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The subunit pattern of immunopurified eytechrome ¢ oxidase from cultured mouse cells and mature tissues of the mousc was
investigated by clectrophoretic analysis. In mature tissues two forms of cytochrome ¢ oxidase could clearly be identified on the
basis of differences in mobility or staining intensity of subunits VIa and VIIL One forn was present in muscle and heart. and the
other in liver. kidney and spleen. In lung both forms were found. In the thymus, subunit VIII silowed the characteristics of
subunit VIII found in muscle and heart. whereas subunit VIa resembled subunit Via found in liver. This suggest the existence of
a third cytochreme ¢ oxidase isoform. The subunits of cytochrome ¢ oxidase from cultured cell lines showed no differences
between the various cell lines and resembled those of mature mouse liver tissue. The cytochromc « vaidase isoform from
cultured proliferatic: cells might therefore be the same as the one found in liver. Alternatively, it might represent either a
normaliy occurring fetal isoform, or a form specific for poorly differentiated cultured cells.

Introduction

Cytochrome ¢ oxidase, the terminal enzyme of the
mitochondrial respiratory chain, is composed of several
subunits. In mammalian cells. three of the thirteen
subunits are encoded by the mitochondrial genome [1].
These three subunits constitute the functiona! core of
the enzyme. The function of the other ten subunits,
which are encoded by the nuclear genome, remains to
be established. In bovine tissues the wcurrence of two
different forms of three of the nuclearly coded subunits
(VIa, VIla and VIII) has been demonstrated: in rat
and in human tissues isoforms of at least two cy-
tochrome ¢ oxidase subunits (V1a and VIII in the rat,
and VIa and VIla in man) have been identified [2-4].
Surprisingly, in man, subunit VIII does not occur in
isoforms. Thus, the composition of cytochrome ¢ oxi-
dasc isoforms is not the same for every mammalian
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species. The differences in amino-acid sequences of
subunit isoforms are usually reflected in differences in
mobility on gels, in staining intensity, or in immuno-
reactivity. The isoforms of cytechrome ¢ oxidase are
classified as either heart-type or liver-type forms on the
basis of the degree of homology between the amino-acid
sequence of corresponding subunits in bovine liver and
bovine heart. Since these tissues mainly consist of cells
of mesodermal embryonic origin, the existence of dif-
ferent cytochrome ¢ oxidase isoforms implies that the
subunit composition of the enzyme changes during
embryonic or perinatal development.

Proliferating cultured cells are generally considered
to have a low degree of differentiation; in this respect
they resemble embryonic cells and tissues. Due to the
limited amount « f material available, not much atten-
tion has so far been paid to the subunit composition of
cytochrome ¢ oxidase in cultured cells. In fact, most
studics are limited to cytochrome ¢ oxidase isolated
from liver, kidney, heart or muscle. These tissues can
be obtaincd n relatively large amounts and have a high
content of mitochondria, which offers the opportunity
to purify the enzyme to an extent and in amounts
allowing direct identification of the subunits by analysis
of their amino-acid sequence. When the amount of
available material is limited, immunoprecipitation can
be used to isolate the enzyme. Subsequent analysis of



the mobility of the subunits on gels can then serve as a
first indication of differences between isoforms of cy-
tochrome ¢ oxidase.

In the present study we have used this approach to
compare the cytochrome ¢ oxidase subunits from sev-
eral tissues and cell lines of the mousec. The aim of this
study was several-fold. Firstly, the occurrence and es-
pecially the type of cytochrome ¢ oxidase isolorms in
the mouse have not yet been investigated. Secondly, we
wished to include cytochrome ¢ oxidase from tissues,
such as spleen and thymus, which have not yet been
analysed in mammalian species. Thirdly. we were inter-
ested to sece whether or not possible differences be-
tween cytochrome ¢ oxidase subunits or the specific
activity of the enzyme in various mouse tissues would
be reflected in cultured cells with different degrees of
mesodermal diffcrentiation.

Materials and Methods

Cell lines and tissues. P19 EC, a mouse embryo
carcinoma stem cell line, was used as a model for
undifferentiated, omnipotent stem cells [5]. P19 MES
represents a stable mesodermal cell line derived from
P19 EC [6]; it served as a model for early mesodermal
cells. Since fibroblasts and myoblasts are of mesoder-
mal embryonic origin, an established fibroblast cell
line, 3T3, and primary cultures of fibroblasts and my-
oblasts were studied also. P19 EC, P19 MES, and 3T3
cells were cultured on gelatin-coated flasks in DME
medium supplemented with 10% heat-inactivated fetal
calf serum. Primary mouse fibroblasts and myoblasts
were cultured in DME medium supplemented with
20% heat-inactivated fetal calf serum, 2% chicken-em-
bryo extract and 100 1U penicillin/ml, 100 pg strepto-
mycin/ml. All cell lines were cultured at 37°C in a
humidified atmosphere of 5% CO, in air.

The cultures were trypsinised and, after inactivation
of trypsine by the addition of complete culture medium.
the cells were collected by centrifugation. The cells
were washed twice with PBS (140 mM NaCl, 27 mM
KCl, 6.5 mM Na,HPO,, 1.5 mM KH,PO,, | mM
EDTA). The cells were resuspended in PBS supple-
mented with 10% glycerol, counted in a counting
chamber, and adjusted to a concentration of about
20 - 10°/ml. The cell suspension was divided into the
aliquots needed for various analytical purposes and
stored at —80°C.

Mouse tissucs (spleen, thymus, lung, kidney, liver,
heart, and skeletal muscle (m. gastrocnemius)) were
derived from young adult male Balb/c mice. The tis-
sues were kept on ice and 10% (w/v) homogenates
were prepared in PBS. The homogenates were divided
into several portions and stored at —80°C.

Analytical assays. Phenylmethylsulfonyl fluoride and
lauryl maltosid: were added to the samples to final
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concentrations of 2.5 mM and 1.57¢. respectively. The
samples were left on ice for 30 min and centrifuged at
10000 X g in a microfuge. Tac supernatants were used
for further analysis. The activity of cvtochrome ¢ oxi-
dase was measured spectrophotometrically at 20°C in
30 mM phosphate buffer (pH 7.4) using 14 uM bovine
heart cytochrome ¢ as substrate [7). The activity was
expressed as the first-order reaction rate constant, &,
per min per mg of protein. Citrate synthase activity was
also measured spectrophotometrically at 20°C (8], the
activity being expressed as the amount of product
formed per min per mg of protein. The protein content
of the samples was estimated using a modificd Lowry
method (9]

A polyclonal antiserum against cytochrome ¢ oxi-
dase from bovine heart was raised in rabbits. The
specificity of this antiserum in immunoprecipitation
and the isolation of the enzyme have been described
before [4]. Cytochrome ¢ oxidase was isoldted from the
supernatants by incubation overnight with the anti-
serum coupled to protein A-Sepharose 4B beads under
rotation at 4°C. The beads were washed three times
with 10 mM Tris-HCl (pH 8). | mM EDTA. 05 M
NaCl, and once with 10 mM Tris-HCI (pH 8), | mM
EDTA, 6.05% lauryl maltoside. Finally they were incu-
bated for 2 h at room temperature in sample buffer
(4% sodium dodecylsulfate. 20 glycerol in 10 mM
Tris-HCI (pH 6.8)). After centrifugation. the eluates
were loaded onto polyacrylamide gels. Electrophoresis
was performed as described by Schigger and Von
Jagow [10), and the proteins were visualized by staining
the gels with silver.

Results

Fig. 1 shows the mobility of the nuclearly coded
subunits of cytochrome ¢ oxidase in different mouse
tissues. The presence of immunoglobulins in the upper
region of the gels obscured the mitochondrially coded
subunits [-111. The position of the largest of the nucle-
arly coded subunits, subunit IV, was identified by using
the mobility of the subunits from purified bovine cy-
tochrome ¢ oxidase as a reference [4]. The other sub-
units are numbered according to their electrophoretic
mobility, as proposed by Kadenbach and co-workers
[11].

Subunit IV appeared frequently as a double band,
the position of both bands being the same in all tissues
investigated. In spleen, usually only the protein band
with the highest mobility was visible. In rat, the two
bands in the subunit 1V region are explained by the
presence of a proteolytic breakdown product of subunit
IV [12]. As in rat tissues. the protein band with the
highest mobility was absent or reduced in amount
when TLCK, a specific proteinase inhibitor. was added
to the homogenates. Subunits Va and Vb were difficult
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Fig. . Comparison of cytochrome ¢ oxidase subunits in mouse
tissues. Cytochrome ¢ oxidase was isolated from various mouse
tissues by immunoprecipitation and separated on SDS-polyacryl-
amide gels containing glyverol. according to Schiigger and Von Jagow
[10). The gels were stained with silver. and the subunit nomenclature
of Kadenbach [11] was used. The intensively stained bands in the
upper part of the gel (above subunit 1V) are derived from the
immunoglobulins used for immunoprecipitation [4]. B: immuno-
precipitated purified cytochrome ¢ oxidase trom bovine heart (refer-
ence), Mu: muscle: H: heart: L: liver: Ko kidney: Lu: lung: Th:
thymus: S: spleen.

to separate. but where both bands were visible their
mobility was the same in all tissues. The mobilities of
subunits VIb and Vle coincided frequently, as was the
case for subunits VIla and VIlb. The resolution of the
subunits VII could be improved by using gels contain-
ing 6 M urea instcad of 1.5 M glyceroi (not shown).
Differences in mobility for either subunits Vla-c or
subunits VIila-c were not observed between various
tissues. However, as observed in other species [4],
subunit Vla showed a tissue-specific staining intensity.
Subunit VIII also clcarly showed tissue-specific differ-
ences. not only in staining intensity, but also in mobil-
ity. The mobility in muscle, heart and thymus was
higher than in the other tissues, whereas in urcum-con-
taining gels the opposite was found (not shown). In
lung tissue sometimes both bands in the subunit VIII
region were found (Fig. 2). The poor staining of sub-
unit VIH in liver, kidney. spleen, and occasionally in
lung, made it necessary to load the gels with relatively
high amounts of these samples. This explains the pres-
ence of several proteins that are not related to cy-
tochrome ¢ oxidase in the samples concerned on the
gel shown in Fig. 2. The intensity of staining of subunit
VIII proved to be inversely related to that of subunit
Vla in muscle and heart (high intersity of VIII, low
intensity of Vla) and in liver, kidney and spleen (low
intensity of VI, high intensity of VIa). In contrast, in

Mu H L

K Lu Th S

Vllgb

o SN e~ VIl

Fig. 2. Comparison of cytochrome ¢ oxidase subunits in mouse
tissues. Cytochrome ¢ oxidase was isolated from various mouse
tissues by immunoprecipitation and separated on SDS-polyacryl-
amide gels containing glycerol, according to Schiigger and Von Jagow
[10}. The gels were stained with silver and the subunit nomenclature
of Kadenbach [11] was used. In this figure about 5-times more
material from liver. kidney, spleen and lung was loaded onto the gels
than in Fig. 1 to make subunit V111 from these tissues clearly visible.
Mu: muscle: H: heart; L+ liver; K: kidney: Lu: tung; Th: thymus: S:
spleen.

thymus the two bands both showed a relatively high
staining intensity. In lung, significant differences in the
intensity of subunit Vla were not observed between
samples in which mainly subunits VIII with heart-type
or liver-type mobilities were present.

Fig. 3 shows the mobility of the subunits of cy-
tochrome ¢ oxidase from a number of cell lines of the
mouse. There were ro clear differences between any of
the investigated cell lines with regard to the mobil 'ty of
the subunits or their intensity of staining. Moreover, all
cusiured cell lines showed a subunit pattern which
resembled that of liver.

Fig. 3. Comparison of cytochrome ¢ oxidase subunits in mouse cell

lines. Cytochrome ¢ oxidase was isolated by immunoprecipitation

and separated on SDS-polyacrylamide gels containing glycerol ac-

cording to Schigger and Von Jagow [10]. The gels were stained with

silver and the subunit nomenclatnre of Kadenbach [11] was used. P:
P19 EC: T: 3T3: M: primary myoblasts; L: liver.



TABLE 1

Spectfic actuties of crochrome o ovduse and crate wethese
tissues and cell Tnes of the miowse

The activity of cytochrome ¢ oxidase (COX) and citrate synthase
(CS) were measured according W [7) and (%] The actvities are
expressed per mg protein, for COX as k/min and for €S as
nmol/min. The last column shows the ratio between the COX
activity and that of (S,

Tissue/ COX activity CS activity Ratio
cell line (k,/min per mg)  (amolymin per mg) - COX - CS
Heart 461 1650 0.27
Muscle 128 661 019
Liver 152 0z 0.7s
Kidney 277 356 07N
Lung 45 178 0.5
Spleen 42 176 1.24
Thymus KR} 532 010
PIYEC 25 174 .14
P19 MES 27 2 013
EI K] 29 223 013
Fibroblasts 23 (RN m1s
Myohlasts 24 173 [(NR}

Table I shows the specific activity of cytochrome ¢
oxidase in tissues and cell lines of the mouse as well as
the specific activity of citrate synthase, a mitochondrial
matrix enzyme. Large differences in specific activities
of the two enzymes wcre found between the various
tissues, not only regarding their concentration but also
with respect to their ratio. The activities of the two
enzymes in cultured cell lines revealed no such differ-
ences between cells with different degrees of mesoder-
mal differentiation. Cn the contrary, the specific activ-
ity of the two mitochondrial cnzymes was about the
same in every tested cell line. Moreover, the specific
cytochrome ¢ oxidase activity was generally much lower
in cultured cells han in mature tissues.

Discussion

The results show that isoforms of cytochrome ¢
oxidase do also exist in mouse. As in rat [2,12]. subunit
Vla and VIII showed tissue-specific differences. which
can be roughly classified as either heart-type (heart,
skeletal muscle) or liver-type (other tissues). In thymus
and sometimes also in lung, we found a heart-type
subunit VIII. Kadenbach and co-workers recently
demonstrated [13] that cytochrome ¢ oxidase from
brown fat tissue of the rat contains a heart-type sub-
unit VIII, but a liver-type subunit Vla. The thymus
might represent another tissue in which a ‘mixed’ type
of cytochrome ¢ oxidase is present, since the staining
intensity of its subunit Vla resembled the liver-type,
although heterogeneity in the thymus might explain
this observation. A liver-type subunit VIII in thymo-
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evtes with a low staining intensity might be masted by
amuscle type subunit present in. for example. support-
ive tissue of the thymus. Tissue heterogeneity does
clearly explain the presence of a muscle-type subunit
VHI in lung tissue.

No dif‘erences were observed for any of the sub-
units of cutochrome ¢ oxidase from different cuitured
cells. Ever primary myoblasts (ot muscle origin ) showed
a subuait pattern which resembled that of liver. The
specific cytochrome ¢ oxidase and citrate synthase ac-
tivities were also the same in all cell lines tested. The
activitics of these mitochondrial enzymes apoeared to
be directly related to the size and the protein conient
of the cells. The same relationship between cell size
and mitochondrial content was recently described for
the concent-ation of mitochoncrial DNA in cultured
mouse cell lines {14]. This is in sharp contrast to the
situation in mature tissues, whe: e not only differences
in the specific activities of cytorhrome ¢ oxidase and
citrate synthase were found, bit also tissue-specific
ratios. This might reflect the wel -known differences in
metabolic deriands and pathways between various tis-
sues. These differences are appa ently absent between
various culturced cell lines.

Taken together, it appears taat proliferating cul-
tured cells contain a basic, low mitochondrial content,
and a basic cytochrome ¢ oxidase isoform. Cytochrome
¢ oxidase isofcrms (or specific activities) associated
with a differentiated function arc thus absent in cui-
tured cells, regardless of their degree of differentia-
tion. It remain: to be established whether the cy-
tochrome ¢ oxidase isoform founc in mouse cell lines
represents the liver-type, or a (fe:al) is form <pecific
for cultured proliferating cells.

Our results do not exclude the possibility that differ-
ent developmenta.ly regulated isof¢rms of cytochrome
¢ oxidase occur during embryonic development. The
results do. hewever, imply that cultured cell lines de-
rived from patients with a tissue-specific cytochrome ¢
oxidase deficiency are not always suitable for studics
on the nature of the defect. If the ceficiency is based
on the absence of a tissue-specific is>form, it is possi-
ble that this will be not be reflected in cultured celis.
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