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D-insensitive recovery of [ 3 H]2' (3') CMP. The recovery 

of [ 3 H]cytidine and [ 3 H]adenosine from [ 3 H]CTP and 

[
3 H]ATP incorporation, respectively, was large compared 

to the recovery of [ 3 H]uridine after [ 3 H]UTP incorporation. 

The incorporated [ 3 H]CTP turned over, whereas the incorporated 

[
3 H]UTP did not. RNA labelled with [ 3 H]CTP sedimented on 

a sucrose density gradient at a region comparable to 

tRNA from E. coli and actinomycin D did not change the 

profile of the labelled RNA. If one can assume that 

mitochondrial tRNA's have a CCA nucleotide end as do 

tRNA's of both prokaryotic and eukaryotic species 

(Madison, 1968), then these results, taken together, 

probably reflect the DNA-independent turnover of the 

CCA terminal end of mitochondrial tRNA. 

There is littl e doubt that the DNA-independent 

incorporation of [ 3 H]CTP and [ 3 H]ATP takes place in 

mitochondria, because the osmolarity of the incubation 

medium affected the incorporation of 3 [ H]CTP, and the 

atractyloside inhibited the incorporation of [ 3 H]ATP 

and reduced the recovery of [ 3 H]adenosine. The enzymes 

responsible for this in mitochondria are not known. 

An enzyme has been observed in rat liver (Canellakis 

and Hebert, 1969; Daniel and Littauer, 1963 and 1965) 

and in coli (Preiss, Dieckmann and Berg, 1961; Furth, 

Hurwitz, Krug and Alexander, 1961) which catalyzes 

reversibly the incorporation of CMP and AMP from the 

CTP and ATP respectively into the terminal trinucleotide 



148 

se quence of the tRNA, yielding the tRNA---pCpCpA. 

RNA synthesis by isolated mitochondria was 

studied by using antibiotics such as actinomycin D, 

acriflavin and ethidium bromide to determine the involvement 

of mitochondrial DNA in RNA synthesis. The effect of 

antibiotics such as rifampicin, rifamycin SV and 

streptovarcin was investigated to see whether mitochondria 

have properties common with bacteria in RNA synthesis . 

These antibiotics have been reported to inhibit bacterial 

RNA synthesis at the initiation step (Wehrli, Knusel , Schmid 

and Staehelin, 1968; Sippel and Hartmann, 1968; Mizuno 

et ~., 1968a; DiMaruno ~ ~·, 1969), but RNA synthesis 

in mammalian nuclei is resistant (Hartmann et al. 1967; 

Wehrli, Nuesch, Knusel and Stachelin, 1968; Mizuno~~·, 

1968b). In this present study no sensitivity of mitochondrial 

RNA synthesis to any of these antibiotics was observed. 

The results of other workers are conflicting. Some 

have observed no inhibition with mitochondria from several 

species (Dubin and Montenecourt, 1970; Herzfeld, 1970; 

Wintersberger, 1970; Wintersberger and Wintersberger, 1970a; 

Yang and Criddle, 1970; Tsai, Michaelis and Criddle, 

1971). Others have observed an inhibition (Shmerling, 

1969; Gadaleta, Greco and Saccone, 1970; Gamble and 

McCluer, 1970; Kuntzel and Schafer, 1971). It is quite 

possible that those preparations in which inhibition was 

demonstrat ed may have been contaminated with bacteria. 

Lack of inhibition of mitochondrial RNA synthesis by 



any of these antibiotics may be due to impermeability 

of mitochondria to the antibiotics. This does not seem 

very likely here, since mitochondria were permeable 

to [ 
3
H]UTP and actinomycin D under identical conditions, 

indicating that they would probably be permeable to all 

these antibiotics. Wintersberger (1970) and Ts a i et al. 

(1971) found no inhibition with an RNA polymerase 

solubilized from yeast mitochondria. In contrast, 

Gadaleta et al. (1970) found inhibition with swollen 

rat liver mitochondria or with a solubilized preparation 
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of RNA polymerase from rat liver mitochondria. Furthermore, 

studies in vivo on mitochondrial RNA synthesis in spinner 

cultures of hamster cells (Dubin and Montenecourt, 1970) 

did not reveal any inhibition by rifampicin. Clearly, 

further studies are needed to resolve these discrepancies 

Since rifampicin does not inhibit the elongation but 

specifically the initiation of RNA chains, its ineffectiveness 

in isolated mitochondria could be explained by the lack 

of initiation of new RNA chains. It is not known to 

wha t extent initiation takes place in isolated mitochondria. 

At present, from the results here, sensitivity to these 

antibiotics is not a feature common to bacteria and 

mitochondria. 

Nature of RNA Synthesized and General Discussion 

The logical questjon arising from the demonstration 

that isolated mitochondria synthesize RNA is what types 
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of RNA are produced. Characterization of the RNA after 

a 1 hr incubation by sucrose density gradient centrifugation 

revealed that high molecular weight RNA was synthesized. 

A definite peak at 16 S with a possible peak or a shoulder 

at 13 S was observed on sucrose gradients after hot phenol-SDS 

and cold phenol-SDS (method II) extraction . Definitive 

peaks at 16 and 13 S were clearly shown with cold 

phenol-SDS (method I) . These S values coincided with 

those of ribosomal RNA in mitochondria of L cells 

( Bartoov ~ al . , 1970) and of rat liver (Bartoov, 1971). 

The RNA profile suggested that isolated rat liver 

mitochondria synthesize mitochondrial ribosomal RNA. 

That ribosomal RNA was synthesized was confirmed by 

agarose-polyacrylamide gel electrophoresis . Two major 

pea k s of mobility of "20.4 S" and "11.4 S " were observed. 

The se values compare with the electrophoretic mobilities 

of ribosomal RNA reported for mitochondria from rat liver 

( " 20.9 S" and "12 . 4 

("20 . 8 S " and "12.4 

S" 
' 

S" 
' 

Bartoov, ~ ~·, 1970), L cells 

Bartoov et al., 1970). HeLa 

c el ls ("21 S" and "12 S", Vesco and Penman, 1969 and 

Zylber ~ ~· , 1969), KB cells ("20. 4 S" and "11. 2 S" , 

Bartoov, 1971) and hepatoma cells("20 . 8 S" and "12 . 1 S", 

Bartoov, 1971) . 

In addition to the synthesis of mitochondrial 

ribos oma l RNA, the synthesis of high molecular weight 

RNA with a heterodisperse pattern was observed on sucrose 

density gradients and on the polyacrylamide gel. The 



synthesis of low molecular weight RNA was not demonstrated. 

The large amount of radioactivity on top of the sucrose 

gradients after cold phenol-SDS (method II) extraction was 

UTP, UDP and UMP but not RNA, as indicated by its acid 

solubility and paper chromatography. A similar conclusion 

was reached by Freeman (1971, personal communication) for 

the hot phenol-SDS extraction. The synthesis of a 

homologous species of mitochondrial RNA by i so lated 

mitochondria has not been reported. The products of 

RNA synthesized by isolated mitochondria have been 

described as ~eterodisperse sedimenting from 4 to 10 S 

(Neubert et ~·, 1968) or from 8 to 14 S (Saccone et ~' 

1969). 

Earlier in the discussion, it was concluded 

that two types of RNA synthesis occur, one DNA-dependent 

and another DNA-ind epe ndent. Thus, ribosomal and 

heterodisperse RNA synthesis on mitochondrial DNA 

had to be demonstrated. This was accomplished by usin g 

actinomycin D or ethidium bromide which preferentially 

inhibits synthesis of mitochondrial RNA reacting with 

circular mitochondrial DNA (Zyler ~ al., 1969). The 

synthesis of "20.4 S" and "11.4 S" RNA was inhibited by 

ethidium bromide. It is, therefore, concluded that 

mitochondrial DNA codes for mitochondrial ribosomal RNA. 

The synthesis of heterodisperse RNA on sucrose 

gradient or on polyacrylamide gel was sensitive to 

actinomycin D or ethidium bromide, indicating that the 
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heterodisperse RNA was coded for by mitochondrial DNA. 

The synthesis of high molecular weight RNA 

was observed during incubation. The recovery of 2'(3') 

UMP increased with time, but the amount of uridine 

recovered remained constant, suggesting that the RNA 

chains became longer as the time of incubation increased. 

The average chain length of RNA synthesized can be 

calculated from the ratio of nucleotide to nucleoside 

obtained from Figure 14 and 15. 

Isolation 
Medium 

sucrose-EDTA sucrose-TES 

Incubation 
Medium 

hypo­
osmotic 

iso­
osmotic 

hypo­
osmotic 

iso­
osmotic 

Time (min) 20 60 20 60 20 60 20 60 

Chain length 21 99 11 12 42 127 22 85 

The maximum avera g e chain length synthesized 

is much shorter than indicated by the sedimentation 

analysis. The latter method showed that most of the 

RNA sedimented faster than 10 S, that is, it had a 

chain length greater than 500 to 1,000 nucleotides. 

The two results are consistent if isolated mitochondria 

complete chains initiated before the incubation of the 

mitochondria. Al t ernatively, the average chain length 

could be heavily weighted by the synthesis of a large 

number of short chains or by terminal addition. 
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The amount of RNA synthesized for 1 hr can 

be calculated by using V = 142 x 10- 15 moles/mg of max 

protein/min from incorporation of [ 3 H]UTF and a value 

of 3.0 ~g RNA/mg of protein. Assuming that each 

nucleoside triphosphate is incorporated into RNA in 

an amount equal to UTP and that the average molecular 

weight of nucleoside monophosphate is 330, 1.9 x 10- 3 

mg of nucleotides are incorporated per mg of RNA/hr. 

This means that the amount of RNA synthesized for 1 hr 

at the maximum rate corresponds to 0.37 % of total 

mitochondrial RNA. 

The size of mitochondrial DNA coding for 

ribosomal RNA can be calculated. Assuming that only a 

single strand of mitochondrial DNA is transcribed (Borst 

and Aaij, 1969) and that the molecular weight of 

mitochondrial ribosomal RNA is 1.05 x 10 6 daltons 

(Bartoov, 1971), then 20% of the mitochondrial DNA 

with a molecular weight of 10 7 daltons would code for 

ribosomal RNA. In agreement with this calculation, 

Aloni and Attardi (197la} observed that mitochondrial 

DNA from HeLa cells hybridized 22 % with mitochondrial 

ribosomal RNA, indicating that there is one gene for 

each of the ribosomal RNAs. In the present studies, 

the synthesis of small molecular weight RNA such as 

tRNA coded for by mitochondrial DNA was not examined. 

Mitochondria contain tRNA' s which are different from 

their cytoplasmic counterparts (Introduction). Each 



species of tRNA contains about 75 base pairs (Rabinowitz 

and Swift, 1970). If one tRNA ci stro n for each amino 

acid were repr esented in mitochondrial DNA, 1,500 base 

pairs or 10 % of DNA with a molecular weight of 10 7 

daltons would be used to specify tRNA's. As calculated 

before, 20 % of mitochondrial DNA codes for ribosomal 

RNA. What does the remaining 70 % of mitochondrial DNA 

code for? Although it is not known whether the hetero-

di sperse RNA indicates the presence of mitochondrial 

messenger RNA, the remaining 70 % of mitochondrial DNA 

154 

could possibly be used for transcription into mitochondrial 

messenger RNA with a total molecular weight of 3.5 x 10 6 daltons, 

correspondin g to 3,500 amino acids or proteins with a 

total molecular weight of 4.0 x 10 5 daltons. It is 

theoretically possible that mitochondrial DNA codes for 

mes senger RNA which may be translated into inner membrane 

protein, since mitochondria synthesize inner mitochondrial 

membrane protein (Neupert et a l., 1967; Neupert and Ludwig, 

1971; Roodyn, 1962). 

Mitochondrial RNA was reported to be transcribed 

in vivo from the heavy strand of mitochondrial DNA 

(Borst and Aaij, 1969). Recently, however, Aaij, 

Saccone , Borst and Gadaleta (1970) reported that up to 

12-15 % of RNA synthesized by isolated mitochondri a was 

complementary to the light strand of mitochondrial DNA. 

Aloni and Attardi (197lb) demonstrated that both strands 

of mitochondrial DNA in vivo were transcribed but that 



there was rapid degradation of RNA complementary to the 

light strand of mitochondrial DNA. Ribosomal RNA 

synthesized by isolated mitochondria is probably 

transcribed from the h e avy strand of mitochondrial DNA, 

since Aloni and Attardi (197la) reported th a t mitochondrial 

ribosomal RNA in HeLa cells hybridizes with the heavy 

strand of mitochondrial DNA. 

Since mitochondrial DNA codes for ribosomal 

RNA and possibly for tRNA's and inner mitochondrial 

membrane proteins, the formation of complete mitochondria 

must rely on genetic information from the nucleus. 

For example, mitochondrial ribosomal proteins are 

synthesized in the cytoplasm and coded for by nuclear 

DNA (Kuntzel, 1969). This suggests the dual control 

of nuclear and mitochondrial genes over the formation 

of the unique mitochondrial ribosomes . It is a challenging 

question how mitochondrial and nuclear genes are controlled 

and coordinated with one another for the synthesis of 

the mitochondrial components. 
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V SUMMARY 

The synthesis of RNA by isolated rat liver 

mitochondria was studied. Mitochondria isolated in 0.30 M 

sucrose-2 mM EDTA, 0.25 M sucrose-2 mM EDTA, or 0.25 M 

sucrose-0.5 mM TES synthesized RNA, incorporating [ 3 H]UTP 

for at least 1 hr. [ 3 H]ATP, [ 3 H]CTP and [ 3 H]GTP were also 

incorporated into RNA. 

RNA synthesis could not be followed by incorporation 

of labelled nucleotides into an acid-insoluble form without 

prior phenol-SDS extraction, because of the formation of 

othercompounds besides RNA. A hot phenol-SDS method was 

used. Alkaline hydrolysis demonstrated that labelled 

nucleotides were incorporated into RNA in internal and 

terminal internucleotide linkages as judged by the 

rec overy of 2'(3') nucleotide and nucleoside, respectively. 

The possibility that the synthesis of RNA in the 

mit ochondrial fraction was due to contaminating nuclei, 

bac teria or the microsomal fraction was examined . The 

eff ect of nucleoside triphosphates, DNase, ethidium bromide 

and atractyloside differentiated RNA synthesis by isolated 

mitochondria from that by isolated nuclei. Only an 

ins ignificant number of bacteria were present as determined 

by plate counts, and unlabelled uridine did not inhibit 

[
3 H]UTP incorporation. The effect of actinomycin D and 

nuc l eoside triphosphates eliminated the microsomal fraction 

as contributing to the observed synthesis. Therefore, 
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RNA synthesis by isolated mitochondria was not due to 

contaminating nuclei, bacteria or the microsomal fraction. 

The site of RNA synthesis in mitochondria was 
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examined. The effect of osmolarity, nucleoside triphosphates, 

RNase and DNase in the incubation medium on RNA synthesis 

suggested that the site of synthesis was inside the inner 

mitochondrial membrane. This was clearly demonstrated by 

inhibition of [ 3 H]ATP incorporation into RNA by atractyloside. 

Inhibition of [ 3 H]UTP, [ 3 H]ATP, [ 3 H]CTP and [ 3 H]GTP 

incorporation into RNA by actinomycin D, acriflavin and 

ethirlium bromide demonstrated that the synthesis of RNA 

is dependent on mitochondrial DNA. 

Besides the DNA-dependent RNA synthesis, a 

DNA-ind ependent incorporation of [ 3 H]CTP and [ 3 H]ATP was 

observed. The DNA-independent process was probably the 

turnover of the CCA terminal nucleotides of tRNA in 

mit ochondri a. 

RNA synthesized in a 1 hr incubation and analyzed 

by sucrose density gradient centrifugation showed the 

syn t hesis of a high molecular weight RNA in a heterodisperse 

pat t ern with peaks of 16 and 13 S, indicating the synthesis 

of mitochondrial ribosomal RNA. The actinomycin D-sensitivity 

showed that the synthesis was DNA-dependent. 

The electrophoretic profile of RNA on an agarose­

polyacrylamide gel demonstrated the synthesis of "20.4 S" 

and "11.4 S" RNA, that is mitochondrial ribosomal RNA. 

Eth i dium bromide inhibited the synthesis of these species. 



It was concluded that mitochondrial DNA codes for 

mitochondri a l ribosomal RNA. 
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