted versus 1/T (not shown) and extrapo-
lated to high temperature, 1/T f 0, allowing A(λ) to be

(52) Vickery, L.; Nozawa, T.; Sauer, K.J. Am. Chem. Soc.1976, 98, 343-
350.

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

(54) Rots, M. I. F.; Zandstra, P. J.J. Mol. Phys.1982, 46, 1283-1310.
(55) Smith, D. W.; Williams, R. J. P.Struct. Bonding1970, 7, 1.
(56) Oganesyan, V. S.; Sharonov, Y. A.Biochim. Biophys. Acta1998, 1429,

163-175.
(57) Thomson, A. J.; Johnson, M. K.Biochem. J.1980, 191, 411-420.
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Figure 3. (a) Visible region MCD of fluoride-boundbo3. 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) 590-750 nm region expansion of spectra in
Figure 4a. (c) 590-750 nm region MCD of azide-boundbo3. 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, 240µM). All major bands increase with
decreasing temperature.
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determined and subtracted from the∆εVT data set. The hemeb
contribution to the intensity is removed by the so-called ratio
method which exploits the fact that the temperature and field
dependences of hemeb bands are predictable, becauseS ) 1/2
MCD intensities vary as tanh(-âHΓ/2kT), eq 8. By recording
MCD spectra at fixed ratios ofH/T, the contribution of hemeb
to the total spectrum remains constant. MCD spectra recorded
under this condition are shown in Figure 4 for the fluoride and
azide derivatives. Between 450 and 600 nm, where hemeb
features dominate, the spectra show only small differences,
attributable to contributions from underlying hemeo3 bands.
At wavelengths longer than 600 nm, major changes are observed
due to the different field and temperature dependences of the
hemeo3 CT2 bands. From these ratio data (RD), a second CT2

intensity data set,∆εR, is measured at the same wavelengths
used to construct∆εVT from the VT MCD spectra. Because the
temperature-independent part (obtained by high-temperature
extrapolation of the VT data) has a linear magnetic field
dependence, it can be scaled according to the fields used in the
RD spectra and subtracted from those spectra to give a corrected
set of∆εR. The remaining hemeb contribution is then eliminated
by taking one of the∆εR points (T1,H1) as a reference and
subtracting it from the others. Finally, the corrected∆εR set is
normalized to another reference point (T2,H2) to give a set of
points (T,H) related directly to the intensity factors which are
themselves a function of the parameters in the spin-Hamiltonian
of eq 1:

where∆εR(T,H) are now the experimental peak-to-trough MCD
RD intensities corrected for the temperature-independent con-
tributionsA(λ). The experimental data for the fluoride and azide
forms are shown as solid circles in Figure 5. The predicted
dependence of∆εR(T,H) on 1/T has been calculated for two
sets of spin-Hamiltonian parameters. The solid lines show
simulations within the weak coupling scheme usingJxyz )
[-0.34,-0.34,-2.30] cm-1. The dotted line shows predictions

for the strong coupling regime whereJ ) 250 cm-1 andD′ )
0.89 cm-1. Only weak coupling parameters give a fit to the
data.

Thus, the RD-MCD approach provides a very clear distinction
between the weak and strong coupling regimes, but it also
provides the information essential to complete the analysis of
the∆εVT data. The∆εR data set is acquired within the restriction
of a fixed H/T ratio. The magnetic field used at the lowest
attainable temperature (∼1.7 K) is chosen so as to give an
acceptable signal intensity. In practice, this dictates that, at the
maximum field (5 T), the appropriate temperature is∼20 K.
The∆εVT data which can be recorded over a wider temperature
range (1.7-200 K) constitute a larger data set and provide an
additional route to determining the magnitude of the ZFS and
J parameters. Fitting the RD curves of Figure 5 yields a value
for (Chs(λ2) - Chs(λ1)) in the term for hemeo3 intensity in eq
7. The corresponding value for hemeb, (Cls(λ2) - Cls(λ1)), is
provided by the invariant part of the RD-MCD intensity in the
∆εR data set. This can, in turn, be used to fix the LS hemeb
contribution in the expression for the VT MCD intensity,

The ∆εVT(T,H) data can then be simulated, again using the
parameters of eq 1. Figure 6 shows, for the fluoride and azide
bo3 derivatives, plots of the∆εVT(T,H) data set (solid circles)
against 1/T measured at 5 T plus simulations (solid lines). The
magnitudes of the individual contributions to the simulated curve
from the LS (- - -) and HS (‚‚‚‚‚) heme terms of eq 10 are also
shown (they are actually of opposite signs). Figure 6a also show
a composite curve derived from the strong coupling (-‚-‚-)
parameter setJ ) 250 cm-1, D′ ) 0.89 cm-1, E′/D′ ) 0.25.
Slight improvements to the agreement are achieved by minor
changes toD andE/D as detailed in the figure legends. Thus,
the MCD analysis is in agreement with the EPR conclusions
that |J| ≈ 1 cm-1 but complements the EPR in being more
sensitive to variations inD andE rather than inJ itself.

Figure 4. Visible region MCD of (a) fluoride-boundbo3 and (b) azide-
boundbo3 recorded using constant ratio temperatures and magnetic fields
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 for fluoride-boundbo3 and 1.72 K/0.402 T, 4.26 K/1.00 T, 10.0 K/2.35
T, 20.0 K/4.69 T for azide-boundbo3. The arrows indicate the direction of
change with increasing temperature.

〈Sz(T,H)〉hs - 〈Sz(T1,H1)〉
hs

〈Sz(T2,H2)〉
hs - 〈Sz(T1,H1)〉

hs
)

∆εR(T,H) - ∆εR(T1,H1)

∆εR(T2,H2) - ∆εR(T1,H1)
(9)

Figure 5. RD plots of the HS Fe(III) hemeo3 CT2 band intensity extracted
from the∆εR MCD data set as described in the text for (a) fluoride-bound
bo3 and (b) azide-boundbo3. (b) extracted data points; simulations based
on (s) Jxyz ) [-0.34,-0.34,-2.30] cm-1 and (- - -) the strong coupling
parameter setJ ) -250 cm-1, D′ ) 0.89 cm-1, E/D′ ) 0.25.

∆εVT(T,H) ) (Cls(λ2) - Cls(λ1))〈Sz(T,H)〉ls +

(Chs(λ2) - Chs(λ1))〈Sz(T,H)〉hs (10)
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4. Discussion

We have probed the ground-state magnetic parameters of the
active site, spin-coupled pair, HS Fe(III) hemeo3 and CuB(II),
in E. coli HCO,bo3, using both parallel and perpendicular mode
X-band EPR and VTVF MCD spectroscopy. The EPR properties
of the active site in the oxidized, fluoride, azide, and formate
forms have been studied in detail. Despite having different
ligands bound at the heme-copper site, the EPR spectra of all
four derivatives are remarkably similar, showing broad signals
in two regions with effectiveg′-values of∼12 and∼3. Both
signals have intensity in the perpendicular EPR mode, but only
the former has significant intensity in the parallel mode. These
distinctive features of the EPR spectra have been successfully
simulated using a model of weak anisotropic exchange coupling
(|J| ≈ 1 cm-1) between high-spin ferric hemeo3 and CuB(II).
All transitions arise from within the four lowest levels with
effectiveMS ) 0, 0, +1, -1, the highest and lowest of which
are separated by∼3x2J in zero field. The assignment of the
two groups of EPR transitions within this four-level scheme is
not unambiguous. For example, either the signal atg′ ≈ 12 can
occur between theMS +1 and -1 levels and theg ≈ 3
transitions can occur betweenMS ) 0 and+1 or the former
can occur betweenMS ) 0 and+1 and the latter between+1
and -1. The assignments can only be settled definitively by
experiments on oriented samples. Although we do not have such
data on orientedbo3, we have reported EPR spectra of oriented
samples of CcO and shown that theg ) 12 signal arises from
transitions betweenMS ) 0 and+1.47

VTVF MCD spectra has been used to determine the ground-
state magnetic parameters of the dinuclear metal site of two
adducts ofbo3, with fluoride and azide. The VT-MCD of the
oxidized and formate-boundbo3 is of a similar form, consistent
with the general conclusion that|J| ≈ 1 cm-1 (data not shown).
The MCD was used to probe the porphyrin-to-Fe(III) CT2 band
of hemeo3 between 600 and 650 nm. Although this region is

overlapped by a broad tail of intense LS Fe(III) hemeb bands,
by collecting MCD at magnetic fields and temperatures selected
to ensure that the hemeb contributions remain invariant, we
have been able to separate the contributions from the LS and
HS hemes. Analysis of the VT-MCD curves of hemeo3 in terms
of two coupling models, with|J| ≈ 1 cm-1 and|J| ≈ 250 cm-1,
shows unambiguously thatJ must lie in the former regime with
a hemeD-value of∼5 cm-1. Although the MCD spectra are
sensitive toJ, rather than to the anisotropy inJ, when it is small,
they are also sensitive to the value ofD. Thus, the analyses
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 thatJ must be much smaller
thanD and cannot lie in the region rangeJ . D. TheJ-value
must also be anisotropic to obtain a good description of the
EPR spectra.

The conclusions from this work, of a weakly coupled pair,
are different from those drawn from many studies over the last
30 years of the magnetic properties of the heme-copper site in
the form of bovine CcO which gives rise to theg′ ) 12 signals.
Because crystallographic studies of the oxidized forms ofbo3

and CcO show remarkably similar structures for both active
sites, these apparent differences between the magnetic properties
require explanation. We have, therefore, reexamined earlier
interpretations of the EPR spectra and magnetic susceptibility
data for CcO. We can show, indeed, that they are all consistent
with the weakly coupled model put forward here forbo3.

Previous Studies.A number of previous EPR studies have
assigned the broadg′ ) 12 signals. For example, in a pioneering
use of parallel-mode EPR measurements, Hagen assigned this
signal to a transition within theMS′ ) (2 non-Kramers doublet
of an S′ ) 2 system arising from strong (|J| > 100 cm-1)
antiferromagnetic coupling of CuB(II) to HS Fe(III) hemea3.38

It was, however, necessary to use ZFS parameters ofD′ ) +1.19
((0.16) cm-1 and E′/D′ ) 0.25. As Hagen pointed out,D′-
values arising from heme axial distortion should be significantly
larger than+1.19 cm-1 and thus suggested HS ferryl (FeIVd
O) hemea3 as an alternative origin of theS′ ) 2 species.
However, hemes with this oxidation and spin state were, and
remain, unknown. Although fast CcO may contain an equilib-
rium mixture of HS and LS Fe(III) hemea3, it is now generally
accepted that, in samples of CcO with the characteristic EPR
signals, hemea3 is indeed HS Fe(III).24,58Nevertheless, we have
tested the appropriateness of this model and parameter set in
an attempt to account for the EPR ofbo3. Assuming anS′ ) 2
ground state and using the spin-Hamiltonian, eq 1, withD′ )
+1.19 cm-1 after adjustment to the local hemeo3 value ofD
) 0.75D′ ) 0.89 cm-1 andE′/D′ ) 0.25 and withJ set to an
isotropic value of-250 cm-1,38 the g′ ) 12 signal at X-band
could be simulated in both perpendicular and parallel mode (see
Supporting Information). Yet, significantly, it fails to predict a
spectrum of sufficient intensity, or of the correct band shape,
in the perpendicular mode. More importantly, it also fails to
reproduce the mid-field features observed nearg′ ≈ 3 for both
the bo3 derivatives and CcO. All of our attempts to simulate
these signals within a strong coupling model have proved
unsuccessful.

(58) Moody, A. J.; Cooper, C. E.; Rich, P. R.Biochim. Biophys. Acta1991,
1059, 189-207.

Figure 6. HS Fe(III) hemeo3 Ct2 band intensity extracted from the∆εVT

MCD data set for (a) fluoride-boundbo3 and (b) azide-boundbo3. (b) data
points; (- - -) simulated LS Fe(III) hemeb contribution, (‚‚‚‚‚) simulated
contribution from the coupled active site usingD ) 5 cm-1, E/D ) 0.06,
Jxyz ) [-0.34,-0.34,-2.30] cm-1 (fluoride) andD ) 4.2 cm-1, E/D )
0.04, Jxyz ) [-0.34, -0.34, -2.30] cm-1 (azide); (s) sum of these two
contributions. In (a), (‚‚‚‚‚) simulated sum of hemeb contribution plus that
derived from a strong coupling parameter setJ ) -250 cm-1, D′ ) 0.89
cm-1, E/D ) 0.25.
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Many studies of CcO by magnetic susceptibility have also
been reported.42-45 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 CcO showing the broad EPRg′
) 12 signals, could be fitted to a model of strong exchange
coupling within the dinuclear site having aS′ ) 2 system but
with D′ ) -7 cm-1, a highly unusual value for the axial zero-
field splitting of HS Fe(III) heme.43 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 al.43 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 betweenJ-values of∼1
cm-1 and several hundred cm-1.

Mössbauer studies on oxidized cytochromec1aa3 from
Thermus thermophilusrevealed multiple, preparation and pH
dependent, forms of hemea3, all spin-coupled to CuB(II). The
properties of one form of hemea3, at pH 6.5, could be fitted to
either strong or weak (|J| ≈ 1 cm-1) coupling schemes.59,60 A
broad resonance atg′ ≈ 3.3 in the X-band EPR was assigned
to the hemec. However, this signal was enhanced by increasing
the power to 10 mW, and it shows a strong similarity to the
broadbo3 EPR features.61

Effects of Site Heterogeneity.This work seeks to understand
how various forms of the active site of oxidized HCOs give
rise to broad X-band EPR signals similar to those originally
reported, atg′ ) 3 and g′ ) 12, for bovine CcO. Early
preparations of CcO were actually heterogeneous, containing
several forms of the oxidized heme-copper site.24 The broad
EPR signals are due to one form only, slow CcO, thus-called
because of the rate at which it binds ligands such as cyanide
ion.62 Slow CcO can be transformed by redox cycling (pulsing)
into a fast form which rapidly binds ligands such as CN- and
F-.24 Improved preparation methods also yield fast enzyme
which has an EPR-silent active site.63 However, observation of
broad EPR signals does not necessarily indicate low activity.
Oxidized bo3 exhibits fast ligand binding and reactivity, yet
displays the characteristic EPR. Importantly, the simulated EPR
has been normalized to the hemeb spectrum 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 CcO is due to small
quantitative differences inJ or to more fundamental structural
differences is not known. However, application of the MCD
methods described here will be of value in resolving this
question and in probing higher heme redox states, such as ferryl
(Fe(IV)), implicated in the reaction cycle of cytochromec
oxidase.64,65

Exchange Pathways and Implications for the Structure
of the Active Site.We now examine the implications that|J|

is ∼1 cm-1 and anisotropic in all derivatives. Crystal structures
of oxidized HCOs show that CuB(II) is 4.5-5 Å from Fe(III)
and∼1.8 Å off the heme perpendicular through Fe(III).7-11,13-15

These distances are too long to allow significant overlap between
d-orbitals, and the coupling must be mediated by intervening
ligands in a superexchange mechanism. Yet, despite different
ligands at the active site, Fe(III)-Cu(II) 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 F- binds directly to
hemeo3,29 but, given the Fe(III)-Cu(II) distance, it is unlikely
to bridge between the metal ions. In the fluoride adduct of an
inorganic model, where the Fe-Cu distance is 3.96 Å, the F-

is only 1.87 Å from Fe(III) and clearly not a true bridging
ligand.66 For bo3-fluoride, the exchange coupling was found to
be Jxyz ) [-0.34, -0.34, -2.30] cm-1, the z-axis being the
heme perpendicular through Fe(III). These values forJxyz

correspond to an isotropic contribution of-0.99 cm-1 and
anisotropic components ofJanis ) [0.65, 0.65,-1.31] cm-1.

All five d-orbitals of HS Fe(III) are magnetic and cannot
contribute to anisotropy.67 Mixing of CuB(II) d-orbitals by spin-
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 CuB(II). Coupling
via the magnetic orbital would result in a larger isotropicJ.
Chart 3 illustrates one way in which this might occur. CuB(II)
is liganded by three histidine nitrogens in a plane approximately
parallel to the heme with CuB displaced from thez-axis. In a

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

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

(61) Fee, J. A.; Choc, M. G.; Findling, K. L.; Lorence, R.; Yoshida, T.Proc.
Natl. Acad. Sci. U.S.A.1980, 77, 147-151.

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

(63) Palmer, G.; Baker, G. M.; Noguchi, M.Chem. Scr.1988, 28A, 41-46.

(64) Fabian, M.; Palmer, G.Biochemistry1999, 38, 6270-6275.
(65) Morgan, J. E.; Verkhovsky, M. I.; Palmer, G.; Wikstro¨m, M. Biochemistry

2001, 40, 6882-6892.
(66) Lee, S. C.; Holm, R. H.J. Am. Chem. Soc.1993, 115, 5833-5834.
(67) Moriya, T.Phys. ReV. 1960, 120, 91-99.

Chart 3. The Exchange Coupling Pathways for the Anisotropic
Contributions to J As Described in the Text
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coordinate system collinear with that of the heme, the magnetic
orbital of CuB(II), 3dxy, is directed toward the ligating N atoms.
The p-orbitals F- provide effective overlap with the magnetic
orbitals of Fe(III). As shown, the CuB(II) 3dxy would not overlap
effectively with F- p-orbitals, resulting in a negligible exchange
interaction, perhaps represented by the observed small isotropic
contribution toJ. In contrast, the nonmagnetic CuB(II) orbitals
3dx2-y2 and (3dzx ( 3dyz) are positioned potentially to provide
effective overlap with F- p-orbitals. Mixing of CuB(II) d-orbitals
by SOC transfers spin density from 3dxy into these formally
nonmagnetic orbitals, contributing to exchange coupling between
copper and iron via theJzz and J⊥ terms, respectively. Thus,
the coupling, which results from second-order SOC, is smaller
in magnitude than might be anticipated for direct overlap of
magnetic orbitals and is also anisotropic (see Supporting
Information for additional comments). The weak couplings
indicate that overlap of magnetic orbitals is severely hindered
in all of these forms ofbo3. This suggests a high degree of
structural similarity, and the long Fe-Cu distance may also be
a common feature. In a series of inorganic models of the
dinuclear site, in which the metal ions are separated by oxo,
hydroxo, or F- ions, the Fe-Cu distance is much shorter, 3.6-
3.8 Å. With formate and acetate bridges, the separation
increases. All are strongly antiferromagnetically coupled to give
S′ ) 2 ground states. None give rise to X-band EPR
spectra.66,68-73

The long Fe-Cu separation may have mechanistic implica-
tions. Most model complexes have short Fe-Cu distances,<4
Å, and in the reduced state react with oxygen to form a peroxo
species, Fe(III)-O2

2--CuB(II).74-77 By contrast, the same
reaction in the enzyme leads to a superoxide-containing species
in which the copper remains reduced: Fe(III)-O2

-•-CuB(I).78,79

The formation of superoxide has also been reported for a model
compound,80 but one in which the Fe-Cu distance is longer
and comparable to that of the enzyme.81

The four-level model30 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 an iron-
nitrosyl complex, withS ) 3/2, and semiquinone QA- radical
(S ) 1/2) in Photosystem II.82 Despite the different nature of
the protein complex and the different spin-state of the Fe(III)
ion, the features in X-band EPR spectra in both parallel and
perpendicular modes are remarkably similar to those observed
in the bo3 derivatives. There are other examples of dual-mode
EPR spectra containing the same pattern of bands reported here
for the bo3 adducts. These appear to arise from anS ) 5/2 Fe-
(III) heme weakly coupled to aS ) 1/2 paramagnet. However,
in these examples, the second paramagnet appears to be a LS
Fe(III) heme: at pH 7.4, the tetraheme cytochromec554, from
Nitrosomonas europaea, contains one HS and three LS Fe(III)
hemes, as judged by Mo¨ssbauer and electronic absorption
spectroscopy, and gives rise to the same pattern of EPR spectra
as forbo3;83 dual-mode EPR spectra almost indistinguishable
from those of thebo3 azide adduct are reported for an octaheme
cytochrome isolated fromDesulfuromonas acetoxidans;84 and
bo3-fluoride type EPR is found in the pentaheme nitrite
reductase, NrfA.85 Crystallographic structures for NrfA and for
cytochromec554 show that both contain a HS heme in close
proximity to a LS Fe(III) heme (<4 Å π-π).85,86
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