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Role of supernumerary subunits of bovine heart cytochrome ¢ oxidase has been investigated by examunng the mfluence on the enzymatic activity

of thesr removal by chromatographic procedures or controlled digestion by trypsin Is has been shown that partal proteolytic cleavage of subunst

IV results m depression of respiratory activity and of redox-hinked proton translocation Selective removal by gel-filtration of subumit VIb has
no significant mfluence on the redox and protonmotive activity of the oxidase

Cytochrome ¢ oxidase, Supernumerary subumt, Proton translocation

1. INTRODUCTION

Cytochrome ¢ oxidase of mitochondria and bacteria
{EC 1.9.3.1) (COX} catalyzes the aerobic oxidation of
cytochrome ¢ with reduction of dioxygen to H,O and
formation of transmembrane proton-motive force
(PMF). PMF s, first of all, generated as a direct conse-
quence of the anisotropic organization in the mem-
brane of the reduction of O, to H;0, whereby electrons
are delivered by cytochrome ¢ at the outer surface and
H* derived from the inner aqueous phase [1-3]. k is
generally accepted that, in addition, electron flow in
eukaryotic and certain prokaryotic cytochrome ¢
oxidases results in proton pumping from the inner to
the outer space I3, 4. The characteristics, mechanism
and function of proton pumping m cvtochrome ¢
oxidase have, however, to be established (see [3, 6]).

COX of bovine heart consists of 13 subunits [7]. The
first two, for which analogous subunits are present in
prokaryotic oxidases [6], hold the 4 redox prosthetic
centers and apparently perform the basic events of
proton-motive activity of the oxidase. The function of
the other subunits is still unknown [6].

In this paper information is presented on the role of
two supernumerary subunits, IV and VIb (according to
the nomenclature in {71}, as deduced from the influence
on the enzymatic activity of their removal by chromato-
graphic procedures or controlied digestion by trypsin.

Correspondence address 'Y Plangues, Iastttute of Medical Bio-
chermsiry and Chemistry, University of Bari, Bari, Haly

Abbreviations CCP, carbonyleyamide p-trifluoremethoxyphenyl
hydrazone, Ph{NMex)s. N,-N,N',N'-tetramethyl-p-phenylenedi-
amine

Published by Elsevier Scrence Publishers BV {Biomedicad Divesion}

2. MATERIALS AND METHODS

21 Enzyme preparations

Cytochrome ¢ oxudase, 10~12 nmol heme a+o3/mg protem was
prepared from beef-heart mitochrondna as mn 8] Subumt Vib-less
oxidase was prepared as follows 2-4 mg of purified oxidase were m-
cubated for 1 hat 4 or 20°C i 1 ml of 0.1 M NaCl, 25 mM Tris-HCl
pH 7.4, 4% Na-cholate The oxidase suspension was then apphed on
a column (7 cni long, 1 ¢m diameter) of Sephadex G-150 (Pharmacia)
suspended m 0.1 M NaCl, 25 mM Tris-HCl pH 7 4, 2% Na-cholate
and cluted at 4 or 20°C wath 2% Na-cholate

Reconstitution of the cytochrome oxidase vesicles (COV) was per-
formed by the cholate dhalysis method as described n [9]. The percen-
tage of cytochrome ¢ oxidase incorporated ‘night-side out’ was
calculated as m {10} or after reduction by ympermeant and permeant
reducing agents 1 anserobiosis m the absense of cyamde [11] With
both methods more than 80% of the cwndase molecules were found
to be onented ‘night-side out” as m mtact mtochondria {10, 11}

22 Cytochrome assqy

Cytochrome @ and a3, in the soluble enzyme or in reconstituted
vesicles, were measured spectrophotometrically at room temperature
using a Aesos-s30 = 14 MM~ cm ™! Ferrocytochrome ¢, prepared
as i {10], was measured using a dessy (reduced-oxidized) = 21
mM™! cm™' Ferrocytochrome ¢ was oxdized by addmg a few
gramns of ferricyamde {for other details see {11]}

23 Trypsmn digestion

COX, dissolved m 0 1% Triton X-100, 0 1 M K-Hepes, pH § 0, at
a final concentration of 4 @ mg protem/ml, was mcubated with trypsmn
ataratioof 1 20 (w/w)}at 25°C, and the reaction stopped by adding
phenyimethylsulfonyifluonde (Sigma) at final concentranon of I mM
Ahgquots of trypsimzed oxidase {20-50 pg protem) were analyzed by
SDS-PAGE {asm {7}

Cytochrome oxudase reconstituted 1n vesicles was directly incubated
with trypsin at the same protease/protemn ranho reported above and
the cleaved enzyme separated from phospholipids by sucrose gradient
centrifugation prior o SDS-PAGE, as described mn [12]

Cleavage of mdvidual subunits of cytochrome ¢ oxidase was
caleulated from the densitometric scans (Camag TLC densttometer,
Switzerltand) of the 8DS-PAGE gels as peak-area of the remammg
subumts
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Fig.2. SDS-PAGE and densitometric sean of isolated bovine heart
cytachrome ¢ oxidase after digestion with trypsin. For experimental
g}{ b 3653 details see section 2 and [12], (A) SDS-PAGE of: {8} 20 g of control

oxidase supplerented simultaneously with trypsin (1:20, w/w) and
1 mM {protease inhibitor) phenylmethylsulfonylfinoride; and (b) 20
2z of soluble oxidase incubated with trypsin for 120 min prior addi
tion of the protease inhibitor. (B} Densitometric analysis of gel-sloty
of cytochrome ¢ oxidase. {a) control oxidase; (b} soluble oxidase
digested 120 min with trypsin; {¢) cytochrome ¢ oxidase reconstituted
in vesicles was Incubated with frypsin as in (b). After digestion, the

oxidase was separated from phospholipids s in {12}

”\m

Fig.1. SDS-PAGE and densitometric scan of isolated bovine heart
cytochrome ¢ oxidase before and after gel-filtration on Sephadex
G-150. For experimental details see section 2 and {71, {A) SDS-PAGE
of: {a) 20 ug control oxidase; and {b) 20 pg of oxidase passed through . . . .
Sephadex G-150. {B) Densitometric analysis of gel-slots of cyto- [11]. Oxygen consumption was measured potentiometrically with a
chrome ¢ oxidase performed at 590 nm. Clark-type elecirode coated with a highly sensitive membrane.

Valinomyein (2 pg/ml) plus CCP (5 pM) stimulated the oxygen up-

take of COV around 10 times in 40 mM KCl, 10 mM Hepes (pH. 7.4},

2.4. Measurements of proton translocation and oxygen uptaky 0.1 mM EDTA, 25 mM ascorbate, 50 pM cytochrome ¢ and 20 5!

Proton transfocation in COV was measured with a pH combination vesicles {0.08 nmol heme g+ a3} in 1.5 ml. For proton translocation

electrode connected fo a rapidly responding electrometer amplifier measurements, 8.25 mi vesicles (0.5 pM oxidase) were suspended in
Table 1

Effeet of removal by gel-filtration of subunit VIb from isolated bovine heart cytochrome ¢ oxidase on redox kinetics of the soluble enzyme and
respiratory activity and proton translocation in COV

Oxidase Soluhie oxidase LoV
Xm I‘fmax T.N. R‘C'eRn H * /e”
M nmot - 571> nmol ™} uncoupled
e { ) ( staté; Reductant Oxidant H™* conductivity
' pulses puises #M H* /min

Control oxidase 1.5 2008 254+ 15 210+ 12 29+ 03 G.85 + 6.02 3172013 406 £ 5.2
Subunit Vib-less

oxidase 55+ 0.03 e 4 183+ 20 87410 0.74 2 0.05 0.15 + 0.06 314141

Kinetics assay of the soluble oxidase was carvied out as in [11]. The values represent the mean of 7 different experiments. Ky, are copcentrations

of cytochrome ¢€; Vax values are nmol cytochrome o oxidized - 7 t {nmol eytochrome qa) ™ *. For the measurement of the respiratory activity T.N.

nmol cytochrome ¢ oxidized « 377 {nmol cytochrome am) ™', respiratory contro} ratio {R.C.R.) and passive proton conductivity, see section 2 and

in {11} H* /2~ ratio for redox-linked proton ejection in COV was measured in reductant pulses of 4 nequiv. O; to anaerobic, reduced COV sup-

plemented with 4 @M ferrocytochrome ¢, 10 mM ascorbate and 0.2 mM PhilNMe;),. The H /27 ratio in oxident pulses was corrected for scalar
acidification deriving from oxidation of ascorbate. The values are the mean of 7 different experiments
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100 mM choline/Cl 0.2 mM choline/Hepes, 0 1 mM choline/EDTA,
5 mM KCl, 2 ug valinomycin/ml, final vol. 1.5 ml. The redox-linked
pH changes, elicited by pulses of 4-10 uM ferrocytochrome ¢ were
quantified with small aliquots of a standard solution of 10 mM HCI

25 Chenmicals

Ph(NMe;); was from BDH Chemicals Ltd, vahnomycin, CCP,
horse-heart cytochrome c (type VI) and soybean phospholipids were
from Sigma All other reagents were of the highest purity grade com-
mercially available

3. RESULTS

Gel filtration on Sephadex G-150 of purified cyto-
chrome ¢ oxidase suspended in 4% cholate and eluted
with 2% cholate, pH 7.4 at 20°C or 4°C, resulted in the
selective removal of the enzyme of subunit VIb [7] (sub-
unit AED of the first N-terminal residues [13]). No
other structural alteration was apparent judging from
the SDS-PAGE pattern (fig.1) and the optical spectra
of the oxidized and reduced enzyme (not shown).
Polarographic assay of the activity of the soluble en-
zyme did not reveal any substantial change in the Ky,
for cytochrome ¢ and turnover number (table 1). The
subunit VIb-less enzyme reconstituted in liposomes
with the cholate dialysis method, resulted in being in-
corporated ‘right-side out’ by around 80% as the con-
trol enzyme and exhibited practically unchanged

% of control
no
[~3
7

% of unmodified subunits

30 120 % 120

Digestion time (mm)

Fig 3 Time course of trypsin digestion of subumts IV, VIa and VIb
1 soluble and reconstituted cytochrome ¢ oxidase and the effect on
respiratory activity and redox-linked proton ejection 1n oxidase
vesicles For expermmental details see section 2 and [7,11,12] (A)
Peak-areas of cytochrome oxidase subunits calculated from the den-
sitometric scans of gel-slots of 20 ug samples of the oxidase after
various ntervals of trypsin digestion, expressed as % of the areas 1in
the control enzyme. (O---O,®---@) areas of subunits IV after trypsin
digestion of soluble (open symbols) and reconstituted (closed symbols)
oxidase, (O---0,m---m) subunit Vla, (A---A,(A---4A) subunit VIb
(B) Time course of the effect of trypsin digestion on respiratory ac-
tivity (O---O,@---@) (control value 230 mol of cytochrome ¢ oxidiz-
ed per mol of oxidase per s), (A---A, A---A) respiratory control
index (control value 8.2); (O---0,m---m) H* /e~ ratio for proton
ejection induced by the addition of 4 uM ferrocytochrome c to the
aerobic suspension of COV (control value 0 75) All the activities
were measured 1n COV. Open symbols, oxidase incubated with trypsin
prior to reconstitution; closed symbols, COV were incubated directly
with trypsin The values presented are means of 3 different ex-
periments

FEBS LETTERS

December 1989

respiratory activity, respiratory control index, and
H* /e~ ratio for redox-linked proton translocation
(table 1). Passive H* conductance of COV reconstituted
with the subunit VIb-less enzyme was the same as that
exhibited by control COV (table 1).

Incubation of the soluble oxidase with trypsin resulted
in a partial digestion of subunit IV with production of
a fragment which exhibited from its migration on the
gel an apparent decrease in the molecular mass of some
3 kDa (cf. [14]). Subunits VIb and VIa were also
digested but no product could be identified under the
prevailing conditions used (fig.2). The trypsin-digested
oxidase, when reconstituted in vesicles, exhibited a
significant decrease in the respiratory activity and
respiratory control index and even more marked de-
crease of the H*/e~ ratio of redox-linked proton
translocation (fig.3).

When the oxidase was incubated with trypsin after
reconstitution in liposomes, digestion of subunit IV
was fully prevented; subunits VIb and VIa were, on the
other hand, digested to the same extent as observed
with the soluble enzyme (fig.3). Under these conditions
the respiratory activity and the respiratory control in-
dex were practically unaffected by the trypsin treatment
and the decrease of the H* /e~ ratio for redox-linked
proton ejection was much smaller than that obtained
when the oxidase was digested by trypsin prior to its
reconstruction (fig.3).

4. DISCUSSION

The role of the supernumerary subunits of mitochon-
drial cytochrome ¢ oxidase 1s as yet unclear. They can
be involved in biogenesis and membrane assembly of
the holoenzyme, proton-motive activity and regulatory
properties of the mature enzyme (see [6]). Subunit III,
which is mitochondrial encoded, is apparently involved
in the correct assembly of the holoenzyme in the mem-
brane [15] and in the proton-motive activity of the
mature enzyme [16, 17]. It has been suggested that sub-
unit VIb 1s somehow involved in stabilizing the dimeric
form of the oxidase [18] which would be essential for
the proton pumping activity of the oxidase [3]. The pre-
sent observations show, however, that selective removal
of subunit VIb does not impair either redox or proton-
motive activity of the reconstituted oxidase.

The data on the tryptic digestion of subunit IV n-
dicate that this subunit plays a role in the proton-
motive activity of cytochrome ¢ oxidase. Subunit IV
apparently consists of a single hydrophobic stretch
traversing the membrane and presents the N-terminal
region extending in the inner aqueous space [14]. This
is in fact, the segment cleaved off by trypsin in the solu-
ble enzyme and protected towards digestion when the
oxidase is reconstitufed in phospholipid vesicles (fig. 3)
(see [14]). The C-terminal region of subunit IV extends
out of the C-side of the membrane. Lysine restdues in
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this region [19] are modified by the impermeant reagent,
succinic acid anhydride, to the same extent in the solu-
ble and membrane reconstituted oxidase [17]. It is con-
ceivable that basic residues in the N-terminal region of
subumt IV pick up H* from the matrix space, where
the pH is relatively higher than in the cytosol, and pro-
mote their translocation in the membrane. Subunit IV
is reported to bind ATP [20]. ATP binding, possibly in-
volving the lysine residues in the peripheral C-terminal
region protruding in the intermembrane space, may in-
duce conformational changes affecting the proton-
motive activity of the oxidase.
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