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A highly efficient RNA-synthesizing system with isolated HeLa cell mitochondria has been developed and
characterized regarding its requirements and its products. In this system, transcription is initiated and the
transcripts are processed in a way which closely reproduces the in vivo patterns. Total RNA labeling in isolated
mitochondria proceeds at a constant rate for about 30 min at 37°C; the estimated rate of synthesis is at least 10
to 15% of the in vivo rate. Polyadenylation of the mRNAs is less extensive in this system than in vivo.
Furthermore, compared with the in vivo situation, rRNA synthesis in vitro is less efficient than mRNA
synthesis. This is apparently due to a decreased rate of transcription initiation at the rRNA promoter and
probably a tendency also for premature termination of the nascent rRNA chains. The 5'-end processing of
rRNA also appears to be slowed down, and it is very sensitive to the incubation conditions, in contrast to mRNA
processing. It is suggested that the lower efficiency and the lability of rRNA synthesis and processing in isolated
mitochondria may be due to cessation of import from the cytoplasm of ribosomal proteins that play a crucial
role in these processes. The formation of the light-strand-coded RNA 18 (7S RNA) is affected by high pH or
high ATP concentration differently from the overall light-strand transcription. The dissociation of the two
processes may have important implications for the mechanism of formation and the functional role of this
unusual RNA species. The high efficiency, initiation capacity, and processing fidelity of the in vitro RNA-
synthesizing system described here make it a valuable tool for the analysis of the role of nucleocytoplasmic-
mitochondrial interactions in organelle gene expression.

Recent work from this laboratory has shown that the
heavy (H) strand of HeLa cell mitochondrial DNA (mtDNA)
is the site of two overlapping transcription events (4a, 12, 19.
20). A considerable amount of evidence suggests that one of
these events is responsible for the synthesis of the bulk of
rRNA, whereas the other results in the synthesis of a
polycistronic molecule which corresponds to almost the
entire H strand and is destined to be processed to yield the
mRNAs and most of the tRNAs encoded in the H strand
(Fig. 1). The initiation of the two H-strand transcription
events and that of light (L)-strand transcription occur in
close proximity to each other in the region of mtDNA
upstream of the origin of H-strand synthesis (10). This
clustering of the three putative promoters may underlie the
integrated control of expression of the corresponding tran-
scription units, whereas their proximity to the origin of H-
strand synthesis may reflect the existence of a link between
transcription events and mtDNA replication. To investigate
further, under conditions allowing easy experimental ma-
nipulations, the molecular mechanisms, controls, and inter-
relationships of the mtDNA transcription and RNA process-
ing events which occur in HeLa cell mitochondria, we
developed a system for studying RNA synthesis in isolated
organelles. In this system, mtDNA transcription and RNA
processing proceed in a way closely resembling, qualitative-
ly and quantitatively, the in vivo processes. By appropriate-
ly varying the conditions of incubation, we have been able to
affect differentially various DNA transcription and RNA
processing phenomena occurring in mitochondria and thus
to obtain information concerning the mechanisms involved
and the interrelationship between the individual events.

* Corresponding author.

MATERIALS AND METHODS

Cell growth and mitochondria isolation. HeLa cells were
grown in suspension in modified Eagle medium supplement-
ed with 5% calf serum, with a continuous flow of 5% CO, in
air being flushed over the medium to keep the pH constant
(15). Exponentially growing cells were harvested, washed
two times with 1 mM Tris-hydrochloride (pH 7.0) (25°C)-
0.13 M NaCl-5 mM KCl-7.5 mM MgCl2, and broken in one-
half of the packed cell volume of 3.5 mM Tris-hydrochloride
(pH 7.8)-2 mM NaCl-0.5 mM MgCl. by using a Thomas
homogenizer with a motor-driven Teflon pestle. The homog-
enate was immediately mixed with 1/9 of the cell volume of
0.35 M Tris-hydrochloride (pH 7.8)-0.2 M NaCl-50 mM
MgCl2 and spun for 3 min at 900 x g to pellet unbroken cells
and nuclei. The supernatant was recentrifuged under the
same conditions. The final supernatant was portioned into
Eppendorf tubes and spun at full speed (12,700 x g) for 1 min
in an Eppendorf microfuge. The mitochondrial pellets were
washed one time with the appropriate incubation buffer and
pelleted. All manipulations up to this point were carried out
at 40C.

In vitro labeling and isolation of mitochondrial nucleic
acids. Samples of the mitochondrial fraction, each derived
from -0.5 g of HeLa cells (-0.7 mg of mitochondrial
protein), were resuspended in 0.5 ml of the appropriate
incubation buffer in Eppendorf tubes. The standard medium
contained 10% glycerol, 35 mM Tris-hydrochloride (pH 7.8),
20 mM NaCl, 5 mM MgCl,, 1 mM ATP, 1 mg of bovine
serum albumin (BSA) per ml, and 5 to 50 ,uCi of [cx-32PJUTP
(400 to 600 Ci/mmol). Unless otherwise specified, incubation
was at 37°C for 30 min. This system differs from the RNA-
synthesizing system with isolated HeLa cell mitochondria
previously developed in this laboratory (C. E. Novitski,
Ph.D. thesis, California Institute of Technology, Pasadena,
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FIG. 1. Portion of the HeLa cell mtDNA genetic and transcription maps illustrating the rRNA gene region and the adjacent regions (2, 9,
24, 26). The downward arrows in the upper portion of the diagrams indicate the initiation sites for HI-strand (IHT and IHR) and L-strand
transcription (IL) (19), and the upward arrow indicates the position of the origin of H-strand synthesis (0) (10). The leftward and rightward
arrows indicate the direction of H- and L-strand transcription, respectively. In the lower portion of the diagram, the precise mapping positions
of the rDNA transcripts and mRNAs identified in previous work (12, 20, 26) are shown. The Mbol fragments utilized in the S1 mapping
experiments are also shown.

1979) in the lower concentrations of monovalent cation and
Mg2+, the higher pH, and the higher temperature of incuba-
tion.

After the incubation, the mitochondrial samples were
pelleted at 12,700 x g for 1 min and washed two times with
10% glycerol-10 mM Tris-hydrochloride (pH 6.8)-0.15 mM
MgCI2 at 4°C. The pellets were suspended in 1 ml of 10%
glycerol-10 mM Tris-hydrochloride (pH 8.0-1 mM CaC12,
incubated with 200 U of micrococcal nuclease each at room
temperature for 20 min, and then washed two times with 10%
glycerol-10 mM Tris-hydrochloride (pH 7.5)-i mM EDTA at
4°C. The mitochondrial samples were then lysed with 0.35 ml
of 0.5% sodium dodecyl sulfate-10 mM Tris-hydrochloride
(pH 7.4)-0.15 M NaCI-1 mM EDTA (sodium dodecyl sulfate
buffer) and incubated with 100 pug of pronase for 15 min at
30°C. Phenol extraction, fractionation by oligodeoxythymi-
dylate [oligo(dT)]-cellulose chromatography, and electro-
phoretic analysis in CH3HgOH-agarose gels of the mito-
chondrial nucleic acids were carried out as previously
described (21, 24, 26). A portion of each extracted nucleic
acid sample was acid precipitated (1 N HCI, 50 mM sodium
pyrophosphate) and collected on a GF/C membrane for
determination of total incorporated radioactivity. Quantita-
tion of the autoradiograms of the CH3HgOH-agarose gels
was carried out by using a Joyce-Loebl double-beam densi-
tometer and analyzing the peaks with a digitizer.
Sl protection analysis. Hybridization of in vitro-labeled

RNA species with M13-cloned single-stranded MboI frag-
ment 4 or 9 of human mtDNA (M. King, unpublished data)
was carried out under high-formamide conditions favoring
RNA-DNA hybridization over DNA-DNA reassociation (8).
Briefly, samples of labeled RNA were mixed with the
appropriate unlabeled M13-cloned DNA fragment, lyophi-
lized, resuspended in 20 pl of 80% formamide-20 mM PIPES
[piperazine-N,N'-bis(2-ethanesulfonic acid)] buffer (pH
6.4)-0.375 M NaCl-0.5 mM EDTA, heated to 68°C for 10
min, and incubated at 49°C for 6 to 8 h. Si digestion buffer
(0.25 M NaCl, 40 mM sodium acetate [pH 4.5], 3 mM ZnC12,
10 ,ug of denatured salmon sperm DNA per ml) was added to
200 ,ul, and the samples were then digested with 165 U of Si
nuclease (Sigma Chemical Co.) at 41°C for 30 min. The
reaction was stopped by addition of 200 pul of sodium
dodecyl sulfate buffer, followed by two ethanol precipita-
tions. The Si-resistant products were analyzed by electro-
phoresis through an 8% polyacrylamide-8 M urea gel, fol-
lowed by autoradiography. To quantitate the radioactivity
associated with the Si-resistant fragments, appropriate
bands were cut from the dried gels and counted in a
scintillation counter by using a toluene-based scintillation
fluid. Similarly sized slices cut immediately above and be-
low the bands in question were subjected to the same
analysis to provide an estimate of the background radioactiv-
ity.

Strand homology analysis of in vitro mtDNA transcripts. In
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RNA-SYNTHESIZING SYSTEM THAT USES HUMAN MITOCHONDRIA

vitro-labeled RNA and separated strands of total mtDNA
were hybridized, and the hybrids were analyzed as previous-
ly described (7).

RESULTS
Electrophoretic patterns of RNA labeled in isolated mito-

chondria. The oligo(dT)-cellulose-bound and unbound frac-
tions of the in vitro-synthesized mitochondrial RNA exhibit-
ed electrophoretic patterns in CH3HgOH-agarose slab gels
similar to those observed for the in vivo-synthesized RNA
(Fig. 2). Almost all the in vivo-synthesized oligo(dT)-cellu-
lose-bound RNA species previously identified (1, 20) (Fig. 2,
lane 3) are recognizable in the pattern of the in vitro-
synthesized oligo(dT)-cellulose-bound RNA (lane 2). (The
three large L-strand-coded RNA species 1, 2, and 3 were
visible in some experiments after very long exposure of the
autoradiogram.) The major oligo(dT)-cellulose-unbound
RNA species produced in vivo, i.e., the large (16S) and small
(12S) rRNA and the tRNAs (lane 4), are also present in the in
vitro pattern (lane 1). Hence, mtDNA is transcribed and
RNA is processed in isolated mitochondria in a way qualita-
tively similar to that for intact cells. However, there are
some quantitative differences between the mtDNA tran-
scription and RNA processing events in the two experimen-
tal situations, as discussed below.
Compared with the in vivo pattern, the most important

difference is that the rate of rRNA synthesis in isolated
organelles is considerably reduced relative to the rate of
mRNA synthesis. This decrease is especially pronounced for
16S RNA. From densitometric measurements it was estimat-
ed that the labeling of the small rRNA is only 2 to 10 times
that of the individual mRNA species (for example, mRNAs
9, 14, 15, and 16), instead of 20 to 40 times, as it is in vivo (4).
Furthermore, the observed ratio of labeling of the large to
the small rRNA species is, under optimal conditions, 0.1 to
0.5 in different experiments, compared with -1.6, which is
expected for equimolar amounts of the labeled species. The
RNA species designated as 12S* in the pattern of in vitro-
synthesized RNA, which comigrates with mRNA 12 on
CH3HgOH-agarose gels (Fig. 2, lane 1), has been identified
as a precursor of 12S rRNA, carrying at its 5' end the
tRNAPhe sequence and the 5' leader (12), indicating that the
5'-end processing of the rRNAs is somewhat slowed under
these conditions.

Polyadenylation of the mRNAs appears to be less efficient
in isolated organelles. Under the standard incubation condi-
tions specified above, the proportion of the total in vitro-
labeled RNA which was retained on oligo(dT)-cellulose
varied considerably in different experiments (between 1 and
10%) for unknown reasons. Although the highest proportion
of oligo(dT)-cellulose-bound RNA observed in the present
work (-10%; Fig. 2) is within the range of retention values
observed for mitochondrial RNA labeled in vivo during a 15-
min [5-3H]uridine pulse (10 to 15%; A. Chomyn, unpub-
lished data), this is mainly due to the much lower efficiency
of rRNA synthesis in isolated mitochondria, which results in
a marked decrease in the amount of oligo(dT)-cellulose-
unbound RNA. The mRNAs synthesized in vitro are indeed
less extensively polyadenylated than the in vivo-synthesized
species. In fact, the large majority of every mRNA labeled in
isolated organelles (>80%) did not bind to oligo(dT) cellu-
lose (Fig. 2), whereas the bulk of the individual in vivo-
synthesized mRNAs bound. As a result, oligo(dT)-cellulose
chromatography of in vitro-labeled RNA (Fig. 2, lanes 1 and
2) did not allow the near-complete separation of rRNA and
mRNA species that is obtained with in vivo-labeled material

2 3 4

2

4o

4 v

4-
-'-5

4

16S

12S

4.0"':,- R
so

b'RNA -
_tRNA

FIG. 2. Comparison of HeLa cell mtDNA transcription in isolat-
ed organelles (lanes 1 and 2) and in vivo (lanes 3 and 4). Shown are
electrophoretic patterns in agarose-CH3HgOH gels of total RNA
(lane 1) and oligo(dT)-cellulose-bound RNA (lane 2) from mitochon-
dria labeled in vitro with [cx-32P]UTP for 30 min at 37°C and of
oligo(dT)-cellulose-bound (lane 3) and unbound mitochondrial RNA
(lane 4) labeled in vivo with 32P, for 4 h in the presence of 0.1 ,ug of
actinomycin D per ml. The sample run in lane 2 was derived from
five times the amount of mitochondria as the sample in lane 1; the
samples run in lanes 3 and 4 were derived from equivalent amounts
of cells.

(Fig. 2, lanes 3 and 4) (1, 20). In the present work, a rough
estimate of the contribution of mRNAs 12 and 13, respec-
tively, to the overall labeling of the bands formed by (12S*
plus 12) RNA and (12S plus 13) RNA was obtained from the
labeling of other mRNAs; in fact, almost all mRNAs are
known to have very similar steady-state amounts and kinetic
properties (13) and have been found to be labeled to a similar
extent in vitro under a variety of experimental conditions
(12; present work). Furthermore, because of the usually
large excess of 16S RNA over the amount of its polyadenyl-
ated equivalent, RNA 10 (20, 26) (Fig. 2, lanes 1 and 2), the
intensity of the band (16S plus 10) has been interpreted to
primarily reflect, under standard conditions, the behavior of
the mature oligoadenylated large rRNA species (11). The
observation that the rRNA species 16S, 12S*, and 12S
exhibit a coordinate quantitative behavior under different
conditions (see below) supports the validity of the criteria
followed here.
The three intensely labeled, slowly moving bands, which

are DNase sensitive (data not shown), observed in the
pattern of the in vivo-synthesized oligo(dT)-cellulose-
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FIG. 3. Effects of salts of monovalent and divalent metals on overall mitochondrial RNA labeling in isolated organelles. The data plotted
represent the radioactivity incorporated into total RNA after incubation of mitochondria from 0.5 g of HeLa cells in the presence of 8 ,uCi of
[aX-32P]UTP. The standard incubation conditions described in the text were used, except that in the experiments shown in (a) various
concentrations of NaCl, NaOAc, or KOAc, as the salt of monovalent metal were used, and in (b) various concentrations of MgCI,, CaCl, or
MnC12, as the salt of divalent metal, were used.

unbound mitochondrial nucleic acids (Fig. 2, lane 4) but not in
that of the in vitro products (lane 1), represent different
forms of mtDNA. In the experiment shown in Fig. 2, the in
vivo labeling was done in the presence of a low concentra-
tion of actinomycin D to prevent the labeling of high-
molecular-weight cytoplasmic RNAs. The in vitro-labeled
RNA shows no trace of cytoplasmic rRNA, indicating the
absence of any contamination of the mitochondrial fraction
used here by active nucleolar transcription complexes. In
the typical in vitro patterns, particularly in the patterns
obtained under nonstandard conditions (see below), one can
see some minor unidentified bands, which may represent
prematurely terminated or incompletely processed H-strand
transcripts or L-strand transcripts; their nature is presently
being investigated.

Effects of incubation conditions on RNA labeling in isolated
mitochondria. The patterns shown in Fig. 2 were obtained
with RNA synthesized in vitro under optimal conditions for
mitochondrial RNA labeling, as specified above. Figure 3a
shows the effects of various concentrations ofNa and K salts
on the level of [32P]UMP incorporation into RNA in vitro.
NaCl and KCl affect the incorporation of label into RNA in
similar ways. Thus, addition of either salt to 20 mM had
either no effect or a slight stimulatory effect on the incorpo-
ration of the precursor, whereas higher concentrations pro-
gressively reduced the labeling, causing almost complete
inhibition at 100 mM. NaOAc and KOAc had a more marked
inhibitory effect on RNA labeling than NaCl and KCI at
comparable concentrations, with a 30 to 50% reduction at 20
mM and an 80 to 90% reduction at 40 mM (Fig. 3a). Thus, the
anions contributed to the inhibitory effects in the experi-
ments described above. Both the chloride and the acetate
salts of Na and K affect similarly the labeling of the various
RNA species (see Fig. 4). All further experiments were
carried out at 20 mM NaCl.
The effects of various concentrations of CaCl,, MnCl2,

and MgCI2 on in vitro labeling of mitochondrial RNA are
shown in Fig. 3b. Increasing concentrations of CaCI, and
MnCI2 had progressively inhibitory effects on [32P]UMP

incorporation, with both salts suppressing the RNA labeling
by more than 90% at 1 mM and by more than 98% at 10 mM.
In contrast to CaCl- and MnCl2, increasing concentrations of
MgCl2 stimulated progressively the in vitro incorporation of
[32P]UMP; this reached a maximum (corresponding to a
400% increase) at 4 mM MgCl2 and remained constant at this
level up to 10 mM. In contrast to Na and K salts, CaCl2 and
MnCl2 had differential effects on the labeling of the various
RNA species (Fig. 4). In particular, the labeling of the rRNA
species (16S, 12S*, and 12S) was more affected than that of
the mRNA species by the addition of increasing concentra-
tions of MnCl2 and CaC12. Furthermore, there was a progres-
sive increase in the relative amount of the rRNA precursor
u4a and of 12S* rRNA (12, 20) (Fig. 1), due to inhibition of
the 5'-end processing step which removes the tRNAPhe and
the 5' leader.

Figure 5b shows the effect of varying the pH of the
incubation buffer on in vitro labeling of mitochondrial RNA.
A maximum [32PJUMP incorporation into total RNA was
observed at about pH 7.5 (at 37°C); a very similar pH
dependence curve was found for the labeling of the oli-
go(dT)-cellulose-bound RNA fraction. Figure 5a shows the
electrophoretic patterns of total mitochondrial RNA labeled
in vitro at different p1Is. There were considerable changes in
the RNA patterns with pH. For example, above pH 7.5 (Fig.
5a, lanes 3 and 4), there was a decrease in the relative
labeling of the higher-molecular-weight RNA species (spe-
cies 4, 4a, 5, 6, 7, and 9), an increase in the background of
heterogeneous RNA, and the appearance of new bands
slower moving than RNA 17. These changes are possibly
related and may reflect a tendency to degradation or prema-
ture termination of the transcripts. The most striking finding,
however, was the dramatic increase with pH (between 6.9
and 7.9) in the relative labeling of RNA 18 (7S RNA) (25)
(Fig. 5a and c). Furthermore, there was a progressive
decrease with pH in the labeling of RNA 12S* relative to that
of 12S RNA (Fig. Sa), suggestive of more effective 5'-end
processing of the 12S rRNA precursor. Also, there was a
progressive decrease in the labeling of 16S RNA and a
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FIG. 4. Electrophoretic patterns of mtDNA transcription products synthesized in isolated organelles in the presence of various
concentrations of MnCl., CaC12, or NaCl. Conditions were as specified in the legend for Fig. 3. In the experiments shown in the left (MnClI)
and middle (CaC12) panels, the concentrations of the salt tested were 0, 100, 200, and 500 F.M, respectively, in lanes 1 through 4. In the
experiment shown in the right panel (NaCI), the salt concentrations were 0, 20, 60, and 100 mM, respectively, in lanes 1 through 4. The
relative amounts of RNA electrophoresed were 1, 2, 4, and 8, respectively, in lanes 1 through 4 of the left panel, and 1, 1, 3, and 6,
respectively, in lanes 1 through 4 of the middle panel; equal amounts of material were run in the four lanes of the right panel.

corresponding increase in the labeling of a component (ap-
pearing as a fairly broad band) which migrates slightly faster
than mRNA 16. This component corresponds in migration to
a previously described polyadenylated species (RNA 16a;
reference 1) (see also Fig. 2), which represents prematurely
terminated 16S RNA (12) (see below). Hybridization experi-
ments with RNA labeled at different pHs and an excess of H
strands or L strands showed that, in contrast to the behavior
of 7S RNA, the proportion of labeled L-strand transcripts in
the total RNA remained relatively constant over the pH
range of 7.1 to 7.9 (at 37°C) (Fig. Sc).

Figure 6a shows the effects on RNA labeling of varying the
CTP, GTP, UTP, and ATP concentrations over the range of
O to 5 mM. Clearly different effects were produced by the
four nucleoside triphosphates (NTPs). Increasing concentra-
tions of both CTP and GTP progressively reduced to similar
extents the incorporation of label into RNA. A more marked
depression of [32P]UMP incorporation was produced by the
addition of increasing amounts of UTP above 0.01 mM,
whereas the reduction of labeling by this nucleotide was

negligible at lower concentrations (see Fig. 6a insert). To
discriminate within the UTP effect between inhibition of
incorporation of the labeled precursor and the consequence

of dilution of the specific activity of [a-32P]UTP, a parallel
experiment was carried out by using [oa-32P]CTP as a labeled
precursor and various amounts of unlabeled UTP. The
inhibition curve thus obtained was very similar to that
observed for the inhibition of [32P]UMP incorporation by
GTP (data not shown). Therefore, the three NTPs GTP,
CTP, and UTP appeared to have very similar inhibitory
effects on RNA labeling. In the case of UTP, the major
portion of the reduction of [32P]UMP incorporation pro-
duced by unlabeled UTP was due to the decrease in specific
activity of the labeled precursor (Fig. 6a). However, this

reduction was much less than expected from the dilution
factor corresponding to each UTP concentration. This sug-
gested that the intramitochondrial UTP pool was large
compared with the amount taken in and, furthermore, that
there was an increased uptake of exogenous UTP with
increasing UTP concentrations, due to the more favorable
concentration differential (see below). Gel analysis of the
RNA products showed no differential effects of the addition
of CTP, GTP, and UTP on the labeling of the various RNA
species (data not shown).

In contrast to the effect of the NTPs mentioned above,
addition of increasing concentrations of ATP stimulated
RNA labeling in isolated mitochondria, with a maximum at 1
to 2 mM (Fig. 6a); at higher concentrations, the stimulatory
effect decreased and disappeared at 5 mM. A control experi-
ment with [a-32P]ATP showed that at least 50% of the 1 mM
ATP originally present in the incubation medium could still
be recovered from the medium as ATP after 30 min of
incubation of the organelles at 37°C. A differential effect of
ATP addition on [32P]UMP incorporation into total RNA and
into oligo(dT)-cellulose-bound RNA was observed. The rela-
tive labeling of the oligo(dT)-cellulose-bound RNA increased
at high ATP concentrations (>1 mM) (Fig. 7b). Gel analysis
of the oligo(dT)-cellulose-bound RNA species labeled in the
presence of different ATP concentrations (Fig. 7a) revealed a

parallel behavior of the labeling of the various RNA species;
however, at the highest concentration (5 mM), there was a

dramatic drop in the labeling of 7S RNA (RNA 18) (Fig. 7a
and c) and an increase in the relative labeling of 16S RNA,
with the concomitant disappearance of the putative 16a RNA
band. Hybridization experiments with RNA labeled in the
presence of different ATP concentrations and an excess ofH
strands or L strands showed that the amount of labeled L-
strand transcripts varied roughly in proportion to the total
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a. labeled RNA (Fig. 7c). Particularly significant is the obser-
2 3 4, vation that, with the ATP concentration in the medium
2 13 increasing from 1 to 5 mM, the labeling of L-strand tran-

scripts decreased by a factor of -2, whereas the labeling of
7S RNA decreased by a factor of -5.
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FIG. 5. Effects of pH on mtDNA transcription in isolated organ-
elles. (a) Autoradiogram after electrophoresis through an agarose-
CH3HgOH gel of mtDNA transcription products labeled in vitro in
transcription assays carried out at pH 6.95, 7.3, 7.75, and 8.05,
respectively, in lanes 1 through 4. Equal amounts of RNA were run

in all four lanes. (b) Radioactivity incorporated into total RNA or

oligo(dT)-cellulose-bound RNA at different pHs. (c) Effect of pH on

the in vitro labeling of L-strand transcripts, as determined by
solution hybridization with separated mtDNA strands, and of RNA
species 18 (7S RNA), as determined by densitometric measurements
on the autoradiograms (arbitrary units). The L-strand transcripts
were analyzed in a different experiment from that shown in (b). The
pHs indicated in the graphs were measured at 37°C.
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FIG. 6. Effects of NTP concentration on mtDNA transcription in
isolated organelles. (a) Experiments testing the effects of various
amounts of unlabeled UTP, CTP, or GTP in the presence of 1 mM
ATP or the effects of different ATP concentrations in the absence of
the other NTPs on RNA labeling with [cx-32P]UTP (20 p.Ci/
ml); the insert shows in expanded form the effects of low concentra-
tions of UTP on RNA labeling in an experiment similar to that
illustrated in the main portion of the panel. (b) In vitro incorporation
of UMP into mitochondrial RNA during 30 min of incubation of
mitochondria in the presence of different UTP concentrations in the
medium. The data have been calculated from the radioactivity
incorporated into total RNA on the basis of the precursor specific
activity at each UTP concentration and normalized to 106 cell
equivalents ([ot-32P]UTP was present in all assays at 17.8 ,uCi/ml).
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FIG. 7. Effects of ATP concentration on mtDNA transcription in
isolated organelles. (a) Autoradiogram after electrophoresis through
an agarose-CH3HgOH gel of transcription products labeled in the
presence of 0, 0.01, 0.1, 1, and 5 mM ATP, respectively, in lanes 1
through 5. Equal amounts of material were run in the five lanes. (b)
Radioactivity incorporated into total RNA or oligo(dT)-cellulose-
bound RNA in the presence of different ATP concentrations. (c)
Effects of various ATP concentrations on the in vitro labeling of L-
strand transcripts and of RNA species 18 (7S), determined as
explained in the legend for Fig. 5. The L-strand transcripts were
analyzed in a different experiment from that shown in (b).

The effect of varying the mitochondrial concentration on
in vitro labeling of mitochondrial RNA is shown in Fig. 8a.
The data are expressed in terms of counts per minute per
milligram of protein; a relative mitochondrial concentration
of 1 (i.e., the mitochondria from 1 g of packed cells resus-
pended in 1 ml of medium) equals about 1.3 mg of mitochon-
drial protein per ml. The incorporation of label into RNA per
mitochondrion decreased slightly (-30%) as the relative
mitochondrial concentration increased from 0.1 to 1; further
increases in mitochondrial concentration caused an almost
proportional decrease in RNA labeling per mitochondrion.
This decrease in labeling could not be due to an increase in
overall protein concentration, since a BSA concentration
more than sevenfold greater than the unit mitochondrial
protein concentration used had no inhibitory effect (Fig. 8b);
on the contrary, addition of BSA to 1 mg/ml increased
labeling approximately twofold, suggesting a possible stabili-
zation of mitochondria by nonspecific protein.
At 37°C, the incorporation of [32P]UMP into RNA was

linear for ca. 30 min and then plateaued (Fig. 9a). In another
experiment (data not shown), RNA labeling reached a pla-
teau at ca. 45 min. In an experiment in which mitochondria
were exposed to [a-32P]UTP during a 30-min interval starting
immediately after centrifugal separation or after a 15- or 30-
min preincubation in the absence of labeled precursor, the
relative amounts of radioactivity incorporated into the three
RNA samples were 9, 3.5, and 1, respectively. At 21°C,
RNA labeling in isolated organelles proceeded at a much
lower rate but remained approximately linear for at least 2 h.
An analysis of the labeling of gel fractionated mitochondrial
RNA species after different times of incubation of mitochon-
dria at 37°C (10, 20, and 30 min) showed a parallel increase in
the radioactivity incorporated into the various species (data
not shown). Likewise, the labeling patterns of the RNA from
mitochondria exposed to [a-32P]UTP after different times of
preincubation in the absence of labeled precursor, as men-
tioned above, were very similar (data not shown). Particular-
ly significant was the constancy in the relative labeling of the
rRNAs, mRNAs, and 7S RNA, which are the products of
three distinct transcription units (19, 20, 25); also remarkable
was the similarity in the relative labeling, at different times,
of mRNAs 5, 7, 9, 11, and 14 through 16, which are encoded
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in different regions of the H strand. Fractionation on oli-
go(dT)-cellulose of mitochondrial RNA labeled in vitro at
different temperatures revealed that the proportion of labeled
RNA which was retained on oligo(dT)-cellulose increased
below 37°C, with a maximum at 34°C (Fig. 9b and c). As

previously observed (12), incubation at temperatures below
37°C resulted in an increased proportion of label in 12S*
RNA relative to 12S RNA and in RNA u4a relative to RNA
u4 (Fig. 9c), a phenomenon which reflects the cold sensitiv-
ity of the step involved in the removal of the tRNAPhe and 5'
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leader from the rRNA precursors (Fig. 1). The significance
of the pronounced labeling of band 7 in the oligo(dT)-
cellulose-bound RNA labeled at 34 or 37°C (Fig. 9c) is not
clear. Experiments are in progress to ascertain whether this
observation reflects a more efficient polyadenylation of
mRNA 7 or the comigration with the latter RNA of another
as yet unidentified RNA species.

In vitro mtDNA transcription rate. As discussed above,
dilution of [a-32P]UTP with unlabeled UTP does not cause a
proportional decrease in the incorporation of label and thus
results in an increase in the measured amount of total UMP
incorporated. The curve measuring the apparent incorpo-
ration of total UMP into RNA as a function of external UTP
concentration shows near-saturation at ca. 1 mM UTP. One
can derive a minimum estimate of the rate ofRNA synthesis
in vitro from the highest level of the total UMP incorporation
curve (-4 pmol/30 min per 106 cell equivalents), assuming a
negligible dilution by the intramitochondrial UTP pool of the
exogenous UTP imported into the organelles. Considering
that the H- and L-strand transcripts are labeled in vitro to a
similar extent (the observed ratio of label in H- and L-strand
transcripts was -1.3) and that the average transcript there-
fore has close to 27% U content (average of the T content of
the H and L strands [2]), one can calculate a minimum rate of
incorporation into RNA of -0.5 pmol of NTS per min/106
cell equivalents.

In vitro initiation of transcription. The results described
above did not provide any information as to whether initia-
tion of transcription occurs in the present in vitro system
and, if so, to what extent it accounts for the observed
labeling patterns. To answer these questions, experiments
utilizing the four [-y-32P]NTPs as labeled precursors were
done. These failed to show any specific labeling of discrete
RNA species. A very low level of labeling of the normal set
of mitochondrial RNA species was observed with all four [y-
32P]NTPs, as well as with 32p,, suggesting the existence of
intra- or extra-mitochondrial kinase activity. As an alterna-
tive approach to investigate the occurrence of initiation of
transcription of the rRNA genes in isolated mitochondria,
the labeling of the 5'-end-proximal segments of 12S* and 12S
RNA encoded in the MboI-9 fragment of human mtDNA
(188 and 92 NTs long, respectively) was compared with that
of their 3'-end-proximal segments encoded in the MboI-4
fragment (374 NTs long) (Fig. 1). The S1 protection tech-
nique was used to isolate these RNA segments. As expected,
hybridization with mp8-M9H (an M13 vector containing the
H strand of the MboI-9 fragment) protects from Si digestion
an -188-NT segment of 12S* RNA (lane 1) and an -92-NT
segment of 12S RNA (Fig. 10a, lane 3) (a 188-NT band in the
latter hybridization reflects contamination of 12S RNA by
12S* RNA); mp8-M4H (an M13 vector carrying the H strand
of the MboI-4 fragment) protects an -374-NT segment of
both 12S* and 12S RNA (lanes 2 and 4).
To quantitate the labeling of the protected RNA segments,

an experiment similar to that shown in Fig. 10a was carried
out in which 12S* and 12S RNA, labeled with [a-32P]UTP for
30 min at 37°C and purified by two successive CH3HgOH-
agarose gel runs, were each hybridized with a large excess of
an equimolar mixture of mp8-M9H and mp8-M4H; after S1
digestion, the protected fragments were isolated on a poly-
acrylamide-urea gel, eluted, and counted.
Exclusive in vitro labeling of 12S* and 12S RNA due to de

novo initiation would result in the labeling of their 5'-end-
and 3'-end-proximal segments in proportion to their U
content (46 and 28U, respectively, in the 12S* and 12S RNA
segments protected by MboI-9H [12S*/MboI-9H and 12S/

MboI-9H] and 81 U in 12S*lMboI-4H or 12S/MboI-4H) (2).
A different situation would prevail if 100% of the in vitro
labeling of 12S* and 12S RNA were due to elongation of
chains initiated in vivo. This is illustrated schematically for
12S* RNA in Fig. 10b. Assuming an equal spacing of the
RNA polymerase molecules along the transcribed DNA
segment, the ratio of radioactivity in 12S*/MboI-9H and
12S*/MboI-4H would be 0.062 (see the legend of Fig. 10 for
details). The proportion of labeling of 12S* RNA due to de
novo initiation or elongation can be calculated by solving the
two equations:

cpm in 12*S/MboI-9H = 0.062 x + 0.57 y

cpm in 12S*/MboI-4H = x + y

where x and y are, respectively, the radioactivity of the 3'-
terminal segment due to elongation and initiation, 0.062 is
the value described above, and 0.57 is the ratio of 46 to 81 U.
The ratio of 0.57 y to 0.062 x then gives the ratio of
radioactivity from initiation to that from elongation in the 5'-
terminal segment. The experimental value for the latter ratio
was -7.6. Considering that the specific activity of the
elongated 5' segments is one-half that of the de novo-
initiated segments (Fig. 10b), one can calculate that -80% of
the 12S* RNA molecules completed in vitro are due to de
novo initiation. A similar calculation for 12S RNA shows
that -30% of the 12S RNA molecules completed in vitro are
initiated de novo. In this experiment, the 12S RNA mole-
cules represented -50% of the total 12S RNA gene tran-
scripts and were derived presumably from processing of
12S* RNA molecules. Under the reasonable assumption that
these 12S RNA molecules were the "oldest," i.e., including
all those already started in vivo, it is not surprising that the
proportion of de novo-initiated 12S RNA molecules was
significantly lower than that of 12S* RNA molecules. With
the caution imposed by the constraints placed in the above
calculations, in particular by the assumption of an equal
spacing of the RNA polymerase molecules along the tran-
scribed DNA segments, the available evidence indicates that
a major portion (>50%) of the transcription of the 12S RNA
gene in vitro reflects de novo initiation events.

DISCUSSION
The most important outcome of the present work has been

the demonstration of the capacity of isolated HeLa cell
mitochondria to support DNA transcription and RNA proc-
essing in a way closely reproducing the in vivo events and at
rates approaching the in vivo rates. Such a capacity has
allowed the analysis of the role of different parameters on
these processes without the constraints imposed by the
nucleo-cytoplasmic compartment. As described in this pa-
per, the efficiency and fidelity of mitochondrial RNA synthe-
sis in isolated organelles should make this a valuable system
for future studies on the control by the nucleus and cyto-
plasm of mitochondrial gene expression.
Requirements for RNA synthesis in isolated mitochondria.

Although the energetic requirements of the in vitro system
described here have not been analyzed in detail, it is clear
that RNA synthesis in this system is dependent to a consid-
erable extent on an external ATP source. In different experi-
ments, isolated mitochondria were capable of supporting
only 10 to 35% of their RNA synthetic capacity in the
absence of any added ATP. It seems likely that, in the
absence of exogenous ATP, isolated organelles utilize ATP
produced endogenously through oxidative phosphorylation.
Addition to the incubation medium of a respiratory substrate
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(pyruvate, citrate, a-ketoglutarate, or succinate), alone or in
combination with ADP and Pi, in place of ATP, has pro-
dticed variable stimulation of RNA labeling, in some cases
up to the level produced by exogenous ATP (unpublished
data).
The optimum incubation conditions found for the various

RNA synthesis and processing steps occurring in isolated
mitochondria probably reflect in good part the ionic, pH, and
NTP requirements of the corresponding individual enzymatic
reactions. In fact, the membrane potential generated by ATP
hydrolysis or respiration was probably adequate to support
import of cations or NTs into the organelles in proportion to
their external concentration (16, 17). It is interesting that the
optimum values for the concentrations of NaCl, KCI, Mg2+,
and ATP as well as for pH found in the present work for the
overall RNA synthetic capacity of isolated organelles are
reasonably close to those determined for mtDNA transcrip-
tion in an in vitro soluble system derived from HeLa cell
mitochondria (D. Shuey and G. Attardi, manuscript in prepa-
ration). By contrast, the divalent cations Ca2' and Mn + had
at comparable concentrations a much more drastic inhibitory
effect on RNA synthesis in isolated organelles than in the
soluble system. This may reflect the high uptake capacity for
Ca2+ and Mn2+ which mitochondria possess due to the
existence of a specific translocation system (29), and there-
fore the higher effective concentrations of these ions reached
inside the organelles.
The relatively high ATP optimum concentration found for

RNA synthesis in isolated organelles (1 to 2 mM) does not
appear to be due to its rapid degradation in the in vitro
system, since about 50% of the exogenous ATP could be
recovered as such from the medium even after 30 min of
incubation at 37°C. Based on the reported distribution of
ATP in different subcellular fractions of HeLa cells (5) and
on the fraction of the cell volume occupied by mitochondria
in these cells (-10.5%) (28), the concentration of ATP in
HeLa cell mitochondria can be estimated to be ca. -0.8 mM,
i.e., close to the optimum ATP concentration observed here.
It is interesting that a relatively high ATP optimum concen-
tration for mitochondrial RNA synthesis (0.5 to 1 mM), with
a sharp decrease in synthesis below 0.1 mM, has also been
found in the soluble system mentioned above from HeLa cell
mitochondria (Shuey and Attardi, in preparation). It is not
possible at present to say whether the high ATP optimum

FIG. 10. Initiation of mtDNA transcription in isolated organ-

elles. (a) Isolation by protection of the 5'-end-proximal and 3'-

end-proximal segments of 12S* and 12S RNA. 12S* and 128 RNA,

in vitro labeled with [a-32p]UTP, were isolated by two consecutive

electrophoretic runs and each hybridized with an excess of Mbol-9H

or MboI-4H (Fig. 1); after S1 digestion, the protected segments were
separated by electrophoresis through an 8% polyacrylamide-8 M
urea gel. Lanes 1 and 2, 12S* RNA segments protected by MboI-9H
and MboI-4H, respectively; lanes 3 and 4, 12S RNA segments
protected by MboI-9H and MboI-4H, respectively; lane 5, 3-end-
labeled mtDNA HpaIl digest marker. (b) Scheme illustrating the
rationale for estimating the relative levels of labeling of the 5'-end-
proximal and 3-end-proximal segments of 12S* RNA under the
assumptions of no in vitro initiation and uniform spacing of RNA
polymerase along the transcribed mtDNA segment. In particular,
under these assumptions the radioactivity in the 5'-end-proximal
segment of 12S* RNA would be a function of the average length of
the labeled NTP stretches corresponding to this segment multiplied
by the number of U's that it contains (ignoring any inhomogeneity in
U distribution); similarly, the radioactivity in the 3'-end-proximal
segment would be a function of the average length of the labeled
stretches corresponding to this segment plus the length of the
portion of 12S* upstream of it (the latter component is accounted for
by the RNA polymerase molecules sitting on this portion of 12S* at
the time of addition of label) multiplied by the number of U's in the
3-end-proximal segment.
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concentration observed for RNA synthesis in isolated organ-
elles reflects the requirements of the enzymatic machinery
involved or a regulatory role of ATP.
The inhibitory effects of CTP, GTP, and UTP on mito-

chondrial RNA labeling are rather intriguing. It seems possi-
ble that they reflect competition by the three NTPs for a
common uptake system distinct from the ADP-ATP carrier.
Alternatively, the three NTPs may act at the level of the
transcriptional machinery. The increase in UTP uptake into
HeLa cell mitochondria with increasing concentrations of
the NTP in the medium has been found in the present work
to offset in part the effect of dilution of the label. The near-
saturation exhibited by the curve measuring the apparent
incorporation of total UMP into RNA may indicate that at
ca. 1 mM exogenous UTP, the uptake capacity of mitochon-
dfia for this NTP is close to its maximum or that the amount
of imported NTP has become larger than the size of the
mitochondrial UTP pool, or both. It is interesting that on the
basis of the intracellular distribution of UTP (5) and the
mitochondrial volume (28), the mitochondrial UTP concen-
tration can be estimated to be -215 .LM, which falls within
the near-horizontal portion of the UMP incorporation curve.
This estimate makes the second alternative mentioned above
more plausible. An increase in the measured levels of UMP
incorporation into RNA with increasing concentration of
exogenous UTP has been previously reported for isolated
HeLa cell mitochondria (Novitski, Ph.D. thesis) and also
observed for isolated yeast organelles (6).
The rate of in vitro mitochondrial RNA synthesis approach-

es the in vivo rate. The rate of RNA synthesis in isolated
HeLa cell mitochondria observed in the present work is
unusually high for an in vitro system. A rate of incorporation
of -0.5 pmol of NTPs per min/106 cell equivalents was
estimated from the UMP incorporation in the presence of 1.0
mM UTP and from the postulated U content of the average
mtDNA transcript. If the observed inhibitory effect of high
UTP concentrations on RNA labeling were due to action on
the RNA polymerase(s), a correction for this inhibition
would raise the actual rate of nucleotide incorporation to
-0.8 pmol of NTPs per min/106 cell equivalents. These rates
have to be compared with that of 5 to 7 pmol of NTPs per
min/106 cell equivalents estimated for the in vivo synthesis of
HeLa cell mitochondrial RNA (4). Considering that only 50
to 75% of the total mitochondrial transcriptional activity was
recovered in the centrifugal fraction analyzed in the present
work and that no correction was made for possible pool
effects, one can estimate that the in vitro synthetic capacity
of the present in vitro system is at least 10 to 15% of the in
vivo capacity. An appreciable portion of the decrease in
mitochondrial RNA synthetic capacity in isolated organelles
appears to be due to depression of rRNA synthesis, which
accounts for only 10 to 20% of the total H-strand transcrip-
tion (as estimated from densitometric measurements), in-
stead of 85 to 90%, as is the case in vivo (4). The observed
absolute rate of UMP incorporation into RNA of isolated
HeLa cell mitochondria is comparable to the rates reported
for isolated yeast mitochondria (6, 14, 22).
Under optimal conditions, in vitro labeling of mitochondri-

al RNA continues at a constant rate for about 30 min at 37°C
and then plateaus. The overall kinetics of incorporation of
[32P]UMP into RNA probably reflect the changes with time
in the rate ofRNA synthesis, the rate ofRNA decay, and the
intramitochondrial UTP pool specific activity. In an experi-
ment in which, after either a 15- or a 30-min [a-32P]UTP
pulse at 37°C, the cells were further incubated in the
presence of a dose of actinomycin D (8.1 ,uM) sufficient to

block RNA synthesis almost completely (12), no obvious
decline of radioactivity in the rRNA and mRNA species was
observed over a period of 105 min (unpublished data). Under
these conditions, therefore, the half-life of the mitochondrial
RNA species labeled in vitro appeared to be considerably
longer than that previously measured in HeLa cells after a
cordycepin block of RNA synthesis (13); thus, RNA decay
probably did not play a significant role in determining the
shape of the [32P]UMP incorporation curve. On the other
hand, as mentioned earlier, the in vitro labeling of RNA
during a 30-min exposure of mitochondria to [a-32P]UTP
after a 30-min preincubation in nonradioactive medium was
only 10% of that found without preincubation. It seems
likely that in the linear portion of the RNA labeling curve, a
progressive decrease in RNA synthetic activity is compen-
sated for by the concomitant increase in precursor pool
specific activity.
No appreciable change in the pattern of labeling of the

various RNA species was observed after up to 60 min of
incubation of isolated mitochondria at 37°C. This observa-
tion indicates that the different transcription and RNA
processing events occur in vitro at the same relative rates
throughout that period and furthermore that abnormal degra-
dation processes do not play a significant role in generating
the patterns observed after up to 60 min of incubation at
370C.

In vitro initiation of mitochondrial RNA synthesis. A sub-
stantial fraction of the RNA synthesized in isolated mito-
chondria is represented by chains initiated in vitro. Direct
determinations of the in vitro labeling of the 5'- and 3'-end
portions of the 12S rRNA gene transcripts (12S* and 12S
RNA) indicate that >50% of these transcripts were generat-
ed de novo in the isolated organelles. Although similar
determinations were not made for the polycistronic tran-
scripts that start at the downstream H-strand transcription
initiation site and produce the mRNAs and most of the
tRNAs encoded in the H strand (20), their high rate of
labeling, lasting for about 30 min at 37°C, indicates that a
large fraction of them must have been initiated in vitro.
Consistent with this conclusion is the observation that the
mRNAs encoded in the 5'-end-proximal half (mRNA 9) and
the 5'-end-distal half (such as mRNAs 16, 7, and 11) of the
total H-strand transcription unit are labeled to a similar
extent. Furthermore, their relative labeling does not change
even after 30 min of preincubation in unlabeled medium.
Similar observations on the relative labeling of the L-strand-
coded 7S RNA after different times of in vitro incubation
strongly suggest that a large fraction of these molecules have
been initiated in vitro.

Differential behavior in vitro of rRNA and mRNA synthesis.
A distinguishing feature of the in vitro system described in
this work, as compared with the in vivo situation, is the
considerably lower efficiency and greater lability of rRNA
synthesis relative to mRNA synthesis. In view of the evi-
dence discussed in the previous section, it seems likely that
the reduced efficiency of rRNA synthesis reflects at least in
part a lower rate of initiation of transcription at the rRNA
specific promoter under the in vitro conditions. However,
the relatively low level of in vitro labeling of 16S RNA also
points to defects in chain elongation or termination, or both.
The ratio of labeling of 16S RNA and (125 plus 12S*) RNA
(0.1 to 0.5) observed under optimal conditions is substantial-
ly lower than the value of ca. 1 most frequently found for the
labeling ratio of in vivo synthesized 16S and 12S RNA. (In
the latter case, the deviation from the value of -1.6 expected
for an equimolar synthesis of the two rRNA species is due to
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the particular tendency to degradation of 16S RNA [3].) The
lower ratio of labeling of 16S RNA to (12S plus 12S*) RNA
under the in vitro conditions does not appear to be due to
instability of the newly formed 16S RNA, since the same
ratio was found also after a short period of in vitro labeling
(10 min). Rather, it may reflect a high probability of prema-
ture termination of the rDNA transcripts within the 16S
RNA gene or a failure of these transcripts to recognize the
termination signal at the 3' end of this gene, or both (11).
The defects in rRNA formation appear to be accentuated

under suboptimal conditions for in vitro RNA synthesis.
Thus, in previous work (12) actinomycin D, proflavine, and
ethidium bromide were found to preferentially inhibit the
labeling of the two rRNA species, in particular of 16S RNA,
over that of the mRNAs in isolated mitochondria. The same
phenomenon has been observed in the present work in the
presence of Mn2+ or Ca2 In the work cited above, the
preferential inhibition of 16S RNA labeling in the presence of
actinomycin D was accompanied by a progressive increase
in the relative labeling of a component with the same

electrophoretic mobility as that of the RNA species 16a
previously observed in in vivo-labeled mitochondrial RNA
from actinomycin D-treated cells (Fig. 2) (1). The latter RNA
has been shown to correspond to a 16S RNA molecule
prematurely terminated at about one-third the distance from
the 5' end of the 16S rRNA gene (12; J. Montoya, G. Gaines,
and G. Attardi, unpublished data). An accumulation of a

similarly migrating component, concomitant with a decrease
in 16S RNA labeling, has also been observed in the present
work in mitochondria incubated at high pHs. Experiments
are in progress to determine whether the component with the
electrophoretic mobility of RNA 16a observed in vitro does
indeed represent prematurely terminated 16S RNA.
The relative abundance in the in vitro-synthesized RNA of

the RNA species 12S* and of the rRNA precursor u4a, both
of which still carry at their 5' end the tRNAPhe and leader
sequences (9, 12), indicates a slowing down of the processing
step leading to the removal of these sequences. This slowing
down in rRNA processing had been previously observed in
isolated mitochondria and found to be accentuated at low
temperatures or in the presence of proflavine or ethidium
bromide (12). In the present work, an inhibition of the 5'-end
processing step was produced by high concentrations of
Ca2+ or Mn2 The 12S* RNA species probably also occurs

in vivo as a short-lived intermediate. In the electrophoretic
pattern of the oligo(dT)-cellulose-unbound mitochondrial
RNA from cells labeled in the presence of actinomycin D,
the band corresponding to the position of 12S* RNA has
often been found to be of a somewhat higher intensity than
can be accounted for by the expected amount of comigrating
mRNA 12: this observation suggests the presence of a small
pool of 12S* RNA molecules in the mitochondria of actino-
mycin D-treated cells. In exponentially growing cells, there
is evidence indicating that processing of the primary rDNA
transcripts occurs while they are still in the nascent state (4a,
20). However, it is not yet known whether this processing
involves the formation of 12S* RNA as an obligatory inter-
mediate.
The lower efficiency of rRNA formation relative to mRNA

synthesis in isolated mitochondria and its particular sensitiv-
ity to the incubation conditions probably reflect the more
stringent requirements of the processes involved, whether at
the level of the initiation reaction, of chain elongation and
termination, or of RNA processing. A special role could be
played in these processes by the ribosomal proteins. It
seems conceivable that the cessation of import of these

proteins, or at least of some critical ones among them, from
the cytoplasm may be the main factor responsible for the
decrease in the rate of initiation of rRNA synthesis, the
inefficiency of 5'-end processing, and possibly the defects in
chain elongation. Ribosomal proteins may also play a critical
role in the attenuation phenomenon leading to the specific
termination of the rDNA transcripts at the 3' end of the 16S
RNA gene (4, 11).
The observations reported in the present and previous

work (12) concerning the preferential reduction of rRNA
synthesis, especially 16S RNA synthesis, in isolated mito-
chondria relative to the synthesis of the mRNAs encoded in
the downstream regions of the H strand clearly point to
independent controls of the two overlapping transcription
units which are involved in the synthesis of the rRNAs and
mRNAs (19, 20). Thus, these results give strong support to
the similar conclusion derived from S1 mapping and kinetic
experiments carried out with in vivo-synthesized RNA (20).

Polyadenylation reaction in vitro less efficient than in vivo.
In vivo the bulk of the individual mRNAs possess a poly-
adenylate tail 55 to 60 NTPs long (18, 23) and are thus
retained on oligo(dT)-cellulose (1). By contrast, only 5 to
20% of each of the mRNAs synthesized in isolated organ-
elles are retained on oligo(dT)-cellulose due to either the
absence or the shorter length of the polyadenylate tail. High
concentrations of ATP (>1 mM) or temperatures of incuba-
tion below 37°C (34°C or lower) do increase the extent of
polyadenylation of mitochondrial RNA, but this still remains
below the level observed in vivo. Therefore, the polyadenyl-
ate-synthesizing apparatus appears to be relatively more
affected under the in vitro conditions than the mtDNA
transcription machinery. This implies that the addition of the
55- to 60-NTP-long polyadenylate tail can be dissociated
from the processing step which produces the individual
mRNAs from the putative polycistronic transcript. Howev-
er, the present results do not exclude the possibility that the
addition of one or a few A's at the 3' end of the mRNAs and
rRNAs is obligatorily coupled with the processing event (4,
27).

Dissociation of 7S RNA formation from overall L-strand
transcription. The strikingly different behavior of 7S RNA
labeling and overall L-strand transcription under different
conditions of incubation of isolated mitochondria was an
unexpected observation in the present work. This RNA
species, -200 NTPs long, maps in the region of the genome
immediately preceding the origin of replication in the direc-
tion of L-strand transcription and possesses a putative
ribosome attachment site (25). The function of this unusual
RNA species is unknown, although a role in connection with
the initiation of mtDNA replication or with the complete
transcription of the L strand has been postulated (4). A main
L-strand transcription initiation site has been recently local-
ized in human mtDNA near the 5' end of the 7S RNA coding
sequence (25) both by Si mapping of in vitro-capped mito-
chondrial RNA and in vivo-synthesized nascent chains (19)
and by in vitro transcription studies (30; Shuey and Attardi,
in preparation). Furthermore, the in vivo- and in vitro-
synthesized transcripts starting at this initiation site have
been found to extend beyond the 3' end of 7S RNA for up to
more than 600 NTPs (Shuey and Attardi, in preparation).
These results have suggested the possibility that these
transcripts may be a part of the putative fast-turning-over
whole L-strand polycistronic transcripts destined to yield by
processing the eight tRNA species and the mRNA for the
unidentified reading frame (URF) 6 encoded in the L strand
(26). According to this view, 7S RNA may also derive from
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processing of these polycistronic transcripts; alternatively,
this RNA species may be independently transcribed, starting
at a site very close to or even coinciding with the initiation
site so far identified.
The results obtained in this work support the idea that 7S

RNA formation can be independently regulated from whole
L-strand transcription. The dramatic drop in 7S RNA label-
ing at a high ATP concentration (5 mM) could conceivably
be due to an accelerated turnover of this species. By
contrast, in view of the apparently long half-life of the in
vitro-synthesized 7S RNA and the short duration of the
experiment, it seems unlikely that the large increase of 7S
RNA labeling at high pH, which was not accompanied by a
proportional increase in L-strand transcription, is due to an
increase in stability of this RNA species. Rather, it seems
probable that the increase in 7S RNA labeling reflects an
increase in 7S RNA formation. However, these experiments
cannot distinguish between an effect of the high pH on a
processing event involving a larger precursor, possibly the
whole L-strand polycistronic transcript, and an effect on an
independent transcription event. As to the mechanism of this
phenomenon, it is not possible to say whether the high pH
modifies the internal ionic environment of the organelle or
affects the energetic state of the inner mitochondrial mem-
brane.
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