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Partially hepatectomized rats were treated in vivo with thiamphenicoi for 3 days to block mitochondriai 
protein synthesis. Protein synthesis, RNA synthesis and the steady-state levels of individual transcripts were 
measured in mitochondria in vitro in the absence of thiamphenicol. Incorporation of [35S]methionine and 
[3H]UTP into protein and RNA, respectively, was increased 2-3-fold in isolated mitochondria from 
thiamphenicol-treated animals, indicating increased rates of synthesis of both. Electrophoretic analysis of 
transcripts labelled with [32 P]UTP suggests that synthesis of all the transcripts is increased. The steady-state 
concentrations of mitochondrial transcripts, measured by Northern blotting using nick-translated cloned 
EcoRI fragments of rat liver mtDNA, were also elevated 2-4-fold in thiamphenicoi-treated animals. The 
data suggest that mitochondrial transcription is under control of a mitochondrial factor which, in turn, is 
dependent upon mitochondrial protein synthesis. 

Introduction 

Biogenesis of mitochondria requires the par- 
ticipation of two genetic systems. Interactions be- 
tween these systems are, however, poorly under- 
stood. Nuclear genes encode all proteins involved 
in mitochondrial nucleic acid and protein synthe- 
sis in mammals. The role of these genes in regulat- 
ing the expression of the mammalian mitochon- 
drial genome is evident. 

In contrast, less is known about the influence 
of mitochondrial gene products on the expression 
of nuclear or mitochondrial genes. Mitochondrial 
gene products are present outside the mitochond- 
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rion [1] and, at least in lower eucaryotes, appear to 
influence the expression of specific nuclear genes 
[2-6]. 

In order to determine whether mammalian 
mitochondrial transcription and translation are 
dependent on mitochondrial gene products, stud- 
ies were conducted on partially hepatectomized 
rats treated in vivo with thiamphenicol [7]. Our 
findings show that the steady-state levels of 
mitochondrial transcripts, as measured by North- 
ern blots, as well as the rates of mRNA and 
protein synthesis, were elevated in mitochondria 
from thiamphenicol-treated rats. Mechanisms by 
which blocked mitochondrial protein synthesis 
might influence transcription of the mitochondrial 
genome are discussed. 

Methods and Materials 

Correspondence: B.D. Nelson, Department of Biochemistry, 
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Partially hepatectomized [7] male, Sprague- 
Dawley rats (200 g) were treated daily for 3 days 
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with thiamphenicol (TAP) (400 mg/kg  body 
weight) by i.p. injection [8]. Mitochondria were 
isolated as described earlier [9] in a medium com- 
prising 220 mM mannitol /70 mM sucrose/5 mM 
Hepes (pH 7.4). The final pellet was suspended in 
isolation medium to give 80-100 mg protein/ml,  
and the suspension was incubated for 3 rain at 
0 °C  with 20/~g digi tonin/mg protein in the pres- 
ence of 0.1% bovine serum albumin. The suspen- 
sion was diluted and washed twice in isolation 
medium. This treatment removes more than 90% 
of the contaminating microsomal enzymes (Kuzela, 
S. and Luciakova, K., unpublished data). 

Mitochondrial RNA synthesis was measured in 
100/ t l  of an incubation mixture containing: 3 mg 
mitochondrial protein/ml,  50 mM Bicine, 5 mM 
KHzPO 4, 90 mM KC1, 1 mM EGTA, 10 mM 
MgC12, 0.5 mM each of ATP, GTP and CTP, 
0.1% fatty acid free bovine serum albumin, 2.5 
mM p h o s p h e n o l p y r u v a t e ,  pyruvate kinase (20 
/xg/ml) and radiolabelled UTP. Samples were in- 
cubated for 30 rain at 30 ° C. For transcript analy- 
sis, the RNA was labelled with [a-32p]UTP (53 
Ci /mmol ,  365 /xCi/ml incubation mix). For 
kinetic studies, RNA was labelled with [5,6- 
3H]UTP (11 Ci /mmol ,  10 /~Ci/ml incubation 
mix), and the incorporation of radioactivity into 
the trichloroacetic-acid-insoluble fraction was 
monitored. 

Labeled RNA was extracted by addition of 6 
vol. of 4 M guanidine-SCN [10]. RNA was pre- 
cipitated by adding 0.025 vol. of 1 M acetic acid 
and 0.70 vol. ethanol to the lysate. The precipitate 
which formed overnight at - 2 0  °C  was dissolved 
in 400 ~tl of 1% SDS/50  mM sodium aceta te /and 
10 mM EDTA (pH 5.1). It was sonicated for 5 
min in a Branson sonicator bath and then heated 
for 1 min at 68°C. NaC104 (0.5 M final concn.) 
was added and the dissolved RNA was extracted 
with an equal volume of chloroform/isoamyl al- 
cohol (24:1). The mixture was vortexed and al- 
lowed to stand on ice for 15 min. After centrifuga- 
tion, the water phase was reextracted with chloro- 
form/ isoamyl  alcohol (24:1) and RNA was pre- 
cipitated at - 2 0  °C after adding 0.1 vol. of 2 M 
NaC1 and 2 vol. of ethanol. RNA used in North- 
ern blot experiments was isolated in the same 
manner. 

Purified RNA was resolved on 2% agarose-for- 
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maldehyde gels [12] and the gels were either dried 
for subsequent autoradiographic analysis of the 
labelled transcripts or the RNA was transferred to 
Biodyne membranes for hybridization to nick- 
translated mitochondrial DNA. The nick-trans- 
lated probes used in these latter experiments are 
the E c o R I  A and C fragments of rat liver 
mitochondrial DNA which is cloned into pUN 
[12]. 

In vitro mitochondrial protein synthesis and 
analysis of the radiolabelled translation products 
were carried out as in Ref. 13. 

Results 

Thiamphenicol, the methylsulfonyl analogue of 
chloramphenicol, is an efficient inhibitor of 
mitochondrial protein synthesis in regenerating rat 
liver [8]. Decreases in cytochrome oxidase activity 
and heme a a  3 are reliable measures of the ef- 
ficiency of this in vivo inhibition [14,15]. Under 
the conditions used in the present study, 
thiamphenicol treatment of partially hepatecto- 
mized rats decreased liver mitochondrial cyto- 
chrome oxidase activity and heine a a  3 of approx. 
50% (not shown). 

Protein synthesis and RNA synthesis were also 
measured in liver mitochondria isolated from re- 
generating livers of rats treated with thiampheni- 
col. Since thiamphenicol, like chloramphenicol 
[16], is washed from the mitochondria during iso- 
lation, radiolabelling experiments are carried out 

TABLE I 

STIMULATION OF RNA AND PROTEIN SYNTHESIS IN 
ISOLATED MITOCHONDRIA UPON IN VIVO TREAT- 
MENT WITH THIAMPHENICOL 

Hepatectomized rats were treated with thiamphenicol for 3 
days as detailed in Methods and Materials. RNA and protein 
synthesis were measured by incorporation of labeled pre- 
cursors into isolated mitochondria in the absence of 
thiamphenicol as described in Methods and Materials. The 
incorporation of both precursors was linear within the time 
interval shown. The values are the means 4- S.E. (n = 3). 

Precursor cpm × 10 -3 per mg protein per 20 min 

- TAP + TAP + T A P / -  TAP 

3H-UTP 2.53_+ 0.54 5.40_+ 0.96 2.2_+0.1 
35S-methionine 139 +14 321 +27 2.44-0.2 
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Fig. 1. In vivo treatment with thiamphenicol enhances mitochondrial protein synthesis and R N A  synthesis in vitro. Partially 
hepatectomized rats were treated with thiamphenicol for 3 days as described in Methods and Materials. Liver mitochondria were 
isolated, and protein synthesis (A) and R NA synthesis (B) were measured in vitro in the absence of thiamphenicol as described in 

Methods and Materials. 
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Fig. 2. Analysis of  the translation products synthesized in vitro 
by mitochondria isolated from thiamphenicol-treated rats. 
Mitochondria were isolated from the regenerating livers of  (A) 
control rats and (B) rats treated in vivo for 3 days with 
thiamphenicol. Equal amounts  of both types of mitochondria 
were labelled in vitro for 30 rain with [3SS]methionine in the 
absence of thiamphenicol, and the labelled translation prod- 
ucts were separated on SDS-polyacrylamide gels. A fluoro- 
graph of the gel is shown. COX I, II and III are subunits  of 

cytochrome oxidase; Cyto b, cytochrome b. 

Fig. 3. Analysis of the RNA species synthesized in mitochondria 
isolated from regenerating liver of thiamphenicol-treated rats. 
Mitochondria were isolated from the regenerating livers of: (A) 
control rats and (B) rats treated in vivo for 3 days with 
thiamphenicol. Mitochondria were labelled in vitro with 
[3ZP]UTP. R N A  was extracted, resolved on 2% agarose-for- 
maldehyde gels, blotted to Biodyne membranes  and exposed to 

film. 
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Fig. 4. Northern blot analysis of RNA in mitochondria isolated 
from regenerating livers of thiamphenicol-treated rats. RNA 
isolated from 0.1 mg of liver mitochondria from control (A) 
and thiamphenicol-treated (B) rats was separated on agarose- 
formaldehyde gels as in Fig. 3. The RNA was blotted onto 
Biodyne membranes and then probed with nick-translated 
plasmids (pUN) carrying the EcoRl fragments A or C of rat 
liver mitochondrial DNA [12]. COX I and II, cytochrome 
oxidase subunits; ND 2, 4 and 5, subunit of the 

NADH-ubiquinone reduetase; cyto b, cytochrome b. 

essentially in the absence of the inhibitor. The 
results are given in Fig. 1 and Table I. In vitro 
labelling of RNA and proteins was increased 
2-2.5-fold by thiamphenicol treatment. 

All mitochondrial translation products were 
more highly labelled (2-3-fold as judged from 
fluorographs) after thiamphenicol treatment (Fig. 
2), and the increase is commensurate with the 
incorporation data (Fig. 1). Thus, in vivo treat- 
ment with thiamphenicol leads to a general in- 
crease in mitochondrial protein synthesis upon 
removal of the drug. 

The increased rate of RNA synthesis observed 
in mitochondria from rats treated with thiam- 
phenicol (Fig. 1) suggests that the overall expres- 
sion of the mitochondrial genome is enhanced. 
This is supported by analysis of mitochondrial 
transcript synthesis (Fig. 3), which shows that 
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incorporation of [32p]UTP is enhanced 2-4-fold 
in mitochondria from thiamphenicol-treated rats. 
In view of the mechanism of transcription of 
mammalian mtDNA and the stoichiometry of 
transcript synthesis (see Ref. 17 for review), the 
observed labelling pattern probably results from 
enhanced transcription of the genome. 

To test the effect of thiamphenicol on the 
steady-state levels of individual mitochondrial 
transcripts, the transcripts were measured by 
Northern blotting. Fig. 4 shows northern blots in 
which total mitochondrial RNA from 0.1 mg 
mitochondria was hybridized with nick-translated 
EcoRI fragments A and C from rat liver mtDNA. 
The two fragments together contain the genes for 
cytochrome oxidase I and II, ND-2, -4, -5 and -6, 
cytochrome b and the 16 S and 12 S rRNAs. The 
steady-state concentrations of transcripts for all 
genes were elevated 2-4 fold as judged from the 
autoradiographs. Transcripts of the ND 6 gene 
(L-strand) are too weak to visualize. 

Discussion 

In vitro mitochondrial RNA and protein 
synthesis are increased in mitochondria isolated 
from regenerating livers of rats treated with 
thiamphenicol for 3 days. Steady-state levels of 
mitochondrial transcripts are also increased, as 
shown by Northern blot experiments. Increases 
both in the rate of radiolabelling of RNA and in 
the steady-state concentrations of mitochondrial 
transcripts strongly suggests that transcription is 
activated by treatment with thiamphenicol. Al- 
though increased steady-state concentrations of 
transcripts could result from their enhanced stabil- 
ities in the presence of thiamphenicol, this could 
not account for increased rates of transcript 
synthesis. One should be aware, however, that 
labelling of protein and RNA could, theoretically, 
be affected by precursor pool sizes, although it 
seems unlikely that differences in pool sizes estab- 
lished in vivo would survive the processes of 
mitochondrial isolation and in vitro incubation. 
Thus, a more probable explanation is that a TAP- 
dependent increase in all three parameters (pro- 
tein synthesis, RNA synthesis and steady-state 
concentrations of transcripts) reflect regulation at 
the transcriptional level. 
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An enhancement of mitochondrial transcrip- 
tion upon blockage of mitochondrial translation 
could be explained in several ways. The most 
direct explanation is that a block in mitochondrial 
translation eliminates a factor which influences 
mitochondrial transcription. This factor could be 
a translation product acting as a repressor, or a 
small-molecular-weight substance, such as ATP, 
which is required for mitochondrial transcription 

[181. 
A mitochondrial translation-dependent factor 

could also act on nuclear genes which, in turn, 
control mitochondrial transcription. Indeed, re- 
cent findings in yeast suggest that a mitochondrial 
gene product regulates the levels of transcripts 
produced from specific nuclear genes coding for 
mitochondrial proteins [6]. Thus, our results could 
also be explained if some of the enzymes in 
mitochondrial RNA metabolism in rat liver are 
under similar control. This would resemble, for 
example, the situation reported for Neurospora 

crassa in which inhibition of mitochondrial pro- 
tein synthesis increased mitochondrial RNA poly- 
merase [2,3]. Whatever the detailed mechanism, 
the present data show that transcription in rat 
liver mitochondria can be modulated by a factor 
or factors which are dependent upon mitochondrial 
translation. 

Elevated mitochondrial protein synthesis ob- 
served in thiamphenicol-treated rats is in accord 
similar studies with inhibitors of mitochondrial 
protein synthesis carried out on lower eucaryotic 
cells [19,20]. However, prolonged treatment of 
HeLa  cells with chloramphenicol did not increase 
synthesis of mitochondrial protein [21] or RNA 
[22]. The reasons for this apparent  discrepancy are 
not clear, but might be related to differences in 
the relative kinetics of the expression of the nuclear 
and mitochondrial genomes in cultured, trans- 
formed cells and in non-transformed cells in vivo. 
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