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The assembly of cytochrome ¢ oxidase subunits I-111 was studied in vitro in isolated rat liver mitochondria

pre-labeled with [3*SJmethionine. Individual subunits were immunoabsorbed with monospecific antibodies.

Isolated heme a from rat liver mitochondria, when added to radiolabeled mitochondria, induced assembly

of subunit I with subunits II and III. Assembly of these subunits was not observed in mitochondria incu-

bated in the presence of heme b(hemin) or in the absence of heme. Quantitative analysis of immunoab-

sorbed, radiolabeled subunits suggests that the predominant effect of heme a is on the assembly of subunit
I with subunit II1.

Cytochrome oxidase assembly

1. INTRODUCTION

Based on studies on isolated hepatocytes and
isolated rat liver mitochondria [1,2], we suggested
that the assembly of mammalian cytochrome ¢ ox-
idase subunits follows a specific temporal se-
quence. Although the 3 mitochondrially translated
subunits are synthesized simultaneously and in
stoichiometric amounts [1,2], there is a lag in
assembly of subunit I with subunits II and III and
with the holoenzyme. The late assembly of subunit
I is of interest since this subunit binds heme in the
holoenzyme [3], raising the possibility that the
assembly of subunit I could be dependent upon
heme binding. The requirement for heme in the in-
tegration of cytochrome ¢ oxidase subunits [4,5]
and cytochrome b [5] is well documented in lower
eukaryotic cells. Here we demonstrate that
assembly of cytochrome ¢ oxidase subunit I in
mammalian mitochondria is a heme ag-dependent
process.

2. MATERIALS AND METHODS

2.1. Materials
Rat liver cytochrome c oxidase was purified as in
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( Rat liver mitochondria)

[1]. Cytochrome ¢ oxidase subunits I and II were
isolated by electrophoretic elution from SDS-
polyacrylamide gels [7]. Monospecific antisera
against subunits I and II were produced as in [2].
Rat liver mitochondria were isolated from 180-g
male Sprague—Dawley rats according to [8].
Hemin was purchased from Sigma. Protein
A-~Sepharose was purchased from Pharmacia,
Sweden. L-[**S]Methionine was purchased (spec.
act. 800 mCi/ml) from The Radiochemical Centre,
Amersham. All other chemicals were analytical
grade.

2.2. Protein synthesis

Rat liver mitochondria were labeled in vitro with
L-[**S]methionine as in [1]. Solubilization of la-
beled mitochondria and immunoabsorption of
radiolabeled antigens was done according to [9].

2.3. Isolation of heme a

Heme a was prepared from rat liver mitochon-
dria by acid-acetone extraction [10]. Hemin (re-
ferred as heme b) and heme a were dissolved in
10 mM NaOH and the alkaline solutions were cen-
trifuged for 15 min at 8000 X g to remove insoluble
material. Aliquots of clear solutions were used for
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determination of heme concentration by the
hemochromogen method {11]. The extinction coef-
ficients of 27.4 mM™'.cm™! at 587 nm and of
34.4 mM~'.cm™! at 556 nm served to calculate the
concentrations of heme @ and heme b, respectively
[12].

2.4. Treatment of labeled rat liver mitochondria
with heme

Labeled rat liver mitochondria (3 mg protein)
were suspended in 1 mi of 0.2 M KPOQO, buffer, pH
7.5, and allowed to swell for 10 min at room
temperature. Heme a or hemin (2 nmol/mg
mitochondria) were added to the swollen
mitochondria under vigorous shaking. Control
samples were incubated under the same conditions
except that 10 mM NaOH was added. After
60 min incubation at 25°C in the dark, the samples
were solubilized, clarified and treated with antisera
against subunits I and II of cytochrome c¢ oxidase
as in [9].

2.5. Miscellaneous methods

Electrophoresis was carried out on 12.5% (w/v)
polyacrylamide gels containing 0.1% SDS (w/v)
using the buffer system of [13]. Dried gels were
fluorographed as in [14]. Fluorographs were
scanned with a densitometric scanner and relative
ratios in labeling of subunits I-III of cytochrome
¢ oxidase were calculated. Protein determinations
were done according to [15].

3. RESULTS

Rat liver mitochondria were pulsed with L-
[**SJmethionine for 20 min and chased with
unlabeled methionine (10 mM) for 10 min to clear
the ribosomes of nascent polypeptide chains [16].
No assembly of radiolabeled subunit I takes place
under these conditions [1,2]. Labeled mitochon-
dria were then incubated for 60 mn in the presence
or absence of heme and were immonoabsorbed
with antisera against subunits I and II. Fig.1 shows
the fluorographs of samples separated by SDS-
polyacrylamide gel electrophoresis. As reported in
{1,2], antisera against subunit I immunoabsorbed
only radiolabeled subunit I from untreated
mitochondria (fig.1A, lane 3). However, in
mitochondria pretreated with heme a, antisera
against subunit I also co-absorbed radiolabeled
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Fig.1. Heme ¢ induces the assembly of rat liver
cytochrome ¢ oxidase subunits I-III. Radiolabeled
mitochondria were incubated in the presence or absence
of heme as described in section 2, and were
immunoabsorbed with antibodies against: (A) subunit I,
or (B) subunit II. Mitochondria were incubated with
heme « (lane 1), heme b (lane 2) or without heme (lane
3). Cytochrome ¢ oxidase subunits [-III are indicated
with Roman numerals.

subunits I and III (fig. 1A, lane 1). Subunits II and
IIT were not co-absorbed from mitochondria
pretreated with heme b (fig. 1A, lane 2). Further-
more, heme a in which the pyridine-NaOH spectra
were altered, presumably due to changes around
the iron, was ineffective in promoting assembly of
subunit I with subunits II and III (not shown).
These data imply that assembly of subunit I with
subunits II and III of rat liver cytochrome ¢ ox-
idase is dependent upon heme ¢ accessibility.
Analogous results were obtained using
monospecific antibodies against subunit II. Here,
radiolabeled subunit I was co-absorbed only from
heme a pretreated mitochondria (fig.1B, lane 1),
whereas only subunits II and III were immunoab-
sorbed from untreated mitochondria or mitochon-
dria pretreated with heme b (fig.1B, lanes 2 and 3).
Together, these data are in agreement with our
previous finding that subunits II and III rapidly
combine with each other {2]. Furthermore, the
data are consistent with the idea that heme a is re-
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Table 1

Quantitative analysis of the heme-induced assembly of rat liver cytochrome ¢ oxidase subunits

Preparations subjected Incubation Percent of total radioactivity in
to electrophoresis conditions

Subunit I Subunit II Subunit III

Immunoabsorbed with no heme 100 0 0

anti-subunit I heme b 100 0 0
heme «a 757 + 1.5 104 + 1.2 13.9 + 0.8
Immunoabsorbed with no heme 0 62.5 + 1.1 376 £ 1.1
anti-subunit II heme b 0 63.2 + 1.2 36.8 + 0.8
heme a 18.9 + 0.6 37.1 + 1.1 440 + 0.9
Rat liver mitochondria — 61.6 + 1.2 224 £ 1.4 16.0 = 0.9

Fluorographs were scanned densimetrically and the areas under the curves were calculated for
subunits I, II and III. The sum of the areas under all three peaks was taken as 100%. The values
are the means + SD of 4 different experiments

quired for the assembly of rat liver cytochrome ¢
oxidase.

Table 1 shows the distribution of radioactivity
among the mitochondrially translated subunits of
cytochrome ¢ oxidase immunoabsorbed with an-
tisera against subunits I and II. For comparison,
the distribution of radioactivity of newly synthe-
sized subunits I-III in rat liver mitochondria was
also calculated. The ratios of radioactivity in sub-
unit I vs II is between 1.4 and 1.7 in mitochondria
and in immunoabsorbed samples after incubation
of mitochondria in the absence of heme a. This
ratio decreases to about 0.8 in immunoabsorbed
samples from heme q-treated mitochondria due to
a relative increase in co-immunoabsorbed subunit
I1I (table 1). These data suggest that both subunits
IT and III combine with subunit I in the presence
of heme @, and that the heme-induced interaction
favours an association of subunit I with subunit
I11.

4. DISCUSSION

Studies on lower eukaryotic cells demonstrated a
role for heme [4], oxygen [17] and nuclear genes
[18] in the assembly of mitochondrially and
cytoplasmically translated subunits of cytochrome
c oxidase. The task of investigating the process of
assembly in mammalian cells is made difficult by
the lack of mutants. However, studies on the

assembly of rat liver cytochrome ¢ oxidase in
isolated hepatocytes and isolated rat liver
mitochondria [1,2] have provided an insight into
temporal events in this process. This report
demonstrates that heme a has at least one major ef-
fect on the biogenesis of cytochrome ¢ oxidase in
isolated rat liver mitochondria — it promotes
assembly of the mitochondrially translated
subunits of the enzyme. Although it is not clear
how heme a exerts this effect, the simplest explana-
tion would be that it must attach to subunit I
before assembly of the holoenzyme can proceed to
completion. These results are in line with multiple
effects of heme which have been observed on
assembly of yeast mitochondria. Requirements for
heme in the assembly [4] and synthesis [4,10] of
cytochrome ¢ oxidase subunits have been reported.
Furthermore, heme is required for integration of
cytochrome b into the cytochrome b—c; complex
[19], and for the processing of the cytochrome ¢;
[20] in lower eukaryotic cells. Although a role for
heme in the synthesis of mammalian cytochrome ¢
oxidase has been suggested [21,22], this study pro-
vides the first proof for direct involvement of heme
a on the assembly of the mammalian enzyme.
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