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1. Introduction

Chance and his associates were the first to describe
a number of spectrophotometric intermediates in the
reaction between reduced cytochrome ¢ oxidase and
O, by kinetic measurements at low temperatures [1].
Later our group, by following the reaction both by
optical and by EPR spectroscopy [2], were able to
show that 3 consecutive intermediates are formed at
173 K, and that these differ in the number of elec-
trons that have been transferred to the cytochrome
@3—Cug—0; unit from reduced cytochrome ¢ and
Cuy, (see [3] for a definition of the prosthetic group
metal ions). The first intermediate (T) has O, in the
peroxide state, if the metals are considered oxidized.
Intermediates II and IIT are then formed by two suc-
cessive transfers of one electron, This means that the
@3—Cup—0; unit in intermediate II must have at least
one unpaired electron and be paramagnetic.

A disturbing observation in our earlier investigation
was the absence of any EPR signals other than those
from cytochrome @ and Cu,?**. We have now
renewed our search for a new EPR.detectable species
by the use of more extreme conditions for the EPR
measurements (lower temperature, higher microwave
power) and have found a new copper EPR signal with
unusual properties, The species giving this signal is

formed and disappears with the same kinetics as inter-

mediate IT. The EPR properties suggest that it contains
a Cu® ion in the vicinity of another paramagnetic
group. A likely interpretation is that the EPR signal
arises from Cug® interacting with cytochrome a; in
the ferryl ion state, Fe**=0.

2. Materials and methods

Cytochrome oxidase was prepared from beef heart
mitochondria [4]. Chemical and spectroscopic meth.-
odswere the same asin [2].In the EPR measurements
the actual temperature at the sample was determined
by the use of a carbon resistor.

3. Results

EPR spectra of a cytochrome oxidase sample were
recorded at different times after the initiation of the
reaction at 173 K between the reduced enzyme and
0, as illustrated in fig.1. With the conditions of mea-
surement given in the caption a new EPR signal, char-
acterized by 4 peaks centered around g 2 25, was dis-
covered, Its intensity at first increases continuocusly
with the reaction time, reaching its maximal amplitude
after ~200 s (fig.1). EPR spectra recorded at lower
power showed that the eytochrome 2 signal atg 3.0
and the Cuy signal at g 2.0 increase concomitantly
with the new signal. On further reaction at 173 K the
g 2 25 signal decays (third spectrum in fig.1), and it
vanishes completely when the reaction is allowed to
continue at 193 K (bottom spectrum in fig.1).

The conditions at which the new signal can be
detected are quite different from those commonly
used for recording EPR spectra of cytochrome oxidase,
The effects on the EPR spectrum of changing the
temperature and the microwave power are shown in
fig2. At 30K (spectra C and D) the signals from
Cuu™ (£ 2.0) and a low-spin haem (g 2.54) are essen-
tially nonsaturated even at 100 mW, and the new sig-
nal cannot be abserved. At 10 K, on the other hand,
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Fig.l. EPR spectra of a sample at different stages of reoxida-
tion of fully reduced cytochrome oxidase with O,. The sam-
ple contained 162 uM reduced cytochrome oxidase —CO com-
plex in 40 mM Hepes buffer at pH 7 .4 and 0.5% Tween §0,
28% ethylene glycol, 0.9 mM NADH and 4 pM phenazine
methosulphate. From top to bottom are shown: the sample
before reaction, at 200 s and at 1500 s after initiation of the
reaction at 173 K, and after 3 min at 193 K. The conditions
of EPR spectroscopy were: temp. 10 K; microwave power
100 mW ; microwave frequency 9521 GHz; modulation ampli-
tude 32 mT.

the copper and haem signals are saturated, and the
new signal appears, becoming more pronounced with
increasing microwave power (spectra A,B in fig.2).
From the position of the 4 hyperfine peaks the param-
etersg =225 and A = 13.8 mT can be calculated, No
features corresponding to the normal gy part of the
spectrum can be detected. As the spectrum is not the
normal type for Cu?*, only a lower limit for its inten-
sity can be given; this corresponds to 10% of the oxi-
dase concentration.

4, Discussion
The results in fig.1,2 demonstrate the appearance

of a new EPR.deteciable species in the low-tempera-
ture reaction of fully reduced cytochrome oxidase
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Fig.2. Temperature and microwave power dependence of the
new Cu®* signal. EPR spectra were recorded with a sample
containing the same concentration of enzyme and other
reagents as that of fig.1. (A B) were recorded at L0 K and
gain 1, with the microwave power 100 mW and 1 mW, respec-
tively, () at 30 K, gain 0.1 and 100 mW ,and (D) at 30K,
gain 1 and 1 mW. Conditions chosen for A, B',C" and D' are
such that a non-saturating signal with 7' temperature depen-
dence would have the same intensity.

with Q5. In [2] we could not detect any EPR signals
other than those from cytochrome ¢** and Cu,**,
which was puzzling in view of the fact that intermedi-
ate 11 was predicted to be paramagnetic. Our earlier
failure to observe this paramagnetic species by EPR
finds its explanation in the unusual properties, making
the spectrum detectable anly with high microwave
powers at temperatures well below 30 K, as shown in
fig 2,

The new signal has an unusual shape, displaying
essentially only 4 ‘absorption-type’ peaks; it should
be noted that the features in the regiong 1.95-2.05
do not belong to the new spectrum, as they remain
after the hyperfine structure has disappeared (botiom
specirum in fig.1). The magnitude of the hyperfine
coupling shows, however, that the unpaired electron
is mainly assaciated with a copper nucleus, The spec-
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trum is unusual for Cu®* also in being characterized
by a very fast relaxation, which makes jt essentially
non-saturating at 10 K even with a power as high as
100 mW (fig.2).

The unusual shape and relaxation properties must
be due to an interaction with a nearby paramagnetic
jon, Such an interaction could result in a very aniso-
tropic spectrum, in which the other parts are too weak
to be detected, The coupling with another paramag-
netic ion would also give a very short relaxation time,
particularly if the neighbour itself has a short relax-
ation time,

The rate of formation and decay of the new signal

(fig.1) demonstrates that it represents intermediate IT,

as this was earlier found [2] to have reached its maxi-
mum concentration after 200 s at 173 K and to have
decreased to half the maximum after 1500 s. This
conclusion is also consistent with the prediction [2]
that intermediate 1I should be paramagnetic.

In [2] we could only assign an overall charge to
the Ojreducing [Cugas] unit in the intermediates but
could not specify the exact electron distribution
among its components because of the lack of any
EPR signals from cytochrome @z or Cuy,. The discovery
of the new spectrum, with its unusual properties,
makes possible, however, a more exact structural
description of intermediate I1.

The copper EPR signal must come from Cup®*, as
it rises concomitantly with the g 2.0 signal from
CuA2+, Its hyperfine splitting is very different from
that of the Cu,** EPR signal but is only somewhat
larger than that of the Cug®" signal in [5]. The slight
difference must be due to the different structures of
the [Cugas] unit in the two species giving Cug®” sig-
nals, the signal discovered earlier arising from a
Cug®-23"—0; complex [6].

The overall charge of the [Cuga,0] unit in inter-
mediate II is +4 [2]. The identification of the EPR
signal with Cup** means that the rest of the unit
should be [FeO]?*, There are at least 3 possible elec-
tron distributions in this ion: Fe?*—0, Fe** -0~ or
Fe?"=0. The first two of these would, however, not
be expected to be paramagnetic, whereas ferryl jon
would be, §=0 being very rare for the d* configura-
tion [7].

The ferryl ion would be expected to have a short
relaxation time and consequently to have the observed
effectson the CuB” spectrum, An analogous situation
has, in fact, been described for horseradish peroxidase
[8]. In its compound I a combination of magnetic
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Fig.3. The intermediztes in the reaction of fully reduced
cvtochrome oxidase with O, at 173 K.
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© susceptibility and Mdssbauer results has demonstrated

the presence of a ferryl jon-radical complex. The
neatby ferryl jon gives the radical such a short relax-
ation time, however, that its EPR spectrum can only
be detected below 10 K, and its central feature has an
intensity corresponding to only 1% of the heme con-
tent [9].

In view of the analysis given here the intermediates
observed in the reaction of reduced cytochrome oxi-
dase with O, [2] can be written as in fig 3, The struc-
ture we have demonstrated for intermedizte II had
been predicted on the basis of chemical reasoning in

[10].
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