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ABSTRACT

The first part of the thesis deals with a study of
the synthesis of RNA 1in l1solated Hela cell mitochondria.
Isolated mitochondria were capable of supporting close to
linear incorporation of the radiocactive precursor
[5—3H]UTP or [5—3H]ATP for at least 1 hour. Virtually
all of the RNA labeled in vitro was shown to consist of
mitochondrial DNA transcripts complementary to one or the
other of the two strands. At least 81% of the RNA
labeled in the presence of [5—3H]UTP and 72% labeled in
3H7ATP hybridized to mitochondrial DNAj

)

the presence of [5-
70% of the RNA homologous to mitochondrial DNA hybridized
to the "H" strand and 30% to the "L" strand. Sucrose
gradient analysis of the products labeled with either
[5-3H]UTPCK‘[5-3H]ATP showed the presence of mitochondria-
specific ribosomal 16S and 12S RNAs.

The effect of cycloheximide pretreatment of the cells
on the RNA synthetic capactiy of isolated organelles was
investigated. Incorporation of [5—3H]UTP into RNA of
mitochondria isolated from Hela cells treated with
200 ug cycloheximide/ml up to 4 hours was found to decrease
very modestly. Addition of normal cytoplasm to these
mitochondria resulted in a stimulatory effect on RNA

synthesis independent of the length of cycloheximide

treatment.
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The second part of the thesis concerns an investigation
of the timing of mitochondrial DNA synthesls during the cell
cycle in mouse cells. In LM(TK ) Cl1D cells synchronized by
selective detachment, a fairly constant rate of incorpora-
tion of [methyl—3H]thymidine or [5~3H]deoxycytidine into
mitochondrial DNA was observed. Due to low levels of uptake
of the radioactive precursors, however, the mitochondrial
friphosphate precursor pool specific activities could not
be measured and, thus, the rate of mitochondrial DNA repli-
cation could not be determined. ©On the other hand, in A9

3H]thymidine

cells, the rate of incorporaﬁion of [methyl-~
into mitochondrial DNA was found to increase by at least a
factor of 5 during the late-S and G2 phases relative to the
Gl phase. 1In addition, the mitochondrial pool specific
activity decreased by a factor of 3 during the same period,
indicating a substantial increase in the rate of mitochon-
drial DNA synthesis in the late~S and G2 phase cells in
agreement with previous evidence obtained in Hela cells.

A mathematical discussion is presented which indicates that
a recent study of unsynchronized A9 cells (Bogenhagen and
Clayton, Cell 11, 719, 1977), erroneously interpreted as
indicating a constant rate of mitochondrial DNA replication
during the cell cycle, 1s not inconsistent with the results

presented here.
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In the third part of the thesis, the results are pre-
sented of preliminary experiments with the goal of develop-
ing an approach for studying the nature of the cell cycle
dependence of mitochondrial DNA synthesis. This approach
is based on an analysis of mitochondrial DNA synthesis in
heterokaryons formed by fusion of mouse L cells at different
stages of the cell cycle. The mitochondrial DNAs of the
two parental cells are distinguished by using, as one of
the parental cell types in the fusion, synchronized cells
which had been grown in the presence of 30 ug BrdU/ml; the
BrdU substituted mitochondrial DNA of these cells 1s separa-
ble from unsubstituted DNA by CsCl density gradient centri-
fugation. Cell fusion with a fast sedimenting fraction of
Sendail virus was shown to result in a much higher propor-
tion of parental cells in heterokaryons than in fusions
produced by standard Sendai virus. The results of a pilot

experiment carried out with C11D cells using the above

described approach are presented.
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CHAPTER T
General Introduction on the Organization,
Replication and Transcription of

Animal Mitochondrial DNA



1. Structure and Replication of Mitochondrial DNA

In animal cells, mitochondria contain unique mitochon-
drial DNA (mit-DNA) molecules which are double stranded and
circular, with a contour length of about 5 um (Borst, 1972).
Measurements of the contour length of mit-DNA from a
variety of species, assuming ¢X174 has a length of 5385
base pairs (Sanger et al., 1978). would indicate a range
of mit-DNA lengths from 15,400 base pairs to 19,000 base
pairs, including sea urchin (Piké et al, 1968; Brown,
1976), rat (Sinclair et al., 1967; Brown, 1976), hamster
(Oda, 1968; Brown, 1976), pekin duck, bush baby, rabbit,
chimpanzee (Brown, 1976), monkey (Suyama and Miura, 1968;
Brown, 1976), human (Nass, 1969b; Brown, 1976), chicken
(Nass 1669b; Brown, 1976), various amphibia (Wolstenholme
and Dawid, 1968), Xenopus (Wolstenholme and Dawid, 19683;
Dawid, 1972a,b; Brown, 1976), Urechis (Dawid and Brown,

1970) and Drosophila (Bultman and Laird, 1973; Peacock

et al., 1973).

The %(G+C) composition of most animal mit-DNAs that
have been analyzed 1s between 30% and 50% (Borst and Kroon,
1969; Brown, 1976). The mit-DNAs of mouse LA9 cells
(37%(G+C)) and of HeLa cells (44%(G+C)) have buoyant

3 3

densities in CsCl of 1.692 g/em” and 1.70 g/cm”, respec~

tively (Brown, 1976). Drosophila has a %{(G+C) content of




22% and a buoyant density of 1,68 g/cm3 (Peacock et al.,
1873). Because of the difference in base composilition
vetween complementary mit-DNA strands, heavy, "H', and
light, "L", strands can be separated on alkaline CsC1l
equilibrium density gradients (Corneo et al., 1968; Aloni
and Attardi, 1971a).

Renaturation kinetics of mit~DNA from rat (Borst, 1970)
and guinea-pilg (Borst, 1971) were shown to follow ideal
second-order kinetics and were interpretfed as being consis~
fent with a unigque sequence the length of a mit-DNA molecule.
Clayton et al. (1970) demonstrated that renatured Hela

mit-DNA does not contain single-stranded regions longer

than 100 nucleotides. In Drosophila, one fourth of the

length of mit-DNA has been shown to be an AT rich region
(Peacock et al., 1973).

Replication of mit-DNA is understood in some detail,
By ordering the mit-DNA forms visualized by electron
microscopy, mit-DNA replication in mouse cells (Robberson
et al., 1972), rat and chicken cells (Wolstenholme et al.,

1973; Koilke et al., 1976) and sea urchin (Matsumoto et al

o s
1974) has been shown to occur in a modified Cairns mode
(Kasamatsu and Vinograd, 1974; Cairns, 1963). Replication
begins at a unique site and 1s unidirectional (Robberson
and Clayton, 1972; Robberson et al., 1974), The nucleotide

sequence in the vicinity of the origin of replication of



HeLa cell mit~DNA has been determined (Crews et al., 1978;
Ojala and Attardi, 1978); sequence data indicate a possible
stable hairpin structure including the site at which
replication begins. The origin of replication is on the

"L" strand near the 3'-end of the 125 rRNA "H" strand coding
sequence (see below) and displacement synthesis of the new
"H'" strand proceeds away from the 123 rRNA coding site.

In most of the animal cells investigated, there is
present a stable intermediate replicative form, the D-loop,
containing the first 450-700 nucleotide segquence (7S DNA)
of the new "H" strand hydrogen bonded to the original "L"
strand (Kasamatsu et al., 1971). The proportion of the
mit-DNA in the D-loop configuration 1is higher in growing
mouse cells, with about 60% D-loop (Kasamatsu et al., 1971),
rat liver (Arnberg et al., 1973) and growing sea urchin

.» 1974) than it is in stationary
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cocytes (Matsumoto et
phase mouse cells, with about 2% D-loop (Kasamatsu et al.,
1973) and mature oocytes (Matsumoto et al., 1974). 1In

Drosophila the D-~loop form has not been observed and thus

may not be a "holding point" in mit-DNA replication (Klukas
and Dawid, 1976; Rubenstein et al., 1977).

. From the D-loop stage, a continuation of the new "H"
strand occurs, forming an expanded D~loop form in which the
new "H" strand displaces the parental "H" strandy new "L"

strand synthesis does not begin until 2/3 of the "H" strand



has been completed (Robberson et al., 1972; Robberson et al.,
1974), The parental strands form closed circles during
replication, indicating that a nicking and closing process
must be occurring (Robberson and Clayton, 1972), Berk and
Clayton have demonstrated that the daughter molecules
segregate as open circular molecules (Berk and Clayton,
1974), are then converted to a form denoted E~mit~DNA
(Kasamatsu et al., 1971; Berk and Clayton, 1974), which

has a low superhelix density (o ~ 0), and by nicking and
closing they are converted to some topological variant of
the form C-mit-DNA (Berk and Clayton, 1976), which was
estimated to have about 50 superhelical turns per molecule
(6 v =0.03); they are finally converted to Demit~DNA, which
contains the 7S strand, without additional nicking (Berk
and Clayton, 1976). The magnitude of the superhelical
density 1s a point of contention (Pulleyblank and Morgan,
1975; Wang, 1974).

Gently lysed mitochondria have been shown to release
mit-DNA molecules with a protein—containing structure and
a membrane-like patch at a location in the vicinity of the
origin of replication (Albring et g;,,(1977). These
structures are likely to be involved in attachment sites
of mit-DNA to the mitochondrial membrane observed by
electron microscopy by Nass (1969a).

Concatenated forms of mit-~DNA are found at different



frequencies in a variety of organisms (Kasamatsu and
Vinograd, 1974). The function of these forms 1s not known,
but it has been argued that concatenates and monomers are
rapidly interconverted (Berk and Clayton, 1976).

Evidence of recombination in mit-DNA has been reported
in mammalian mitochondria (Dawid et al., 1974). Mouse-
human cell hybrids were induced and after about 50 genera-
tions, their mit-DNAs were found to have the hybridization
and buoyant density properties of recombinant molecules.
Inheritance of mit~DNA appears to be maternal, even in
Zenopus in which mitochondria are contained in the fertilz-
ing sperm (Dawid and Blackler, 1972).

Several laboratories have reported partial purification
of two DNA polymerases from animal cell mitochondria, one
polymerase reported to be a unique mit-DNA polymerase of
molecular welght around 105,000 (XKalf and Ch'ih, 1968; Fry
and Weissbach, 1973; Tibbetts and Vinograd, 1973; Wang
et al., 1975). Recently, however, it has been reported
that some of these cell lines were mycoplasma contaminated

(Radsak and Seidel, 1976

[N

and that the only enzyme associat-
ed with the mitochondrion might be the y-polymerase,
molecular weight 110,000 (Bolden et al., 1977), one of

the three major DNA polymerases found in vertebrate cells

(Weissbach, 1975).



2. Products of Mitochondrial DNA Transcription

It has been demonstrated in Hel.a cells that there is
complete transcription of both the "L" and "H" mlt-DNA
strands (Aloni and Attardi, 1971la; Aloni and Attardi, 1971Dh;
Murphy et al., 1975). The more stable mitochondrial RNA
(mit~RNA) species detected are ribosomal RNA (rRNA) and
transfer RNA (tRNA) molecules.

The 16S and 128 rRNA species (by sedimentation in

5

sucrose gradients; 5.4 x 107 and 3.5 x 105 daltons; Attardi

and Attardi, 1971; Vesco and Penman, 1969; Robberson et al.,
1971) are found in the major U453 and the minor 35S subunits,
respectively, of the 608 mitochondrial ribosomes (Attardi
and Ojala, 1971; Brega and Vesco, 1971). rRNA species of
similar size have also been observed in Xenopus (Dawid and
Chase, 1972).

In HelLa cells, nineteen 43 RNA (3 x lOu daltons) coding
sites have been located by electron microscopy, 12 on the
"H" strand and 7 on the "L" strand (Wu et al., 1972;

Angerer et al., 1976). 17 of the tRNA species which
hybridize to HelLa mit-DNA are specific for 16 amino acids
(Lynch and Attardi, 1976) and it is not yet clear if there
are mitochondrial tRNAs for all 20 common aminc acilds
(Costantino and Attardi, 1973; Ching et al., 1977). In
Xenopus it has been estimated that there are at least

fifteen mitochondrial 4S RNA genes (Dawid, 1972a).



Stable RNA species and the origin of replication have
been located on a map of restriction enzyme fragments of
HeLa mit-DNA (Ojala and Attardi, 1977; Ojala and Attardi,
1978; Wu et al., 1972; Angerer et al., 1976). The origin
of replication is on the "L" strand and is located
approximately 400 nucleotides from the 3'-end of the
12S rRNA coding site on the "H" strand. Farther from
the origin of replication is the 16S rRNA coding site,
which is on the "H" strand and separated from the 128 site
by a segment of 160 nucleotides that includes a 4S RNA
coding site. The 3'-end of the 125 RNA coding site and
the 5'-end of the 163 RNA coding site are flanked by 4S RNA
genes and the remaining 4S RNA genes are scattered uniformly
on the "H" and "L" strands in the numbers given above.
There may be additional U4S RNA genes as yet undetected.

The order of transcription of rRNA genes, based on the in-
formation given above, should be the 125 RNA gene followed

by the 16S RNA gene. In Drosophila and in Xenopus, the

rRNA genes are, likewise, adjacent and in Xenopus the order
of transcription is the same as in HelLa cells (Klukas and
Dawid, 1976; Dawid et al., 1976).

In addition to rRNA and tRNA, other discrete mit-DNA
transcripts have been detected in Hela cells. RNA contain-
ing a sequence of poly(A) as the 3'-terminus has been

detected (Perlman et al., 1973; Ojala and Attardi, 1974)



and the length of the poly(A) stretch, which is not tran-
scribed from mit-DNA, has been determined to be about 56
residues long (Hirsch and Penman, 1973). At least 18
discrete poly(A)-containing RNA species and 14 discrete
species lacking poly(A) have been identified in the
molecular welght range of 9 x 1Oq to 3.4 x 106 daltons
(Amalric et al., 1978); there is evidence that some of
these species will turn out to be precursors of other
species. In addition, it 1s conjectured that the poly(A)-
contalning molecules may function as mRNA, as 1is true of
cytoplasmic poly(A)-containing RNAs (Darnell et al., 1971).
Poly(A)-containing RNAs have also been reported in

77

1., 1977).
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Detection and purification of a mitochondrial poly(A)
polymerase has been reported in rat liver (Jacob et al.,
1972; Jacob and Schindler, 1972) and the occurrence in
mitochondria of "free" poly(A) sequences, of about the same
size as poly(A) in poly(A)-containing RNA, has been reported
in HeLa cells (0Ojala and Attardi, 1974); post-transcriptional
addition of poly(A) to mit-DNA-coded RNA has been suggested.

It has been reported that mitochondrial DNA-dependent
RNA polymerase has been isolated in Xenopus (molecular
weight 46,000; Wu and Dawid, 1972) and in rat liver
(molecular weight 65,000; Gallerani et al., 1972; Mukerjee

and Goldfeder, 1973); these enzymes are insensitive to
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a~amanitin and sensitive to rifampicin or one of its
derivatives.

M1t-DNA-RNA complexes in Hela cell mitochondria have
been observed by electron microscopy and further charac-
terized as transcription complexes (Aloni and Attardi, 1972;

Carré and Attardi, 1978).
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3. Nuclear Control of Mitochondrial DNA Replication
and Transcription

It has been observed that HelLa cell mitochondrial
nucleic acid synthesis 1s under nuclear genome control.
Selective inhibition of cytoplasmic protein synthesis with
200 pg cycloheximide/ml causes a decrease in the rates of
mit-DNA and mit-RNA synthesis by over 50% and by over 75%,
respectively (Storrie and Attardi, 1972). Also consistent
with this dependence of mitochondrial function on cytoplas-
mic protein synthesis is the observation that mit-RNA
syntheslis in green monkey cells, enucleated with
cytochalasin B, decreases progressively until after

Both mit-DNA and mit-RNA synthesis are under cell
cycle dependent control. In physiologically synchronized
cells, the rates of mit-DNA and mit-RNA synthesis have been
shown to increase by at least a factor of 5 as the cells
progress from the G1 phase to the late-S and G2 phases of
the cell cycle (Pica-Mattoccia and Attardi, 1971, 1972) and
a similar increase in mouse mit-DNA synthesis has been
demonstrated (Chapﬁer III, this thesis). A recent study
on unsynchronized mouse cells (Bogenhagen and Clayton, 1977)
inaccurately concliuded that there must be a constant rate
of mit-DNA synthesis during the cell cycle (Chapter III,

this thesis).
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Although 1n normally growing cells nuclear DNA
synthesis precedes mit-DNA synthesis, the persistence
of mit-DNA replication in the absence of nuclear DNA
replication after cells enter the stationary phase of
growth (Bogenhagen and Clayton, 1976) suggests that nuclear

DNA synthesis, per se, 1s not the prerequisite for mit-DNA

synthesis.
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CHAPTER IT

Transcription of HelLa Cell Mitochondrial DNA

in Isolated Mitochondria
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1. Introduction

In animal systems, due to the lack of appropriate
mutants, the only approaches available for the study of
nuclear control of mitochondrial DNA (mit-DNA) transcrip-
tion have been the use of synchronized cells (Pica-Mattoccia
and Attardi, 1971), drug treatment (Storrie and Attardi,
1972) or enucleation (Attardi et al., 1977) of unsynchron-
ized cells, and analysis of BNA synthesis in isolated mito-
chondria. The only mammalian system in which RNA synthesized
in isolated mitochondria (in vitro) has been partially char-
acterized is rat liver.

In rat liver, using a variety of conditions for the
in vitro incubatlon, several laboratorles have shown that
there is labeling of RNA in the presence of a radiocactive
precursor (Neubert et al., 1968; Saccone et al., 1968;
Fukamaki et al., 1970; Aaij et al., 1970). There is
evidence that this RNA 1is a mitochondrial DNA transcrip-
tion product. Aaij et §;°(1970) have shown that at least
85% of RNA labeled in swollen isolated mitochondria in
the presence of 3H—-UMP hybridized to purified, denatured
mit-DNA. Hybridization to the separated compléhentary
strands of mit-DNA demonétrated that some (> 8%) of the
labeled RNA was transcribed from the light ("L"™) DNA
strand, while probably most (> 33%) was transcribed from

the heavy ("H") strand. Characterization of RNA labeled
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in isolated mitochondria in the presence of 3H—UTP revealed
RNA species migrating on a gel as 218 and 123 (Fukamaki

et al., 1970), which correspond to stable mitochondrial RNA
species observed in vivo.

There are differing reports on how incubation condi-
tions affect dincorporation into RNA. This may be due to the
variety of incubation systems uéed. Some investigators have
used (besides nucleoside triphosphates) pyruvate kinase and
its substrate, phosphoenolpyruvate (Saccone et al., 1968),
others have added pyruvate, succinate and malate (Fukamakil
et al., 1970), while still others have added no energy

generating system (Neubert et al., 1968).

kinase at 30°C, have demonstrated linear incorporation for
at least 1 hour. Neubert et al. (1966), using 1'C-UTP
and no energy generating system at 37°C, have observed a
linear incorporation for only 5-15 minutes.

The rate of lqC~ATP incorporation, using the pyruvate
kinase system, has been shown by Saccone et al. (1968) to
increase linearly with increasing amounts of mitochondrial
protein up to 0.5 mg protein/ml, followed by a less than
linear increase with increasing protein.

The incubation pH optimum appeared to be in the range

14 1MCWUTP

of pH 7.8-9 for C-ATP (Saccone et al., 1968) or
(Neubert et al., 1968) incorporation. At pH 7, the in-

corporation was a factor of two lower.
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Neubert et al. (1968) observed that, with increasing
amounts of 3H—UTP3 incorporation reached a plateau around
0.1 mM; Saccone et al. (1968) observed a similar phenomenon
with 14C-ATP. The rate of incorporation was about twice as
high at 37°C as at 25-30°C (Saccone et al., 1968).

When the radicactive precursor was 3H——ATPﬁ partial
inhibition was observed in the presence of atractyloside,

a specific inhibitor of mitochondrial ATP-ADP translocase
(Saccone et al., 1968). Ethidium bromide, which, at

1 ug/ml, preferentially inhibits mit-RNA synthesis in vivo
relative to nuclear RNA synthesis (Zylber et al., 1969), in-
hibited in vitro incorporation of the labeled precursor by
70% at 0.33 wg/ml (Fukamaki et al., 1970). Rifampicin,

a specific inhibitor of some RNA polymerases, was found to
inhibit incorporation into swollen mitochondria but not

into intact mitochondria (Saccone and Quagliariello, 1975).

In Hela cells, studies on mit-DNA transcription in
synchronized cells and in drug treated unsynchronized cells
have indicated that there is nuclear control. In Hela
cells grown in the presence of 200 ug cycloheximide/ml,

a selective inhibitor of cytoplasmic protein synthesis, the
rate of mitochondrial RNA synthesis decreased by more than
75% after 4 hours (Storrie and Attardi, 1972). 1In contrast,
in cells grown in 40 ug chloramphenicol/ml, a potent in-
hibitor of mitochondrial protein synthesis, the rate of

mitochondrial RNA synthesis decreased by only 30% after
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3 days (Storrie and Attardi, 1972). These results indicate
that mitochondrial transcription is dependent on cytoplasmic
proteins. In support of this conclusion, mitochondrial RNA
synthesis in green monkey cells, enucleated with cytochalasin
B,decreased progressively until, after 20 hours, synthesis
was undetectable (Attardi et al., 1977). Regulation of
transcription has been observed only at the level of cell
cycle dependent control. 1In Hela cells synchronized by
selective detachment (Pica-Mattoccia and Attardi, 1971),
the rate of mitochondrial RNA synthesis has been shown to in-
crease by a factor of 5 from early labeling periods (mostly

Gl cells) to late labeling periods (mostly late-S and G2

plasmic cell cycle dependent

cells). The mechanism of cyt

control of mitochondrial RNA polymerase activity is unknown.
The purpose of the following study 1s to characterize

RNA synthesis in isolated Hela cell mitochondria.
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2. Methods and Materials
\ 1
(a) Solutions

The solution designations are as follows: (1) DET:
2% SDS, 1% Na desoxycholate, 1% Na cholate, 0.25% bentonite
in TKV. (2) HP: 0.1% hydroxyquinoline in hydrated,
distilled phenol. (3) NKM: 0.13 M NaCl, 5 mM KCl, 7.5 mM
MgCl,. (4) Low ionic strength TKV: 10 mM KC1l, 10 mM
Tris buffer (pH 6.7 at 25°C), 0.1 mM EDTA. (5) SDS buffer:
0.5% 3DS, 10 mM Tris buffer (pH 7.0 at 25°C), 0.1 M NacC1l,
1 mM EDTA. (6) Low ionic strength TKM: 10 mM KC1, 10 mM

Tris buffer (pH 6.7 at 25°C), 0.15 mM MgCl (7) SsC:

5
0.15 M NaCl, 0.015 M Na citrate. (8) STE: 0.25 M
sucrose, 10 mM Tris buffer (pH 6.7 at 25°C), 0.1 mM EDTA.
(9) STM: 0.25 M sucrose, 10 mM Tris buffer (pH 6.7 at

25°C), 0.15 mM MgCl (10) TD: 0.137 M NaCl, 5 mM KC1,

5
25 mM Tris buffer (pH 7.4 at 25°C). (11) TKM: 0.05 M

Tris buffer (pH 6.7 at 25°C), 0.025 M KC1, 2.5 mM MgCl2°

lAbbreviations used in this chapter are: (1) ATP:
adenosine 5'-triphosphate. (2) CTP: cytidine 5'-tri-
phosphate. (3) DNase: deoxyribonuclease. (4) EDTA:
ethylenediaminetetraacetate. (5) GTP: guanosine
5'-triphosphate. (6) mit-DNA: mitochondrial DNA.
(7) mit-RNA: mitochondrial RNA. (8) mRNA: messenger
RNA. (9) PCA: perchloric acid. (10) POPOP: 1,4-bis-
2-(5-phenyloxazolyl)-benzene. (11) PPO: 2,5-diphenyl-
oxazole. (12) RNase A: pancreatic ribonuclease A.
(13) rRNA: ribosomal RNA. (14) SDS: sodium dodecyl
sulphate. (15) TCA: trichloroacetic acid. (16) tRNA:
transfer RNA. (17) UTP: wuridine 5'-triphosphate.
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(12) TKV: 0.05 M Tris buffer (pH 6.8 at 25°C), 0.025

M KC1, 10 mM EDTA.

(b) Conditions of cell growth

and labeling

Strain S3 of Hela cells (Amaldi and Attardi, 1968)
was grown in suspension at 37°C in a modified Eagle's
phosphate medium (Levintow and Darnell, 1960; MED-69191,
Grand Island Biological) supplemented with 5% calf serum;
if a radioactive precursor was added to the growth medium,

zed. Only

e

5% calf serum dialyzed against TD was util
exponentially growing cells (no more than 4x10° cells/ml)
were utilized, except for the preparation of unlabeled
mit-DNA. The cultures used here were free of any detect-
able contamination by pleuropneumonia-like organisms
(PPLO, mycoplasma).

Cycloheximide treatment of cultures was carried out
at 200 pug/ml for up to 4 hours. The control culture
for this experiment was cooled on ice, supplemented with
cycloheximide and immediately harvested,

To label mit-RNA in vivo (Attardi et al., 1970),
HeLia cell cultures were treated with 40 ng Actinomycin
D/ml for 30 minutes and then exposed to 1.25 uCi/ml

[5m3H]uridine (30 Ci/mmole, Amersham) for 2 hours, always
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in the presence of the drug. In the experiments in
which the effect of ethidium bromide had to be tested,
this drug was added to the medium at 1 ug/ml 15 minutes
before addition of the [5—3H]uridine, For the labeling
14

of cytoplasmic rRNA, cultures were grown in [2-- 'Cluridine
(58 mCi/mmole, Amersham) for 2 days. Labeled mit-DNA

was extracted from cultures grown for 3 days in the
presence of 0.025 pCi/ml [2—1MC]thymidine (40-60 mCi/

mmole, Amersham).

(¢) Subcellular fractionation

Preparation of the mitochondrial fraction (Attardi,
Cravioto and Attardi, 1969) for the study of RNA synthesis
in isolated organelles was accomplished under semisterile
conditions. All buffers were either autoclaved or
filtered and all glassware was autoclaved. All operations
described below were carried out between 0°C and 4°C
unless otherwise noted. Cells were washed 3 times in
NKM and pelleted at 900 rpm (180 g) in plastic conical

.. -

tub for 5 minutes in an International centrifuge.

tubes
The cells were swollen in 6 volumes of low lonic strength
TKM for 2 minutes before breakage with a motor driven
glass-teflon homogenizer. After homogenization (approx-

imately 60% cell breakage), the sucrose concentration
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was promptly brought to 0.25 M. Intact cells, nuclei

and other big cell debris were removed by centrifugating
twice at 2,500 rpm (1,400 g) for 3 minutes; mitochondria
were pelleted in the Sorvall at 8,600 rpm (9,100 g) for

10 minutes. After resuspension in 4 ml STM/ml original
packed cells, another low speed centrifugation was

carried out to remove residual nuclei and the mitochondria
were again pelleted and resuspended in an appropriate
buffer.

The mitochondrial fraction preparation for mit-DNA
extraction was similar to the procedure given above
except that the buffers contained EDTA: the cells were
swollen in low ionic strength TKV, the homogenization
was more extensive (approximately 90% cell breakage)
and the first mitochondrial resuspension was in STE.

The first 9,100 g supernatant from.cells homogenized
in low ionic strength TKM was centrifuged for 20 minutes
at 12,000 rpm (17,800 g) in a Sorvall rotor to separate

the postmitochondrial supernatant ("cytoplasmic fraction').

(d) Incubation of isolated

mitochondrisa

Pelleted mitochondria from unlabeled cells were

resuspended in STM. In some instances, the mitochondrial
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fraction (at 2 mg protein/ml) was pretreated with
ethidium bromide in STM for 30 minutes on ice. [S—BH]UTP
and [5—3H]ATP were deslccated before use to remove
alcohol.
There were two types of incubation mixtures. One
type utilized "KC1l medium" which contained 75 to 100 mM

KC1, 7.5 to 10 mM MgCl 35 to 50 mM Tris buffer (pH 7.4

o5
at 25°C), 0 to 0.1 mM CTP, GTP and UTP, 0 to 2.5 mM ATP,
0.1 to 2 mg mitochondrial fraction protein/ml and either
[S—BHJATP or [5—3H]UTP, as described below. In some
cases, one half of the incubation mixture was cytoplasmic
fraction. The other type was the sucrose incubation
mixture which contained 0.15 to 0.25 M sucrose, 50 mM

Tris buffer (pH 7.4 at 25°C), 1 to 25 mM MgCl 0 to 2 mM

°E
each ATP, CTP and GTP, 0.1 to 1 mg mitochondrial fraction
protein/ml and [5~3H]UTP.

The incubations were begun by the addition of the
mitochondrial fraction to the complete incubation mixture
on ice and placing the mixture in a 30°C shaking water

S e a e
HLALULre

bath. Incubations were terminated by placing the
on ice and diluting the radiocactive precursor with cold
UTP or ATP; the mitochondrial fraction was washed in STM.

Agar plating of portions of the incubation mixture at

the end of selected incubations showed no or very few
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bacterial colonilies; no 23S RNA was detected in extracted
RNA.

The TCA insoluble radioactivity incorporated into
a mitochondrial suspension was determined by adding SDS
to 0.5%, precipitating with cold 15% TCA, collecting the
precipitate on a Millipore filter and counting. Protein
content of the mitochondrial fraction was determined by
a modified Lowry method (Oyama and Eagle, 1956).

The PCA soluble fraction of a mitochondrial resuspen-
sion was obtained by bringing the suspension to 0.5 N PCA,
keeping it on ice for one hour and pelleting the precip-
itate by centrifugation at 12,000 rpm (17,800 g) for
15 minutes in the Sorvall. The supernatant was neutralized

with KOH, the KClOu precipitate was removed by centrifuga-

tion and the resulting supernatant counted.

(e) Extraction and analysis

of RNA

The mitochondrial pellet was resuspended in SDS

buffer, incubated in the presence of 40 ug pronase/ml
at room temperature for 60 minutes, and mixed with an
equal volume of cold DET. (Pronase had been predigested
at 2 mg/ml in 20 mM Tris buffer (pH 8 at 25°C) at 37°C
for 2 hours and particulate matter removed by centrifuga-

tion.) The sample was then extracted for 15 minutes with
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HP (Attardi, Parnas, Hwang and Attardi, 1966) in the

cold and the aqueous phase separated by centrifugation;
the procedure was repeated until no protein interface was
visible (typically 3 extractions). After the NaCl concen-
tration was brought to 0.1 M, the sample was precipitated
with 2 volumes of ethanol at -20°C for at least 2 hours,
spun down at 13,000 rpm (20,900 g) for 15 minutes and
resuspended in TKM. This procedure is referred to as
SDS~pronase~phenol extraction. Three ethanol precip-
itations were performed before reading the optical density
at 260 nm.

RNA to be used in RNA-DNA hybridizations was incubated
with 40 ug/ml of electrophoretically purified DNase
(Worthington) in TKM buffer at room temperature for 1 hour
(Aloni and Attardi, 1971a). The sample was brought to
0.5% SDS, phenol extracted, ethanol precipitated and run
on a 0.9x55 cm G100 Sephadex column equilibrated with
0.3 M NaCl, 10 mM Tris buffer (pH 7.4 at 25°C). Fractions
of the void volume were pooled, brought to 0.1 M NaCl,
precipitated with 2 volumes of ethanol, pelleted by
centrifugation and resuspended in 10 mM EDTA, 10 mM Tris
buffer (pH 7.4 at 25°C).

For analysis of the sedimentation properties of

RNA, samples were brought to 0.5% SDS and layered on
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14 ml of a 15%-30% sucrose gradient in SDS buffer with

a cushion of 2 ml of 64% sucrose in SDS buffer in a
1.59%10.16 cm tube and centrifuged in a Beckman SW27 rotor
either at 25,000 rpm for 12.5 hours or at 27,000 rpm

for 11 hours.

(f) Isolation of mit-DNA

For the extraction of mit-DNA (Hudson and Vinograd,
1967), the mitochondrial pellet was resuspended in 1.2%
SDS, 10 mM EDTA, 10 mM Tris buffer (pH 7.4 at 25°C),
brought to 1 M CsCl and after 30 minutes on ice, the
precipitate was removed by centrifugation in the Sorvall
at 12,000 rpm (17,800 g) for 15 minutes. The solution
was brought to 4.5 M with CsCl to remove remaining protein
and the sample was again left one-~half hour on ice and
centrifuged as described above. Ethidium bromide was
added to 200 ug/ml, the CsCl concentration was adjusted
for an index of refraction of 1.389 (25°C), and the
sample was centrifuged to equilibrium in the Beckman 65
rotor at 40,000 rpm for 2 days at 20°C. The closed
circular mit-DNA band was collected, and recentrifuged
fo equilibrium. The resulting closed circular mit-DNA

band was pooled, the ethidium bromide was extracted by

shaking (3 times) with an equal volume of iscamyl alcohol
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and the sample was then dialyzed against SSC/10.

The upper DNA band of the first ethidium bromide
density gradient was likewise extracted with iscamyl
alcohol and dialyzed against 10 mM EDTA, 10 mM Tris
buffer (pH 7.4 at 25°C): this material was predominantly
nuclear DNA,.

Separation of the complementary strands of mit-DNA
was accomplished by bringing a solution of closed circular
mit-DNA to 0.055 M K3P0u, 0.01% SDS and adjusting the pH
to 12.4 (at 25°C) and the index of refraction to 1.405
(25°C) with CsCl (Aloni and Attardi, 1971a) Centrifuga-
fion in a polyallomer tube in the Beckman 65 rotor at
42,000 rpm for 42 hours at 20°C resulted in strand
separation. The fractions were assayed for TCA precip-
itable radioactivity, promptly pooled and brought to pH 8
(at 25°C) with 1 M Tris buffer. Samples were dialyzed
for 1 day against 3 changes of SSC/10 and the optical
density at 260 determined (the equivalence 48 ug DNA/ml =

1.0 OD26O unit was used).

(g) RNA-DNA hybridization

Immediately prior to the hybridizations, RNA samples
and nuclear DNA samples were separately denatured at

90°C for 5 minutes in 0.01 M EDTA, 0.01 M Tris buffer
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(pH 7.4 at 25°C), then cooled quickly on ice. The
hybridization mixtures contained in 0.5 ml of 0.4 M NaCl,
10 mM Tris buffer (pH 8 at 25°C), 10 mM EDTA, 100-200
3H—cpm of RNA, and different amounts of heavy or light
strand mit-DNA or nuclear DNA as specified below (Aloni
and Attardi, 197la). Incubation was carried out in
sealed vials at 66°C for 4 hours and stopped by quick
cooling. TUnhybridized RNA was degraded by treatment

with 5 pg RNase A/ml at room temperature for 20 minutes.

(RNase A, pancreatic ribonuclease, had been heated

0]
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previcusly at 80°C for 10 minut
NaCl, 10 mM acetate buffer (pH 5 at 25°C) to destroy any
DNase activity.) The hybrids were collected on nitro-
cellulose membranes (Bac-T-Flex type B6, Schleicher and
Schuell) and subsequently washed with 100 ml of 2x388C,

3 14

and counted. Samples of input “H-RNA and input C~DNA

were plated on similarly washed filters and counted.

(h) TCA precipitation and scintillation

counting

For the determination of acid precipitable radio-
activity in solution, except where noted, samples were
plated on Whatman 3 MM filter circles, dried, washed

successively in 5% TCA (with SDS, 15% TCA), 95% and
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absolute ethanol to remove TCA, and finally in ether
before drying. Filters were counted in toluene-based
scintillation fluid (15.16 g PPO/1 and 0.10 g POPOP/1
of toluene).

The radiocactivity data contained in the figures
represent the total radioactivity in the appropriate

incubation mixture or gradient fraction.
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3. Results

(a) In vitro incubation conditions for isolated

mitochondria and characterization of

the labeled RNA

In vitro incubation of isolated mitochondria in the
presence of radioactive precursors has been used in order
to specifically label the products of mitochondrial DNA
transcription. Several precautions were taken in preparing
the mitochondrial fraction for use in in vitro experiments.
The cells used were growing exponentially. All of the
solutions and glassware were sterilized to minimize
bacterial contamination. Homogenization was moderate
(approximately 60% cell breakage) in order to minimize
breakage of nuclel. Thé homogenate was subjected to low

speed centrifugation three times to minimize contamination

by intact cells and nuclel.

(1) The effect of incubation conditions on in vitro

incorporation of [5—3H]UTP or [5=3H]ATP into RNA

of isolated mitochondria

Two types of medlia were used for in vitro incubation
of isolated mitochondria in the presence of radioactive

ribonucleoside triphosphate precursors: "KC1 medium,"”
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containing, in addition to other components, 75 mM KC1,

7.5 mM Mg012 and no sucrose, and "sucrose medium,"
containing 0.15 M sucrose, 1 mM Mg012 and no KC1l. Both
types of media were found to be satisfactory and, as

shown below5 gave fairly comparable rates of incorpora-
tion. 1In all experiments described below, unless otherwise
specified, "KC1l medium'" was utilized.

Conditions of incubation in "KC1l medium”. The

standard "KC1l medium" for in vitro incubation consisted

of 75 mM KC1, 7.5 mM MgCl 35 mM Tris buffer (pH 7.4

25

at 25°C), 0.1 mM CTP, 0.1 mM GTP, 2.5 mM ATP and 3.3 uM

3

O8]

[5-"H]JUTP. The incubations were carried out at 30°C.
The effects of varying either Mg012 or KC1 concentration
or pH on the level of incorporation of [5—3H]UTP into
RNA are shown in Figure 1. For all of the conditions
tested, the rate of incorporation of the precursors in a
10 minute incubation did not vary by more than a factor
of 2. The optimum MgCl2 concentration was found to be

10 mM (Figure la). The optimum KCl concentration was

/e .
50 mM (Figure 1b, e

®); in addition, when sucrose was
R R
added to compensate for the lower osmolarity™ in the

mixtures containing less than 75 mM KC1 (Figure 1b,

lThe added sucrose concentration was 0 mM at 75 mM
KC1, 50 mM at 50 mM KC1, 100 mM at 25 mM KC1 and 150 mM
at 0 mM KC1l.
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LEGEND TO FIGURE 1

Effect of the concentration of MgC1, (a) or KC1 (b)
and of pH (c) on [5—3H]UTP incorporation into RNA during
incubation of isolated mitochondria in "KC1l medium."

Portions of an isolated HelLa cell mitochondrial
fraction (0.1 mg protein each) were incubated in 1 ml
mixtures contalning varying concentrations KC1l and MgCl2,
35 mM Tris buffer (at varying pH as specified below),

0.1 mM CTP, 0.1 mM GTP, 2.5 mM ATP and 3.3 uM [5—3H]UTP
(50 pCi/ml, 15 Ci/mmole, Schwarz) at 30°C for 10 minutes.
After incubation, the mitochondrial fractions were
pelleted, and aliquots were spotted on 3 MM filters,
washed in 5% TCA and ethanol and counted.

(a) 75 mM KC1, Tris buffer (pH 7.4 at 25°C) with
varying MgCl, concentration. (b) 7.5 mM MgCl,, Tris
buffer (pH 7.4 at 25°C) with varying concentrations of
KCl (e——e). In the samples indicated with open circles,
as the KCl concentration was lowered to 50 mM, 25 mM
and 0 mM, sucrose was added to concentrations of 50 mM,
100 mM and 150 mM respectively (o=---0). (c¢) 75 mM KC1,

7.5 mM MgC1l Tris buffer with a pH (at 25°C) of 6.7,

23
7.4 or 8.0.
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o---0), the rate of incorporation appeared to be fairly
constant for different KC1l concentrations, with a hint
of a peak at 75 mM. Varying the pH between 6.7 and 8.0
had no detectable effect on the rate of [5—3H]UTP incor-
poration (Figure 1lc). The effect of adding increasing
amounts of coid ATP to incubation mixtures contalning a
constant amount of [5—3H]ATP (32 uCi/ml, 22.7 Ci/mmole)
is shown 1in Figure 2, where the abscissa indicates the
total ATP concentration. One can see that with all the
ATP concentrations tested in the range between 0.1 and
10 mM, the level of incorporation 1s much higher than

3H]ATP dilution. This suggests that

expected from the [5-
with increasing ATP concentration, exogeneous ATP is
entering the organelles more readily due to the more
favorable concentration differential; in addition there
may be other effects of high ATP concentration on the

utilization of the precursor.

Conditions of incubation in "sucrose medium". Several

experiments were performed to study the effect of various
parameters on the level of [5—3H]~UTP incorporation into RNA
in "sucrose medium.”" The detailed incubation conditions

in each experiment are mentioned in the legend of Figure 3.
As shown in Figure 3a, varying the sucrose concentration

in the range 50-350 mM had moderate effects on the level
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LEGEND TO FIGURE 2

Effect of ATP concentration on the incorporation of
[5—3H]ATP into RNA during incubation of isolated mitochon-
dria in "KC1l medium" conditions.

Portions of a Hela cell mitochondrial fraction
(0.2 mg protein each) were incubated in a 0.5 ml mikture
containing 75 mM KC1, 7.5 mM Mg0125 35 mM Tris buffer
(pH 7.4 at 25°C), 0.27 mM each CTP, GTP, selected concen-
trations of unlabeled ATP, and [5—3H]ATP (32 uCi/mil,

22.7 Ci/mmole, Schwarz) at 30°C for 60 minutes. The total
ATP concentrations of the incubation mixtures were 2.8 uM,
100 uM, 670 uM, 2 mM and 10 mM. After incubation, the
RNA was SDS-pronase-phenol extracted, spotted on 3 MM

filters, washed in 5% TCA and ethanol and counted.
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LEGEND TO FIGURE 3

Effect of the concentrations of MgClg, KC1l, sucrose,
UTP, CTP, ATP and mitochondrial fraction protein, and
effect of pH and temperature on the incorporation of

isolated mitochondria in "sucrose medium."

(a), (c, e—=e), (d), (g): Portions of a HeLa cell
mitochondrial fraction (0.5 mg protein each) were incubated
in 1 ml of 0.25 M sucrose, 50 mM Tris buffer (pH 7.4 at

25°C), 2.5 mM MgCl 1 mM each of CTP, GTP and ATP, and

29
33 uM [5~3H]UTP (0.13 mCi/ml, 15 Ci/mmole, Schwarz), incu-
bation at 30°C for 60 minutes, varying sucrose concentra-

tion (a), varying Mg012 concentration (c

Y. varvine t
)y var C

ving e

amount of mitochondrial fraction protein (d), varying
CTP and GTP concentration (g).

(b): Portions of another mitochondrial fraction
(0.8 mg protein each) was incubated, in 0.5 ml of 0.15
M sucrose, 50 mM Tris buffer (pH 7.4 at 25°C), 1 mM
MgCl2, varying KC1 concentration, 2 mM ATP and 33 uM
[5-3H]UTP (0.5 mCi/ml, 15 Ci/mmole, Schwarz), incubation
at 30°C for 60 minutes.

(¢, o—o, (e), (£f), (h), (i): Portions of mito-
chondrial fraction (0.15 mg protein each) were incubated,

in OSS'ml, under conditions varying by one factor from

the following: 0.15 M sucrose, 50 mM Tris buffer



bo

(LEGEND TO FIGURE 3, CONTINUED)

(pH 7.4 at 25°C), 25 mM MgCl,, 1 mM ATP and 33 uM
[5-SH]UTP (67 uCi/ml, 2 Ci/mmole, Schwarz) at 30°C for
60 minutes. Varied are the concentrations of MgClZ,
(c, o—o0), the pH (e) determined by the Tris buffer
(pH at 25°C) used, the final concentration of UTP (f)
reached by the addition of unlabeled UTP, the concentra-
tion of ATP, (h), and the temperature, (1).

The RNA was SDS-pronase-phenol extracted, ethanol
precipitated and aliquots were spotted on 3MM filters,

washed in 5% TCA and ethanol and counted.
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of incorporation of [5«3H]UTP, with a broad plateau
between 150 and 350 mM. At 150 mM sucrose and 1 mM
MgClZ, addition of KCl1 appeared to have an inhibitory
effect that became pronounced (an approximately T75%
decrease) at 100 mM (Figure 3b). At 150 mM sucrose

and no KC1l, the optimum MgCl. concentration was at

2
25 mM (Figure 3c); the optimum around this concentration
was observed also in a separate experiment (not shown).

At 250 mM sucrose, the level of total [5—3H]UTP incor-
poration increased linearly with increasing mitochondrial
fraction protein concentration (Figure 3d). With regard
to the effect of pH, a moderate increase in the level

of incorporation was detected at pH 7.4-8.0 (25°C) as
compared to pH 6.7 (Figure 3e). Slight effects, of
uncertain significance, were observed by varying in
parallel the CTP and GTP concentration in the range

from 0 to 1.0 mM each (Figure 3g), and the ATP concentra-
tion in the range between 0 and 10 mM (Figure 3h). In
order to study the effect of the total concentration of

UTP in the incubation mixture, increasing amounts of cold
UTP were added to individual samples, containing a constant
amount of [5—3H]UTP (67 uCi/ml, 2 Ci/mmole), up to the
total final concentration shown in Figure 3f. As seen

3

above in the case of [5-"HJATP incorporation in the
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presence of increasing amounts of cold ATP, the extent
of incorporation with increasing UTP concentration was
found to be greater than would be expected by straight
dilution of [B—BHJUTP, For example, as the external
UTP dilution increased by 3 orders of magnitude, the
radiocactivity incorporated decreased by only 1 order
of magnitude, again suggesting an increased uptake of
the precursor. As for the temperature effects, the
extent of incorporation of ES—BH]UTP at 37°C was found
to be somewhat lower than at 22°C or 30°C (Figure 3i).

Comparison of incorporation in vitro using the

"KC1 medium" and the "sucrose medium"™. The "sucrose

medium” and the "KC1l medium," in experiments utilizing
the same precursor of identical specific activity and the
same mitochondrial preparation, gave comparable levels
of incorporation. For example, in an experiment using
a "sucrose medium" like that of the control in Figure 3f
and a "KC1 medium'" as in Figure 6b (except for the omission
of CTP and GTP), both sets of conditions being near-to-
optimal, the levels of incorporation were within 10% of
each other.

The dependence of incorporation on MgC12 and KC1
concentrations 1s quite different in "KC1 medium"

(Figures la, 1b) and in "sucrose medium" (Figures 3b, 3c).
g
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In "KC1 medium,”" the KC1 concentration optimum (50 mM)
may well represent that which allows an optimal degree of
swelling; no KCl, on the contrary, appears to be necessary
when the required osmolarity is insured by sucrose. The
optimal MgC12 concentration was also different in the
two types of media, 10 mM in "KC1l medium" and 25 mM in
"sucrose medium."

The in vitro RNA synthesis experiments, in which
the RNA was analyzed in its sedimentation and hybridiza-
tion properties (Sections a-1ii, a-iv), were carried out
by using 75 mM KC1, 7.5 mM MgCl2 and pH 7.4, which are
at or near the optimum. The in vitro incubations in the
cycloheximide inhibition experiments, discussed below,

were performed at 75 mM KC1 and 10 mM MgCl2.

(1ii) Kinetics of in vitro [5~3H]UTP and [5—3H]ATP

incorporation into RNA of isolated organelles

Isolated mitochondria can support incorporation
of a radioactive precursor for 1-2 hours. Figure 4 shows
that ES—BH]UTP incorporation into the mitochondrial
fraction (1 mg protein/ml) incubated in "sucrose medium"
is almost linear for the first hour; thereafter the
reaction slows down fairly rapidly. In one experiment,

[5—3H]ATP incorporation, in "KC1l medium" and using 1.7 mg
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LEGEND TO FIGURE 4

Kinetics of [5-3H]UTP incorporation into RNA
synthesized in 1solated mitochondria during incubation

in "sucrose medium."

Portion of an isoclated Hela cell mitochondrial frac-
tion (0.5 mg protein) were incubated in identical mixtures
containing, in 0.5 ml, 0.15 M sucrose, 1 mM MgClg, 50 mM
Tris buffer (pH 7.4 at 25°C), 2 mM ATP, 33 uM [5—3H]UTP
(0.5 mCi/ml, 15 Ci/mmole, Schwarz) at 30°C. At selected
times, the incubation mixtures were cooled in ice and the
mitochondrial fractions were washed. The labeled RNA was

DS~pronase-phenol extracted, ethanol precipitated and

analyzed for acid-insoluble radioactivity.
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protein of the mitochondrial fraction per ml, was found
to be linear for 2 hours (Figure 5). These results
indicate that, at least under the conditions of the
above described experiments, incubation gives an almost
linear incorporation of the precursor for up to at least

60 minutes.

(1iii) Sedimentation behavior of the RNA labeled in vitro

and ethidium bromide sensitivity of its synthesis

The RNA extracted from the in vitro incubation
mixtures was purified by SDS-pronase-phenol extraction,
ethanol precipitation and sedimentation through a sucrose
gradient. In order to compare the sedimentation patterns
thus observed with those obtained for in vitro labeled
RNA, one culture was labeled for 2 hours with [5—3H]uridine
in the presence of actinomycin D (0.04 pg/ml). These
conditions have shown to label preferentially mit-DNA
species as a result of the actinomycin D inhibition of
the synthesis of the nuclear rRNA (Dubin, 1967; Perry,
1964; Penman et al., 1968) and partial suppression of
the HnRNA and mRNA synthesis. As a control, an identical
culture was similarly labeled in the presence of

actinomycin D and 1 ug of ethidium bromide/ml. The

latter drug has been shown to inhibit selectively the
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LEGEND TO FIGURE 5

Kinetics of [5—3H]ATP incorporation into RNA
synthesized in isolated mitochondria during incubation
in "KCl medium."

Portions of an isolated Hela cell mitochondria
fraction (0.44 mg protein) were incubated in identical
mixtures containing, in 0.25 ml, 100 mM KC1l, 10 mM MgCl2,
50 mM Tris buffer (pH 7.4 at 25°C), 0.8 mM each CTP,
GTP, UTP, 2 mM ATP, 0.5 mM EDTA, 1 mM phosphate buffer
(pH 7.4 at 25°C), 0.48 uM [5-SHJATP (10 wCi/ml, 20.7
Ci/mmole, Schwarz) at 30°C. At selected times, the
incubations were stopped by precipitation with 5% TCA

and 10 mM pyrophosphate and counted.
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synthesis of mit-DNA-coded RNA (Zylber et al., 1969).

As shown in Figure 6, the sedimentation patterns of
the 2 hour in vivo labeled RNA and of the RNA labeled in
vitro for 1 hour with [5—3H]UTP or ES—BH]ATP are very
similar. In all patterns, one can see a broad peak of
radioactivity centered around 16S (corresponding to the
major mitochondrial rRNA species) with a more or less
defined shoulder at about 123 (corresponding to the minor
rRNA species). Moreover, in the pattern of in vivo
labeled RNA and in that of the RNA labeled in vitro with
ES—SHJATP (Figure 6c), there is a well-defined 43S RNA

peak; the in vitro [5-°H]UTP labeled RNA shows at the

moe
<

- . L
am sition only the hint of a shoulder (Figure 6b).

po
After a longer centrifugation time, the sedimentation pat-
tern of the RNA labeled in vitro for 1 hour with [5—3H]UTP
(Figure Ta) shows clear peaks at 1685 and 128, while a

4S RNA peak 1s absent and there is only a slight indica-
tion of a shoulder at that position. In all patterns,
there 1s heavier heterogeneous material which accumulates
against the sucrose cushion. This material presumably
represents transcription complexes (Aloni and Attardi,
1972a,b; Carré and Attardi, 1978) and large unprocessed
RNA transcripts.

As illustrated in Figure 6a, ethidium bromide at

1 pg/ml, inhibits by 71% the labeling of mit-DNA-coded
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LEGEND TO FIGURE 6

Sedimentation pattern of RNA extracted from the
mitochondrial fraction of Hela cells labeled in vivo
with [5w3H]uridine (a) or from the mitochondrial fraction
incubated in vitro in the presence of [5~3H]UTP (b), or
[5-SHIATP (c).

(a) Two cell suspensions (each 400 ml at 2x105
cells/ml) in growth medium were treated with 0.04 ug
actinomycin D/ml for 30 minutes and then labeled with
[5~-3H]uridineﬁ always in the presence of the druga To
one suspension 1 ug ethidium bromide/ml was added
15 minutes before labeling. RNA was phenol extracted
from the mitochondrial fractions, ethanol precipitated
and dissolved in SDS buffer. The samples were layered
on sucrose gradients in SDS buffer with a cushion of
64% sucrose in the same buffer. Centrifugation was in
the Beckman SW27 rotor at 25,000 rpm for 12.5 hours.
Fractions were spotted on filters, batch washed in 5%

TCA and ethanol and counted. No ethidium bromide
treatment, @—e; ethidium bromide treatment, O0==-=0.

{b) The HelLa cell mitochondrial fraction was incubated
at 1.3 mg protein/ml in 1 ml of 75 mM KC1, 7.5 mM MgCl

23
35 mM Tris buffer (pH 7.4 at 25°C), 0.1 mM each
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(LEGEND TO FIGURE 6 CONTINUED)

ATP, CTP, GTP and 0,028 mM ESMBH]UTP (0. 43 mCi/ml,
15 Ci/mmole, Schwarz) at 30°C for 60 minutes. The RNA
was SDS-pronase-phenol extracted, ethanol precipitated
and redissolved in SDS buffer. The sample (e——s), after
addition of “lc-labeled HeLa cell rRNA (e---6) as a
sedimentation marker, was centrifuged through a sucrose
gradient at 27,000 rpm for 11 hours. The fractions were
treated with 5% TCA and the precipitates collected on
Millipore filters and counted.

(¢) The mitochondrial fraction was incubated in
1.5 ml of 75 mM KC1, 7.5 mM Mg612§ 35 mM Tris buffer
(pH 7.4 at 25°C), 0.027 mM each CTP, GTP, UTP, and 0.067
mM [5-JHIATP (0.5 mCi/ml, 18.3 Ci/mmole, Schwarz), at
30°C for 60 minutes. The RNA was extracted and run on a
sucrose gradient as in (a). The radiocactivity data
plotted in the three panels refer to the total in the
in vivo or in vitro labeled samples. No ethldium bromide

treatment, @

-; ethidium bromide treatment, o0---0.
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LEGEND TO FIGURE 7

Sedimentation pattern of RNA labeled with [5-3H]UTP
in isolated mitochondria in the presence of ethidium
bromide at various concentrations.

The mitochondrial fraction was isolated from Hela
cells (800 mi, 2'}:;1015 cells/ml), divided into L portions
which were then incubated for 30 minutes on ice with
various concentrations of ethidium bromide: © (a),

1 (b), 5 (¢), and 50 (d) ug/ml. Each sample was then
incubated, for 60 minutes at 30°C in 0.5 ml of 75 mM

KCl, 7.5 mM MgCl25 35 mM Tris buffer (pH 7.4 at 25°C),

0.1 mM each ATP, CTP, GTP, 0,033 mM [5m3H]UTP (0.5 mCi/ml,
15 Ci/mmole, Schwarz), and the same ethldium bromide
concentration as in pretreatment. RNA was SDS-pronase-
phenol extracted, ethanol precipitated and dissolved

in 8SDS buffer. The extracted RNA (s

14

with C-labeled Helia cell rRNA (o-~-0) as a sedimentation

®) was mixed

marker sample and layered on a sucrose gradient in SDS
buffer with a cushion of 64% sucrose in S$DS buffer.
Centrifugation was in the SW27 Beckman rotor at 27,000
rpm for 11 hours. Fractions were treated with 5% TCA
and the precipitate collected on Millipore filters and
counted. The radicactivity data plotted in the figure

refer to the total samples and were not corrected for
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(LEGEND TO FIGURE 7 CONTINUED)
small variations in the amount of protein measured in

each incubation (0.241 mg (a), 0.221 mg (b), 0.238 mg (c),

and 0.237 mg (d)).
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RNA in vivo with ESEBH]uridine, in agreement with previous
observations (Zylber et al., 1969; Attardi et al., 1970).
This indicates that under the experimental conditions
used, the bulk of the newly sythesized RNA associated
with the mitochondrial fraction is mit-DNA-coded. The
resistant portion presumably represents cytoplasmic or
nuclear RNA contaminants whose labeling was expected to

be only partially inhibited by 0.04 ug of actinomycin D/ml.
The effect of ethidium bromide on the in vitro RNA
synthesis was also investigated. 1In these experiments,
ethidium bromide treatment of isolated mitochondria
included a 30 minute pretreament to permit entry of the
dye into the mitochondria. As shown in Figure 7b and
Figure 8, ethidium bromide at 1 ug/ml inhibited only

about 50% of the labeling with [5«3H]UTP of the in vitro

synthesized RNA. With the drug at 5 ug/ml, the inhibition

of labeling with [5-SHIUTE of the in vitro synthesized

RNA reached about 88% (Figure 7c, Figure 8) and increased

only very slowly with higher doses of the drug (Figure 7d.

Figure 8). At all

o

cncentrations, the drug

4]

ppeared to
affect uniformly the RNA species of different sedimentation
constants. The in vitro labeling with ESmBH]ATP of the

in vitro syntheslzed RNA appeared to be substantially

inhibited by ethidium bromide at 1 uvg/ml (approximately
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LEGEND TO FIGURE 8

Effect of ethidium bromide on total RNA labeling
in isolated mitochondria incubated in the presence of
[5-3H]UTP.

The samples were from the experiment described in
Figure 7. The total 3Hmcpm incorporated in each incuba-
tion mixture (ordinate) were determined by spotting a
portion of the SDS-pronase-phenol extracted, ethanol
precipitated RNA on a filter, batch washing in 5% TCA

and ethanol and counting.
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90% excluding the 48 RNA peak; Figure 6c¢); it is
noteworthy that the labeling of the 4S RNA peak appeared
to be insensitive to the drug at this concentration and,
in some experiments, the labeling of this peak in the
presence of the drug appeared to be even higher than in
the controls. The significance of the labeling with
[5—3H]ATP of 48 RNA and its insensitivity to ethidium
bromide will be discussed below.

The experiments described above indicated that
ethidium bromide sensitivity of the in vitro labeled RNA
was not an unambiguous indicator of the proportion of
the RNA synthesized in vitro which is transcribed from
mit~DNA. For the 1in vivo labeled RNA, the incomplete
sensitivity to ethidium bromlde at 1 ug/ml could be
accounted for by the known occurrence of cytoplasmic
and nuclear labeled RNA contaminants (Attardl et al.,
1969). In contrast, there was no previous information
available to judge whether the incomplete sensitivity
to the drug of in vitro synthesis was due to alteration
in the membrane permeability to the drug which reduced
its effective intramitochondrial concentration, or to
changes in the transcription apparatus after isolation
of the organelles, or to a certaln level of nuclear RNA

synthesis occurring in residual nuclear fragments
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contaminating the mitochondrial fractilon.

(iv) Hybridization with separated mit-DNA strands of

in vitro labeled RNA

In order to determine move directly the origin of the
in vitro labeled RNA, RNA-DNA hybridization experiments
were carried out in solution between in vitro [5m3H]UTP
or [5~3H}ATP labeled RNA and increasing amounts of

b
1‘Cjthymidine labeled Hela

complementary strands of [2=-
mit-DNA. The latter were separated by an alkaline CsCl
gradient as illustrated in PFigure 9. The results of the
hybridization experiments are summarized in Figure 10.
One sees that 57% of the RNA labeled with [5w3H]"TP
hybridized with the "H" strand and 24% with the "L"
strand (Figure 10a). In the case of [SMBH]ATP labeled
RNA, 52% hybridized with the "H" strand and more than
20% with the "L" strand (Figure 10b). In both series

of experiments, the lack of hybridization with total
HeLa DNA ruled out nonspecific binding to DNA. These
experiments gave, as minimum estimates of the percentage
of mit-DNA-coded RNA in the in vitro [5m3H]UTP and
EEwSH]ATP labeled RNA, 81% and 72% respectively. These

values are comparable to those cbtained by RNA-DNA

hybridization experiments for in vivo nascent RNA chains
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LEGEND TO FIGURE 9

Strand separation of mit-DNA.

uno.
e thymidine (0.025

Hela cells wefe labeled with [2-
uCi/ml, 57 mCi/mmole, Amersham) for 3 days. Closed
circular mit-DNA from these cells was purified by two
successive equllibrium runs in a CsCl density gradient
with 200 ug ethidium bromide/ml. The final sample,
freed of ethidium bromide, was mixed with 40 ug of
unlabeled closed circular mit-DNA, brought up to pH 12.4
with KgPOq and run in the Beckman 65 rotor at 42,000 rpm
for 42 hours. Aliquots of the fractions were analyzed
for acid-precipitable radiocactivity. The radioactivity
data plotted refer to the total fractions. Pooled frac-

tions of heavy ("H") strand or light ("L") strand mit-DNA

are indicated by brackets.
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LEGEND TO FIGURE 10

Homology to separate mit-DNA strands of RNA labeled
in isolated mitochondria incubated in the presence of
[5-3HIUTP (a) or [5-SHIATP (b).

SDS-pronase-phenol extracted and ethanol precipitated
RNA, from the experiment described in Figure 6b, (a), and
from an experiment similar to that described in Figure 6c,
(b), was treated with RNase-~free DNase and reextracted.
The RNA was denatured by heating, and aliquots (100-200
cpm) were incubated with selected amounts of heavy strand
mit-DNA ("H"), light strand mit-DNA ("L"), or heat
denatured "nuclear"” HeLa DNA (upper band in the first
CsCl/ethidium bromide equilibrium density gradient
described in the legend in Methods and Materials) in
0.4 M NaCl, 10 mM Tris buffer (pH 8.0 at 25°C), 10 mM
EDTA, final volume 0.5 ml, at 66°C for 4 hours. After
treatment with DNase-free RNase, the hybrids were collected
on Schleicher and Schuell B6 filters, washed and counted
as described 1in Materials and Methods. The percentage
of the total input SH-cpm retained on the filter is
plotted as a function of the amount of DNA placed in
the hybridization mixture after correction for the

background obtained without DNA (< 1% of input).
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(LEGEND TO FIGURE 10 CONTINUED)

In (a), the results of two hybridization experiments
utilizing the same RNA as shown. In (b) the incubation
conditions for labeling the RNA were as those in the
legend for Figure 6b, the labeled precursor was ES_BH]ATP
(0.023 mM, 0.43 mei/ml, 18.3 ci/mmole, Schwarz) and the

unlabeled UTP concentration was 0.1 mM.
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assoclated with transcriptlion complexes (Aloni and

Attardi, 1971c).

(b) Effect on in vivo cycloheximide treatment

on in vitro RNA incorporation

In order to study the effect of the treatment of

Hela cells with cycloheximide on the In vitro labeling
of mit-RNA, mitochondria were isolated from Hel.a cells,
grown for up to 4 hours in the presence of the drug at
200 wg/ml and incubated with [5- H]UTP in "KC1

medium” under the conditions described in Figure 12.
Figure 11 shows that the recovery of protein of the
mitochondrial fraction was not affected by the drug

treatment. As shown in Figure 12a (e

@), the rate of

incorporation of EB-BHJUTP into RNA of organelles isolate..
from cells exposed to the drug for various times showed a
slight, progressive decrease as compared to that of untreated
cells, becoming 85% of the control after 4 hours. 1In
another experiment (not shown), the decrease appeared
to be somewhat more pronocunced (~ 25% after U hours).

The labeling of the mitochondrial PCA soluble fraction
in the experiment illustrated in Figure 11 and in another
experiment not shown was also determined (Figure 12D,

¢——a). The in vitro labeling of the soluble pool 1n
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LEGEND TO FIGURE 11

Recovery of mitochondria from cycloheximide treated
Helia cells.

The protein concentration of the mitochondrial
fractions was determined by a modified Lowry technique.
The data are expressed as the total mg of protein in
each mitochondrial preparation per ml of packed cell

volume from which that mitochondrial fraction was isolated.
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LEGEND TO FIGURE 12

Effect of a normal cytoplasmic fraction on the
labeling of the acid precipitable and acid soluble
fractions of isolated Hela cell mitochondria incubated
with ESaBH]UTP in "KC1 medium."”

Cells (400 ml, 2x10° cells/ml) were maintained either
in the absence, or for varying times (up to 4 hours) in
the presence, of 200 ug cycloheximide/ml, harvested and
a cytoplasmic fraction (17,000 g supernatant of the cell
homogenate) prepared as described in Materials and
Methods. The cycloheximide treated cultures were
harvested and the mitochondrial fractions were isolated.
Two portions of each preparation (0.5 mg protein) were
incubated in a final volume of 1 ml in 75 mM KC1, 10 mM
MgCl,, 50 mM Tris buffer (pH 7.4 at 25°C), 2.5 mM ATP,
1.7 uM [5- HIUTP (0.025 mCi/ml, 15 Ci/mmole, Schwarz),
at 30°C for 15 minutes. The mitochondrial fractions
were then washed twice in STM and resuspended in STM.

The PCA soluble fraction of one half of the sample was
neutralized and counted. The TCA precipitable fraction
of the other half of the sample was collected on Millipore
filters and counted. TCA precipitable radiocactivity (a);
PCA soluble radicactivity (b). TCA precipitable radio-

activity/PCA soluble radiocactivity (c¢). o---0: with
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(LEGEND TO FIGURE 12 CONTINUED)

added cytoplasmic fraction; e——e: with no added cytoplas-

mic fraction.
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mitochondria from cells exposed to cycloheximide for various
times up to 4 hours showed some fluctuations with a cer-
tain tendency to increase relative to control samples
at late times (2 and 4 hours). If the radloactivity
in this scluble pool is proportional to the mitochondrial
UTP specific activity, then they can be used to calculate
the relative rate of RNA synthesis. One can see from
Figure 12c (e——e) that the estimated rate of in vitro
mit=RNA synthesis 1s not significantly affected by
cycloheximide treatment of the cells up to 2 hours,
showing a 25% decrease after 4 hours. In another
experiment, the rate of synthesis after 2 or 4 hours
was decreased about 65%.

In the experiment shown in Figure 12, the effect of
the addition of the incubation mixtures of 17,800 g
cytoplasmic fraction from normal cells was also inves-
tigated in order to test the capacity of this fraction
to supply some factors which may have been depleted in
the mitochondria of the cycloheximide treated cells.
As shown in Figure 12a (o---0), the effect of the addition
of normal cytoplasm on 1in vitro mitcchondrial RNA labeling
was negligible both in the mitochondrial sample isolated
from untreated cells and in the samples isolated from drug-
treated cells. There was, on the contrary, a consistent

decrease in the labeling of the acid-soluble pool; this
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decrease, if truly reflecting the labeling of the mito-
chondrial UTP pool, would indicate a stimulating effect

of the normal cytoplasm on mit-RNA synthesis independently
of in vivo cycloheximide treatment for up to 4 hours

(Figure 12c¢, o0---0).
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4, Discussion

(a) Characteristics of the System

(1) Uptake of precursors

It has been demonstrated here that isolated Hela cell
mitochondria are capable of supporting mit-DNA transcrip-
tion and, possibly, some RNA processing. [5m3H]UTP and
EBWBHJATP were utilized as precursors in in vitro assays
of mit-RNA synthesis in isolated mitochondria. Using a
rat liver mitochondrial fraction incubated under a variety
of conditions, several laboratories have previously shown
labeling of RNA in the presence of radiocactive UTP (Neube:t
et al., 1968; Fukamaki et al., 1970; Saccone et al., 1968,
UMP (Aaij et al., 1970), GTP (Neubert et al., 1968;

Saccone et al., 1968), AMP (Saccone et al., 1968), or

ADP (Saccone et al., 1968). Bosmann (1971) observed
3Hmuridine incorporation in isolated mitochondria from
mouse tissue culture cells. The present study, however,
is the first one in which an in vitro system from
mammalian cells in culture has been investigated in detail
and 1n which the in vitro products have been character-
ized as mit-RNA. This system offers obvious advantages

over the rat liver mitochondrial system because of the
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large amount of information already available on the
mechanism, products and regulation of transcription of
mit-DNA in HeLa cells. In a more general sense, a

system derived for cells in culture is more amenable to
quantitative investigations and to comparative analysis
of the effects of various experimental conditions in vivo
and in vitro; also the effect of various treatments of
the cells, prior to organelle isolation, on their
subsequent RNA synthetic capacity can be more easily
studied with cell culture systems.

It is not known in what form the labeled precursor
utilized in the above mentioned and the present investiga-
tions entered the mitochondria. An ATP-ADP translocase
has been 1dentified in the inner mitochondrial membrane
which can exchange labeled ADP for unlabeled ATP or labelcd
ATP for unlabeled ADP across the membrane; this translocase
is strongly and specifically inhibited by atractyloside
(Pfaff et al., 1969). Membrane transport for UTP has
not been demonstrated so far. It has been observed in
this laboratory that, after labeling isolated HeLa cell
mitochondria in the presence of commercilally available
[wagngTPg all or almost all the radioactivity found in
RNA 1s in the a position, suggesting the occurrence of

hydrolytic processes either inside or outside the



organelles (P. Young, personal communication). UTP
dephosphorylation activity has been detected in mitochon-
drial extracts (Racker, 1965). Whatever the precursor
utilized, 1n in vitro experiments any dephosphorylation
occurring outside or inside the mitochondria which would
generate nucleoside di- or monophosphates, must be followed
inside the organelles by phosphorylation to ribonucleoside
triphosphates, which are the substrates for RNA polymerase.
The above mentiloned work by Aaij et al. (1970)
indicates that ribonucleoside monophosphates can indeed
be utilized as precursor for mitochondrial RNA synthesis.
Adenylate kinase has been reported to be located in the
space between the inner and outer membranes (Schnaitman
and Greenawalt, 1968). A mitochondrial thymldine kinase
is also known to exist (Attardi and Attardi, 1972: Clayton
and Teplitz, 1972); it would not be unexpected that uridire

kinase activity is also present.

(ii) Effect of in vitro incubation conditions on RNA

incorporation

The effect of various parameters on the level of
[5»3H]UTP incorporation in vitro has been investigated

here using two main sets of conditions. In the "XC1
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medium," the main role of KC1l was probably that of
insuring the appropriate osmolarity of the medium for
optimum functioning of the isolated organelles for RNA
synthesis; no requirement for KCLl could be detected in
the "sucrose medlum" when the necessary osmolarity was
obtained with sucrose. That the ilonic environment was
important in these 1n vitro experiments, however, is
indicated by the different optimum of Mg++ concentration
in the two types of media.

There are contrasting reports in the literature on
how incubation conditions affect in vitro incorporation
of precursors into RNA of isolated rat liver mitochondris.
This may be due to the variety of incubatlon systems used.
Some include pyruvate kinase and its substrate, phosphoencl-
pyruvate, for the exogenous production of ATP. Other
investigators have used endogenous energy sources
(Fukamaki et al., 1970), including pyruvate, succinate
and malate, whereas still others have used ATP but no
ATP generating system (Neubert et al., 1966; Neubert
et al., 1968).

The effect of some incubation parameters have been
investigated in rat liver. Saccone et al. (1968) found
that lquATP incorporation increased linearly with

increasing mitochondrial protein up to 0.5 mg/ml and
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then leveled off. In Hela cells, the data presented here
show that [5~3H]UTP incorporation increased linearly with
protein concentration between 1 mg/ml and 10 mg/ml. No
obvious explanation can be suggested for these differences.

Both Saccone et al. (1968), using 1quATP3 and Neubert

et al. (1968), using 3H«UTR reported that the rate of
incorporation increased with increasing amounts of
radioactive precursor and then leveled off at around
0.1 mM. Their studies covered a range of labeled ATP
or UTP concentrations of about one order of magnitude.
In the present experiments, the [5-SHJUTP or [5--HJATP
concentration was kept constant, while the cold UTP, or

B . RN,

respectively ATP, was added in increasing concentrations

4]

up to 2.5 mM and 10 mM respectively; in both types of
experiments, the concentration of the precursor covered
3=4 orders of magnitude. In the case of [BmEH]UTP9

its incorporation went down only by 1-2 orders of
magnitude (16-fold) as the total concentration of UTP
increased by nearly 3 orders of magnitude (7 M to

2.5 mM). In the case of ATP, with increasing total
concentration from 2.8 uM to 0.7 mM, incorporation of
[5~3H]ATP decreased 12 fold, whereas above 0.7 mM ATP,
an increase in labeling more than compensated for the

14-f0ld dilution of the precursor. These results
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suggest that, with an increasing concentration of exogenous
UTP or ATP, the precursor entered the mitochondria in
increasing amounts, although this increase in uptake

was not proportional to the increase in the exogenous
concentration; furthermore, the results imply that the
amount of nucleoside triphosphate taken in was, for all
concentrations tested, small in comparison with the
mitochondrial pool.

In the incubations utilizing [5n3H]UTP3 the ATP
concentration did not appear to have a pronounced effect
on the level of incorporation. Therefore, 1t i1s suggested
that, in the in vitro system described here, endogenous
ATP concentration is probably not rate limiting as an
RNA polymerase substrate or as any energy source; thus,
the increase in ESEBH]ATP incorporation with increasing
the ATP concentration may be due primarily to an increased

specific activity of the mitochondrial pool.

(1i1) Rate and kinetics of in vitro RNA synthesis
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In the present experiments, the

<

of labeled precursors into RNA was found to be low and
comparable to that observed in rat liver (Saccone et al.,
1968). Nothing, however, can be concluded from these data

about the rate of RNA synthesis in vitro as compared to
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the 1in vivo situation, since it is not known whether
the rate limiting step in the utilization of exogenous
precursors is the rate of entry or of modiflcation of
these precursors or the actual rate of RNA synthesis in
the isolated organelles.

In the present work, the isolated mitochondria
were able to support linear or close to linear incorpor-
ation of the radioactive precursor for at least 1 hour
under the conditions used. These findings are therefore
comparable to those reported by Saccone et al., (1969)
who observed a linear incorporation for 1 hour at 30°C
using luCuATP as a precursor, phosphoenolpyruvate and

pyruvate kinase as an ATP generating system and a

concentration of mitochondrial fraction protein of 3 mg/ml.

(iv) Nature of the products of in vitro RNA synthesis

Virtually all of the RNA labeled in vitro in the
present experiments has been shown to congist of mit-DNA
franscripts complementary to both strands; furthermore,

¢ 4
= v
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the Jlabeled mitochondrial RNA which acecumulated

beto

had a gross sedimentation pattern similar to that of
in vivo synthesized RNA.
16S and 128 RNAs, known to be the relative stable

mitochondrial ribosomal RNAs (Attardi and Attardil, 1971),
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appeared as products in the in vitro experiments utilizing
both [5=3H]UTP and [5m3H]ATP (Figures 6b and 6¢).
Labeled 4S RNA was not present 1in detectable amounts
when ES—BH]UTP was used as a precursor, and the labeling
of 48 species RNA with [5m3H]ATP was ethidium bromide
insensitive. These results, therefore, suggest that
mit-DNA coded tRNA may not be synthesized or properly
processed under the in vitro conditions used here.

Fukamaki et al. (1970) have previously reported
the in vitro labeling with 3HMUTP of discrete RNA species
in isolated rat liver mitochondria. In particular, they
detected labeled RNA species with sedimentation constants,
estimated from their electrophoretic mobility, of EISE
and 12SE: these species corresponded to the in vivo
synthesized mitochondrial ribosomal RNAs. (It has been
shown that the apparent molecular welghts of mitochondrial
ribosomal RNAs estimated by gel electrophoresis under
certain conditions can be different from those estimated
by sedimentation analysis through sucrose gradients,

ructure

probably due to the effect of secondary

B
4]
<

(Robberson et al., 1971).) Fukamaki et al. also failed
to observe any in vitro labeled LS RNA. In the above
mentioned experiments, the in vitro labeling of rat

liver mitochondrial RNA was inhibited up to T70% by

ethidium bromide at 0.33 ug/ml.
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In the pfesent work, RNA-DNA hybridization experiments
showed that almost all (> 80%) of the RNA labeled in
isolated Hela cell mitochondria with [5m3H]UTP during a
1 hour incubation consisted of mit-DNA transcripts, with
a higher proportion of the transcript being homologous to
the "H" strand (70%) than to the "L" strand (30%). When
[5m3H]ATP was used as a precursor, the RNA labeled during
1 hour showed about 72% homology to mit-DNA; of the labeled
ranscripts showing homology to mit-DNA, 72% were complemen=-
tary to the "H" strand and over 28% were complementary to
the "L" strand. The lower proportion of the ESMBHJATP

labeled RNA which is homologous to mit-DNA is possibly due

- + 1 £ 4 e lnd o Ty o b a1l P + 2 s "
to the fact that a substantial fracticn of the label was

.
o

present in 48 RNA (27%), which may be at least in part noc:
mit-DNA-coded (see below). The proportion observed here
of labeled "L" strand and "H" strand transcripts after
a 60 minute in vitro incubation at 30°C 1s very similar
to that observed in intact Hela cells after a 45 minute
3H«uridine pulse at 37°C (Aloni and Attardi, 1971c).

Aaij et al. (1970) showed that at least 85% of the
RNA, labeled in swollen rat liver isolated mitochondria
in the presence of 3H-UMP3 hybridized to rat liver
mit~DNA. The hybridization of the RNA to separated

mit-DNA strands was not carried out to exhaustion; their
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observation, however, of 33% of the labeled product
being "H" strand transcripts and 8.5% being "L" strand
transcripts is consistent with the results reported here.
Thelr interpretation of the results was, however, that
only the "H" strand 1s usually transcribed and that the
transcription of the "L" strand was an in vitro artifact.
The same laboratory had similarly interpreted analogous
saturation hybridization experiments with in vivo labeled
rat liver mitochondrial RNA (Borst and Aaij, 1969). 1In
both cases they falled to realize that "L" strand
transcription occurs, as it does in HeLa cells in vivo
(Aloni and Attardi, 1971c) and In vitro as demonstrated
here.

In contrast to the results of RNA-DNA hybridization
experiments, ethidium bromide at 1 pg/ml was found in
the present work to inhibit EBmBH]UTP incorporation
in vitro to the extent of 50%. This concentration of
the drug 1s known to be sufficient to inhibit essentially
completely mit-DNA-coded RNA synthesis in intact Hels

cells (Zylber et al., 1969:; Attardi et

o

s 1., 1970).

|

In the present work, > 5 pg/ml were needed to inhibit
mit-RNA synthesis by 90%. Whether this is due to a lower
intramitochondrial concentration of ethidium bromide

(due to binding of the dye by the mitochondrial or other
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membranes or to altered permeability of the organelles)
or to greater uptake of triphosphates by isolated
mitochondria in the presence of the dye remains to be
determined.

With regard to the labeled, ethidium bromide-resistant
LS RNA observed in the experiments using [5»3H3ATP as a
precursor, it is not known whether they represent mitochon-
drial DNA transcripts. It seems reasonable to exclude the
possibility that they are newly synthesized speciles
mentioned above, no labeling of 43S RNA with 3H~UTP was
observed. If all or a portion of this material 1s mit-DNA-
coded, then the labeling of this portion is probably the
result of -CCA end labeling (Daniel and Littauer, 1963)
of mit-tRNA present in the mitochondria before labeling.
On the contrary, 1f all or a portion of the radioactive
4S material is not mit-DNA coded, then this portion may
either represent end~labeled nuclear-coded tRNA utilized
in the mitochondria (Lynch and Attardi, 1976; Ching et al.,
1977) or "free' poly A synthesized by mitochondrial

nd Attardi

o -}

o5}

poly A polymerase (Jacob et al., 1974; Ojala
1974a). RNA/DNA hybridization experiments utilizing
IS RNA and analysis of the binding vroperties to oligo(dTl)-

cellulose should be able to resolve these amblgultles.

, Since as



(b) Effect of in vivo cycloheximide treatment

on in vitro RNA synthesis

In the present work, treatment of HelLa cells with
200 pg cycloheximide/ml for up to 4 hours had the effect
of decreasing slightly and progressively the level of
in vitro incorporation of ESMBHJUTP into RNA of isolated
organelles, although there was some variation from
experiment to experiment. After correcting for the
changes observed in the specific activity of the mito-
chondrial and soluble pool, the rate of RNA synthesis
in mitochondria isolated from cells treated 4 hours
with cycloheximide was decreased by 25 to 68% relative
to the controls. These in vitro estimates depend on
the assumption that the cycloheximide treatment does
not change the relative proportion of uridine derivatives
including UTP in the mitochondrial soluble pool. The
effect on in vitro mitochondrial RNA synthesis of
in vivo treatment of the cells with cycloheximide
appears to be somewhat less than previously observed
for in vivo RNA synthesis after the same treatment
(v 70% after U hours of exposure of the cells to the drug,
Storrie and Attardi, 1972). However, the lack of
information on the absolute rate of in vitro RNA synthesis

makes a direct comparison of the in vitro and in vivo
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results difficult. In any casesrthe present results sug-
gest that whatever changes have been caused by the cyclo-
heximide in vivo treatment, the effect of these changes on
the rate of mitochondrial RNA synthesis continue to be
observed in isolated organelles.

When normal cytoplasm was added to the in vitro
incubation mixtures, there was a stimulatory effect on
RNA synthesis; this effect, however, was independent of
the length of cycloheximide treatment and therefore did
not appear to represent a compensation phenomenon for the
effects of being treated. The stimulation of RNA synthesis
by addition of cytoplasm cannot be explained by changes 'n
the concentration of the salts of the in vitro incubation
mixtures; in fact, any increase in the concentration of the
salts would have been expected to result in a lower level
of incorporation on the basis of the evidence discussed ‘n
a previous section. Therefore, the levels of stimulation
observed are underestimates of the real effect. The
mechanism of this stimulatory effect has not been furthe»

investigated.
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CHAPTER ITT

Cell Cycle Dependence of Mitochondrial

Replication in Mouse L Cells
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1. Introduction

Although the occurrence of mitochondrial DNA synthe-
sis in mammalian mitochondria is well established (Kasamatsu
and Vinograd, 1974), studies on the timing of mammalian
mitochondrial DNA (mit-DNA) synthesis during the cell cycle
have yilelded conflicting results. Several organisms have
been studied and a variety of synchronization techniques
have been used.

In the case of lower eukaryotic cells, mit-DNA synthe-
sis has been reported to occur throughout the cell cycle at

a constant rate, within a factor of two, in Tetrah