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1. INTRODUCTION

It is now clear that mitochondrial biogenesis is
controled by the two separated and functionally
distinct protein synthetic systems, mitochondrial
and cytoplasmic [1—6]. While the cytoplasmic pro-
tein synthetic system contributes both soluble and
membrane-bound mitochondrial proteins [4—6],
the mitochondrial protein synthetic system appears
to contribute the production of 10—12 polypep-
tides which reside in the inner mitochondrial
membrane [4—6]. Some of the mitochondrial
membrane-bound proteins are assembled by sub-
units which are collaboratively produced by the
2 separate protein synthetic systems [4—6]. Cyto-
chrome ¢ oxidase, located in the inner membrane
of mitochondria, is a hetero-oligomeric protein
consisting of =6 subunits [6—12}; the 3 largest
subunits have been identified as mitochondrial
and the others as cytoplasmic translation products
[1—6]. Thus, we have examined the interaction be-
tween the 2 separate protein synthetic systems.
However, the mechanism by which the 2 separated
protein synthetic systems coordinate mitochondrial
protein synthesis remains obscure.

We have found in the liver mitochondria of tad-
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poles undergoing metamorphosis a promoted mi-

tochondrial biogenesis [13—16], an appearance of

heterogeneous mitochondria in the density [15]

and an accelerated turnover rate of cytochrome ¢

oxidase [16]. To examine the coordination of the

2 separated protein synthetic systems, cytoplasmic

and mitochondrial, the mitochondria from tadpole

treated with and without cycloheximide were stud-
ied in vitro for the ability of mitochondrial protein
synthesis. The results obtained are as follows:

(1) The ability of mitochondria to synthesize cyto-
chrome ¢ oxidase is higher in the tadpoles at
metamorphic climax than at pre-metamorpho-
sis;

(2) When tadpoles are pretreated with cyclohex-
imide, the mitochondrial protein synthesis is
profoundly reduced in the mitochondria of tad-
poles at both stages, pre-metamorphosis and
climax.

However, the relative rate of synthesis of cyto-

chrome ¢ oxidase is markedly higher in the mito-

chondria of tadpoles pretreated with cyclohex-
imide than in that of normal tadpoles.

2. MATERIALS AND METHODS

Tadpoles were obtained commercially from an
experimental animal supplier in Tokyo. The tad-
poles were classified according to the developmen-
tal stages defined in [17,18). Rana catesbeiana tad-
pole remains in pre-metamorphic stage (before
stage XI) during which the tadpole grows consider-
ably, but with little other morphological change.
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Then the pro-metamorphic stage (stages XI1—XIX)
and subsequently the metamorphic climax (stages
XX—XXV) begins; the former is characterized by
a rapid growth of hind limbs and the latter by a
rapid transformation.

The following materials were purchased from
the source indicated. Triton X-100, HEPES and
cycloheximide (Wako); L-[4,5-*H]leucine (spec.
act. 140 Ci/mmol) (RCC Amersham); Whatman
glass fiber disc GF/C (Whatman); Staphylococcus
aureus Cowan type I was a gift from Dr Takeuchi
(Department of Bacteriology, Nippon Medical
School).

2.1. Preparation of anti-cytochrome c oxidase IgG

The IgG against cytochrome ¢ oxidase purified
from the frog liver was prepared as in [16]. The
IgG thus obtained reacted with the whole mole-
cule of cytochrome ¢ oxidase to form a single pre-
cipitin line on an agarose gel plate. Control IgG
fraction was prepared from the rabbit serum which
was collected prior to the immunization.

2.2. Pretreatment with cycloheximide

Tadpoles were injected with cycloheximide
(50 ug/g body wt) into the peritoneal cavities; con-
trol tadpoles with a 0.75% saline solution. After
2 h, the tadpoles were killed.

2.3. Preparation of mitochondria

Tadpole livers (35—45 g) were homogenized in
3vol. buffer mixture (2mM HEPES, pH74,
220 mM mannitol, 70 mM sucrose, 2 mM EDTA
and 10 mM mercaptoethanol). The mitochondria
were isolated according to [19] which was better
than the other method for obtaining intact mito-
chondria in high yield.

2.4. Mitochondrial protein synthesis

The mitochondria (60 mg protein) were incu-
bated with 1 mCi of L-[4,5->H]leucine (spec. act.
140 Ci/mmol) at 37°C in 5 ml medium which
contained 50 mM HEPES, 5 mM KH;PO4, | mM
EDTA, 70 mM sucrose, 220 mM mannitol, | mM
NaCl, 10mM MgCh, 10mM «a-ketoglutarate
(pH 7.4), 20 000 units of penicillin G and 0.72 mM
cycloheximide. The incubation was carried out in a
250 ml flask for 40 min under shaking at 120
cycles/min.

An aliquot (50 pl) of the incubation mixture was
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transferred into a centrifugal tube containing
1 pmol leucine and was mixed with 0.5 ml ethanol
and 3ml 10% (w/v) trichloroacetic acid, suc-
cessively. The sample was heated in a boiling
water bath and was centrifuged to collect the pre-
cipitate formed after chilling in an ice bath for
30 min. The precipitate was dissolved in 0.5 ml I N
NaOH and again precipitated with 10% (w/v) tri-
chloroacetic acid after neutralization with 0.5 ml
I N HCI. The precipitate was trapped and washed
on a Whatman glass fiber disc GF/C with 50 ml
5% trichloroacetic acid. After drying the radioac-
tivity trapped on the glass fiber disc was counted.

The residual incubation mixture was mixed with
100 pumol leucine and chilled in an ice bath. The
mitochondria were lysed by an addition of 1% Tri-
ton X-100 and centrifuged at 5000 X g for 30 min.
The resultant supernatant was incubated with 1.5-
fold excess of anti-cytochrome ¢ oxidase-IgG at
4°C for 10 h. The immunoprecipitate formed was
quantitatively collected by using formaldehyde-in-
activated staphylococcal cells as in [20]. The cyto-
chrome ¢ oxidase was dissociated from the precipi-
tated complex and denatured in 200 pl 60 mM
Tris—HC! (pH 8.8) containing 2mM EDTA,
5 mM dithiothreitol and 6% SDS. The solubilized
enzyme was alkylated with 10 mM iodoacetamide
prior to the electrophoresis. Control was 0.1 mg
purified cytochrome ¢ oxidase which was de-
natured and alkylated. Electrophoresis of the cyto-
chrome ¢ oxidase on a SDS—polyacrylamide gel
and determination of the radioactivity incorpo-
rated into the mitochondrial subunits were as in
[14—16].

2.5. Protein determination

Protein was determined as in [21] using bovine
serum albumin as a standard. When detergent was
used to solubilize mitochondria, the method in [22]
was used.

3. RESULTS AND DISCUSSION

Liver mitochondria from normal and cyclohex-
imide-pretreated tadpoles were incubated with L-
[4,5-3H]leucine in the presence of a-ketoglutarate.
The radioactivity incorporated into the total mito-
chondrial protein was plotted as a function of the
incubation time. The incorporating activity was
markedly reduced in the mitochondria from the
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Fig.1. Incorporation of L-[4,5-3H]leucine in vitro into
total mitochondrial protein by isolated mitochondria.
Mitochondria were isolated from the liver of tadpoles
with or without cycloheximide-pretreatment and incu-
bated with L-[4,5-3H]leucine. Radioactivity incorpo-
rated into the total mitochondrial protein was deter-
mined at the indicated time. Details are described in
section 2: (e, o) mitochondria from the tadpoles at pre-
metamorphic stage with and without cycloheximide-pre-
treatment, respectively; (w, o), mitochondria from the
tadpoles at metamorphic climax with and without
cycloheximide-pretreatment, respectively.
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tadpoles treated with cycloheximide at both stages,
premetamorphic stage and metamorphic climax
(fig.1). The decrease in the activity of mitochon-
drial protein synthesis indicates that cycloheximide
given to tadpoles depletes proteins which are made
in the cytoplasm and needed for the activity of
mitochondrial protein synthesis. The mitochondria
isolated from tadpoles at metamorphic climax
when the mitochondrial biogenesis is markedly
promoted, have shown unexpectedly lower incor-
porating activity than those at pre-metamorphosis.
This low incorporating activity may be resulted
from that the tadpole at metamorphic climax has a
large pool of leucine as noted in [23].

We determined the radioactivity incorporated
into cytochrome ¢ oxidase to examine whether
cycloheximide given to tadpole is repressive for the
synthesis in vitro of all the mitochondrial proteins.
The effect of the leucine pool size on the incor-
porating activity into cytochrome ¢ oxidase was
eliminated by taking the relative rate of synthesis;
the ratio (B/A) of the radioactivity incorporated
into cytochrome ¢ oxidase (B) to the radioactivity
incorporated into the total mitochondrial protein
(4). The relative rate of cytochrome ¢ oxidase syn-
thesis is found to be —6-times higher in the tad-
poles at metamorphic climax than at pre-meta-
morphic stage (table 1), inconsistent with the find-
ing showing that the synthesis of cytochrome ¢ ox-
idase is specifically elevated in the liver of tadpole
undergoing metamorphosis [16]. However, it is

Relative rate of synthesis of cytochrome ¢ oxidase in the isolated mitochondria from
tadpoles pretreated with cycloheximide

cpm incorporated/mg of:
cytochrome ¢
oxidase (B)

mitochondrial
protein (A4)

Relative rate of synthesis
of cytochrome ¢ oxidase
(B/AX 109

Untreated Treated Untreated Treated Untreated Treated

Premetamorphic 7770 1530
stage

Metamorphic 5380 1040
climax

305 0.17 19.9

486 1.17 46.7

Tadpoles at both pre-metamorphic stage and metamorphic climax were injected with

cycloheximide. Control tadpoles at each stage with 0.75% saline solution. The mitochon-

dria were incubated with L-[4,5-3HJleucine in the presence of a-ketoglutarate and

cycloheximide. Radioactivities incorporated into the cytochrome ¢ oxidase and the total
mitochondrial protein were determined as in section 2
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characteristic that the mitochondria isolated from
tadpoles pre-treated with cycloheximide have an
extremely high incorporating activity into cyto-
chrome ¢ oxidase, whereas they have a lowered
incorporating activity into the total mitochondrial
protein. The relative rate of synthesis of cyto-
chrome ¢ oxidase in the mitochondria from tad-
poles pretreated with cycloheximide is 117-fold of
that from untreated tadpole at pre-metamorphic
stage and 40-fold at metamorphic climax.

Since the antibody used in this study was pre-
pared against the holocytochrome ¢ oxidase pu-
rified from the frog liver, it is considered (as in
[24—-26}), that the precipitated cytochrome ¢ ox-
idase is a holoenzyme assembled with de novo-
synthesized mitochondrial subunits and cytoplas-
mically made subunits. Consequently, the high
radioactivity found in the immunochemically pre-
cipitated cytochrome ¢ oxidase implies that the mi-
tochondria from cycloheximide-pretreated tadpole
have a sufficient amount of cytoplasmically made
subunits with which de novo-synthesized mito-
chondrial subunits associate. In other words, this
means that the synthesis of cytochrome ¢ oxidase is
specifically regulated by the cytoplasmically made
subunits in a different way from that of the other
mitochondrial proteins. An elevated amount of cy-
tochrome ¢ oxidase was reported in Neurospora
carassa after treatment with cycloheximide, being
ascribed to decrease of mitochondrial protease
[27].
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