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1. Intraduction

Cviochrome oxidase (EC 1.9.3.1)) acis as the
terminal electron ccceptor in the mitochondrial respi-
ratory chain and catalyzes the reduction of molecular
cxygen to water. It is comprised of four redox sites,
two heme @ sroups associated with the cytochromes
a and g3 and two copper atoms distinguishable on
both functional and speciral grounds (reviews [1,2]).
1t 15 kncwn from SDS gei electrophoresis thai cyio-
chrome oxidases consist of af least six and possibly
eight polypeptide chains [3—5}.<The relaiionships
“etween the functional properties of the redox sites
aud the polypeptide subunit stricture of the enzyine
are, however, largely unexpiored.

Receat functional studies on isolated cytochrome
oxidasz have suggested that the oxidized enzyme, as
prepared, is of secondary catalytic importance but
rather acts as a pool of ‘resting’ enzyme from which
an activated species, termed ‘puised’ oxicase, may be
generated in respanse to a flux of electrons [6]. This
activation process takes place upon the enzyme com-
plex uncergoing cne cycle of fuil reduction and
reaction with molecular oxygen and alsc poes part
way to explain known discrepancies betwezen the
enzyme-turnover nuaiber as measured by transient
and steady-siate methaods.
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In this paper we report findings that indicate that
activation of the oxidase can be accomplizhed not
ordy for the isolated enzyme but also when it is
imbedded in the membrane of the submitochondrial
particles thus indicating a possible in vivo importance
for this activation. Also to investigaie the role played
by conformational rearrangement between subunits
in this activation process we have undertaken cross-
linking experiments with purified enzyme in an atiempt
to impair the conformational flexibility of the oxidase
assenmibly.

2. Maserials and mectheods

Cyiochrome oxidase and Keilin-Hartree particles
were prepared as described [7].

Crossiinking was carried out by the method [8]
using dimethyl suberimidate. Solutions, 25 ¢M, of
either fully oxidized or dithionite reduced cytochrome
oxidase were reacied 2t room temperature with
dimethyl suberimidate for 3 h. The reaction was
stopped by the addit'on of ammoniuwm chloride to 2
final concentration of 0.1 M and the reaction mixture
was then dialyzed against 9.1 M potassium phosphate
buffes, pH 7.4, containing 1% Tween 80 overnight .
All samnples were in the fully oxidized staie after
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dialysis, as judgzed by their specira. As a conirol a
25 ubf solution of oxidized oxidase was treated in
an identical manner except that suberimidate was
oritied from the reaction mixture.

The concentration of cytochrome oxidase in teims
of heme was determined vsinge=21009M fem™* at
605 num for the fully reduced enzyme {7]. The oxidase
concentrations are, however, expressed in terms of a
two heme {4a5) complex. SDS gel electrophoresis was
performed according to [12].

3. Besults and disctission

3.1. 805 gels

Figure 1 shows SDS gels of cytochrome oxidase
which have been crosslinked in either the fully oxidized
or the fully reduced staie and compares these with
vacrosslinked enzyme. The uncrosslinked enzyme
exhibits a2 multibanded paitern in agrecment with
[3—51 and indicates the presence of eight polypeptide
chains with approx. mol. wt range 51 00016 000,
together with some further higher molecular weight
components. This pattern may be contrasted with that
of the crosslinked enzyvine.
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Fiz.1. Polyacrylamide sel—SDS eleciropharesis performed
according to the method [12]} and in the presence of the
proteinase inhibitor. The major band app. mal. wts are:
Comtrol, 50 700, 44 700, 35 500, 30 200, 27 900, 22 400,
12 500 and 16 2090; KO, 24 GO0 and 14 5038: X, 22 900
and 15 800.
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Fig. 2. Electron fransfer beiveen horse ferrocytochizome ¢
and bovine cytochrome cxidase in the uncrosslinked and
crosslinked condition. Cvtochrome oxidase concentration
1.3 uM: ferracytochrome ¢ 2 uM. C, X5 and Kgp refer to the
conirol, oxidase crosslinkad in the oxidised condition and
reduced condition, respectively. The upper time scale refers
to the wop three iraces and the lower scale to the bottom
three traces. Monitoring wavelength 558 nm. Potassivn
phosphate buffer 0.1 M, pH 7 4, containing 1% Tween 80.
Temp. 20°C.

It is apparent that suberimidate has linked together
some of the polypeptide chains and only iwa lower
molecular weight components (approx. mol. wt 22 000,
15 000} are now evident, the remainder of the enzyine
failing to enter the gel.

3.2. Functional shedies

Figure 2 shows typical progress curves of the
eleciron transfer reaction between ferrocytochrome ¢
and cytochroms oxidase at low protein concentrations.
In agreement with [9] we observe a fast process
(second-order rate approx. 3 X 10° M~' s7") corre-
sponding to the oxidation of cytochrome ¢ and a
simultaneous rednuciion of cytochrome 2. When moni-
tored at a2 wavelength of 550 nm this reaction is
followed by a slower oxidation of cytochrome ¢ which
by 1ofersnce to the photochemical experiments [10]
appears o be rate-diinited by the interual transfer of
electrons from cytochrome g to 4. It is clear that the
crosslinked enzyme behaves identically to the untreated
enzyme with regard to the rate at which electrons
eanter the enzyme from cytochrome ¢. This similarity
in the functional properties of the crosslinked and
uncrosslinked oxidase is also seen in their reactions
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with carbon monoxide. Table 1 comparss the rages of Table I
cembination of CO with dithionite reduced enzyme Reaction of reducad zncrosslinkad and crosslinied axidase
as measured by stopped-flow and phoiolytic methods. with carbon monoxide

N - ' -
These rates are the same in all cases :nnd.are in close Protein Protein o e (ae)  Method
agreement with the values for the combination rate (M) (M) s-1)
censtan: of CO with reduced cytochrome oxidase {11].

The {ast electron entry into the oxidase moleculs Constol 4.4 250 15.00 Fiow
and the unimpaired ligand binding properties of cross- Control 44 250 £3.53 Flash
linked eazyme suggests that the cytochrome ¢ inter- X0 5.8 250 £5.37 Flow
action site, cytochrome @, and the accessibility and Xo 5.8 250 14.5 Fiash
binding properties of the hema associated with cyto- R 33 259 13.36 Flow

P HIE A ¥ Xp 55 250 1508 Flash

chrome 1z, are unaifected by the crosslinking of the
constituent polypeptide chains of the oxidase complex. Potassium phosphate, 0.1 M, pH 7.4, 1% Twezn-80. Temp.

In fig.3 we report progress curves monitored at 20°C
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Fig.3. Oxidation of hosse ferrocy tochrome ¢ by membrane bound, isolated and crosslinked bovine cytochrame oxidase.

{a) Keilin-Hartree particles, oxidase concentretion 2.1. xM, cytochrome ¢, 10 2M. (b} Isolated oxidase 1.3 M, cytachrame ¢,
6.25 pi, (c) [solated oxidase crossiinked while in the oxidised state 1.3 M, cytachrome ¢, 6.25 uh. (d) Isolated oxidase cross-
linked while in the reduced siate 1.3 M, cytochrome ¢, 6.25 pM. R and P deneie experunents with the ‘resting” or “pulsed’
en-yme (sce text) respectivaly. Experiments were performed in 0.1 M potassium phosphate buffes, pH 7.4, which, for those
experimants uysing the isolazed enzyme, also contained 1% Tween 80. Oxygen concentiation 135 uM, sodium ascorbate 1 mb.
Monitoring wavelength 550, Temp, 20°C,

32



Velume 85, number E

550 nm for the reaction between ferrocytochrome ¢
and either isclated cytochrome oxidase, crosslinked
and uncrosslinked, or Keilin-Hartree pacticles. The
concenirations are chosen so that each molecule of
cytochrome oxidase will turn over approximately
OICE Ont average, that is ihe ferrocyiochrome ¢ Cofl-
centration is approximately equal fo the concentra-
tion of radox sites in the oxidase or 4-fold greater than

the total oxidase complex concentration.
This reaction has been studied in two ways. Firstly,

by mixing an aerobic solution of oxidized ‘resting’
cytochrome oxidase with ascorbate-reduced cyto-
chrome ¢ and secondly, by reacting a mixiure of
ascorbate-raduced cytochrome ¢ and cytochrome
oxidase with an oxygen-coniaining buffer. In the first
method we observe the oxidation of ferrocvtochrome
¢ by cytochrome oxidase which has been in the oxi-
dized or ‘resting’ state for a long period of time while
in the second method we see the action of {reshily-
oxidized oxidase or ‘pulsed” oxidase, which is
produced within the deadtime of the stopped-flow
apparatus by the oxidation of oxidase by molecidar
OXVoen.

As reported for uncrosslinked oxidase [6] the two
methods show cleasly different rates as illustrated in
fig.3b and table 2, indicating that the rate of intcrnal
clectron transfer within the pulsed enzyme is appros.
3-fold grsater than in the resting enzyme. The rate of
reaction of the crosslinked enzyme, however, is the
same by both methods and the same as the rate
exhibited bv the uncrosslinked, resting enzyme {see
table 2). We may conclude from this experiment that
whereas the crosslinked enzyme is zble to oxidize

Table 2
Rate of the slow phase of oxidation of ferrocyiochrome ¢
by membrane-bound, isolaicd and cresslinked bovine
cytochrome oxidase

Rate (s™')
Protein

‘Resting’ ‘Pulsed’
Oxidase in 1.25 3.95

pariicles

Contrel 0.2G6 6.74
X0 025 0.28
XR 0.33 3.24

Waluzs taken from plots ia fig 3
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ferrocytochrome ¢ as rapidly as uncrosslinked resting
enzyme ii is unable to become activated and disolay
the enhanced rates thai are characteristic of the
unireated enzyme. The differences between ihe cross-
linked and uncrosslinked enzymes reside in the fact
that the subuniis are linked together in ihe former case
and, presumnably, this interferes with the coniorinational
flexibility of the molecules. The activation process '
would therefore seem to rely on the oxidase molecule
entering in its activated state a conformation different
from efther the fully-oxidized resting enzyme or the
fully-reduced enzyme. This activated state corresponds
to the condition of the enzyme when it is turning
over, as a cycle of reduction and oxidation in a steady-
state experiment should produce the activated enzyms
in an analogous fashion to the way described above.

In order to ascertain whether the activation process
is an artifact generated by the isclation procedure we
have conducied some experiments on Keilin-Hartree
particles. In fig.3 the resiing and pulsed pariicles are
compared in their rate of oxidation of ferrocviochrome
c. It is clear that the activation process occurs leading
to 3 3-fold enhancementi of the rate. The fact that this
enhancement occurs in the membrane-bound enzyme
sugpests that it is physiologically relevant and that the
activation process may have an important role in the
controf of the respiratory chain as discussed 151, We

tions the mwembrane - Sound oxidase oxidises ferro-
cytochraome ¢ considerably fasier (~ 3-fold) thao the
isolaied enzyme. This is in agreement with the known
activation of cytochrome oxidase by lipids [13].
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