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Cytochromec oxidase contains a redox-inactive metal center of unknown function. It has been shown that
for Paracoccus denitrificans, depending on growth conditions, Mn2+ ions can occupy the Mg2+ site in the
functional protein. Differences between the 9.5 GHz X-band electron paramagnetic resonance (EPR) spectra
of such Mn2+ preparations in oxidized and reduced state have previously been interpreted as being due to
conformational changes. However, only minor differences have been found in analogous 34 GHz Q-band
EPR experiments on Mn2+ containing cytochromec oxidase fromRhodobacter sphaeroides. The new
temperature-dependent X-, Q- and 95 GHz W-band EPR data fromParacoccuspreparations shown here
provide a consistent explanation of these contrasting former interpretations. The EPR spectra of oxidized
samples reveal contributions of a dipolar interaction between the Mn2+ spin and the paramagnetic dinuclear
CuA center. In reduced samples, the CuA center is diamagnetic, and thus, a pure Mn2+ signal is found. The
zerofield parametersD and E are 145( 10 (120( 5) G and 28( 5 (22 ( 3) G in the fully oxidized
(reduced) protein. From the evaluated dipolar coupling constant of 33.6( 1 G, an averaged distance between
Mn2+ and the CuA center of 9.4( 0.2 Å was calculated, providing an independent confirmation of the distance
calculated from the 2.7 Å X-ray structure.

1 Introduction

Cytochrome c oxidase is the terminal enzyme of most
biological respiratory chains located in the inner membrane of
mitochondria and the cytoplasmic membrane of bacteria.1,2 It
mediates two closely coupled biochemical processes: (i) electron
transfer from cytochromec to molecular oxygen with the
formation of water and (ii) proton translocation across the
membrane. The latter results in the storage of energy on a
molecular scale by building up a transmembrane electrochemical
gradient, which is then used in the synthesis of adenosine
triphosphate (ATP). Taken together, these results allow cyto-
chrome c oxidase to be regarded as a redox-linked proton
pump.3,4

The mitochondrial protein complex has a molecular weight
of about 200 kDa. It consists of 3 large subunits and up to 10
additional small subunits. The bacterial enzymes typically
contain 2-4 different subunits being of considerable sequence
homology with the respective three largest mitochondrial
subunits. Recently, the crystal structures of cytochromec oxidase
prepared from the soil bacteriumP. denitrificansand from

bovine heart have been analyzed by X-ray diffraction to 2.7
and 2.3 Å resolutions, respectively.5-9

Four redox active metal centers are found inParacoccusand
bovine heart cytochromec oxidase: Subunit I contains a low-
spin heme molecule (a) and a second high-spin heme (a3)
neighboring a mononuclear Cu center (CuB). A second, binuclear
Cu center (CuA) is located in subunit II. The geometry of the
metal centers in cytochromec oxidase and their immediate
surroundings according to the 2.7 Å X-ray structure8 is shown
in Figure 1. The electron-transfer proceeds as follows: Cyto-
chromec f CuA f a f center (a3, CuB). An extended family
of related enzymes exists in which different heme types replace
both the low-spin and high-spin hemes. Nevertheless, this family
of heme-copper terminal oxidases shows structural and func-
tional homology in its O2 reduction site and chemistry.4 It must
be noted that cytochromec oxidase preparations fromPara-
coccuscontaining solely the two large subunits I and II are fully
competent in electron transfer and energy transduction in vitro.10

Despite the large body of experimental data collected for
cytochrome c oxidase (e.g., refs 2-6) some fundamental
questions still remain. One of them is the function of an
additional and redox-inactive metal binding site located between
subunits I and II.5,6 For a series of bacterial cytochromec
oxidase preparations, it was shown that this site could bind Mn
as well as Mg.10-12 Interestingly, the ratio of Mg to Mn bound
to the protein can be altered by choosing appropriate growth
conditions, without affecting the enzymatic activity of the
cytochromec oxidase complex.10,12This finding opened the way
for a selective investigation of that metal site by monitoring
the characteristic EPR signature of Mn2+. Already in 1981, EPR
experiments revealed slight differences in the Mn2+ EPR spectra
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of oxidized and reduced cytochromec oxidase fromP. deni-
trificans.10 Later, these changes were interpreted as being due
to conformational modifications of the cytochromec oxidase
complex close to the Mn/Mg binding site, accompanying the
change of the oxidation state of the CuA center.11 In addition to
these investigations, detailed cw- and pulsed EPR experiments
on cytochromec oxidase preparations from wild-type and
genetically engineeredR. sphaeroidesled to the conclusion that
the Mn/Mg site might act as a link between subunits I and II,
thus having at least some structural function.12,13 However, in
contradiction to the earlier work10,11 no clear change in the
X-band cw-EPR spectra between samples with CuA either in
oxidized or in reduced state was found.

The X-ray data from bovine heart cytochromec oxidase,
which revealed that glutamate B21811 was coordinated to CuA

on one side and Mg on the other side, led to an exciting
proposal: Because CuA is involved in electron transfer, it was
suggested that the oxidation state of the metal in the Mn/Mg
binding site might control the transfer process itself.7 It must
be noted here that site-directed mutagenesis in combination with
EPR independently showed that Glu B218 and also Asp B193
are essential in the binding of manganese/magnesium in the
cytochromec oxidase complex.14

This work presents a reinvestigation of the Mn/Mg binding
site in cytochromec oxidase, employing the recently established
methodology of high-frequency EPR. To disentangle the dif-
ferent EPR signals of the protein complex, cytochromec oxidase
isolated fromP. denitrificansgrown on Mn containing me-
dium15,16 has been investigated by X-band (9 GHz), Q-band
(35 GHz) and, in particular, W-band (95 GHz) EPR. This
allows a complete explanation of the Mn2+ spectra taken at the
different microwave frequencies and results in a satisfying and
consistent interpretation of the previously published EPR

data.10,11,13 In addition, our data provide detailed information
about the local geometry of the Mn/Mg binding site in
cytochromec oxidase without the need for X-ray experiments.
Thus, the EPR data can be taken as an independent confirmation
of important features of the cytochromec oxidase X-ray
structure.

2 Materials and Methods

2.1 Preparation. P. denitrificansstrain ATCC 13 543 was
grown on methylamine as carbon source in a standard medium
containing 50µM manganese chloride.15 The four-subunit
cytochromec oxidase was isolated from the membrane fraction
after solubilization, using n-dodecyl-â-D-maltoside, as described
earlier.16 In the following, the cytochromec oxidase samples
resulting from this preparation without any subsequent chemical
treatment are referred to as beingoxidizedbecause their CuA
center is in its oxdized state. The addition of 25 mM of dithionite
resulted in reduced samples containingreducedCuA. The EPR
spectra presented below were taken on samples with a protein
concentration of about 200µM.

2.2 EPR-Spectroscopy.X-Band (9.5 GHz) EPR spectra were
taken using a standard Bruker ESP300 setup equipped with an
helium flow Oxford ESR A 900 cryostat and a rectangular TE102

microwave cavity Bruker ER 4102 ST. The Q-band (34 GHz)
experiments were performed using a Bruker ER 200 D console
and a TE110 cavity Bruker ER 5106 QT without an ENDOR
coil. The temperature was controlled using an Oxford CF 935
helium flow cryostat. The microwave frequency was determined
with an HP 5352 counter, and the magnetic field was determined
by a Bruker gaussmeter. The W-band (94 GHz) data were mea-
sured using a Bruker EleXsys E680 W-band spectrometer,
equipped with a helium flow Oxford CF 935 cryostat, a cylin-
drical Bruker Teraflex TE110cavity, and a 6T Magnex supercon-
ducting magnet. The microwave frequency was measured with
the internal Bruker counter. Both oxidized and reduced cyto-
chromec oxidase samples were investigated at all three micro-
wave frequencies in a temperature range from 10 to 140 K.

2.3 Simulation of EPR Spectra.The EPR spectra were
simulated in the framework of a third-order perturbation theory
treatment of the spin Hamiltonian describing the Mn2+ (S )
5/2, I ) 5/2) center.17

Here, the symbols have their usual meaning,a is the isotropic
hyperfine coupling (hfc) constant,ge and gi are the isotropic
electron and nuclear g-factor, respectively,µB is the Bohr
magneton,µi is the nuclear magneton,B0 is the static magnetic
field, and DZFS is the zero field splitting (ZFS) tensor. In the
case of disordered samples, the EPR signal is dominated by
the central| + 1/2, mI 〉 T | - 1/2, mI 〉 finestructure transitions.
The extension of the perturbation treatment for this specific
subset of transitions to third-order yields an improved result
that describes the slight orientational dependence of the position
of the resonant fields of the allowed (∆mI ) 0) and forbidden
(∆mI ) ( 1) EPR transitions.17 All of the simulations presented
below were calculated using this third-order approximation.

The forbidden transitions show up as five linepairs of less
intensity, located between the individual lines of the Mn2+

hyperfine sextet. The splittingδI of each of these pairs is
independent from the ZFS18

Figure 1. Geometry of the redox-active cofactors participating in the
electron-transfer process mediated by cytochromec oxidase. The atom
labeled with “Me” indicates the position of the additional metal center
of unknown function. Coordinates taken from the 2.7 Å X-ray structure
determined for theParacoccus denitrificansprotein (see ref 8). Only
part of the immediate surroundings of the respective cofactors is shown.

Ĥ ) geµBB0ŜZ - giµiB0ÎZ + aÎ Ŝ + ŜDZFS Ŝ (1)

δI ) 17a2

2B0
+

2gI

ge
B0 (2)
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The intensity of the forbidden transitions, relative to that of
the allowed ones, is proportional to the ratio (D/B0)2. Because
of that, the spectral features due to forbidden transitions become
weaker with increasing magnetic field.

The spectra of reduced cytochromec oxidase could be
satisfactorily simulated using the equations given in ref 17. In
contrast, in the case of oxidized cytochromec oxidase prepara-
tions, an additional term∆Bdip must be included in these third-
order expressions to achieve satisfying results. It represents the
shift of the resonant lines due to dipolar interaction between
the magnetic momentµs of the Mn2+ electron spin and a second
magnetic momentµa, located at a distanceR (see Figure 2). In
field units, this dipolar coupling can be quantified in the usual
way as

whereθ represents the angle between the vectorsR and the Dzz

principal axis of the zero field tensor axis system, andγe is the
gyromagnetic ratio of an electron. It must be remembered here
that the dipolar interaction is described by a traceless tensor
with eigenvaluesD11, D22, andD33, where 2D11 ) 2D22 ) -D33.
Thus, it can be characterized by the valueDdip, whereDdip )
-3/2D33.

The positions of the allowed and forbidden transitions were
calculated by the analytical formulas given in ref 17. The
introduction of the detailed expressions for the transition
probabilities, which are also mentioned by Reed and Markham
did not improve the quality of the results. Thus, the intensity
of all of the allowed transitions was assumed to be equal to
one. The contribution of the forbidden transitions was included
by introduction of a constant weighting factor between 0 and 1
for their intensity, depending on microwave frequency. A
standard powder average with angular steps of 0.9° between
neighboring orientations on the unit sphere was calculated,
assuming Lorentzian line shapes for the individual transitions.
The whole simulation routine was programmed using MATLAB
5.1, a program created by The MathWorks Inc., Natick MA.
This program ran under Windows NT 4.0 on a Pentium 133
MHz PC, the typical computing time for a single simulation
was about 3 min.

3 Results and Evaluation

3.1 Experiments.In addition to the six-line hyperfine pattern
of the Mn center being of particular interest in the present work,

the four redox-active metal centers of cytochromec oxidase
give rise to a series of other well-known EPR signals. These
signals in oxidized cytochromec oxidase are as follows: (i)
the oxidized binuclear CuA center exhibiting a powder pattern
with gx ) 2.00, gy ) 2.03 andgz ) 2.1810,19,20; (ii) the high
spin ferric heme a3 resulting in signals atg⊥ ) 6 andg|| )
2;21,22 (iii) the low spin ferric heme a causing patterns atg )
3.07, 2.25, and 1.45 [22]; (iv) the CuB center showing structures
at g|| ) 2.23 andg⊥ ) 2.05 [22].

X-Band Data. Low-temperature X-band spectra of both
oxidized and reduced cytochromec oxidase are compared in
Figure 3. The oxidized sample exhibits the expected sextet of
rather broad lines aroundg ) 2.0, which is superimposed on
an extended underlying structure due to the CuA center. In
addition a series of different signals atg-values of 2.3, 3 and 6
is observed, representing the contributions of the hemes. The
reduced sample yields a nicely structured spectrum centered at
g ) 2.0.

Detailed spectra of oxidized and reduced cytochromec
oxidase were taken between 10 and 140 K. Figure 4 reveals
that the intensity of the broad structure around theg ) 2.0 region
in the oxidized sample reduces with increasing temperature. In
addition, some minor features also change, in particular the
shape of the leftmost prominent line at 3060 G is varying. Up

Figure 2. Point dipole model employed in the calculation of∆Bdip.
The magnetic momentµS of an electron spin located at the position of
the Mn2+ center interacts with a second magnetic momentµa located
at the CuA position. VectorR connects both magnetic moments. The
orientation ofR with respect to theDzz principal axis of the zero field
tensor is given by angleΘ. An ellipsoid has been included in the
drawing to symbolize the orientation of the ZFS tensor.

∆Bdip ) 1
pγe

‚
µ0

4π
‚
µsµa

R3
‚(3 cos2 θ - 1) ) 2

3
Ddip‚(3 cos2 θ - 1)

(3)

Figure 3. Comparison of low temperature X-band (9.5 GHz) spectra
of oxidized and chemically reduced cytochromec oxidase. Experimental
conditions: T ) 6 K; microwave power) 20 mW; field modulation
amplitude ) 5 G; effect modulation frequency) 100 kHz; time
constant) 163 ms; total measuring time) 500 s.

Figure 4. X-band spectra of oxidized cytochromec oxidase, taken at
temperatures between 10 and 140 K (solid lines). A simulation
calculated using the optimum parameters (see text) is included (dotted
line). Experimental conditions: microwave power) 20 mW; field
modulation amplitude) 5 G; effect modulation frequency) 100 kHz;
time constant) 163 ms; total measuring time) 500 s. Simulation
parameters:D ) 145 G;E ) 28 G;a ) 96.5 G;Ddip ) 33.6 G;Θ )
75°; Ψ ) 0°; ∆B1/2 ) 22 G; intensity ratio of forbidden to allowed
transitions) 0.5.
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to 40 K, it clearly exhibits either a shoulder or is even split
into a doublet by somewhat more than 20 G. At higher
temperatures this pattern gradually collapses and at 140 K only
a single line remains. As can be seen in Figure 5, however, the
spectrum of reduced cytochromec oxidase is essentially
unaffected by changes in this temperature range. Its structure,
though, is still rather complicated. An interesting feature is
observed in the low-field region of the spectra. A closely spaced
linepair exhibiting a splitting of about 25 G appears. This is
indicated by the arrows on the spectra taken at 40 and 80 K in
Figure 5.

It is somewhat questionable to evaluate the line widths from
these X-band spectra because many of the individual lines are
strongly overlapping. A trend, however, can be seen, when
considering the first prominent line at 3060 G on the low-field
side of the spectrum in the data sets measured at 140 K. In the
case of the oxidized sample, it has a line width∆Bpp ≈ 20 G,
in reduced cytochromec oxidase, it is about 17 G. The intensity
of the spectral components reduces slightly with increasing
magnetic field.

Q-Band Data. Temperature-dependent Q-band spectra of
both oxidized and reduced cytochromec oxidase are shown in
Figures 6 and 7. Because of theg-value differences between
the Mn center and the other EPR active centers in cytochrome
c oxidase, and, in addition, the experimental magnetic fieldB0

being clearly above low-field conditions in Q-band, their
respective spectral features are better separated from each other
as compared to X-band. At temperatures down to 100 K,
oxidized cytochromec oxidase exhibits a typical Mn2+ hyperfine
pattern, the individual lines have a width∆Bpp of about 14 G.
However, below 50 K, each of the six hyperfine lines splits
into a line pair showing a spacing of somewhat more than 20
G. An intermediate range is found between 50 and 100 K, in
which a central line arrises within the respective doublets.

The Q-band spectra of reduced cytochromec oxidase,
however, consist of the characteristic Mn2+ pattern with
additional line pairs of low intensity due to the forbidden
transitions, split by 15.4 G. The line width of the dominating
sextet lines is around 10 G, their averaged spacing is 96.4 G.
No temperature dependent changes were detected. For both
oxidized and reduced cytochromec oxidase, the intensity of

the individual lines reduces with increasing field, in combination
with a slight increase of line width to∆Bpp ≈ 16 and 12 G,
respectively.

W-Band Data. Figures 8 and 9 show temperature-dependent
W-band spectra of oxidized and reduced cytochromec oxidase.
Down to 100 K, oxidized cytochromec oxidase exhibits a
typical Mn2+ hyperfine pattern centered around ag-value of
2.0012 (( 0.0001), with individual line widths of∆Bpp ≈ 8 G
and an averaged splitting of 96.45 (( 0.05) G. The latter value
is a clear indication that the manganese atom is coordinated by
six ligands.17 In a manner analogous to the Q-band experiments,
below 50 K, these lines split up by more than 20 G. Again, an
intermediate range is found between 50 and 100 K, in which
the spectrum changes from its low-temperature structure con-
sisting of six doublets to the usual hyperfine pattern of Mn2+.

Reduced cytochromec oxidase shows no temperature-
dependent change in its W-band spectrum. At 120 K, the line
widths in its typical Mn2+ sextet centered aroundg ) 2.0018
(( 0.0001) are about 7 G and, again, somewhat narrower as
compared to oxidized cytochromec oxidase. The averaged

Figure 5. X-band spectra of chemically reduced cytochromec oxidase
measured between 10 and 140 K (solid lines). The optimum simulation
(see text) is shown together with the 10 and 140 K spectra (dotted
lines). Experimental conditions: similar to Figure 4; microwave power
) 20 mW; field modulation amplitude) 5 G; effect modulation
frequency) 100 kHz; time constant) 163 ms; total measuring time
) 500 s. Simulation parameters:D ) 120 G;E ) 22 G;a ) 96.5 G;
∆B1/2 ) 17 G; intensity ratio of forbidden to allowed transitions)
0.5.

Figure 6. Q-band spectra of oxidized cytochromec oxidase for
temperatures from 20 to 120 K (solid lines). The optimum simulation
is included (dotted line). Experimental conditions: microwave power
between 0.43µW (20 K) and 43 µW (120 K); field modulation
amplitude) 3.6 G; effect modulation frequency) 12.5 kHz; time
constant ) 160 ms; total measuring time) 600 s. Simulation
parameters: same as in Figure 4, with the exception of∆B1/2 ) 14 G;
ratio of transition intensities) 0.06.

Figure 7. Q-band spectra of reduced cytochromec oxidase measured
between 20 and 120 K (solid lines). The optimum simulation is shown
together with the 10 and the 120 K spectra. Experimental conditions:
identical to Figure 6. Simulation parameters: as in Figure 5, with the
exception of∆B1/2 ) 11 G; ratio of transition intensities) 0.06.
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splitting of the hyperfine lines is 96.40 (( 0.05) G and, thus,
almost the same as that of the oxidized preparations.

Separation of EPR Signals.With the exception of the six
line Mn2+ pattern, chemically reduced cytochromec oxidase
essentially does not show any of the other EPR signals in the
g ) 2 region.10,11A comparison of the X-band spectra in Figure
3 with the Q-band spectra in Figures 6 and 7 and the W-band
spectra in Figures 8 and 9 illustrates the fact that W-band EPR
is a very convenient way to separate the overlapping heme and
Cu signals from the Mn2+ hyperfine pattern. Therefore, it is
not necessary to employ any subtraction method in order to
extract the pure Mn hyperfine signal from Q-band and W-band
data sets.

3.2 EPR Spectra of Reduced Cytochromec Oxidase.At
first sight, the X-band spectra of reduced cytochromec oxidase
presented in Figure 5 look rather complicated. However,
comparison with the data taken at other microwave frequencies
provides a good understanding of their individual features. In
the W-band experiments presented in Figure 9, the samples show
the typical Mn2+ hyperfine sextet without any additional lines.
According to Figure 7, additional linepairs of low intensity show

up between the dominating sextet lines at Q-band frequencies.
They are indicated by arrows in the spectrum taken at 50 K of
Figure 7. These additional lines can also be found in the X-band
spectra of Figure 5, on the low field side in particular. Again
some of them are indicated by arrows. As compared to the
Q-band, their intensity with respect to the hyperfine sextet
increases significantly in the X-band. This clearly proves that
the lines are due to forbidden|∆mI| ) 1 EPR transitions of the
Mn2+ center. Because the ratio (D/B0)2 decreases with increasing
magnetic field, the forbidden transitions do not appear in the
W-band EPR spectra. According to eq 2, their splitting depends
solely on the hyperfine-coupling constanta present in the Mn2+

center. Inserting a value fora ) 96.5 G, splittings of 15.6 G
(26.4 G) in Q-band (X-band) are predicted by theory. This agrees
very well with the measured value of 15.4 G (25 G).

3.3 Simulation of Spectra from Reduced Samples.Going
from the low-field to the high-field side in the X-band data sets
of reduced cytochromec oxidase, the spectral features gradually
broaden. Consequently, their resolution clearly decreases. This
effect also critically depends on the ZFS parametersD andE.

Figure 10 shows a series of X-band simulations that were
computed under variation ofD, whereas the parametersE and
A were kept fixed at 22 and 96.5 G, respectively. The intensity
ratio of the forbidden relative to the allowed transitions was
set to a constant value of 0.5, and the homogeneous line width
was chosen to be∆B1/2 ) 17 G. In particular, the shape of the
high-field wing of the spectrum between 3550 and 3650 G
exhibits significant changes with increasingD. From this, it is
obvious that a valueD > 90 G is necessary to reproduce the
experimental spectra of Figure 5. On the other hand, considering
the pronounced modification of the shape of the leftmost line
for variation ofD, it can similarly be concluded thatD must be
chosen to be lower than 120 G, in order to model the
experimental data.

The simulations in Figure 11 give an idea of how accurately
the ZFS parameterE can be determined by comparison of
calculations and experiment. Here, a series of simulations for
fixed valuesD ) 120 G andA ) 96.5 G is shown, in which
only E was varied between 0 and 50 G. Again it is obvious, in
particular from the changes of the line shape of the leftmost
line, that only a choice ofE of about 20 G will model the
experiment with satisfying agreement.

The ultimate goal was the determination of a single set of
parametersD, E, andA, resulting in a reasonable simulation of
both the experimental W-band and the Q-band spectra and in

Figure 8. W-band spectra of oxidized cytochromec oxidase taken
between 20 and 120 K (solid lines). The optimum simulation is included
(dotted line). Experimental conditions: microwave power≈ 0.6 mW;
field modulation amplitude) 3 G; effect modulation frequency) 100
kHz; time constant) 82 ms; total measuring time≈ 900 s. Simulation
parameters: as in Figure 4, with the exception of∆B1/2 ) 12 G; ratio
of transition intensities) 0.01.

Figure 9. W-band spectra of reduced cytochromec oxidase measured
between 20 and 120 K (solid lines). The optimum simulation is included
(dotted line). Experimental conditions: microwave power between 0.1
and 0.6 mW; field modulation amplitude 2 G; effect modulation
frequency 100 kHz; time constant 82 ms; total measuring time about
900 s. Simulation parameters: as in Figure 5 except∆B1/2 ) 9 G; ratio
of transition intensities: 0.01.

Figure 10. Calculated X-band spectra of reduced cytochromec
oxidase, variation ofD between 30 and 180 G. Other simulation
parameters:E ) 22 G;a ) 96.5 G;∆B1/2 ) 17 G; ratio of transition
intensities: 0.5.
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an (at least qualitatively) satisfying agreement with the X-band
data of reduced cytochromec oxidase preparations. Because
the effect of ZFS on the position of the EPR transitions is
proportional toD2/B0, it is evident thatD (and E) should be
determined in particular with regard to the X-band data, whereas
it is a good idea to evaluatea mainly from Q- and W-band
data. Concerning the X-band simulations, it should be kept in
mind that the perturbation treatment intrinsically leads to poor
results if the ratioD/(ge µB B0) is not close to zero, i.e., for low
microwave frequencies. Reed and Markham mention an upper
limit of about 0.05 for that ratio; this may serve as a rule of
thumb in order to decide whether the perturbation calculation
might yield a useful approximation.17 Furthermore, it cannot
be excluded that a certain spread ofD andE values exists in
the cytochromec oxidase sample. Thus, the assumption of only
two well-defined ZFS parameters, which has been made in the
present calculations, is clearly an idealization. Of course, the
same is true for the use of an isotropicg-value and an isotropic
hyperfine-coupling constanta, which are both justified only by
the accuracy of the final result. All of these effects are expected
to have minor impact on the resulting simulations. Therefore,
they were taken into consideration in a rather qualitative way
by simply choosing an appropriate line width for calculation.
Resuming, and additionally taking into account that no calcula-
tion of transition probabilities has been included in the simula-
tions, the agreement between X-band simulations and experi-
mental spectra is surprisingly good. This leads to the conclusion
that the evaluatedD andE values are quite reliable, particularly
because one did not have to calculate them from the intensity
ratios of allowed and forbidden EPR transitions,18 which are
certainly hard to estimate with high accuracy from the experi-
mental data.

Finally, the parameter set given in Table 1 was determined
from the simulations. The respective intensity ratio between
forbidden and allowed transitions in X-, Q-, and W-band was

set to 0.5, 0.06, and 0.01, respectively. The homogeneous line
widths ∆B1/2 used in the calculations for these different
microwave frequencies were assumed to be 17, 11, and 9 G,
respectively. The simulations calculated with these parameters
are included (dotted lines) in Figures 5, 7, and 9. A comparison
of experiment and calculation shows that the simulations model
the low-temperature data taken at 10 K and the respective 120
K experiments with similar quality. In all of the frequency bands,
the experimental spectra are reproduced quite well.

3.4 Splitting of EPR Lines in Oxidized Cytochrome c
Oxidase.The most striking feature found in the experiments is
the doublet splitting of the individual Mn2+ hyperfine lines at
low temperatures. One could think of several explanations. A
simple g tensor effect can certainly be excluded because the
splitting is independent of magnetic field.

Another possibility would be the presence of an additional
hyperfine interaction in the oxidized system. Because a doublet
is revealed in the spectra, this would have to be interpreted as
an I ) 1/2 nucleus coupled by a rather large interaction of more
than 20 G to the Mn2+ center. Considering the ligand sphere of
the Mn2+ according to the X-ray structure (cf. Figure 1), the
only I ) 1/2 magnetic moments in close neighborhood are1H
nuclei of the H2O ligands; only one out of the three expected
ligands was detected by X-ray structure analysis8 and1H nuclei
located in the adjacent His A403, Asp A404, Asp B193, and
Glu B218 amino acid residues. A detailed frozen solution
ENDOR investigation of Mn2+ ligated by water revealed an
anisotropic proton hyperfine interaction with a maximumA|

tensor eigenvalue of 7.6 MHz (( 2.7 G).23 Thus, it can be safely
excluded that the doublet splitting arises from such a hyperfine
interaction.

However, considering the fact that the splitting is detected
only for oxidized samples, and not in the case of reduced
cytochromec oxidase, another appealing interpretation of the
experimental data exists: In oxidized cytochromec oxidase,
the oxidized CuA center carries an electron spin (S ) 1/2),
whereas in reduced samples, it is in a diamagnetic (S) 0) state.
This should result in a magnetic dipole interaction between the
CuA and the Mn2+ center, if the protein is in its oxidized state.
The magnitude of this interaction can be estimated by employing
eq 3 (see also Figure 2), assuming that both centers carry an
electron spinS ) 1/2. This is reasonable because only the
| + 1/2, mI > T | - 1/2, mI > transitions of the Mn2+ center are
of interest here. This results in aD11 eigenvalue of the dipolar
interaction tensor of about-9285 G/R3 [Å] in field units where
the distanceRbetween the centers must be inserted in Ångstro¨m
units. According to the X-ray structure,8 the distance between
CuA and Mn2+ is about 9.6 Å, yielding an estimated value of
D33 ) -2D11 ) 21 G (( Ddip ) 31.5 G). Compared to the
experimentally detected splitting of somewhat more than 20 G,
this qualitative estimate looks quite reasonable. In the following
this model is proven quantitatively.

3.5 Simulation of Spectra from Oxidized Samples.To
quantify the magnetic dipolar interaction between the CuA and
the Mn2+ center in oxidized cytochromec oxidase, the
experimental EPR spectra were simulated on the basis of the
theoretical description by Reed and Markham, employing the
formulas given in ref 17. The parameters varied in the
simulations were again the ZFS parametersD and E, the
isotropic hyperfine coupling constanta of electron spin and
nuclear spin in the Mn2+ center, and the dipolar couplingDdip,
together with the Euler anglesψ andθ (because of the symmetry
of the problem, the result does not depend on the magnitude of
Φ) for the transformation of the eigensystem of the dipolar

Figure 11. Calculated X-band spectra of reduced cytochromec
oxidase, variation of E between 0 and 50 G. Other simulation
parameters:D ) 120 G;a ) 96.5 G;∆B1/2 ) 17 G; ratio of transition
intensities) 0.5.

TABLE 1. Zero Field Splitting (ZFS) Parameters D and E,
Isotropic Hyperfine Coupling Constant a, Dipolar
Interaction DDip, and Relative Orientation Θ of the Principal
Axis of the Dipole Coupling Tensor with Respect to theDzz
Principal Axis of the ZFS Tensor (see also Figure 2) of the
Mn2+ Center in Oxidized and Reduced Cytochromec
Oxidase, as Evaluated from the Simulations

D [G] E [G] a [G] Ddip [G] Θ

oxidized 145 (( 10) 28 (( 5) 96.5 (( 0.5) 33.6 (( 1.0) 75° (( 5)
reduced 120 (( 5) 22 (( 3) 96.5 (( 0.5)
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coupling tensor to the ZFS tensor system. In addition, the
homogeneous line width of the individual transitions was varied
to account for line broadening effects.

Figure 12 gives an idea of the quality of the final result. Figure
12a shows a series of W-band simulations where the ZFS
parameterD was varied, whereas all of the other values were
fixed. It should be noted that only the leftmost line of the Mn2+

hyperfine sextet is shown in this Figure 12a because all of the
individual lines of the sextet essentially exhibit the same line
shape. The increase ofD causes increasing asymmetry of the
line shape, in particular, forD > 90 G, the absolute peak
intensity of the low-field part of the pattern is clearly lower
than that of the high-field part. Obviously,D must be set to
about 150 G to reproduce the line shape found in the W-band
experiments.

Figure 12b illustrates the pronounced dependency of the line
shape from the relative orientation of the eigensystems of the
dipolar interaction tensorDdip and the ZFS tensor. In the course
of these W-band simulations, the Euler angleΘ between their
respective z-axes is varied, whereas all other parameters are
kept constant. The line shape depends critically onΘ, for Θ ≈
0° and 120°, essentially a single line emerges, whereas forΘ
around 80°, the simulation yields a clearly split asymmetric
doublet, which is very similar to that observed in the Q- and
W-band experiments.

Figure 12c shows Q-band simulations for different values of
the dipolar coupling constantDdip, whereas the other parameters
are constant. The Euler angleΘ was set at 75°, a value resulting
in a pronounced doublet splitting. Obviously, a value of about

30 G for DDip results in a satisfying simulation of the
experimental data.

For the analysis of oxidized samples, a larger number of
parameters, namelyD, E, a, Ddip, and Θ needed to be
determined, as compared with the reduced cytochromec
oxidase. Finally, the parameter set given in Table 1 resulted in
a reasonable simulation of both the experimental W-band and
Q-band spectra and in an, at least qualitatively, satisfying
agreement with the X-band data. The respective intensity ratio
between forbidden and allowed transitions in X-, Q-, and
W-band was set to 0.5, 0.06, and 0.02. The homogeneous line
widths ∆B1/2 used in the calculations for these different
microwave frequencies were assumed to be 22, 14, and 12 G,
respectively.

The simulations calculated with these parameters were
included as dotted line spectra in Figures 4, 6, and 8. They
reproduce the low-temperature Q- and W-band spectra of
oxidized cytochromec oxidase quite well. As mentioned above,
it should be remembered that the third-order perturbation theory
model used in the calculations will yield poor results for the
case of low microwave frequencies. Nevertheless, characteristic
features of the experimental X-band spectra, in particular, the
splitting of the leftmost line at low temperature and the shape
of the right wing on the high field side, are modeled with
satisfying agreement. Of course, the central part of the experi-
mental data sets is dominated by the overlapping intense CuA

signal that will not be reproduced by the simulation.
3.6 Temperature Effects in the EPR Spectra of Oxidized

Samples.An intermediate range of temperatures extending from
20 to 100 K exists in which the spectrum of oxidized
cytochromec oxidase samples changes in a characteristic way.
As can be seen in Figures 4, 6, and 8, the effect is revealed in
a similar way in the experimental X- and Q- as well as in the
W-band spectra presented in this work. Above 100 K, the system
seems to be subject to fairly large relaxation or exchange rates,
as compared to the doublet splitting∆ of about 20 G. This
gradual collapse of the low-temperature dipolar split line into
one single line with increasing temperature has a spectral
signature very similar to motional or exchange averaging of
interactions as described by the Anderson theory for exchange
narrowing. In this case, the temperature-dependent averaging
of the dipolar splitting of the Mn hyperfine lines could be
introduced by fast spin relaxation of either the Mn or the CuA

spin system. For example, saturation recovery and cw-saturation
EPR experiments on the CuA signal in cytochromec oxidase
show a strong temperature dependence of the relaxation exactly
in this temperature range.24,25 This effect could be further
enhanced by flip-flop transitions between the coupled spin
systems. According to the Anderson model,

a relaxation time on the order of 10 ns for one of the two spins
would be necessary to explain the observed narrowing. Pulsed
EPR investigations are in progress to elucidate the source of
the temperature dependence of the dipolar averaging in more
detail.

4 Discussion

4.1 Interpretation of the Dipolar Coupling Parameters.
It has been shown that the low-temperature EPR spectra of
oxidized cytochromec oxidase presented in this work can be
explained consistently by the assumption of a magnetic dipolar
interaction between a magnetic moment at the Mn2+ position

Figure 12. Calculated Q- and W-band spectra of oxidized cytochrome
c oxidase. (a) W-band simulations for variation ofD between 10 and
230 G. Fixed parameters:E ) 28 G; a ) 96.5 G;Ddip ) 34 G; Θ )
75°; Ψ ) 0°; ∆B1/2 ) 12 G; ratio of transition intensities) 0.01. (b)
W-band simulations for variation of angleΘ between 0° and 180° (cf.
Figure 2). D ) 145 G, and all of the other parameters, with the
exception ofΘ, as before. (c) Q-band simulations for variation of
dipolar couplingDdip between 6 and 60 G. Fixed parameters:D )
145 G;E ) 28 G;a ) 96.5 G;Θ ) 75°; Ψ ) 0°; ∆B1/2 ) 14 G; ratio
of transition intensities) 0.06.

∆B1/2 ) (γe
2π)∆ 2

dipT 1 (4)
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and the magnetic moment of the oxidized CuA site (S ) 1/2).
Furthermore, it has been assumed that the effects of a spin
exchange couplingJ can be neglected. In the framework of this
simple point-dipole model, the distance between the interacting
spins can be evaluated from the determined dipolar coupling
Ddip to be 9.4 ((0.2) Å. According to the 2.7 Å X-ray structure
model of theParacoccuscytochromec oxidase complex,8 the
distance between the Mn atom and the geometric center of the
CuA site is 9.6 Å. These two independently determined values
agree very well. This demonstrates the high precision that can
be achieved when EPR is employed as a means of measuring
distances in the range of about 10 Å. In addition, this agreement
demonstrates thatJ must indeed be very small.

However, due to their accuracy, the EPR results are not
simply a confirmation of the X-ray data set. According to the
X-ray structure, the distances between the Mn atom and the
individual Cu atoms in the binuclear CuA site are 9.0 and 10.3
Å, respectively. The evaluated distance of 9.4 ((0.2) Å between
the electron spins of the Mn2+ center and the oxidized CuA

center indicates that the electron spin is shared between both
Cu atoms. This agrees nicely with the previous interpretation
of this center as a mixed valence [Cu (1.5)... Cu (1.5)] dinuclear
complex carrying an electron spinS) 1/2 distributed over the
copper atoms and the bridging ligands. This proposal was first
made by Kroneck26 and has since been supported by numerous
EPR,20,27 ENDOR,28,29 ESEEM,30 and NMR31,32 experiments
as well as theoretical investigations27,33 of the binuclear CuA
center in cytochromec oxidase and its closely related counterpart
in nitrous-oxide reductase.

EPR provides further insights concerning the atoms ligating
the Mn site. Four of them could be resolved directly by X-ray
structure analysis. These are the Nε atom of His A403, two
oxygen atoms of Glu B218 and Asp A404, and the oxygen atom
of a H2O molecule acting as a kind of bridge between the Mn
atom and the nearby Asp B193 residue. As can be seen in Figure
13, these four ligands lie in a common plane and are all located
at a distance of about 2.15 Å to the Mn site. According to the
X-ray data, the normal to that plane and the line connecting
the Mn and the CuA site form an angle of 75.4°. Despite the
fact that only four ligands show up in the X-ray data set, it has
been mentioned previously that the Mn center in cytochromec
oxidase is hexacoordinate because the hyperfine coupling
constanta, determined to be 96.5 G, is indicative of hexa
coordination and not tetra coordination.11,13,17

In extension of these earlier EPR results, the data presented
in this work indicate the position of the two remaining ligands,
which could not be localized by X-ray measurements. The
simulation parameterΘ represents the angle between the
orientation of the principal axis of the magnetic dipolar coupling
tensor and the magneticz-axis of the Mn2+ system. This
magneticz-axis is parallel to the Dzz principal axis of the
eigensystem of the ZFS tensor of the Mn2+ system. On the other
hand, the line connecting the CuA and the Mn site is oriented
parallel to the principal axis of the magnetic dipolar coupling
tensor mentioned above. Thus, taken together, the angle between
the Dzz principal axis of the ZFS tensor of the Mn2+ center in
oxidized cytochromec oxidase and the line connecting CuA and
Mn in the protein complex isΘ ) 75° ((5°).

This value agrees very well with the value of 75.4° for the
angle between that connecting line and the normal to the plane
defined by the four ligands, which have been resolved by X-ray
structure analysis. Considering the fairly good axiality of the
ZFS tensor (its ratioE/D is rather low) together with the
geometry of the ligands according to the X-ray results, this leads

to the conclusion that the principalz-axis of the ZFS tensor
will be oriented parallel to the normal of the ligand plane. This,
in turn, yields the desired information concerning the position
of the two axial ligands missing in the X-ray structure. They
will be located on, or close to, the plane normal because,
otherwise, thez-axis of the ZFS tensor would not be parallel to
it.

4.2 ZFS Parameters and Redox State.As can be seen from
the experimental data given by Reed and Markham,17 the ZFS
parameters ofD ) 145 ((10) G andE ) 28 ((5) G evaluated
for the Mn2+ center in the oxidized and ofD ) 120 ((5) G
andE ) 22 ((3) G in the reduced cytochromec oxidase protein
from P. denitrificansare rather low for biological systems.
Similar results have already been found by Espe (1995) for
cytochrome c oxidase from R. sphaeroides,in which the
respective values evaluated from Q-band spectra wereD ) 115
((25) G andE ) 25 ((15) G in oxidized andD ) 125 ((20)
G and E ) 45 ((5) G in reduced cytochromec oxidase.13

(However, a slight discrepancy should be noted. From their
respective X-band data, Espe et al. excluded the occurence of
E values larger than 25 G in the reduced protein.)

The present work has shown, however, that, apart from ZFS,
hyperfine coupling, and general line broadening processes, two
additional effects must be taken into account when modeling
EPR spectra of the Mn2+ center in oxidized cytochromec
oxidase: (i) the magnetic dipole interaction between Mn2+ and
the CuA site; (ii) a spin relaxation process exhibiting rates much
larger than 10 MHz for temperatures rising above 100 K. As it
has been pointed out in detail, both effects severely affect the

Figure 13. X-ray structure of the immediate surroundings of the Mn
center inParacoccuscytochromec oxidase (see ref 8). Upper part:
View from top. According to the X-ray data, the Mn atom is axially
ligated by four ligands lying together in a common plane. These ligands,
marked by arrows, are the amino acid residues Glu B218, His A403,
Asp A404, and a H2O molecule bridging the space between Mn and
Asp B193. Lower part: View from the side. The normal to the plane
defined by the four axial ligands of the Mn atom and the line connecting
it with the geometrical center of the binuclear CuA site include an angle
Θ of 75.4°. The length of this connecting line is 9.6 Å. In addition,
the calculated distances to the other redox-active centers are given.
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experimentally detected line shapes. Because they have not been
observed and included in previously published investigations,
one should be cautious when comparingD and E parameters
given in this work with data published earlier.

In general, the ZFS parameters evaluated for theParacoccus
system are similar to those of theRhodobacterprotein.13 In case
of reduced cytochromec oxidase- where the additional effects
mentioned above will not be present- the D parameters are
identical within the accuracy of the evaluation. ConcerningE,
the value of 22 G evaluated for theParacoccusprotein may be
taken as a clear confirmation of the assumption made by Espe
(1995) thatE decreases upon enzyme reduction and that it would
certainly be less than 25 G, despite the discrepancies between
the X- and Q-band evaluations discussed by these authors.13 In
the case of oxidizedRhodobactercytochromec oxidase, an
approximate value ofD ) 150 G was calculated from the ratio
of line intensities in an X-band spectrum taken at 110 K.13 It
must be noted that the detailed comparison of experimental and
calculated spectral features in three different frequency bands,
as outlined in the present work, will certainly yield more
confident results than a simple estimation from line intensities.
A severe drawback of the latter is the fact that the individual
line intensities in the experimental Mn2+ spectra are rather hard
to quantifiy because of partial overlap. In addition, the present
work reveals that the spectral patterns at 110 K are dominated
mainly by a spin-exchange narrowing process. This is a
fundamental problem for all of the evaluations referring to EPR
data on cytochromec oxidase measured at temperatures well
above that of liquid helium. Nevertheless, the number given
for Rhodobacter13 fits quite well to the value ofD ) 145 G in
the case of theParacoccusprotein. However, the evaluation of
ZFS parameters from Q-band data measured on the Mn2+ center
in oxidizedRhodobactercytochromec oxidase,13 which should
be more reliable because it simulates a 150 K spectrum, led to
a different result. This raises the interesting question whether
differences in the ligand structure of the Mn2+ center exist
between both protein complexes. Unfortunately, it cannot be
answered as long as there are no low-temperature Q- and
W-band data available for cytochromec oxidase prepared from
R. sphaeroides.

Another interesting finding is the clear change inD of the
Mn2+ center from 145 G in oxidized to 120 G in reduced
Paracoccuscytochromec oxidase. This might be indicative of
a slight modification of the ligand structure of the Mn atom,
which could accompany the change of the protein redox-state.
According to the conclusions of the related detailed discussion
for the Rhodobactersystem, these structural changes will be
lower than 0.2 Å in bond length and 10° in bond angle.13 Of
course, the same arguments and estimates are valid for the
present results onParacoccuscytochromec oxidase.

It is somewhat unsatisfactory that it has not been possible,
until now, to quantify these changes in a better way. However,
if there would be a clear difference in theD parameter of the
Mn2+ center betweenParacoccusandRhodobactercytochrome
c oxidase, this problem could be resolved. Then, the comparison
of high resolution, ENDOR or ESEEM,13,34 spectra taken on
the oxidized cytochromec oxidase proteins from both organisms
might help to unravel the expected small modifications of the
ligand sphere by detection of changes in the measured hyperfine
couplings because the underlying signals from CuA should be
similar in both experiments.

Finally, we want to emphasize once again that the crucial
point for the consistent evaluation ofD, E, a, Ddip and Θ

presented here was the availability of experimental X-, Q-, and,
in particular, W-band data. The main reason for our confidence
in the final results given in Table 1 is that the same respective
parameter sets yield satisfying simulations for all of the
investigated frequency bands. The remaining imperfections of
the simulations must be due to the simplifications, which have
already been discussed above. However, it is obvious that they
are clearly justified by the quality of the results achieved.

4.3 Consistent Interpretation of Previously Published
Data. The pioneering X-band EPR experiments on the Mn2+

center in cytochromec oxidase fromP. denitrificansshowed
some qualitative differences between oxidized and reduced
samples, in particular changes of individual line widths. Thus,
it was suggested that a structural modification of the protein
might accompany the change of its redox state.10 However,
because these experiments were performed at temperatures
above 130 K, they could not reveal the complete spectral
information presented here. Later, a detailed low-temperature
EPR investigation was performed. The respective X-band spectra
taken at 12 K are essentially identical to those shown in Figures
4 and 5. Again, the data were interpreted in the framework of
a conformational change. It was assumed that these structural
modifications of the protein would depend on the redox state
and lead to two different coordination environments of Mn2+.
No attempt was made to evaluateD andE quantitatively.11 The
possibility of a magnetic coupling between Mn2+ and the CuA
site was mentioned in that contribution. However, from mea-
sured saturation profiles of the Mn2+ signal, it was concluded
that no such spin-spin interaction would be present in the
cytochromec oxidase protein.

A thorough investigation of the Mn2+ binding site in
cytochromec oxidase fromR. sphaeroidesfollowed, employing
X- and Q-band EPR as well as site-directed mutagenesis to alter
the ligand sphere of that metal center.12,13Because the Q-band
experiments were performed at 150 K, the significant low-
temperature spectral changes were not detected. The magnitude
of the Mn2+ ZFS parameters was evaluated. However, the
resulting changes ofD and E between oxidized and reduced
cytochromec oxidase were rather small (∆D ) 10 G; ∆E e
25 G). From this, it was concluded that only minor changes in
the structure of the Mn2+ binding site would occur.

The results presented in this work resolve the discrepancy
between the contradictory conclusions made in the earlier
investigations. The differing spectral features in the low-
temperature X-band spectra of oxidized and reduced cytochrome
c oxidase are due to magnetic spin-spin interaction between
the Mn2+ center and the CuA site. Thus, their interpretation in
terms of a structural change of the Mn2+ binding site10,11 can
certainly be excluded. However, a distinct reduction of the ZFS
parameters, in particular ofD, was found to accompany the
change from the oxidized to the reduced state in cytochromec
oxidase fromP. denitrificans. This might be indicative of a
minor, but significant, modification of the coordination sphere
of Mn2+ in that protein complex, which could be interpreted,
at least to some extent, to favor the former hypothesis of
conformational changes.10,11

The difference in the Mn2+ ZFS parameters between oxidized
cytochromec oxidase fromR. sphaeroides13 andP. denitrificans
may prove to be an interesting result. This problem certainly
requires further experimental investigation. If confirmed, these
results may open the way to further insight into the structure
and function of the ligand sphere surrounding the nonredox-
active metal center.
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5 Conclusion

This work demonstrates that high-field EPR, in particular in
the framework of a multi-frequency EPR approach, can provide
detailed structural information about the immediate surroundings
of the nonredox-active metal center in cytochromec oxidase.
Considering the requirements on the investigated preparations,
it must be noted that all of the results presented were evaluated
from experiments on frozen solution samples. There was no
need to investigate protein crystals in order to obtain the desired
structural information.

It has also been shown that there is no evidence for major
structural modifications of the cytochromec oxidase protein
complex accompanying the change of its redox state, as had
been suggested earlier.6,10,11 Instead, the splitting of the Mn2+

hyperfine lines could be qualitatively described by a purely
dipolar spin-spin interaction between the paramagnetic Mn2+

ion and the binuclear CuA center, the evaluated distance being
in full agreement with the X-ray structure. This excludes a strong
exchange coupling between the Mn and the CuA center, thereby
confirming the assumption that the Mn site does not participate
in the electron-transfer process. Nevertheless, distinct changes
of the ZFS parameters have been detected. They are indicative
of a minor change in the ligand sphere of the metal center itself.
Interestingly, in the case of cytochromec oxidase protein from
R. sphaeroides, the respective changes of ZFS parameters were
found to be smaller.13 The reason for that is not known and
requires further investigation.

In extension to the results shown here, the Mn atom
substituted to this metal binding site has proven to be a powerful
probe to determine distances to and spin moments of the other
redox-active cofactors in the cytochromec oxidase protein
complex. Related EPR investigations are in progress in our
laboratory.
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