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ABSTRACT

The nature and genktic origin of mammalian mitochondrial
poly(A)-containing RNA and tRNAs was examined using isolated mito=
chondria to label these molecules.

The synthesis of poly(A)—containing RNA by 1solated mito-
chondria from Ehrlich gscites Eells and rat liver was studied.
Isolated mitochondria incorporate [3H]AMP or EBH]U?P into an RNA

A
species that adsorbed on oligo(dT)-cellulose columng or Millipore filters.

Hydrolysis of the poly(A)-containing RNA with pancreatic and T; ribo-
nucleases released a poly(A) sequence that had an electrophoretic
mobility slightly faster than 4%2. In compé;ison, ascites-cell cytosalic

poly (A)-containing RNA had a poly(A) tail that had an electrophoretic

mobility of about 7S,, Senmsitivity of the incorporation of [3u)aMp
into poly(A)-containing RNA to ethidium bromidecand to atractyloside
and lack of sensitivity to immobilized ribonuclease added to the
mitochondria after ingubation ind{cated that ‘the site of incorporation
was mitochondrial. The\poly(A)-containing RNA from ascites cell
mitochondria sediménted with a peak of about 18§, with much materigl of
higher S value. After denatu;atiog at 70°C for 5 min the poly(A)-
containing RNA from both ascites celi and rat liver mitochondria
separated‘into two components of 12S and 16S°on a 5-20% (w/v) sucrose
density gradient at 4°C, or at 4% and 25°C in thqu%esence of
formaldehyde. Poly(A)-containing RNA fr;m ascites cell mitochondria

synthesized in the presence of ethididh bromide sedimented at 5-10S 1in

a 15-33% (w/v) sucrose density gradient at 249C, The poly(A) tail of
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this RNA was smaller than that‘synthesized in the absence of ethidium

bromide. The size of the poly(A)~-containing RNA (approx. 1300 nucleo-
tides) is about the length necessary for that of mRNA species for the

products of mitochondrial protein synthesig.

The sedimentation and electrophoretic properties of Syrian.
hamster cytosolic and mitochondrial meghionyl— and leucyl-tRNAs were
compared under denaturing conditions. Mitochondrial leucyl-tRNA could
be separated into three species by chromatography on ﬁPC—S. Their
apparent molecule weights as determined by polyacrylamide slab gel
electrophoresis were 23 000 for one species’ and 24 060 for the other
two compared to the five cytosolic leucyl-tRNA speciles whose apparent
molecular weights {anged from é6 000 to 28 000, Mitochondrial leucyl-
tRNAs sedimented more slpwly thﬁh their cytosolic counterparts, again
i;&icating a lower molecular weight. The apparent molecular weights of
the mitochondrial methionyl-tRNAs were identical or only slightly
lower than their cytosolic counterparts as determined by poléécrylamide
slab gél eleétrophoresis.

Individual tRNAs for arginine, asparagine, leucine, lysine,
meghionine, proline and valine were charged in isolated rat liver ’
mitochondria and shown to be distinct for their cytosolic counterparts
by chromatography on RPC-5. By electrophoreéis on urea polyacrylamide
slab gels it was found that all these mitoéhondrial.aminoacyl—tRNAs

-

were about 70-76 nucleotides long. The uniqﬁe mitochondrial asparaginyl-
Y
DY i
and prolyl-tRNAs, not previously identified in mammalian cells, were
shown to hybridize to mtDNA. Mitochondrial leucyl-tRNA was separated

into 3 peaks on RPC-5 and the first speclies was shown to be different

> iv



than a combination of the other two by molecular size and ,partial

RNasge T1 digestion patterns. Each was coded by a separate gene on mtDNA
as shown by partial additivity of hybridization. Separate genes for

Met Met
mitochondrial CRNAm and CEFAfe , separated by RPC-5 chromatography,

were also demongtrated, These results bring to 21 the number of individual

tRNAs coded by mammalian mtDNA.
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INTRODUCTLON

~
.y
hAY

The most important of the numerous characteristics which
distinguish eukaryotic from prokaryotic cells is the presence of the
internal organelles, mitochondria and chloroplasts. A number of theories
“of two basic types, "endosymbiotic" (Margolis, 1970) and "episomal”
(Raff & Malher, l952),have been suggested‘to account for their origin.
Although the question is not resolved, the origin and development of
eukaryotes must have depended in large measure on these organelles which
are the major sites ©f cellular energy produdtion.

Mitochondria and chloroplasts are characterizéd by their semiT
autonomy fron the nuclear-cytoplasmic system, that is by the presence of,
a separate protein-synthesizing system dependent on‘both nuclear and
organellar DNA. The central proSIem of their bilogenesis is the o:igin of
théir protein components, the segregatiOn of these from other éroteins

in the cell and of the regulation of the two protein-synthesizing systems

so that a functional organelle results. The cellular origin of mitochondria

" and chloroplasts has intrigued bioiogists since their discovery (see

Lehninger (1965) for a historical review of mitochondria), but it is
oniy in fecent years that progress has been made in understanding their
biogenesis. This has been mainly at the level of elucidation gf their
genetic capacity.

This thesis is concerned with aspects of the genetic capacity of
mammalian mitochondria. In this Introductioh, the mitochond;ial genome

and its role are described and differences betgeen various species
1



examined. It appears-that mitochondrial autonomy is limited by the capacity
of the mitochondrial genome in coding £6r proteins. This will be examined
first,-followed by a description of the RNA transcripts and of the

genome itself.

I, Mitochondrial semi- autonomy characterization and genetic origin of

-,’*

I“

mitochondr1al<2;ot¢iﬁs

1t is now well £:-abllshc that most mitochondrial proteins are
coded by'the nuclear genome, synthesized on cytosolic ribosomes and then
subsequently tramsferred by unknown mechanisms to the mitochondrial

matrix and the inner and outer mitochondrial membranes (see Schatz &

.

Mason (1974) for review). The contribution of mitochondrial protein
1

synthesis is relatively small, being less than 10% of the total mitochon-
drial proteln, but these proteins play a key role in the functional
ability of mitochondria (Schatz % Mason, 1974). Here, I will consider

L4
the. characterization of ipd the genetic origin of these proteins.

A. Number and molecular weight range of mitochondrially-synthesized

¢
f

proteins

Mitochondrial protein synthesis can be studied in whole cells or
in isolated mitochondria. Most studlies have used the formcr approach
which is based on the specificity of inhibitors of translation. The most
common are cycloheximide, which inhibits cytosolic but not mitochondrial
protein synthesis (Loeb & Hubby, 1968; Ashwell & Work, 1968; Beattie et
gl; 1987) or chloramphenicol, which inhibits mitochondrial but not

cytosolic protein synthesis (Kalf, 1963; Kroon, 1963). Other inhibitors

which have been employed include anisomycin (Lizardi & Luck, 1972),



emetine (Grollman,1966; Perlman & Penman, 1970) and pederinec (brega &
, Baglioni, 1971) as specific inhibitors of cytosolic protein synthesis,
and erythromycin (Mason & Schatz, 1973) and Tevenel (Wallace et al, 1975b),
the sulfamoyl analogue of chlotamphenicol, as inhibitors of translation
i -mitochondria. Analysis of mitochondrial proteins synthesized in vivo
— .

involves inhibﬁtion of cytosolic protein synthesis, labelling and

characterization of the labelled proteins in the mitochondrial fraction.

A drawback of this approach is the secondary effects of Inhibitors. For ‘

example, both chloramphenicol (Freeman & Haldar, 1967,1968; Haldar &
Freeman, 1968; Freceman, 1970) and cycloheximide (Garber et al, 1973)
inhibit respiration, while emetine at high concentrations‘blocks mito-
chondrial protein synthesig (Ibrahim ct al, 1974). Further, inhibition

of cytosolic protein synthesis leads to an apparent lack of mitochondrial

protein in yeast and Neurospora crassa ( Sghatz & Mason, 1974; Poyton &

Kavanagh, 1976) and mammali&n cells (Costantino & Attardi, 1977 ; Yatscoff
& Freeman, 1977).

In early work, mitochondrially-synthesized proteins were analysed
by polyacrylamide disc gel elc?trophoresis. Despite éhc poor resolution
and reprohucibility, in part becaﬁse of the difficulty in solubilizing
the very hydrophobic mitochondrial proteins (Schatz & Mason, 1974), it
was shown that the mitochondrial proteins had apparent molecular welghts
between 5,000 and 50,000 ( Galpcf & Darnell, 1971; qute & VWork, 1971;
Costantino & Attardi, 1973; Vallace et_al, 1975). In most cases, enumera-
tion of the mitochondrially-synthesized proteins was not possible by

this method. This has been overcome by the recent introduction of

L/“\ii?d”f’pgfgﬁcrylamide slab gel electrophoresis and autoradiographic techniques.
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Jeffreys & Craig (1975, 1976ab) used such a system to determine
that lleLa :ell mitochondria synthesize between 8 and 11 proteins with
mlecular weights between 10,000 and 50,000. Yatscoff & Freeman (1977)
were able to enumerate the conponents synthesized in CllO cell lines and
later to detect interspecific varjations (Yatscoff et al, 1978a), extending
the results of Jeffreys & Craig (1976a). Intraspecific variations in human
cell lines were a%so dctcctéﬁ (Yatscoff Q£_§£)l978b). The number of
bands observed varied between 10 and 13 and the molecular weight range
was about the same as detected by previous workers. The number fis
probably mini . Some bands might still represent the aggregation or
polymerization/f smaller products‘, as suggested by others (’I‘,‘;ixgaloff &

Akai, 1972; Michel & Weupert, 1973, 1974; Wheeldon ct al, 1974; huntzel

& Llossey, 1974), Detter resolution will lLave to await improved techniques,

v

such as two-dimensiofal gel eclectroplioresis. It is unlikely, however,
that the range of some 8 to 15 proteins synthesized within mitochondria
of mammalian cells will be substantially altered. The number in yéast
might be up to 21 (Douglas & Butow, 1976). '

»
B. Identification of mitochondrially-synthesized proteios

The basic protocol used to identify products of mitochondrial
Al Q

protein synthesis has been to 1) label whole cells with a radloactive

amind acid In the presence of an inhibitor of cytosolic protein synthesls,

S .

2) isolate mitochondrial enzymes either by standard purification proce-
dure or by immunochemical precipitation with antiserum to the purified
enzyme and 3) identify the labelled proteins by electrophoretic separa-
tion. This method has allowed the identificatiom of a number of mitochon-

drial pgghucts. These are summarized in Table 1 for yeast ahd Neurospora.

4



TABLE 1

Proteins synthesized on mitochondrial ribosomes in

yeast and Neurospora

Complex (subunits) Mol. Wt. (approx.)
(x107%)
Cytochrome oxidase (7) 4
3
2
\
ATPase (9) 3%
’ B
1
~ 0.8%
Cytochrome bcl 7) 3
Small ribosome (22) 3.5

* Not found in ATPase complex of Neurospora
Adapted from Borst (1977)

4
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In yeast, Tzagaloff and his co-workers have shown that 4 of the
Y components of the mitochondrial ATPase complex were mitochondrially-
synthesized (Tzapaloff & Meagher, 1972; Teagaloff g&_gi, 1974). Although
the ATPase complex of Neurospora has a similar subunit composition
(Jackl & Sebald, 1974), only two subunits are synthesized in witochondria.
The yeast ATPase contains a small subunit (subunit 95 which binds the
iniiibitor DCCD (dicyclohexylcarbodiimide) and Vhich is
ndtochond}ially—syﬁthesizcd (Wachter et al, 1977). In contrast, in
Ncurquoré, the similar DCCD-binding subunit of ihc ATPase complex 1o
translated extramitochondrially (Sebald et al, 1977). Both of these
proteins have 60w been sequenfed and show considerable homology in spite

-

of their different genetic origin (Wachter et al, 1977; Secbald et al,

&
——

1977). Another subundt synthesized in yeast mitochondria, a voptldc'of

r's ]

_molecular weight of 29,006, is cytoplasmically translated in Neurospora

(Sebald, 1977).

Ihe site of synthesis of cytochrome b of the cytochrome bcl

complex has also been shown to bLe mitochondrial. In .Jeurospora, it is

dimeric in nature with apparently identical subdnits of molecular weights

\

of 32,000 (Meiss & Ziganke, 1974ab; weiss, 1970; Velss, 19705 Veiss &

Ziganke, 1Y77). A mitochondrial tranlation site has also Leen established

for it in ¥east (katan & €Groot, 1975, 1Y76) and locusta mijpratoria
(Lorenz ct al, 1Y74). In contrast, Marjanen & Ryrie (1976) have sugpested
that 3 campuncn§s of the conplex are mitochondrially-synthesized in
yecast.

The cytochrbme oxidase enzyme complex of yeast and hcurospora

Is the best characterized complex which has subunits of mitochondrial

4
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origin. In these two organisms, the enzyme consists of 7 non-identical
subunits, ranging in molecular weight from 4,600 to 40,000 (Sebald et al,
1973; Poyton & Schatz, 1975). The three largest subunits are mitochon-
drially-synthesized (Mason & Schatz, 1973; Rubin & Tzagaloff, 1973;

Weiss et al, 1971, Sebald et al, 1972, 1973).

Groot (1974) identified a 35,000 molecular weight protecin of the
small ribosomal subunit of yeast mitochondria as being synthesized
within the org&nelle. A similar protein has also been shown to be
mitochondrially-synthesized in Neurospora (Lambowitz et al, 1976). This
raises to 9 the number of mitochondrially-synthesized proteins now
identified in Fungi,.

In mammalian cells, the situation is slightly differcn;. Reports
on the number of mammalian cytochrome oxidase subunits have variced.
Usually, 6 subunits have been observed, using different systems of
analysis (Yamamoto & Orii, 1974; Lytan et al, 1975 ; Bucher & Pemmiall,
1975; Phan & Malher, 1976), but 7 (Yamamoto & Orii, 19Y74; bowner et al,

1976) and 8 subunits (Tenniall et al, 1976) have been reported. Larly

-

work with mammalian cells suggested a mitochondrial origin of at least
some of the subunits of the cytochrome oxidase complex because formation

of the enzyme was inhibited by chloramphenicol and Tevenel (Schatz &

i

Mason, 1974). Jeffreys & Cralp (1977) indicated that one subunit of the

complex, with a molecular weight of QU,OUO, was of mitochondrial origin,

but the complex ieolated consisted of ounly 4 subunits with melecular
weights lower than 25,000. On the other hand, Yatscoff ct al (1977)
werce able to show that the two ldrgesé subunits of the 6 components of

bovine heart cytochrome oxidase were synthesized within nitochondria.

These are the only mitochondrially-<synthesized proteins identified so



far in mammalian cells. While the mitochondrial ATPase complex has been
studied in both bovine heart {(Knowles & Pencfsky, 1972ab; Brooks &

Senlor, 1972; Capaldi, 1973; Serrano ct al, 1976) and rat liver

—
+

(Catteral et al, 1973), the site of translation of the 5 to 10 subunits
has not been determined. Lt can ¥e suggested that polypeptides corres-
ponding to those synthesized in ycast and/or leurospora would be

expected to have the same translation site in mammalian cells,

C. Cenetic origin of mitochondrially-synthesized proteins \\\

The identification of mitochondrially-synthesized protei&;
does not resolve the question of their genetic origin. Observations that
inhibitors of transcription such as ethidium bromide or rifamycin aiso
inhibited mitochondrial protein synthesis (Schatz et al, 1972; kroon &
de Vries, 19Y71; CGrant & P;ulter, 1973; Stegeman & lioober, 1974) gave

rise to the notion that all mitochondrial messages for these proteins

originated from transcription of the mitochondrial genome. liowever,

Y . . .
~this 1s far from proven (sce Section 1IC and D for further discussion),

in spite of }ecenthnrogrcss, ~ esgpeclally with yeast,

In this organism, studies of mitochondrial penctics have been
a major tool in approaching the problem of the genetic eorigin o[lg
ndtochundrially—synthehlzcd proteins. A number of cytoplasmic mutants
have been isolated, most of which confer ;ggitancc to inhibltors of
mitochonQrial protein synthesis or to oligomycin. A survey of ;hesg
mutants is beyond the scope of this Introduction but there are recent
reviews (Lorst et al, 1977; Linnane & Nagley, 1978). More relevant

are rcsults showing a direct relationship between these mutations and

proteins identified as being synthesized within mitochgndria. Tipg. 1
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: N
;hows the present functional map of the yeast mitochondrial genome
indicating the functidns controlled by the main genetic loci which have
so far been physjcally mapped and the corresponding proteins:

There is now strong evidence that the OXL loci are the genes
for SUbunité of cytochrome oxidase. Cabral et gi (1978) showed that
the OXI-1 locus codes for subunit II of cytochrome oxidase. In mutants
mapping in this locus, sugunit LI was replaced by a shorter, mitochon-
drially-made polypeptide not detected in the wild-type. This polypeptide

’

cross-reacted significantly with an anti-serum against subunit I1I1.

Leccleshall et al (1978) have used a temperature-sensitive mitochondrial
mutant affecting the OXI-3 region to show that this locus codes for
”;:hynit I of cytochrome oxidase, thusqconfirhing-an earlier resylt
(Slonimski & Tzagaloff, 1976{. Preliminary data indicate tﬁat the OXI-2
locus codes foF subunit II; (Cabral et al, 1978). Other, non-genetic

‘%zidence that these locli code for these subunits is presented below,

There is evidence that other loci represent the genes for
¢

*

other mitochondrial proteins. Mutations in the OLI-1 region affect the
aggregation*béhavior of subunit 9 of the ATPase complex (Groot Obbink
et al, 1976; Yzagaloff et al, 1976). A mutation in this region also
produced an amino acid exchange in this protein (wachtcr et al, 1977)

-strongly indicating that the OLI-1 locus is in the structural gene for

-

this subunit. Groot Obbink et al (1976) have also obtained evidence

that the OLI-2 locus affecty ATPase subunit 6. The other two ATPase

subunits synthesized in mitochondria have not yet been linked to other

1

loci such as FHO-1 or 2 or OLI-3 (see Fig. 1). The COL loci could be

[

one or two genes for cytochrome b, if the two subunits identified in

\
‘&eurosgora are present in yecast and are coded by separate genes. In a
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of these results will be presented in Section IIC,
“Vork with mammalian cells has not progressed as fast as in

yeast, the main difficulty being the absence of mitochondrial mutants

L3

P
which could serve as genetic markers., Only recently have methods been
developed to produce and isolate mammalian cytoplasmic mutants. These
are all resistant to drugs., Only some studies will be considered here,

Spolsky & Eisenstadt (1972) selected a chloramphenicol-

\

resistant strain from Hela cells after treatment of cells with ethidium
bromlde. These cells were found to be resistant at the level dfvisolated
mitochondrial protein synthesis. Cytoplasmlic inhdritance’of chloram-
phenicol-resistance was ghen demonstrated by Lunn gﬁ_gl (1974) and
Wallace et al (1975a) by fusion of enucleated chloramphenicol-resistant
cells wvith sensitive strains. The maintainance of the resistance marker
provided by the en&élcated cells in the cyCOplasmic hybrid ("cybrid")
indicated cytoplasmic inheritance, posgibly a mutation In mtDNA. Mitotic

begregation of this marker in hybrid cells has also been observed

further indicating cytoplasmic inheritance (Bunn et al, 1977; Wallace et

" al, 1977). .

Ual}acc'& Freeman (1975) have used another method for selecting
Tevenel-resistant cells. They made use of LMIK cells., This cell line

lacks cytosolic thymidine kinase and therefore specifically incorporates

the Lase analog bromodeoxyuridine (BrdU) into mtDNA. While LrdU-treatment

did not seem to increase the yileld of cells resistant to Tevenel, the

cell line did give rise to a higher proportion of resistant cells than the

corresponding wild-type L cell. It remains to be demonstrated that the

resistance arose from a‘mutation in mtDNA. Similarly, Yatscoff & Freeman

~

e e anm
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(personal conmunication) have obtained CHO Th  cells resistant to

levencel.

'
'

Recently, Lisenstadt's group have used mutagenesis with

cthyl methanc sulfonate-followed by selection in 3 to 5 ug oligomycin/

ml to obtain oligomycin-resistant strains of CHO and mousc (LHTK_)
‘culture lines (Kuhms et al, 1978). Most of the LMTKL resistant lines
were obtained after cnuclcqtion, followed bf mutagenesis. It Is not
clear wheéﬁcr these cells have a c;LoplaSmic node of inhcr;tance of
oligomycin resistance, although éhe }roccdure of enucleation prior to

} mutagenesis would be expected to yield frictly mitochondrial mutants.

A possible mitochondrial m§@Ker lhias been detected by Yatscoff

et al (1978b) wvho observed that lleLa cell mitochondria synthesize a
unique protein not found in other human cell lines, except Kb and HEP-2
which are probabiy llcLa contaminants. The reverse also holds and it
should be possible, through enucleation and appropriate hybridization
g cxperinents,to detérminc the genetic origin of the ‘prottins that differ.
.It has been found that mammalian mtDNAs recombine (Coon EE:EL’

' 1973; bawid et al, 1974; llural. et al, 1974). This meahs that when

, sufficient markerg arc available, mapping of mtDNA should Le possible.
[

-

,—: 11, Transcriptional products of the mitochondrial genome

»

The mitochondrial origin of a number of mitochondridlly-
. synthesized proteins implies by definition the transcription from mtDNA

of corresponding mRlAs. The presence of a LNA-dependent RNA polymerase
- , Y R -

was indicated by early studies (Luck & Reich, 1964) and this enzyme has
= .4

now. been fairly well characterized in a number of systems ( Kuntzel &

-~

Mt
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Schafer, Y97ty Wu & Dawid, 1972; Dawid & Wu, 1974; Eceleshall & Riddle,

1974; Gallerani & Saccone, 1974; Scragg, 1976). The nature of the mitochon-

» o

drial trqnscripts however rcmains incompletely specified. .

’ m\

itle it is clear that mtDHA codes for a set of rRNAs, the

number of tRNAs trapnscribed is unreselved. The lack of identification

of most mltochondrlally—synthesized proteins has only been.oné factor

-

leading to a lag in the characterization of the mRHA species. The obser-

7

_Mptions concerning the nature and ariéin of mitochondrial rRNA, tRNA and °

mENA will now be reviewed. .

A. Mitochondrial ribosomes and ribosomal RNA

The major criterion for defining ribosomal RNAs ig that they

are the majgr species associated with ribosomes and that there ate two N
high molecular weight forms each derived from one ribosomal subunit.
Mitochondrial ribosomes were fjrst isolated independently by Rabinowitz
et al (1966) and O'Brien &‘Kalf (1967) from>rat liver. }hey h&vq now been
characterized in a whole segfés of organi;:}}and have Leen the ﬁubject
of a recent and cxtensive|review by O'vrien (1976). Tﬁe main feaqrrcs of
n&tochondrial ribosomes are summarized in-Table 2. By

Subatanté;}ﬁdlffercnccs are observed bgtween mitochondrial
ribosomc; of lowcx ouknryogsﬁ and plants and animals, and from cytosolic
ribosomes. Their major distinguishing features are the following: 1) they
sediment at the same rate as their cyfosolic counterparts, except in
mamnalian cells wherc they sediment more slow}y; 2) they require a hiphér
ﬂg++ concentration for gtabil?ty than their cytosolic counterparts; 3)
they arc scusitive to Inhiblitors of bacterial hut not cytosolic protein

synthesis (Avadhani gg.glv,l975) and 4) the rRNAs from the faster

v o et FoalA e

v e

Y
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sedimenting-ribosomes are larger (21-24S and 14-16S) t&an those froﬁ
slower sedimenting ribosomes (16-17S and 12-13s).

Mitoch;ndrial riboso;al proteins have been found to be distinct
from the éroteins of cytosolic ribosoﬁes. This was first shown by disc
gel electrophoresis (Chi & Suyama, 1970; Vasconcéios & Bogorad, 1971) and
immunologidal precipitation (Hallermeyer & Neupert, 1974),ﬂfhen by two-
dimensional gel electrophoresis (0'Brien et al, 1974; Leister & Dawid,

' 1974; de Vries & van den Bogert, 1976). All mitochondrial ‘ribosomal
proteins, exdept one protein of the small subunit, are synthesized in
the cytosol (Schatz & Mason, 1974). Mitochondrial ribosomal proteins
seemed to have evﬁlved much faster than their cytosolic counterparts
' ( Leister & Dawid, 1975; Matthews %ﬁ al, 1978). ThisJSuggests that
different genetic constraints, for example the origin o£ gheir TRNAs,
are imposed on thgse.proteins.

~ It is now well established that the mitochondrial rRNAs are
coded by the mitochondrial genome. Saturation\hybrid;zation data
indicated that the genome has one cistron each for the l;}ge and small

-

rRNAs (Alont &'_Acca;di, 1971c; Dawid, 1972; Reijnders et al, 1973;
Borst & Grivell, 1973; Rébea11£JVignais, 1974) . This w;s confirmed
by the determination of their map position in a number of organisms,
as described in Section III of thig Introduction.

It should come as no surprise that variations in physico-.
chemical properties ;r“ng mitochondrial ribosomes of the major eukaryotic
grpups are also foun;;in tﬁe rRNAs (Tabie 2), Sedimentation analysis and
electron microscopy indicate th§t the rRNAs of lowgr eukar}otee and
- plants are considerablyklarger than‘those of an{hal sqfrces. There

<

appears to be a correlation Between the smaller size and higher G+C ~

\
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content of the rRNAs. The small size of animal mitochondrial)rRNAs is
particularly apparent.Except fdi plants, mitochondrial rRNAS have a

lower G+C content than their cytosolic counterparts (Freeman et al, 1973;

‘Cunninghamr& Gray, 1977). Fungal mitobhondrial rRNAs are about the same

size as cytosolic rRNAs, while plant rRNAs seem to have a higher molecular
weight than cytosolic rRNAs of thzﬂzghe species (Leaver & Harmey, 1973;
Quetier & Vedel, 1974; Pring &‘Th;;nbhry, 1975; Cunningham & Gray, 197ﬁ).
A recent comparison of the. sequences of oligonucleotides produced by RNase
T, digestion of wheat embryo 185 mitochondrial rRNA with that of other

1
small rRNAs of prokaryotes and chloroplasts indicates that this rRNA may

be "prokaryotic' in nature (Bomen et al, 1977). Except for one report
(Attardi & Attardi 1971), mitochondrial rRNAs are less methylated than
cytosolic rRNAs (Vesco & Penman, 1969; bubin, 197A Klootwijk et al, 1975;
Lambowitz & Luck, 1976; Cunyingham & Gray, 1977). A low degree of
methx}ation wauld be in agreement wity the low degree of methylation and
m&dification of mitochondrial tRNAs (see‘next Section).

In contrast to sacterialkanﬁ cytosolic ribosomes, and possibly
those of plant mitochondria (Leaver, 1975/’.mitochondrial ribosomes from a
number of lower kukaryotes and animal sources seem to be devoid of 58
RNA. Lizardi & Luck (1972) first suggested@that Neurospora ribosomes
lacked such a component, gut Kroon et al (1976) found that a 55 RNA
associated with 808 rigosomes hybridized to mtDNA. This observation has
been\cballenged by Michel et al (1976,h}§78) vho concluded that 73S
particles'were the only functional mitochondrial ribosomes in

Neurospora and that the 80S ribosomes and 55 RNA were cytosgolic conta-

minants. A "5S RNA" might have gone undetected, .if, like the rRNAs,
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v
mitochondrial '5S RNA" of animal cells was actually smaller thﬁn the
cytosolic or prokaryotic RNA. Dubin et al (197A) reported the isolation
of a "3S RNA" of low G+C content and low degree of methylation in hamster
BHK cells which could représent a "5S RNA" equivalent. Its association

with mitochondrial ribosomes has not yet been reported. s,

"B. Mitochondrial tRNAs

Unique mitochondrial tRNAs different from cytosglic tRNAs have
been demonstrated in several ways:“l) differential charging of mitochon—'
drial tRNAs by aminoacyl-tRNA synthetases from mitochondria and cytosol;
2y unique chromatographic behavior; and 3) hybridization to mEDNA.

-

Aminoacyl-tRNA synthetases: While there were a number of early studies. of

mi tochondrial aminoacyl~tRNA synthetase activity (Reis et al, 1959;
Roodyn et al, 1961; Craddock & Simpson, 1961 Davis & Novelli, 1958), the
first convincing demonstratien of their existence came from w1ntersberger
(1965). He showed, using [ C] leucine and phenylalanine,that a synthe-
tase preparation from yeast mltochondria could'charge hénnlogous RNAs

more efficiently than heterologous, that 1is, cytosolic RNAs. The reverse,
a .

charging of cytgsolic RNA by the cytosolic enzymé€s, was also
efficient. The same concluslion was reached with Tetrahymena p&rifor \3/’

(Suyama & Eyer, 1969), Neurospora (Sa;nett et gl, 1967; Barnmett & Brown,

1967; Epler & Barnett, 1967), again in yeast (Schneller et al, 1976a),
rat liver (Buck & Nass, 1968, 1969) and calf brain (Charezimski &
Borkowski, 1973). Only in Hela cells was charging of some pitochondrlal

tRNAs by the two synthetase preparations about the same (Lynch & Attardi,

1976) . Othef.siunlar ieports in Phaseolus vulgaris (Guillemaut et al,

]
a
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1975) and Tetrahymena kSuyama & Hanada, 1976) can be explained By cyto-

solic contamination of the mitochondrial tion. Generally, however,

the differences found are strong evidente for the uniqueness of mitochon-

drial tRNAs and synthetases.

Another approach was used by Gross and co-workers. They found
that in a temperature-sensitive mutant of Neurospora both mitochondrial
and cytosolic leucyl-tRNA synthetases were affected (Printz & Gross, 1967;
Grose_ég gl; 1968). They suggested that one nuclear gene might code for
at least one subunit of both enzymes (Weeks & Gross, 1971). In a nn;e
recent paper, Beauchémp et al (l977fq presented immunological evidence

{ .
that” the two enzymes have little, if any, s£>ﬁzfural homology but that
they are probably coded.by adjacent genes. Lack of structural homology
of the mitochondrial with the cytosolic enzyme has also been demonstrated
in yeast (Schneller et al, 1976b) and in Tetrahymena (Chiu & Suyama, 1973,
1975). The distinctiveness.of mitochondrial aminoacyl-tRNA a;nthetaaes
was alsg demonstrated by Wallace et al (1975b) using the CHO tsHl mutant
(see Section IA) with a temperature-sensifive cytosolic leucyl-tRNA
synthetase, At the‘non-permissive temperature, cytosolic activity was
reduced but mitochondrial synthetase activity cquld be measured by
following the incorporation of labelled leucine into mitochondrial
proteins. A similar approach was used by Aujame et al (1978) (see
Appendix) to demonstrate mitochondrial asparaginyl-gRNA synthetase

activity in another CHO mdtant cell line and a unique mitochondrial

asparaginyl-tRNA.

Chromatographic properties of mitochondrial tRNAs: The demonstration
of specific mitochondrial synthetases has allowed the isolation and

4

characterization of specific mitochondrial tRNAs, Table 3 summarizes

-'g
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results in different organisms on the charging of tRNA by the corresponding
amino acids. Results in this thesis with hamster and rat liver and in CHO
cells are not included.

Studies in Neurospora and especially in yeast have again been
the most extensive. Amino acid acceptor activities for 18 amino acids
were found associated with Neurospora mitochondria (Barnmett & Brown, 1967).
The uniqueness of mitochondrial aminoacyl-tRNAs was initially shown by
chromatographic separaéion of the tRNAs on either DEAE-cellulose or
hydroxyapatite or by counter-current distribution (Barnett et al, 1967;
Epler & Barnett, 1967). Brown & Novelli (1968) and Epler (1969), utilizing
reverse-phase chrématograpﬁy (RPC) showed the separation of 15 Neurospora
mitochondrial aminoacyl~tRNAs from their corresponding cytosolic tRNAs.

Further, one of the two methionyl-tRNAs (Brown & Novelli, 1968) could be

me

formylated (Epler et al, 1970). The initiator tRNA (tRNAf

c) has now
been sequenced (Heckman gg_gl, 1978). 1t bears little reaemblanc;

other sequenced initiator tRNAs found in either the cytosol, prokaryotes
or chloroplasts.,

}n yeast, charging by 19 amino aclds has now been demonstrated
by Rabinowitzis gioup (Martin & Rabinowditz, 1978). Charging with aspara-
gine was not observed. These mitochondrial tRNAs were found to be
chromatographically distinct from the cytosolic tRNAs on R}C-S both by
Rabinowitz's group (Martin & Rabinowitz, 1978) and Stahl's group
(Accoceber:! & Stahl, 1971; Accoceberry et al, 1973; Schneller et al,
1973; Sehneller et al, 1975a). They were able to identify ieonccepfing
species sometimes coded by different genes (see below). The;e groups

differ in the number of peaks of mitochondriasl tyrosyl- and leucyl-tRNA
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(Schneller et al, 1975a; Martin & Rabinowitz, 1978) found but this could
depend on different gréwth conditions used in these studies (Baldacci et
al, 1976, 1977). |

In a series of experiments with rat liver mitochondria, Buck &
Nass (1968, 1969) demonstrated unique mitochondrial aminoacyl-tRNAs and
presumably syntBetases for aspartate, leucine, tyrosine, serine and
valine. The gminoacyl-tRNAs could be separated from their cytosolic
counterparts by MAK chromatography. Although multiple mitochondrial peaks
were seen, including the case of leucyl-tRNA, it was unclear whéther
some represented cytosolic contamination. Separation of mitochondrial
and cytosolic phenylalanyl-tRNA was not observed (Buck & Nass, 1969).
but the two were resolved by Lietman (1968). Similar studies with
Tetrahymena mitochondria showed that the mitochondrial leucyl—tRNA.was
disti;ct from cytosolic leucyl-tRNA and could be resolved into three
peaks by RPC-5 chromatography (Chiu et al, 1974).

While all these studies used isolatéd mitodchondrial synthetases
to charge tRNAg, Wallace & Freeman (1974) used another approach. Théy
incubated mouse liver mitochondria under conditions optimum for mitochon-
drial protein synthesis, and therefore probaﬁly for synthetase activity,
‘and were able to isolate methionyl-tRNA. éurther, the methionyl-tRNA -
could bé separated on RPC-5 {into 4 peaks, 2 of which were formylated.

Or{giniof mitochondrial tRNAs: The isolation of mitochondrial tRNAs

chromatographically distinct from their cytosolic counterparts does not

. ' A
necessarily imply that these are coded by the mitochondrial genome. In
fact, an import of tRNAs in conjunction with nuclear-coded synthetases

was suggested in early studies (Suyama, 1967). To resolve this question,

either charged tRNAs or 45 RNA from mitochondria have been hybridized to
. . .

o ) /,»«,
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mtDNA. )

In Neurospora, the hybridization of mitochondrial leucyl-tRNAs
to mtDNA has ‘been reported (Terpstra et al, 1977b). Other tRNAs have not
been examined, but in yeast, all thelcharged specles were found to
hybridize to mtDNA (Martin & Rabinowici, 1978). In some cases, some

were found to be coded by more than one gene: this is the case for

met
f

Rabinowitz, 1978), cysteinyl- and threonyl-tRNA (2 each) (Martin &

methionyl-tRNA (t:w\l‘;"at and tRNA™Y) (Marcin et al, 1976b; Martin &
Rabinow%tz, 1978), and possibly also leucyl-tRNA (2) (Martin et al, 1977b).
A few other aminoacyl-tRNAs, separating in multiple peaks, may yet be
shown to be coded by more than one gene (Martin & Rabinowitz, 19;8).The
synthetase preparation was found to charge both tRNAglu and tRNAgln with
glutamate. The latter is presumably .then amidated to form glutaminyl-
tRNAgln‘ Each of these tKNAs are coded by distinct genes (Martin et al,
1977a). 1he total number of identified mitochondrial tRNA cistrons in

~—

yeast is now 22. Only a gene for tRNAZSD

HE; not been identified.

In Hela cells, mitochondrial tRNAs could be charged with 16
amino acids and sites for 17 tRNAs on mtDNA were shown by hybridization
(Lynch & Attardi, 1975). tRNAs for asparagine, glutamine, histidine and
proline were not isolated. None of the 16 éminoacyl-tRNAs were charac-
terized by chromatography. llowever, methionyl-tRNA could be formylated
indicating the possible existence of two species and seryl-tRNA hybridized-
to both strands of mtDNA. Of the 17 tRNAs, 12 hybridized to the heavy (H)
strand and 5 to .the light (L) strand. In earlier studies, Nass & Buck
(1970) had shown that rat liver mitochondrial leucyl~tRNA and phenyl-

alanyl~tRNA hybridized to the H strand, while tyrosyl- and seryl-tRNAs

'
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hybridized to the L strand of mtDNA.

In Tetrahymena, Chiu et ai (1974) found that the three peaks of
leucyl~tRNA hybridized to mtDNA. While there was no additivity of
hybridization, the melting temperature of the tRNA-DNA hybrids differed
for at least two species. In addition, one specieé recognized CUG only,
another CU(U,C,G) and the third CUC. From these results, they concluded
that there were two tRNAleu genes on the mitochondrial genome. In contrast,
while distinct mitothondrial valyl-, lysyl- and arginyl-tRNAs could be
charged by the homologous synthetases, these tRNAs did not hybridize to
mtDNA (Chiu et al, 1975). They suggested that some tRNAs might be
imported from the cytoplasm into mitochondria.

The question of import of tRNAs raised by this study also arose -
from studies on the 4S RNA fraction. This mitochondrial component was
recognized early in the study of mitochondrially-associated RNA
(Attardi & Attardi, 1967; Dubin & Brown, 1967; Rifkin et al, 1967;

Suyama, 1967; Knight & Sugiyama, 1969; Zylber & Penman, 1969). More

recent studies indicate that this fraction has unique characteristics
compared to cytosolic 4S RNA, in particular a low degree of methylation
and base modification (Chia et al, 1976; Davenport et al, 1975; Schneller.
et al, 1975b). It consists mostly if not exclusively of mitochondrial
tRNAs (Fel@man & Kleinow, 1976ab; L}ﬁch & Attardi, 1976; Martin et al,
1977b). Inhibition of mitochondrial 4S RNA aynthesis by ethidium bromide
(Zylber & Penman, 1969) as well as early hybridizgtion experiments
(Buyama, 1967; Attardi & Attardi, 1967) suggested that at least some of
the 4S RNA components ;ere transcribed from'mtDNA.

Saturation hybridization experiments with mitochondrial 4S RNA
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of known specific radioactivity initially demonstrated 20 genes on
yeast mtDNA (Reijnders & Borst, 1972; Schneller et al, 1975c). More
recently, yeast 45 RNA has been hybridized to restriction fragments and
the number of genes were calculated to be 26 (%an Ommen et al, 1977). Tn
Neurospora, the estimate from similar experiments was 25 ( Terpstra et al,
1977b). Only 11 genes on Hela cell mtDNA (Aloni & Attardi, 1971c) and
15 on Xenopus mtDNA (Dawid, 1972) were initially found. In an attempt
to visualize the position of the 4S5 RNA genes on the mitochondrial
genome of Hela cells, Wu et al (1972) and later Angerer et al (1976)
prepared 4S RNA covalently coupled to ferritin. This was hybridized “to
both the H and L strands of mtDNA and examined by electron microscopy.
Nineteen regions of hybridization, 12 on the H strand and 7 on the L
strand were observed implying 19 genes. These numbers are remarkably
close to those obtained by hybridization of individual aminoacyl~-tRNAs
discussed earlier (Lynéh & Attardi, 1976). Using the same procedure,
Dawid et al (1976) were able to locate 15 tRNA genes on the H strand of
Xenopus mtDNA and 5-6 on the L strand, raising the number of 4S RNA genes
on this genome from 15 to 22, Hybridization of the 45 RNA fraction has
also béen carried out 1; rat liver mtDNA restricti;n fragments and
betwbe; 16 and 23‘gene§ were suggested (Saccone et al, 1977). ‘
The number of genes calculated- or the ﬁumber of tRNA genes
identified- is not sufficient to code for all the tRNAs'necessary to
recognize all codons in’the genetic code, if they are all used in
mitochondrial protein s&nthesie. According to the wobble hypothesis
(Crick, 1966), 32 gﬁNAg would be necessary. (//

~

The initial sgturation values (Aloni & Attardf, 1971c; Dawid,

ot
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1972; Reijnder & Borst, 1972; Schneller et al, 1975c) could have been
underestim;ted for a number of reasons. One possible explanation is an
overestimation of the molecular weight of the 4S5 RNA fraction assumed -
for calculations of gene numbers. For exemple, Dawid (1972) took a
molecular weight of 28,000. Dubin & Friend (1972) suggested, on the

basis of sucrose gradient and gel electrophoretic analyses under dena-
turing and non~denaturing conditions,that hamster BHK-21 mitochopdrial

4S RNA was smaller than cytosolic 4S RNA, with.a molecular weight
calculated at 19,000. In the case of Xenopus, if this value were -taken,
the number of 4S RNA genes would be raised to 22 instead of 15.

Another explanation is the possible overlap of genes. This could
also explain the non-additivity of hybridization of Tetrahymena leucyl-
tRNAs (Chiu et al, 1974)and of some yeast isoéccepting species (Martin & N
Rabinowitz, 1978). It would also lead to an underestimation of the number
of genes seen under the electron microscope (w@ et al, 1972; Angerer et
al, 1976; Dawid et al, 1976). \%\

Recently, the mitochondrial 4S RNA fraction has been analysed by
two-dimensional gel electrophoresis in yeast (Martin et al, 1977b),

-

Locusta migratoria (Feldman & Kleinow, 1976ab) and Neurospora (de Vries

[

et al, 1978). In yeast this method revealed 26 spots whioh all hybridized
to mtDNA. Some of them have been identified by charging of individual

spots, Since«sonk contained more than one species, it is possible that the ’ !
actual number of tRNA genes in yeast mtDNA might be more than 26, but ‘
still short of 32. In Locusta, there were 27 spots (Feldman & Kleinow, é
1976ab), and in Neurogpora, 25 with 17 minor spots which could ;epresent ;.

cytosolic contamination (Terpstra et al, 1977b). 2
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The general picture which emerges from these various studies is
an appagent deficit in the number of mitoch?nd ally-coded tRNAs possibly
o ,

necessary to read all codons. This result could“xeflect the following:

1) Absence of charging of some tRNAs because of inappropriate charging

conditions.

.

2) Mitochondrial tRNAs are smaller than cytosoiic tRNAs. Consequently,
some of the saturation hybridization experiments significantly under-
estimated the actual numb;r of genes present, as discussed above.
3) Not all amino 4cids are incorporated into mitochondrially-synthesized
proteins. Some tRNAs might not be necessary for mitochondrial protein

x
synthesis (Costantino & Attardi, 1973). '
4) If all ami;o acids are used, and assuming that all codon; are read,
mitochondrial tRNAs could read more codons than expected from ;he wobble
hypothesis, either through unusual base-pairing of the type suggested.
by Topal & Fresco (1976a b) or by utilizing a "two-out-of-three" reading
scheme (Mitra et al, 77; Lagerkvist, 1978). The consequence of this
propbsition would be the absence or reduced number of isoaccepting species

A

and corresponding genes for a number of tRNAg.
5) Genes could overlap. “
6) Finally, ;itochondrial are not fully autonomous with respect to tRNAs
and some tRNAs are imported from the cytosal as sugéested by Suyama
(Suyama, 1967; Chiu Eﬁ.ﬂl; 1975; Suyama & Hanada, 1976),

All of these alternatives, based on present results, are still !

- possibl€., One of the objectives of this thesis was to determine whether

some of these are valid.
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C. Mitochondrial messenger RNAs

Early suggestions that the mi tochondrial genome coded for mRNA
came from inhibitor studies. Ethidium bromide wag shown to inhibit
mitochondrial translation ;n isolated mitochondria (Kroon & de Vries,
1970; Schatz et al, 1972) and a number of inhibitors of prokaryotic
transcription were also found to affect transcription of the mitochondrial
genome (Stegeman & Hoober, 197#; Dube et al, 1973). Using a temperature-
sensitive yeast mutant for nuclear mRNA, Malher & Dawildowicz (1973) showed
that mitochondrial protein syntﬁesis continued normally at the non-
permissive temperature but was inhibited by ethidium bromide, suggesting
that the mitochondrial translation apparatus used only endogenous
megssages coded by the mitochondrial genome.

A number of approaches are now be;ng utilized to characterize
the origin, function ;nd nature of mitochondrial mRNA. For an RNA
molecule to be considered a mitochondrial QRNA, the following criteria-
mist be satisfied: 1) association with mitochondrial polysomal structures;
2) size sufficient to.code forimitochondrially—syntheeized proteins; 3)
translation of the RNA should”}ield QitOChpndrially-synthesized protelns;
and 4) hybridization to mtDNA,

The lést two criteria taken together provide unambiguous.proof
of the transcriptional origin of mRNA on mtDNA and of its role, while

the first two are mainly indicative. However, because of the small amounts
of presumptive mitochondrial mRNAs, attempts at translation in vitro have
been limited.

Trénscription of mtDNA: Direct transcription of isolated mtDNA either by

mitochondrial RNA polymerase or by heterologous enzymes has been reported.
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RNA transcripts, when translated in an E. coli cell-free system yielded
I/',\\ ~ .
products similar by ge} electrophoresis and immunoprecipitation to

-

membrane proteins labelled in vivo (Scragg, 1974). Others have tramnscribed

mtDNA from Artemia salina (Schmitt et al, 1974) or rat liver (Gallerani &
Sacéone, 1974) but did not demonstrate that mRNAs were produced.

Coupled-transcription-translation: Another appvoach to demonstrate

AN

mitochondrial messages has been to transcribe mtDNA in an E. coli

coupled transcription~translation system. Translational activity was .
obgerved but the SDS gel electrophoretic patterns of labelled poly-
peptides were totally different from those of polypeptidés obtained

in vivo (Blossey & Kuntzel, 1972; Chang & Weissbach, 1973; Scragg & .
Thomas, 1975). This has been attrisaégd to the inability of the -RNA
polymérase frOQ{E, coll to recognize the correct initiation sequences

on mtDNA (Blossey & Kuntzel, 1972) or of the E. coli ribosomal system

to translate mitochoné:f?l mRNA correctly (Moorman et al, 1978). Using
yeast mtDNA, Moorman et al (i978) showed witﬁ indirect immunoprecipitation
that antigenic deteriminants of cytochrome oxidase were among the products
synthesized. There was no immunoprecipitatiqn when a mtDNA frégmgﬁt ;ith
the gene for 215 rRNA and some flanking sequences oﬁly (see Fig. 1) was
used. On the other hand, restriction fragments from mtDNA corresponding

»to the O0XI-1 and OX}~2 r gions’were shown to be transcribed into RNA

coding for cytocikrome (ts 1I and IIL. The RNA synthesized
in the coupled/system was short, sedimenting at 6-95 in formaldehyde-
containing sutrose gradients, The size of tpe transcripts probably

explains the 11 size of the polypeptides precipitated by anti-cyto-

chrome ¢ oxidase antisera.
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As an alternative to the cell-free system, plasmids containing
either Eco RI restriction fragments of mouse mtDNA (Chang_gg'gl, 1975)
or of hamster mtDNA (Miller et al, 1977) were also apparently incorrectly
translated, 1f at all, in E,'Egli cells. The transcripts were shown to be
mainly from the. L strand of mouge étDNA plasmids (Chang Eé.éi» 1975),

whereas most stable products of mammalian cell mtDNA seem to be

-transcribed from the H strand (see next Section),

- v
Translation in vitro: Mitochondrial RNA from yeast has been extracted

and translated in vitro . Early resulge (Eggitt, 1976) were inconclusive
but two or possibly three messages have now been identified (Moorman et
al, 1976, 1977; Borst et al, 1977). Yeast total RNA was fractionatgd into
discrete size classes by sucrose gradient centrifugation and their
ability to stimulate the synthesis of specific proteins analysed by
immunoprecipitation. RNA species in the 11-12S region were resolved and
were shown to hybridize to mtDNA (see Section IIIFig. 2). A 12S RNA
could code.for an ATPase subunit and 115 RNA, which hybridized to both
the GXI—I and 0XI-3 regions, could code for two of 7he subunits of
cytochrome oxidase. As yeast mitochondrial RNA h;LriQizes to many
restriction fragments of mtDNA (Van Ommen & Groot, 1977), it should be
possible to eventually show the tranglational role of other mRNAs.

| Attempts at setting up a completely homologous ;eaet system

Ny
for translating mitochondrial RNA have been unsuccessful. Eukaryotic

v

cell-free systems (wheat germ, reticulocyte and Xenopus oocytes) were
also incapable of translating yeast mitochondrial RNA (Moormen et al,

1977). In view of the difficulties encountered in heterologous systems,

the reconstruction of a éompletely homologous system should be of great
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importance in the identification of mitochondrial mRNAs

Attempts at translating mitochondrial poly(A)-containing RNA (see
below) have been made in yeast (Padmanaban et al, 1976; Hendler et al,
1976) and Neurospora (Kroon et al, 1976) where it appears to code for
subunits of cytochrome oxidase, and in rat liver (Kisselev et al, <1977).
These results wiil be considered further in the Discussion (Part 1).
Poly(A)+RNA: The presence of a poly(A) sequence in mitochondrial RNA was
first described by Perlman et al (1973) in Hela cells and by Avadhani et
al (1973) in Ehrlich ascites cells. IncheLa cells, this poly(A) consisted
of a 3'-end tail of about 60 nucleotides as compared to the 150-250
nucleokides long cytosolic poly(A) tail (Hirsch & Penman, 1975). A similar
situation has been foufd in other animal cell lines,

By comparison with cytosolic mRNAs, such RNA molecules would be
expeﬁted to serve as mitochondrial messages and be found in mitochondrial
polysomes  which had been identified previously.

Intramitochondrial polysomal structures sedimentating between
73S and 260S were first isolated by Kuntzel & Nol; (1967) in Neurospora
and by Avadhani et al (l9il) in Euglena. High molecular weight RNA-
containing particles were isolated from mitochondria of Hela cells

. ~
(0jala &(httardi, 1972), yeast (Malher & Dawidowlicz, 1973; Cooper & Avers,
1974) and Ehrlich ascites cells (Avadhani et al, 1973; Lewis et al, 1976a).
In a number of cgses, thesi particles were resistant to RNase treatment
aﬁd therefore not necessarily polysomes.(0jaia & Attardi, 1972; Michel &
Neupert,.1973, 1974). 1t was suggested that RNase resistance resulted from

the hydrophobic properties -of the protein products and their tendancy to

associate with each other and with membranes (Avadhani et al, 1975). The
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involvement of these particles in protein synthesis (Avadhanl & Buetow,
'1972; Allen & Suyama, 1972) and electron microscog}c studies showing up
to heptamers (Vignais gﬁ_g&? 1972; Charret & Charlier, 1973; Kurlyama
‘& Luck, 1973; Cooper & Avers, 1974) are convincing evidence that they
represent mitochondrial polysomes. The isolation of pgiy(A)+RNA‘from

these polysomal structures would obviously make them good candidates for
mRNAs. In fact, poly(A)+RNA has been isolated from mitogzondrial polysomal
structures in Hela cells (Hirsch & Penman, 1974a; Ojala & Attardi, 1974)
an& Ehrlich ascites cells (Avadhani et al, 1973).

Furthdr evidence that poly(A)+RNA serves as mRNA comes from its

s

characterization. In Hela cells, poly(A)+RNA could be f;golved into 8
specles ranging from 24S to 16S (ﬁ%rsch & Penman, 1973). A similar
result was obtained in hamster and insect mitochondria (Hirsch et al,
1974) . AtCafdi and his co-wo;kers were able to dissociate poly (A)+RNA
from HelLa cell udéochondria into 12 species ranging from 12S to 7S -
(0jala & Attardi, 1974c). All of these specles hybridized to mtDNA, and
in Hela cells, mostly to the ll strand (Ojalé & Attardi, 1974c). The size
and number of poly(A)+RNAs would be sufficient to code for mitochondrially-
synthesized proteins.

In contrast to HelLa cells (Perlman et al, 1973; Hirsch & Pen;an,
1973, 1974ab; 0jala & Attardi, 1974abc) where ethidium bromide completely
inhiﬁited the synthesis of mitochondrial poly(A)+RNA, in Ehrlich ascites
cells (Avadhani et al, 1973, 1974) and in rat liver (Gaitskhoki et al,
1973) partial resistance of synthesis to this inhiLiCOf was observed. It

wag concluded that some of the intramitochondrial poly(A)+RNA had an

extramitochondrial origin. Kinetic experiments showing a lag of 15-20

&
"t

LS
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min before the appearance of labelled poly(A)+RNA iA Ehrlich ascites
mitochondria (Avadhani et al, 1973) were also interpreted as evidence for
trahsport of nuclear RNA into mitochondria.

Further, Avadhani et al (1973,1974) showed significant hybridi-
zation to nuclgar DNA of poly(A)+RNA labelled in vivo and isolated from
migochondrial polysomes. RNA labelled in isolated mitochondria and
isolated from poly;}bosomes was not polyadenylated and hybridized on;y
to mtDNA. The latter RNA separated into 3 peaks with mobilities between
12 and 7S5 (Avadhani et al, 1974), The inability of isclated mitochondria
to polyadenylate mitochondrial RNA is surprising in view of the presence
6f a poly(A) polymerase in rat liver mitochondria (Jacob & Schnindler,
1972; Jacob et al, 1972, 1974; Rose et al, 1975). If the results of
Avadhani et al and of Gaitskhoki et al are correct, they shggest that
animal mitochondria contain two types of mRNA, one which is polyadenylated
and has a nuclear origin and one which is not polyadenylated and is
transcribed from the mitochondrial genome. This conclusion depends on 1)
the correct interpret;;;on of the kinetic data; 2) demonstration of the

) ) .
nature of the RNA hybridizing to nuclear DNA; and 2) the inability of

isolated mitochondria to synthesize poly(A)+RNA., The latter in particylar

could be artifactual and such a demonstration would waaken the idea of
import of mRNA into mitochondria. This problem will be examined in this

thesis.

——

]

-
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I1I. The mitochondrial genome

In the last 14 years sincé mtDNA was first isolated (Luck & Reich,
1964, Kalf, 1964; Schatz et al, 1964; Nass et al, 1965), a wealth of
information has been accumulated on the size, structure, composigipq and
replication of mtDNA (see Borst (1972) for a réView). Genetic 7é;hods
and the recent introductian of restriction endonuclease analygis now
allow mapping of the mlitochondrial genome for its transcriptiomnal
products., 3

~
AN

A.General characteristics of mtDNA ‘ \\

Some of the properties of mtDNA are summarized in Table ?.
Mitochondrial DNAs fall essentially into 3 categories: In vertebrates

and other animals (metazoans), it Lis a closed circular structure with a
contour length of approximately 5 um, corresponding to a molecular weight
of 107; in lower organisms such as Fungil and protists, it is not
necessarily circular and the molecular weight ranges from 2 to 5x107; and
in higher plants,:'it is circular and still }argeg, having a molecular
welght of up to 7x107.

The G+C content of mtDNA £roﬁ'one organism to another varies
considerably and there is no clear relationship between G+C content and
phyiogenic position of am organism. This is particularly evident in
Fungi. Neurospora mtDNA has a 42% G+C codkent (Terpstra et al, 1977a),
but in yeast it 1s only 18X (Bernardi et al, 1972) and in Allomyces
macrogynus, a phycomycete generally considered to be more primitive than
the ascomycetes, it is 42% (Dizikes & Burke, H978). There 1is more

’ £

coﬁsistency among mammals where it is 45 + 5% (Vanyshin & Kirnos, 1977).

v



TABLE 4

Mitochondrial DNAs

P

e o v At b

Species Structure G+C Mol. Wt.
% (x107%)
~
Animals (from flatworm Circular 45 (£ 5)* 9-12
to man)
Higher Plants Circular 70
Fungl
Ascomycetes )
Yeast (Satrharomyces) Circular 18 _ 49
Neurospora . Circular 40 38
Phycomyces
A. macrogynus Circular - 92
Protozoa ' ‘m;
Acanthamoeba ' Circular v 27
Malarial parasite Circular 18
Paramecium Linear 27
Tetrahymena Linear 30-36

-

* except Drosophila
(adapted from Borst (1977)
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In contrast, in Drosophila melanogaster, it 1is only 22X (Goldring &

Peacock, 1977) and that of Euglena gracilis is of the same order (Fonty

et al, 1972). ‘

As the sizes of mtDNAs are well characterized, it 1s possible to
determine whether the mtDNAs could code for all the RNA molecules
identified as transcripts. For this it i{s assumed that the number of
proteins presumably coded by the mffychondrial genome in different
organisms {is essentlall§ the same Xﬁd calculations are based on the nine
proteins synthesized in mitochondria ?f yeast (Table 1). This is probably an
underestimate. Table 5 shows the peq&entage of mtDNA coding for rRNA,
tRNA and proteins (mRNA) In yeast aﬂé human. About 20% of the genome is

accounted for in yeast and 80% iu‘human. It would thus appear that

the genome of animal cells cann&\\code for many more than some 15
N

~

proteins. The striking difference between yeast and animal cells is

reflected in the differences in genome organization in these organisms,

B. Genome organization

Restriction maps of mtDNAs have now been obtained for a number

or organisms. These maps have been used to determine the position of

-

genes by hybridization by the method of Southern (1975), electron

_microscopy and genetic methods. Maps are shown in Fig. 2 for yeast and

Neurospora and Fig. 3 for Drosophila, Xenopus, rat and human. Some ma jor

characteristics of the mitochondrial genome are apparent from a
comparison of these maps.
1) There is no evidence of duplication of rRNA genes as found in nuclear

DNA (Amalric & Attardi, 1972) or chloroplast DNA (Herrmann et al, 1976).

S

. %
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Figure 2

A. Transcription map of yeast mtDNA.

Outer circle: Position of the tRNA .genes as determined by
Martin et al (1977a) and Martin & Rabinowitz (1978). 0y and 011
correspond to OLI-1 and OLI-2 respectively.

Inner circles: The circular map gives the fragments obtained
by digesting S. carlbergensis mtDNA with a mixture of endonucleases ,
Hind TI1+I11 and Eco RI. The dotted lines indicate extra Eco RI or Hind
Hind III recogpition sites present in the mtDNA of the strain KL1l4-4A,
which have been used to get more precise map positions for some
RNA species. The black dots represent 4S RNAs, two of which (shown
by the dotted line with the outer circle, represent the two
methionyl-tRNA species. The outer circle gives the position of
larger mitochondrial/RNAs, including 21S and 15S rRNAs. The
inner circle gives the position of the genetic loci, taken
from Fig. 1. (from Borst et al, 1977).

B. Transcription map of Neurogpora crassa mtDNA

Quter circle band: Eco RI cleavage sites are drawn with solid
lines within the circle. Hind 111 cleavage sites are indicated by
arrows outside the circle, while Bam Hl sites are indicated by
arrows inside the circle. The hatched regions within the circle
indicate the position of the rRNA genes. TInner circle: position
of the tRNA genes. One dot is tentatdively equated with one tRNA
gene. (from Terpstra et al, 1977a).
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Figure 3

Localization of genes and other markers -on the mitochondrial genome -
of different animals. o

Inner circle’ Drosophila melanogaster. The position of the
rRNA genes of the A+T-rich region are indicated.

Second circle: rat liver. The position of the rRNA genes,
of 4S RNA genes and of the D-loop are indicated.

Third eircle: Hela cell. In addition to the position of the
rRNA genes and of the origin of replication (o), tRNA genes on the
H strand ( squares) and the L strand (circles) are shown.

Outer circle: Xenopus laevis : The rRNA genes, D-loop and
tRNA genes found on the ll strand are indicated.

(data adapted from Kroon & Saccone, 1976 and more recent references
mentioned in the text) . ’

et
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2) In both yeast and Neurospora, tRNA genes are clustered. in one or more -
reéions,'but in animal cells, tRNA genes are distributed over the entire
genome in what appears to be a similar arrangement (Dawid et al, 1976).
As mentioned earlier, the tRNA genes are scattered on both strands of the
genome in Hela cells (Wu gg_gi, 1972; Angerer et al, 1976; Lynch & Attardi,
1976), rat. liver (Nass & Buck, 1970) and Xenogu§ (Dawid et al, 19765 .
This has not yet been examined in yeast and Neurospora.
3) The position of the rRNA genes in yeast is unusual in tha; the genes
for the small and large }RNAs are separated by almost half the length of
the genome. In contrast, they are adjacent to each other in Neurospora
(Terpstra et al, 1977b), as in Drosophila (Klukas & Dawid, 1976),
Xenopus ( Ramirez & Dawid, 1978), rat liver (Kroon et al, 1977), mouse
L cells (Battey & Clayton, 1978) and Hela cells (Wu_gg_gk, 1972; Angerer
et al, 1976). In some of these cells, the mitochondrial rRNAs map within
several hundred bases of the origin of DNA replication with the smaller
TRNA nearestAthe ofigin.

The 5'#3' direction of transcription of the H strand is known
to be from small to large rRNA in Drosophila (Klukas & Dawid, 1976),
Xenopus (Ramirez & Dawid, ;978),,39use L cell (Battey & Clayton, 1978)
and Hela cell (Attard1¥g£_§}, 1976) which is opposite to the start of
replication. The two rRNA genes are separated by a few hundred bases
which codes for an RNA whith might be a tRNA in Neurospora (Terpstra et
al , 1977b), Xenopus (Dawid et al, 1976), rat liver (Saccone et al, 1977)
and HéLa cgll (Wu et al, 1972). Including the tentative position assigned
for 55 RNA in Neurospora (Kroon et al, 1976), adjacent to the large

rRNA gene, .and with the exception of yeast mtDNA, the order of these genes

is highly conserved and similar to that observed in prokaryotes (Lund
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et al, 1976), eukaryotes (Wellauer & Dawid, 1977) and chioroplasts
(Herrmann et al, 1976; Bedrook et al, 1977; Whitfield et al, 1978). The
arrangementaof tﬁe rRNA genes in mtDNA of plants is not yet knpwn.c

The difference in genome ofganisation between yeast and Neurospora
is surprising in view of their possible close phylogenetic relatiomship,
but an explanation can be provided by a consideration of the significance
of intramolecular heterogeneity of G3C content found in mtDNAs. Yeast
mtDNéf and possibly that of Euglena (Fonty et al, 1972) which has not
been mapped, are'unLque in having extensive heterogeneity. In yeast, at
least half of the genome has a G+C content lower than 5%, being present
in approximately 70 interspersed segments (Pruneil & Bernardi, 1974, 1977;
Prunell et al, 1977). The larger A+T clusters are located withim a
certain region of the map, with smaller ones spread ove; the rest of the
genome (Sanders & Borst, 1977). Prunell & Bernardi (1974) have presented
a model of the yeast genome to account for this heteroggneity: A+T-rich
sequences would constitute untranscribed "spacers" between 'gene'

sequences and -G+C-rich sma&ler regions in the following fashion

) ' {
G+C—£ich site gene spacer
cluster cluster
M ot 2x0® =3.5x10° (av.) =4x10°(av.)
G+C . 60% 45-62% 26% < 5%

- ~
with the possible exception of plant mtDNA (Quetier & Vedel, 1977),
]
most other mtDNAs seem to have limited heterogemeity, possessing only
one A+T-rich region comstituting up to about 302 of the genome. In compa-

. rison with yeast, this region would not 9ode for structural genes. An

Jp—
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A+T-rich region has been obsgrved in Negrosgora (Terpstra et al, 1977a),
Drosophila (Klukas & Dawid, 1976; Goldring & Peacock, 1977) and rat liver
(Shugalh et al, 1977).

In yeast, differences in mtDNA of different stradns can be
accounted for by major insertions and deletions in the A+T-rich sections
(Sanders & Borst, 1973). This is in line with the suggestion (Bernardi
et al, 1976) that the "spacers' are preferentially involved in the
rearrangement of genes. Fonty et al (1978) recently presented results
progiding the first evidence for physical r;combination of mtDNA in
crosses of wild-type yeast cells. Analysis of regtriction fragments
indicated that recombination was very frequent in crosses and suggested
that unequal crossing-over events occured in the '"spacers'" of "allelfc"
parental genetic units.

Thus the presence in yeast of A+T rich "spacer' sequences could

be connected to the separation of the rRNA genes. In contrast, in
. &

organisms as distantly related as Drosophila, Xenopus and Neurospora,
where there is only one A+T-rich sequence, the gene arrangement of the
rRNAs has been conserved., The arrangement)in yeast must represent a later
independent evolution through pene recombination.

4) The m#pping of mRNAs corresponding to specific mitochondrially-
synthesized proteins has only 'started.

The yeast transc¢riptional map of Van Ommen & Groot (1977) is
reproduced in Fig. 2. These workers fractionated 13 discrete compo;ents
whose coding regions correspond closely to the positions of known
genetic markers, Two of these have been shown to codé for specific

proteins (see Section IIC).

[

oy
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Battey & Clayton (1978) have mapped 9 transcripts on mouse L cell
'‘mtDNA. From their proximity to the origin of replication and their size,
two of these correspond to the rRNAs. The 7 other transcripts, all coded
by the H strand, cover approximately 44% of the genome. Preliminoary
results have been presented for HeLa cell mtDNA (0Ojala et al, 1977).

The results Iin yeast are important in a number of ways. First, a
number of RNAs of different sizes appear to be ;;ded by the same region,
particularly in the OXI-1 locus. A logical conclusion is that processing
of RNA occurs, assuming the absence of aggfegation or degradation of RNA
during isolation and fractionation. Secondly, the sum of the calculated
molecular weights of the non-overlapping RNAs, plus tig/;RNAs and 4S
RNAs (tRNAs) account for at least 47% of the genome. This is in good
agreement with the results of Hendler et al (1976) obtained by'DNA-RNA
hybridization, but greater than the 20Z of the genome (Table 5)
or 30X if some 20 proteins are mitochondrially-synthesized in yeast
(Douglas &Butow, 1976) are congidered, which is actually required
to code for all the structural genes of known mitochondrial products.

The difference could reflect either that the transcripts are actually
polycistronic mRNAs for proteins not yet identified and/or that
transcripts go through extensive processing.

These possibilities are important in view of Bernardi's model which
implies:

1) monocistronic messages, with untranscribed ''spacers'.
2) coordinate expression of genes apart from each other through the
interaction of regulatory proteins with operator sites having identical

nucleotide sequences.

3) that transcription in yeast and animal cells occurs differently: in

\
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animal cells, both stfands are fully transcribed into RNAs which are then
processed.

4) the yeast mitochondrial EQ?ome has a 'eukaryotic' type of organisation
in being an interspersed system of repetitive sequences. /

5) recombination occurs at the level of the '"spacer" sequenceé.

These predictions have been discussed at length by Borst et al (1977)
and thelr conclusions can be summarized as follows:

1) The first prediction does not fit the data of Van Ommen & Groot (1977)
in that spacers are transcribed. Further, Van Ommen et al (1977) have
shown that not all tRNA genes are preceded by a "site cluster".

2) Experiments in Borst's group do not support the evidence of an
interspersed system of repetitivefsequences and of genes which are
transcribed monggistronically. There is no evidence for reiterated
sequences, at least as determined by DNA-DNA renaturation: experiments.
3) The alternative to u;transcribed A+T~rich regions is control of gene
expression at the level of RNA processing and involving the A+U-rich
sites in the RNA. Such a model would also account for insertions and
deletions in fhese regions of the DNA (Fonty et al, 1978). If regulation
of gene expression did take place at the level of RNA processing, the
yeast mitochondrial genetic system could still be considered a "mini-
replica" of the nuclear system.

In higher eukaryotés, complete symmetrical Franscription of mtDNA
occurs (Aloni & Attardi, 197lab; Murphy et al, 1975) and the differential
control of steady ;tate concentrations of individual RNAs must occur
exciusively'at'the level of processing. There is now increasing evtdence

that such pracessing occurs. In hamster mitochondria, Cleaves et al (1976)
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reported the isolation of a 20S RNA precursor to the 17S rRNA. Im AeLa
cells, the total size of presumptive mitﬁchondrial mRNAs 1s 1.5 times

the size of the genome strand (H strand) which codes for them (0jala et
al, 1977; Amalric et al, 1978). Battey & Clayton (1978) observed a number
of low yield tramnscripts of high molecular weight in mouse L cell, These
h;bridized to restriction fragments whose coding capacity was insufficient
for their total sizé, suggesting that they may act ad precursors. In
addition, in Neurospora mitochondria, rRNAs\are first transcribed as a
325 precursor which is then cleaved to give both ldrge and small rRNAs
(Kuriyama & Luck, 1973, 1974).

: RNA processing signifies the presence of non-coding regions. The
possibility that such sequences -are present dén the mitochondrial éenome
has been raised by other analyses of mtDNk.

In goat.and sheep, Upholt & Dawid (1976, 1977) demonstrated the
rapid evolution of the D-loop reglon (initial duplication loop ;f mtDNA)
(see Fig. 3). It seems to consist of an evolutionary conserved area
flanked by two regions of high evolutionary instability. This suggested
that the D-loop contained conserved sequences ilmportant for specific
fﬁnctions, while other regions of this loop evolve rapidly. The presen;e
of such(regions in this and othef parts of the genome could explain the
heterogeneity of mtDNAs found within species and between related species.
Hieterogeneity aould be in the form of addicion;, deletions and/or
sequence divergence giving rise to differences in size within a popula-

tion of wtDNA or in varying restriction patterns. In Drosophila

melanogaster, size variations can be exclusively accounted by differences

N
\
\

in the size of the A+T-rich reglon (Fauron & Wolstenholme, 1976).
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.Extensive restriction pattern differences have been found within a given
population in yeast (Sanders et al, 1976; Sanders & Borst, 1977) and

plants (Quetier & Vedel, 1977) and to a lesser extent in mouse L cells
, (ggbberson et al, 1977) and other mammalian cebis; including human cell
lines (Potter et al, 1975; Parker & Watson, 1977; Robberson et al, 1977)

and rat (Franscisco & Simpson, 1977; Buzzo et al, 1978; Hayashi et gi,
1978), as well as between related specles such as goat and sheep (Upholt

& Dawid, 1977). In mammals, there is maternal inheritance of mtDNA
(Hutchinson Eg.ﬁl' 1974; Buzzo et al, 1978), so that variations in the
mitochondrial genome within an animal population are conserved through
natural "cloning'. Thus, in ;acs, only 2 populations of mtDNA have been
found without, as yet, any evidence that £he transcriptional or transla-
tional products differ in the two populations. These observations argue

for a limited nimber of "non-functional"” regions in animal mtDNA at least.

The notion of processing and the presence of "non-functional" '}

sequences introduces further limits on the possible coding capacity of
mtDNA. Overlapping of genes aﬂa/or symmetrical transcription could
increase.the expected capacity. Both strands of mtDNA have genes in

rat liver (Nass & Buck, 1970; Aaij et al, 1970), Xenopus (Dawid et al,
11976) and yeast (Rabinowitz et al, 1976; Hendler et al, 1976) and& (
complete sym&etrical transcription has been suggested in human cells v
(Aloni & Attardi, 1971ab, Young & Attardi, 1974; Murphy et al, 1975).

It has also been suggested that some mitochondrial RNAs may be of

nuclear brigin and imvor:;d (Suyama, 1967; Dawid, 1970, 1972). Isolated

rat liver mitochondria take up synthetic polynucleotides (Swanson, 1971)

and nuclear HnRNA (Gaitskhoki et al, 1973bj Kisselev et al, 1975b) which

serve as templates for protein synthesis. Various groups have confirmed

v ek n
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these observations in other systems (Kyriakidis & Georgatsos, 1973;
Grivell & Metz, 1973; Borst & Grivell, 1973). Dimitriadis & Georgatsos
(1974) incubated purified globin mRNA with isolated mitochondria from
Tetrahymena and showed that polypeptides with the properties of globin
were apparently synthesized within mitochondria. Borst & Grivell (1973)
observed transport of synthetic polynucleotides with Xenopus mitochondria
only, but not those of rat, yeast or Tetrahymena . The presence of
mitochondrial RNA complementary to nuclear DNA has been suggested in
yeast ( Humm & Humm, 1966; Wintersberger & Vielhauser, 1968; Fukubhara,
1970; De Kloet et al, 1971 ), Ehrlich ascites cell (Avadhani et al, 1973,
1974), rat liver ( Gaitskhoki & Kisselev, 1974; Gaitskhoki et al, 1977)
and Tetrahymena (Chiu et al, 1975). Some of these results can be explained
by cytosolic contamination or non-specific hybridization.—while import
has been showﬁ to be possible in vitro, the question is whether it takes
place in vivo. The bulk of the evidence indicates that mitochondrial
transcripts code for the mitochondrially-synthesized proteins. If import
does occur, it should be Elear from this discussion that it does not

constitute a major process.

1v. Approachesﬂto the study of mitochondrial transcriptional products

There clearly remains major unresolved ‘problems on mitochondrial
blogenesis, not the least of which is to establish the exact genetic
content of mtDNA, particularly in mammalian cells. This is primarily
a question of identifying the primary gene products, which, to a large
extent, depends on the appropriate choice of approach. In the study of

mitochondrial transcription, two approaches have been used: studies

PR
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in vivo and in vitro.

Studies in vivo. These depend on the identification of RNA species

homologous to mtDNA. Most of the results described previously have been
- /

achieved by this method. Mitochondrial RNA is labelled in whole cells,

usually in the presence of inhibitors of nuclear RNA synthesis such as

\ »
camptothecin or actinomycin (Perlman et al, 1Y73; Ojala & Attardi, 1974abc)

or under conditions where only the synfheg}% of nuclear RNA 1is affected

a®

(Malher & Dawidowicz, 1973; Spradling et al, 1977). Alternatively, RNA
g t
12

is extracted and labelled in vitro, such as with 51 (Avadhani et al,
1975; Van Ommen gﬁféi. 1977) or, in the case of, individual tRNAs with
their respective radioactive amino acid using aminoacyl-tRNA synthetase
preparations (Martin & Rabinowitz, 1978). All these methods suffer the
passibility of cytosolic conCaminaFan which can be a major drawback in
the identification of mitochondrial produhts. This and other problems
have already been mentioned in previous Séctions and need not be repeated
here. Battey & Clayten (1978) have used a novel approach of labelling

mtDNA and hybridizing it to unlabelled mitochondrial RNA. Here the

difficulty is in identifying the hybridized RNA.

Studies in vitro. Transcription qE‘the mitochondrial genome in
vitro can be followed in one of 3 ways: 1) with isolated mtDNA translated
with homologoﬁs or heterologous DNA-dpendent RNA polymerages; 2) with a
coupled transaription—trunslatiop system and isolated mtDNA; and 3) with
isolated mitochondria. /

Some of the results obtained and problems associated with the first
two approaches have already been considered in previous Sections. A

recent review also deals with them at length ( Saccone & Quagliariello,

A
/
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1975) . The third approach of using isolated mitochondria has not been
widely used in the study of mitochondrial RNA although it was one of the
first approaches used to study mitochondrial protein synthesis

(Craddock & Simpson, 1961). A major objection to the use of isolated

mi tochondria might be that activities within mitochondria depend on
cgordinated activities of the cell's two genetic systens. Never;heless,
the approach is direct: the system constitutén a natur;i homologous
transcription~translation:-system, which may \or may not be coupled, under
the appropriate conditions of incubation; if the mitochondrial fraction

13

synthesizes RNA and the activity is due to mitochondria and is DNA-
dgpendent, such experiments demonstrace‘RNA synthesis and transcripttfon
from mtDNA. There is much evidence that isolated mitochondria constitute
an appropriate system to stdhy mitochondrial transcription.

Since 1964, a number of laboratories have shown that isolated
mitochondria, mostly in yeast, Neurospora and rat liver, incubated in
appropriate media with a labelled precursor, are capable of synthesizing

-
h

radicactive RNA by a mechanism having all the characteristics of

transcription (Wintersberger, 1964; Luck & Reich, 1964; Neubert & Helge,

1965; Neubert et al, 1965, Saccone et al, 1967, 1968, 1969; Fukamachi

t al, 1970, 1972) . Synthesis was not dependent upon added DNA or RNA

—— ——

and was usually completely insensitive to DNase and KNase. Incorporation

of labelled nucleotide precursors into RNA was sensitive to atractyloside,

an inhibitor of the carrier in the inner mitochondrial membrane for ADP
and ATP (Saccone et al, 1967; Fukamachi et al, 1972) as well as to
ethidium bromide, actinomycin D and acriflavin (Neubert et al, 1965;
Saccone et al, 1969; Fukamachi et al, 1970, 1972), indicating a DNA-

dependent process. These characteristics among others differentiate

,—.
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i .
mitochondrial RNA synthesis from that of the nuclear fﬁpctlon 6t from
possible bacterial contamination. A nuwmber of propertie# ;f‘isolated
mitochondria depend on the state of the mitochondrial f%accion. The
permeability of the mitochondrial.membrane can be alter%d by using‘
phosphate-swollen mitochondria. Under such conditions, RNA syhtgssis
]

becomes partly sensitive to DNase and RNase (Neubert & Helyge, f)65).
Mitochondrial preparations also incorporate all four nucleokide
equally, in contrast to mitochondria incubated in iso-osmot;c medium where
[BH] ATP incorporation is much more significant than that of the other
nucleotides (Saccone et al, 1968, 1969). Sensitivity to actinomycin also
dep;;ds on the preparation of £;e mitochondrial fraction and the osmo-
larity of the incubation medium (Neubert & Uelgs: 19653 Fukamachi et al,
1972) . These results point to the danger of artifacts if the proper‘
incubations or preparatiops of mitochondria are not used. .

The nature of the RNA synthesized has only been examiPed in a few
cases. In general,'the RNA appeared heterodisperse. In yeast, labelled
RNA sedimented on sucrose gradients as rRNA-like RNA (235 and 16S) and
tRNA (dé) (Wintersberger, 1966) . It was shown by Groot & Van Harton
Loesbrock (1976) th;; the RNA synche;ized was not exclusively rEﬁA. Sote
RNA hybridized to restriction fragments of yeast mtDNA which do not code
for ‘rRNA. Suyama & gyer (1968), with Tetrahymena mitochondria, observed
‘RNA around 18 to 14S, but no‘tRNA. With rat liver mitochondrf%, Saccone
et al (1969) showed radioactivity in the 14 to 8S region, while Fukam;chi
gg'gk (1972) found poiﬁdisgerse material with peaks in the 16S region.

was shown to contain rRNA with electrophoretic mobilities of

215 and 13S on agarose-acrylamide gels (Fukamachi et al, 1970). Other

am——sa s v
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evidence that rRNA was being s esized has come from competition expe-
riments with cold mitﬁchondnial rRNA (Saccone, 1973). Eighty-five
percent of the RNA synthesized by isolated rat liver mitochondria waé
found to hybridize to mtDNA, preferentially to the H strand, although 1t
also hybridizéd to a significant extent to the L stfand (Aaij et al, 1970).
The polydispersity of the rat liver profiles (Fukamaéhi et al, 1972)
indicates that the RNA is not soLely rRNA. In Ehrlich ascites cells,
Avadhani et al (1973) isolated RNA fromlmitochondrial polysomes which
hybridized to mtDNA. While they concluded that this KNA was mitochondrially-
cranscribed mRNA lacking a poly(A) tail, RNA labelled in vivo had a
different size and traé;criptional origin and had a poly(A) tail (see
Section IIC). Other indications that RNA of a messenger nature might be
synthesized by isolated mitochondria has come from kinetic studies showing
short‘half-lives of the synéhesized RNA (Lederman & Attardi, 1970;
Gadaleta & Saccone, 1974). In terms of tRNA, only Wallace‘& Freeman (1974)
have used 1solate& mitochéndria to label specific tRNAs (see Section IIB).
Thus, while isolated mitochondria appear to synthesize RNA identi-

cal to th%?c’E?ﬁtﬁEb§3ed in vivo, a better characterization of these

products remains to be done.

‘Objectives and Rationale

The gengral ain of this thesis is to further investigake whether,
‘for RNAs, mammalian mitochondria are completely autonomous or import
" nuclear-coded specles. While the origin of mitochondrial rRNA (with the
exception of "5S RNA", Section 11A) is essentially repolvis, the.nafure

of the mRNA4 1s still unclear and the number and genetic origin of

. i -
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mitochondrial tRNAs is not yet known.
J

These problems will be examined using isolated mitochondria to
label the RNAs. The ;pecific questions which I wish to answer are the
following:

1) Mitochondrial mRNAs

The results of Avadhani et al (1973, 1974) raise important
questions: Is there any mRNA impdrted from the cytosol? Does mitqchondrial
mRNA po;sess a poly(A) tail? As discussed above, Avadhani et al (1973, 1974)

‘suggested tgat poly(A)+RNAs are imported into mitochondria. One of their
major arguments for this conclusion was their inability to detect poly(A)+
RNA synthesis by 1solated Ehrlich ascites cell mitochondria. This result
contradicts results in whole cells by other groupsi To resolve this, the
possible synthesis of poly(A)+RNA by isolated mitochondria was re-examined.
These studies are presented in Part I.

2) Mitochondrial tRNAs

The number and genetic origin of mitochondrial tRNAs has not yet
been resolved. As discussed in Section IIB, a number of alternatives are
possible to expléin present results. Resolution of these questions depends
on the ability to isolate, characterize and determine unambiguously the
genetic origin of all mitochondrial tRNAs, tRNAS for a number of amino
acids were not observed when mitochondrial tKNAs were charged by isolated
aminoacyl-tRNA synthetases. This might reflect a limitation of the
technique. Isolated mitochondria might serve as an appropriate system to

charge individual tRNAs. Unders conditions of protein synthesis, it would
be expected that tRNAs fér ail amino acids would be charged. The more

specific questions which will be considered are:

i
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a) What are the sizes of mitochondrial tRNAs and how do they compare with
thoge of their cytosollc cougferparts? This question is raised in part

by the results of Dubin & Friend (1972). Further calculation of the number
of téNA genes by saturation hybridization requires a knowledge of the size
of mitochondrial tRNAs.

b) Do isolated mitochondria incorporate all amino acids into proteins?
This is equivalent to asking whether mitochondria Bavé tRNAs corresponding
to each amino acid. |
¢) Do mitochondria co;tain distinctive tRNAs for all amino acids and

are the tRNAs coded by the mitochondrial genomé?

d) As isoaccepting species might be necessary to read all codons, are
there such species for some amino acids and are they coded by separate

oy
genes? ‘ 8
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PART 1

’ THE SYNTHESIS OF POLY(A)+KNA BY ISOLATED MITOCHONDRIA

METHODS

.Growth and maintainance of cells

Ehrlich ascites cells were maintained in 8-10 week old Swiss-
Webster mice as described by Haldar & FFeeman (1968) and were collected
from 7 to 19 days after peritoneal injection. The yileld was approxi-
mately 5x108 cells per mouse.

-

Isolation of mitochondria

’ Ehrlich ascites cells from up to 12 mice were washed twice with

200 ml of ice-cold 0.137 M NaCl/ 0.027 M KC1/ 0.015 M KHZPOQ/ 0.081 M
NaZHPOA’ pH 7.4 (PBS), twice with ice cold 0.3 M sucrose/ 2 mM EDTA/
2 mM Tris-HCl, pH 7.4 (Medium B) and then‘suspended in 10 ml of Medium B
before disruption with an Ultra-turrax as descéibed by Freeman (1965).
After disruption, nuclei and cell debris were removed at 2,000g for 4 min in
a Sorval RC2-B  refrigerated centrifuge and the pellet homogenized *

> briefly in 10 ml of Medium B and'recentrifuged. The'combined super-
natants were centrifuged first at 2,000g for 4 min to fémove further
nuclei or nuclear fragments, then at 5,000g for 10 miﬂ. The mitochon-
drial pellet was washed once in 0.25 M;sucrose/-Z'mM EDTA, pH 7.4 (Sé)
before 1ncubat;on. |

Mitochondria were isolated from livers of 150 g Sprague-

55
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Dawley rats essentially as described by Fukamachi et al (1972). The
livers wefe washed in SE, minced and homogenized with a Thomas teflon
homogenizer. Nuclei, unbroken cells and red blood cells were removed by
2 centrifugati;ns at 1000g for 10 min in a Sorval R2-B refrigerated
centrifuge. The supernatant was then centrifuged at 6,506g for
10 min. The pellet was resuspended, centrifuged again at 1,000g, then
at 6,500g twice-for.lO min. The mitochondrial fraction was resuspended
in a small volume of SE prior to incubation. This procedure yielded 5
to 10 mg of mitochondrial protein per g of liver. This 1s 25 to 50%
of that reported by others (gorst et al, 1967; Chia et al, 1976) and
is the result of the third 1,000g centrifugation.

Y

Incubation of isolated mitéchondria

Mitochondrial fractions were incubated in 6 ml of the hypo-
osmotic medium described by Fukamachi et al (1972), unless otherwise
specified. The final incubation medium contained 3 mg proteip/ml and
4 mM KCL/ 7 mM MgC12/ 5 mM KHZPOA/ 7.5 mM succinate/ 0.45 wM malate/
i.S mM pyruvate/ 0.1 mM of each of the unlabelled nucleotides/ 33.4 mM
sucrose/ 0.27 mM EDTA, pH 7.4. Either [3H] UTP (50 uCi/ml) or [3H] AMP
(25 uCi[ml) were uéed to label the RNA. Incubations were in acid-washed
125 ml Erlenmeyer flasks at 30°¢C usually for 30 min, using a shaking
water-bath set at 80-100 oscillations/min. Following incubation,

mitochondria were recovered by centrifugation, washed once with SE and

the RNA extracted.
s 4
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Isolation of RNA

RNA was isolated by the cold-phenol method used by Fukamachi et
al (1972) to obtain total RNA from rat liver mitoch;ndria. This is a
modific;tion of a method of Kirby (1965). About 1 mg rat liver rRNA
isolated by the method of Kirby (1965) was used in each extraction a;
carrier. RNA was recovered by precipitation with 2.5 volumes of 95%
(v/v) ethanol at -20°¢ overnight.
‘ ;

Isolation of poly(A)+RNA .

Poly(A)+RNA was r;covered by adsorption on and elution from
oligo(dT)-cellulose as described by Hirsch & Penman £1973). RNA was
dissolved in a small volume of binding buffer (0.4 M NaCl/‘l mM EDTA/
10% glyceral/ 0.1%Z SDS/ 10 mM Tris-liCl, pH 7.4) and applied to a column
of 100 mg oligo(dT)-cellulose previously equilibrated with the same
buffer. After washing with 10 ml of buffer, the poly(A)+RNA was eluted
with low sglt elution buffer (0.1% SDS/ 1 mM EDTA/ 10 mM Tris-HC1,
pH 7.4). The eluate was made up to 0.1 M NaCl and the RNA precipigfted

<with 95% (v/v) éthanol or used directly. ’ ,

Alternatively, poly(A)+RNA was adsorbed on Millipore filtgrs

according to method B SE Lee et al (1971). In’this‘case, the RNA was

suspended in 10 volumes of ice~cold buffer (0.5 M KCl/ 1 mM MgClZ/ 10 mM

Tris-HCl, pil 7.4). After 10 min at OOC, the solytion was filtered through

a Millipore filter (0.45 uym) previously soaked with and washed twice

- with 10 ml of the same ice-cold buffer. The filters were then dried and

o
counted for radioactivity.
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Isolation of poly(A)

Poly(A)+RNA was dissolved in sterile water and buffer and then
enzyme added to give a final solution of 20 pg pancreatic RNase A and
10 units RNase T, in 100 w1l of 0.45 M KCl/ 15 m Tris-HCL, pll 7.4 in
a 1 ml Eppendorf microtube. After digestion for 30 min at 37°C, 1m
of 0.1 M NaCl/ 2% SDS/ 25 mM sodium acetate, pH 8.5 was added and
RNA extracted with an equal volume of water saturated phenol at room
'temperaturei The RNA was precipitated from the aqueous phase with 2.5
;olumes of 95% (v/v) jethanol at —20°C.OVernight.

&

Denaturation of poly(A)+RNA

Total RNA was dissolved in 0.1% SDS/ 1 mM EDTA/ 10 mM Tris-
HC1, pH 7.4, heated at 70°C for 5 min (Ojala & Attardi, 1974b) and
placed at 0% fo£ rapid cooling. The solution was then adjusted to
0.4 M NaCl and the poly(A)+RNA adsorbed on an oligo(dT)-cellulose.

After elution from the column as described above, the poly(A)+RNA was

rither analyse& directly or.denatured again depending on the expertment.

§
& i

- SDS-polyacrylamide gel electrophoresis

Poly(A) and poly(A)+RNA were ‘snalysed on 6x60 mm gels containing

14% acrylamide/ 0,25% bis-acrylamide prepared and run in Buffer E (1 .mM

EDTA/ 0.2% SDS/ 36 mM NaHzPQ4/ 30 mM Tris-HCl, pll 7.4) according to

Loening (1969). Electrophoresis was usually for 3 h at 8 V/ cm.

Alternatively, poly(A)+RNA was run on 10% polyacrylamide gels containing

5%~ formaldehyde. Details of the gel composition are given in Methods to

Part II.. ’
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Sucrbose density-gradient centrifugation

A number of different conditdons were used to analyse poly(A)+RNA.
(1) An isokinetic, 15 to 33% (w/v) sucrose density-gradient in 0.1 M NaCl/
1 mM EDTA/ 0.2% SDS/ 10 mM Tris-HCl, pH 7.0 at 24°C for 16 h at 69,000g
(Bartoov et al, 1970). In this case, poly(A)+RNA eluted from oligo(dT)-
cellulose column was used directly for centrifugation.

(2) A linear 5 to 20% (w/v) sucrose density gradient in 0.25 mM EDTA/

B i e

O.ZZ‘SDS/ 1 mM Tris—HCl, pH 7.4 with or without 1% formaldehyde at 24°¢
and 108,000g for 18 h. '
(3) A linear 5 to 20% (w/v) sucgése density-gradient in 0.25 mM EDTA/
0.1 M LiCl/ 0.2% SDS/ 1 mM Tris~HCl, .pH 7.4 with or without formaldehyde
at 4°C and 108,000g for 18 h.
‘ Roly(A)+RNA was either layered directly over the grad}ent

following elution from the o0ligo(dT)-cellulose column or denatured for
5 iin at 70°C in either one of the 5% sucrose buffer solutions prior
to centrifugation. In some cases, the poly(A)+RNA was first precipitated
with 957% (v/v)\ehtanol at —20°C, dissolved in 0.25 mM EDTA/ 0.2% SDS/
1 mM Tris-HCl, pH 7.4 with or without 1% formaldehyde and denatured
before centrifugation.

Centifugation was in the SW 41 rotor of the Beckman L2-65B
centrifuge. .

Gradients were dripped from the bottom and fractions of

? approximately 0.4 ml were collected and counted for radioactivity.

. |
* . Alkaline hydrolysis - X

-

The procedure followed was that'of Fukamachi-et al (1972). RNA
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was precipitated with 5% trichloroacetic acid, washed twice with 5 ml of
2% potassium acetate in 95% (v/v) ethanol, followed by ethanmol-ether ’
(3:1, v/v) and ether. Hydrolysis was performed in 2 ml of 0.3 N KOH for

18 h at 37°C. The reaction was stoppoed by acidifying to pﬁ 6.0 with 6 N

t\

HClOA at 0°C. Precipitated material was removed by centrifugation and

the supernatant neutralized with KOH and left for 2 to 3 h at 0°C. After
removing further precipitate by centrifugation, the solution was
lyophilized. The resulting nucleotides were resuspended in 0.2 ml of

0.5 N NH,OH and separated by descending chromatogrphy on Whatman No. 1

4

paper with isobutyric acid-ammonia-water (66:1:33, v/v/v) as solvent for

18 h. The paper was dried, cut and counted for radioactivity.

Preparation of marker rRNA

-

- 2

Cytosolic rRNA was obtained from Chinese hamster ovary cells.
Cells were grown in 200 ml of suspension culture as described by Wallace
et al (1975). YRNA was extracted after overnight labelling of 5x105cells/
- ml with 1 uCi Elac] uridine/ml by method 1 of Kirby (1965) 1in the

presence of 1 mg carrier yeast rRNA.

Prgﬁaration of poly(A) from £3H] adenosine-labelled cytosolic poly(A)+RNA
A Swiss-Webster mouse, ;ontaining 7-day Ehrlich ascites cells was

injected wigh 150 uCi=[3H] adenosine. After 24 h, the cells were recovered,

disrupted and the RNA extracted “from the 10,000g supernatant by method 1

of Kirby (1965). Poly(A)+RNA was recovered on an oligo(dT)-cellulose

column and poly(A) obtained as described for mitochondrial RNA.
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Measurement of radioactivip&

Samples of RNA, poly(A)+RNA or poly(A) were dried on Whatman 3MM
filter disks, washed with two changes of icg—cold 5% trichloroacetic
acid, followed by ethanol-ether (1l:l, v/v) and ether. Radiocactivity was
4
measured in a toluene-based scientillation solution (Haldar & Freeman,
1968). Millipore filters and paper chromatograms were also counted in
this solvent. Fractions from sucrose density gradients were countZd
with 0.3 ml HZO and 3 ml PCS. Gels were cut in 1 mm slices using a
Gilson aliquogel fractionator, digested overnight in 0.15 ml NCS-
toluene (2:3, v/v) and counted with 3 ml of naphtalene-dioxane

scintillation solvent (Haldar & Freeman, 1968), A Nuclear Chicago Mark 1

liquid scintillation spectrometer was used for counting.

Protein determination

Protein was routinely measured by optical density, assuming that
a solution of 1 mg protein/ml in 1 N NaOH has an absorption of 1 at 280
R Y

nm. Identical results were obtained by the method of Lowry et al (1951)

with bovine serum albumin as the standard. -

a



Buffers

Medium B:

SE:

PBS:

Buffer E:

Ko
0.3 M sucrose

2 mM EDTA
2 mM Tris-HCLl, pH 7.4

0.25 M sucrose
2 mM EDTA pH 7.4

0.137 M NaCl
27 mM KCl
15 mM

81 mM NaZHPOA, pil 7.4

s

36 mM NaHZPOA
1 mM EDTA
0.2% sbS

30 mM Tris-iCl, pll 7.4
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MATERIALS

The source of most materials is tabulated below.

Macerial

Acrylamide

(%] AMP (22 Ci/mmol)

[3u] adenosine ( 26 Ci/mmol)
ATP

Atractyloside
Bis—acrylahide

CTP
Deoxyribonuclease I
Ethidium bromide
GTP
0l1go(dT)-cellulose
[*H] poly(A) (18.7 Ci/mmol)

PCS scintillation fluid
Ribénuclease A )

Immobilized RNase A (500 units/mg)
T, Ribonuclease ( 500,000 units/mi)
[ “C]uridine (50mC1 /mmol)

uTP }

[3nJ uTP (17 Ci/mmol)

Source

Eastman Organic Chenicals Co.
Amersham/Searle

" "
Boehringer Mannheim Co.
Calbiochem
Eastman Organic Chemicals Co.
Boehringer Mannhelm Co.
Worcthington Blochemical Corp.
Calblochem
Boehringer Mannheim Co.
Collaborative Research
Schwartz-Mann
Amersham/ Searle
Worchington Biochemical Corp.
'WOrthington Biochemical'porp.
Sigma \
Amersham/Searle -
Boehringer Mannheim Co.

Amersham/Searle
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RESULTS

RNA synthesis by isolated mitochondria

N

The incorporation of label ingo poly (A)+RNA was routinel§
measured by following the incorporation of radioacti:Yty into RNA that
bound to oligo(dT)-cellulose, which is known to bind poly(A)-containing
RNA selectively (kdmonds & Caramela, 1969; Aviv & Leder, g972). Fig. 4A
and B show typical results for both E%I]UTP aud EH ]AMP‘incorporacion
into,poly(A)+RNA by Ehrlich ascites cell mitochondria over a one hour
time course. The incorporation into total acid-insoluble materi#l was
essentially linear over a one hour period as observed previously by
Fukamachi et al (1972).for rat liver mitochondria. On the other hand,
the Incorpora n of [?H JAMP into material binding to oligo(dT)-
cellulose (ng. 4A) was rapid during the first 10 min and little further

A
incorporation was observed during the next SU min. In comtrast, the
incorporation of [SH] UTP showed a lag, then was linear until 30 min
befor; levelling off. The difference in the first 10 min between the
{ncorporation of the two precursors into presumed poly (A)+RNA might be
a reflecgion of the post-transcriptional synthesis of the poly(A) tall.
The levelling off of (?ﬁ JUTP incorporation and the plateau observed for
ﬁu JAMP incorporation codld be due to the rapld turnover of either

oly(A) or poly(A)+RNA or Goth, but not to a decline in RNA synches;s
4

ince total RNA synthesis continued.

Fukamachi et al (1972) observed that [?H JATP incorporation into

8

\
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RNA represented only 15% of the total insoluyble incorporation by

isolated rat liver mitochondria. Thus, the difference in incorporation
between total PH JAMP-labelled acid-insoluble material and that binding
to oligo(dT)-cellulose could reflect the incorporation of [BH] AMP into
‘non—RNA products. For this reason, it was important to determine

whether [3H] AMP-labelled material, binding to oligo(dT)-cellulose was
indeed RNA. Acid-precipitable material from the total RNA extracted from
isolated Lhrlich ascites cell mitochondria also yielded an unidentified
compound running between ADP and ATP as observed by Fukamachi et al (1972),
but, as shown in Fig. 5, [3H} 2'(3") AMP was the major component detected
in the hydrolysis of presumed poly(A)+RNA, indicating that it was RNA,

While binding to oligo(dT)-cellulose is a characteristic of poly(A)
and poly(A)+RNA, conclusive evidence that the RNA bound to oligo(dT)-
cellulose was poly(A)+RNA and not RNA non-specifically bound, was
necessary.

In addition to oligo(dT)-cellulose binding, poly(A) is usually
measured by its ability to bind to Millipore éilters or to poly(U)-
Sepharose (Molloy et al, 1974). As shown in Table 6, the first two
methods gave essentially identical rgsulfs. App}oximately 25% of the
[3H] UTP-labelled RNA from Ehrlich ascites cell mitochondria was repro-
ducibly retained by oligo(dT)-cellulose or or Millipore filters; with
[3H] AMP as the precursor, about 30% was retained after a 30 min incu-
bation. llowever, over a series'of experiments, this value ranged between
10X (see Fig. 4A) to 35%. It is possible that such ;ariations depended

on the amount“of [3H] AMP-labelled material which was not BNA and was

extfacted with the RNA.
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TABLE 6

Incorporation of [3H:bTP and [3H]AMP into ascites cell and rat liver
- J
mitochondrial total RNA, poly(A)+RNA and poly(A) //—§§

-

Mitochondria were incubated and RNA and poly(A)+RNA isolated
from 6 ml incubations (30°C, 30 min) as described ¢n the Methods. The
control incorporation was about 70,000 cpm for each of [3RJUTP
(incubations with 50 uCi/mi) and [jHthP (incubations with 25 ucCi/ml)
and 14,000cpm for the incubation with ethidium bromide in the case of
Ehrlich ascites cells and 8,000 cpm in the case of rat liver.

Fractionation B3y ute (Bu AMP

‘/_/) Z control
S/

Ascites cell

\\\ Type of RNA Method of Label

control
Total 100 100
poly (A)+RNA 0ligo(dT)-cellulose 27- 28
Millipore filter 24 31
poly(a) oligofdT)ecellulose - 3
Millipore filter - negligible
+ ethidium bromide (3, g/ml)
Total 100
poly (A)+RNA oligo(dT)-cellulose 22
- B - Millipore filter -
poly(A) oligo(dT)cellulose 8.4
Millipore filter negligible
Rat liver
control , - 100
poiyE:;+RNA 0ligo(dT)—cellulose Co- 5
poty oligo(dT)ecellulose - 0.51

-, No determination was made.
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With rat live; mitochondria, incorporation into [3H] AMT -
labelled poly(A)+RNA by 1isolated mitochondria was usually of the order
of 5%. As well, total incorporation into acid insoluble material was up
to ten fold lower than for Ehrlich ascites cell mitochondria. For this
reason, most experiments were performed using Ehrlich ascites cells and

not rat liver.

Characterization of the poly(A) tail of poly(A)+RNA

The presence of poly(A) in the material binding to and eluting
from oligo(dT)-cellulose was established by hydrolysis with pancreatic
RNase and Tl RNase in 0.45M KCl. The [3H] AMP-labelled RNase-resistant

material was extracted with phenol at alkaline pli, bound to and.eluted
from oligo(dT)—celfulose and characterized by polyacrylamide gel electro-
phoresis. As shown in Fig. 6, the RNase-resistant material of the RNA
extracted from Ehrlich ascites cell mitochondria éigrated with a peak

of slightiy faster mobility than ASE with some more rapidly running
material. In comparison, Ehrlich ascites cell cytosolic poly(A? obtained
from cytosolic, oligo(dT)-cellulose-binding RNA and isolated b; the same
procedure described for mitochondrial poly(A), had a peak of 7SE (Fig.:6j.
Under the same conditions of hydrolysis, the profile of synthetic [3H]
poly(A) (Schwartz-Mann), as‘determined by gel electrophoresis, was not

altered. The fact that a cytosolic 7Sé peak was found, as observed by

other workers ( Ldmonds et al, 1971;Adesnik et al, 1972; Greenberg & Perry,

‘1972), indicates that the ASE p&ly(A) peak was not the product of partial

digestion of contaminating cytosolic poly(A). Further proof that the
observed peék was indeed poly(A) -was given by the absence of a peak

U [3H] UTP-labelled RNA was treated in the same manner as shown in

e
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Fig. 6. ‘

From the ab;ve, it can be concluded that the ASE peak observed
from Ehrlich ascites cell mitochondrial poly(A)+RNA 1is poly(A).

Fig. 7 shows that a similar ASE peak was isolated in a similar
experiment with rat liver mitochondria. The heterogeneity of the peak
was probably the result of contamination by oligonucleotides as the
RNase-resistant material was not, in this case, bound to oligo(dT)-
cellulose following RNase digestion. A similar phenomenon was found for
Ehrlich ascites cell mitochondrial poly(A). The material running faster
than the ASE peak 1in Filg. 6 was most likely poly(A) and not undigested
oligongcleotides as it was not labelled wi£; [3H] UTP and was retained
by oligo(dT)-cellulose. This point was not pstucd further in the case
of rat liver mitochondria because of the low incorporation in this

*
system. .

While the poly(A)+RNA from Ehrlich ascites cell mitochondria could
be bound equally by o0ligo(dT)-cellulose and Millipore filters, the
corresponding poly(A) segment was found. to bind only to the former
( Table 6). Diez & Brawerman (1974) had previously indi;ated that
Millipore filters did not retain short poly(A) stretches. The present
results sugéest that the length of the pB{;(A) stretch is not the only
reason for retention of<RNA or lack thereof on Millipore filters, and
that some other factor, such as Interaction of poly(A) and at least part
- of the rest of the RNA, may be involved in binding.

The presence of free poly(A) was tested for by running undigested
[3H] AMP-labelled poly(A)+RNA on polyacrylamidf gels under denaturing

conditions. This was necessary because the poly(A) may be fuvolved in

the formgtion of aggregates du¢ to the lack of seconddry structure at

: d K

\
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neutral pll (Rich et al, 1961), making {t available for base palring with
complementary sequences (Ojala & Attardi, 1974b), On a 10% acrylamide pel
containing 57 formaldehyde, all the materfial was rectained at the top of

the gel with no geak corresponding to the 45 . poly(A) (results not shown).

E

This result is similar to that of ilirsch & Penman (1974a) for Hela cell

’

mitochondrial poly(A)+RNA.

Mitochondrial origin of poly(A)+RNA

The difference in size Letween the mitochondrial and cytosolic
poly(A) tail suggested that the poly(A)+KNA was not synthesized at the
same site as the cytosolic poly(A)+RNA, but it was still possible that
the poly(A) and poly (A)+RNA were synthesized in nuclel or in some other
organclle contaminating the mitochondrial fraction. To prevent possible
synthesis by nuclei, [%l] AMP was used instead of [3H] ATP, as {solated
nuclel incorporate nucleotides from nucleoside triphosphages whereas
the nucleoside moneophosphate would be phosphorylated in mitochondria.

The site of synthesis was examined with selective inhibitors. As
shown in Table 7,.atractyloside, an inhibitor of adenine nucleotide
translocation into mitochondria (Winkler & Lehninger, 1968; Vignais &
’Vignais,1970) and ethidium bromide, an inhibitor of labelling of RNA
in mitochondria (Zylber et al, 1969; Fukamachi et al, 1972; llirsch &

Ve
3 ‘ Penman, 1974ab), both inhibited [3H] AMP incorporation into poly(A)+RNA
by khrlich ascites cell mitochondria up to 80%. The characterization of
the RNA wirose synthesis was not inhibitea by cthidfum bromide 1is given

p below. lhe atractyloside and ethidium bromide concentrations (216 yM and

3ug/ml of incubation medium respediively) vere chosen to give the



TABLE 7

.

Effect of Inhibitors on [JH]AMP Incoxporation

.

1

The experiment was performed as for Table 6. In one experiﬁent,
the mitochondria were washed after the Incubation with Medium B and then
incubated in Medium B for 15 min at 30°C in the presence of 1 unit 'of
immobilized RNase/ml. \

hY

N

Inhibitox Fractions
Total poly{A)+RNA\
X control FS '
>
Control 100 100%
+ 210 uM atractyloside '
o ascites cell mitochondria 22 %0
rat liver mitochondria
hypo—-osmotic 30 éﬁ
"iso-osmotic 32 X
+ 3 ug ethidium bromide/ml (ascites) 20 20\\\
+ immobilized RNase¢ (ascites) ) 81 90 -
* poly(A)+RNA was 10X of total incorporation in the case of Ehrlich /

ascites cell mitochondria and 5% in the case of rat liver mitochondria. '

T~
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highest inhibition of total incorporation as previously determined by
Fukamachi et al (1972) for isolated rat liver mitochondria. As shown

;; Table 7 also, atractyloside inhibited the incorporation of [3H] AMD
into poly(A)+RNA by isolated“rat liver mitochondria. 1he origin of the
difference in inhibition between iso—osmotic and hypo-osmotic media
(Table 7) 1is not known, but could reflect leakage of mitochondria incu-
bated in hypo-osmotic medium, which would decrease the ability of
atractyloside to inhibit entry gf adenine nucleotides. The inhibition
of incorporation into total aci;-insoluble material shown in Table 7 are
similar to those of Fukamachi et gl_(l972) for rat liver mitochondria
isolated in sucrose-EDTA. It should be noted that under the conditions

of incubation, rat liver nuclei are completely insensitive to both

atractyloside and ethidium bromide (Fukamachi et al. 1972), further

indicating that the observed synthesis of poly(A)+RNA could not be caused

by contaminating nuclei. The results therefore are consistent with a

mitochondrial site of synthesis.
{

v

A further proof of the mitachondrial origin of poly(A)+RVA was
obtained by the following experiment: following labelling of RNA by
isolated Ehrlich ascites cell mitochondria, they were suspended in
Medium B, divided in half and incubated with and without | unit of
immobilized pancrecatic RNase. Under the conditions of digestion in low
salt (0.3M sucrose/ 2 mM EDTA/ 2mM Tris-1HCL,pli 7.4); poly(A) 1is known to
be hydrolysed (?cers, 1960). At various times aliquots were taken and the
trichloroacetic acid-precipitable counts Jetermingp and as shown in
Fig. 8, some 20% of the radipoactivity was lost. Further, as summarized

in Table 7, the radiocactivity in the total acid-insoluble material after

15 min decreased by approximately 19% while only 10%Z of the ﬁﬂ] AMP -

>

T



Iy
s

ACID-PRECIPITABLE RADIOCACTIVITY

N
0}
T

N
O

CPM (x 10-%)
O,
T

1\ O

AV

O— O
{1} {0

1 I

o

5

—~

IO

TIME (min)

Figure 8

Ef fect of immobilized RNase on the incorporation of [3H] AMP
by isolated Ehrlich ascites cell mitochondria.

#itochondria were isolated and incubated.as described in the
Methods. Following incubation, they were recovered by

centrifugation, resuspended
in half and incubated with a

1

n 12 ml of Medium B, divided
d without 1 unit of immobil{ized

wRoncreatic RNase. Aliquots of 100 ul were taken at each time

point, spotted on Whatmann

filters and acid-precipitated

as described in the Methqds.' o, —immobilized RNase; q, +

immobilized RNase.
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labelled poly(A)+RNA was lost. This indicates that the poly(A)+RNA was
protected within a membrane. The 10% loss céuld be the result of RNA
turnover, contamination with cytosolic poly{A)+RNA or digestion of
mitochondrial poly(A)+R§A by the RNase because of partial disruption of
/

mitochondria during the experiment. The results further substantiate

that the synthesized poly(A)+RNA is not cytosolic in origin,

Characterizatiorf of poly(A)+RNA

Having dcmonstrstihe mitochondrial origin“of the isolated .

poly (A)+RNA, the RNA was’ n characterized by sucrose density gradient
centrifug?;ion. As shown in Fig. 9, bath [3H] AMP and [°i] uTP-labelled
poly (A)+RHA from khrlich ascites cell mitbchondrka gave similar patterns
.on a 15 to 33Z’sucrose density gradient in U, IM Nal(l under non-denaturing
conditions. lhere was a broad peak at about 185 and much RNA'of higher

S values. In contrast, the material which was not'retained by 6ligo(dT)-

A
cellulose consisted of either free nucleotides, oligonucleotides, 45 RNA
or some other acid-insoluble material. As shown in Fig. 10, there was
"no RNA corresponding to either mitochondrial rRNA or Rossible poly (A)-
RNA%f a size similar to poly(A)+RNA, as was found by Avadhani et al
(1973, 1974).

The high S values of the poly(A) +HRNA (Fig. 9) could be a rcflec-
tion of the true sizg of the RNA, but because poly(A)+RNA tends to form
aggregates (Ojala & Attardi, 1974b), the size was futher examined by
characterizing denatured poly (A)+RNA. : | gl

Vhen the t%!]AMP-labelled poly (A)+RNA was denaturéd by heating

ac.700C for 5 min, as described in the methods, cooled rapidly and
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Figure 10

Characterization bn sucrose-density gradients of ascites cell
mi tochondrial [ H] AMP-labelled material not binding oligo-
(dT)-Cellulose. Mitochondrial RNA was labelled with [5H] AMP as
described in the Methods. It was denatured and passed through
011go(dT)-cellulose. The material gluting at high salt-was
denatured again and ran on a 5-20% sucrose density gfadient. in
0.25 mM EDTA/ 0.2% SDS/ 1 mM Tris-HCL, pH 7. 4 at 247C and .
108,000g for 18 h,
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centrifuged on a 5 to 20% sucrose grédient in 0.25mM EDTA/ 1mM Tris-HC1,
pll 7.4, at 24°C,_a broad peak at 125 was obtained as shown in Fig. 1ll. As
the low § value could reflect degradation at 24°C, the 'same poly(A)+RNA

was centrifuged on a 5 to 20% sucrose density gradient in 0.1}f LiCl, at

~ \
4°c. Two major peaks at 16S and 125 weré observed (Fig.l12). The profile

obtained with [3H] UTPulabélied poly(A)+RNA‘bas very similar to that of

, I3

the [3H] AMP-labelled RNA (Fig. 12).-As a further precaution against
aggregation, [3H] AMP-labelled poly(A)+RNA was denatured in the presence
of 1% formaldehyde and centrifuged at 24°C and 4°C in the presence of
formaldehyd;. As shown in Fig. 13A and B, the two major peaks at 16S and

12S were observed as well as some heterogenous RNA with a lower sedimen-

3
\J

tation rate. .
ol

& Rat liver ‘mitochondrial poly(A)+RNA labelled with [3H] AMP also

showed broad peaks between 12S and 16S with some other possible compo-

nents when centrifuged undér dénaturing conditions (Fig. l@b\

>
~

Characteri2ation of poly(A)+RNA synthesized in the presence of ethidium. *

bromide

%

In the présence of ethidium bromide, up to 20% as much poly(A)+RNA

\

as controls was synthesized (Table 6 dnd 7). This could represent
cytosolic contamination or residual or‘éagtlal synthesis of mitochondriai
RNA. The observed labelling reflects the sypthesisiof both the pdly(A)
tail and the rest ©f.the poly(A)+RRA (Table.6), but-the poly(A) taill was
a higher proportion (35%) of the {adioactivity\of poly(A)+RNA than in the
absence of ethidium bromide. This would be expected if ethidium bromide

inhibited mitochondrial transcription but not the synthesis of poly(A).
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This was examined further by characterizing the poly(A)+RNA /and its
oly(A) tail.'Fig. 9 shows that the poly(A)+RNA now sedfﬁggked at about
to 10S on a 15 to 33%Z sucrose depsity gradient. On a 5 to 20% sucrose
density gradient which gives greater resolution, peaks at 65, 125 and a
shoulder above 125 were observed as éhown in Fig. 15. On a 147 acrylamide
gel, some of the ethidium bromide-resistant poly(A)+RNA ran slower -than

»

ASE (Fig.16) but some did not enter the gels., This is in contrast to the

poly (A)+RNA synthesized in the absence of ethidium bromide which does

not enter the gels. Similar results were observed by Hirsch & Penman (1974a)

"with lleLa cell mitochondrial RNA. This result would be expected from the

profile of the 5 to 20% sucrose density gradient which indicates that

much of the RNA synthesized in the presence of ethidium bromide is

’

shorter than that synthesized in its absence. liowever, the presence of

1
!

a 125 peak would imply that inhibition of mitochondrial transcription is

1

not complete. As shown in Fig. 16, the poly(A) tail was also shorter than .

the major 43E peak of poly(A) synthesized in the absence of the inhibitor.
The smaller size of poly(A)+RNA, combined with a slightly shorter poly(A)
tail would account for the greater propQrtion of radioactivity found in
poly (A) extracted after incubatioﬁs in the presence of the drug 2352)'than

in 1ts absence (10%).

RN S
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DISCUSSION

As outlined in the Introduction, the nature and metabolism of

‘ mitochondrial mRNA was approached through the isolation and characteriza-
|

tion of mitochondrial poly(A)+RNA synthesized by isolated mitochondria.
The results will beJ ons dered in relation to those of other workers in
vivo and in vitro in o éf to ;:;éss the use and limitations of isolated
mitochondria in such s:udies.

The evi@gnce that the mitochoadrial fraction synthesized poly(A)+
RNA was that 1) a fraction of the labelled material bbuné to both oligo-
(dT)-cellulose and Millipore “filters indicating a poly(A) segment; 2)
hydrolysis of this fraction gave rise to labelled 2'(3')-nucleotides /
showing that it was RNA.and 3) RNage T, and éNase A digestion in the

presence of high salt resulted in a fragment_of'fairly uniform size of

. 1] .
about 4S, fhat was labelled with [3H] AMP but not [3H] UTP and hence

'was the presumptive poly(A) tail. In ’nparison with the results of Hirsch

& Penman-(l973), a poly(A) tail with an eleétrophorecic mobility of ASE
would correspond to a length of 57 nucleotides, but the average length
of poly(A) found here, including the smaller fragments. would more

likely be around 50 éhcleotides. In contrast, the cytosolic 7SE poly (A)

'tqil represents between 145 and 210 nucleotides (Edmonds & Caramela, 1969;

Sullivan & Roberts, 1973), The size of mitochondrial poly(A) found is
similar to that reported by other workers in HelLa (Hirsch & Penman, l§73;
0Ojala & Attardi, 1974a), Drosophila (Hirsch et al, 1974), Ehrlich ascites

-~
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(Avadhani et al, 1973ab) and Krebs ascites cells (Gaitskhoki et al,1973a)

e
-
Gomro s e 4 5

ané mouse and rabbit liver (Avadhani et al, 1975), as well as rat liver
(Gaitskhoki et al, 1973a; Rose § Jacobs, 1976; Saccone gﬁ_g&, 1976;
Cantatore et al, 1976). . l
The difference in size between'cytosolic and mitochondrial \\“-
polp(A) is an indication of 4 possible mitochondrial origin of poly(A)+
RNA: The inhibition ;f poly(A)+RNA synthesis by ethidium bromide (Fuka- ‘; ;
machi et al, 1970) and atractyloside (Saccome et al, 1967) and lack of \
significant hydrolysis by immobilized RNase supporss the conclusion that .
the synthesis was in mitochondria. Synthesis of pély(A)+RNA by the mito~
chondrial fraction could arise from mitochondria, from the presence of
microsomes (Rose & Jacobs, 1975) or nuclei, or from’'cytosolic elongation
of pre-existing poly(A)+RNA (Rose et al 1976: Brawerman & Diez, 1975)
As pointed out previously, Fukamachi et al (1972)° showed that under the
incubation conditions used, neither nuclear nor microsomal RNA synthesis
was significant. Further, at low ATP concentrations, isolated nuclei do
not synthesize poly(A) (Jelinek, 1974)\ With [3H]‘AMP as the précursor,
and in the absence of added,ATP, it would be expécted that neither nuclei \
nor nuclear fragments account for the synthesis of poly(A) by the mito-
chondrial fraction. Lack of digestion by immobilized RNase ;xludes cyto-
solic elongation. These qriteria are sufficient to conclude that the
- poly (A)+RNA Qas syn;hésized'in isolated mitochondria. 'Hybridization ‘j
‘\‘studies, which woul& have provided a definitive proof, were, however,
. not attempted.
Jﬁ\}%;q,,f//// Since this work was concluded, reports have been published
‘ T substantiating tg;s conclusion. In p;rc1cular,,two groups have repérted

the synthesis of poly(A) and poly(A)+RNA by isolated rat liver mitochon-
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dria. Saccone et al (1976) obtained poly(A)+RNA which hybridized to
various restriction fragments of mtDNA. Rose & Jacob; (1976) sipdied
boly(A? polymerase act;vity in isolated mitochondria and foued that the_
synthesis of poly(A), partially inhibited by ;;ractyloside, appeared

to be dependent on intramitochondrial pre-existing RNA to which it was
covalently attached. In addition, the present results are in general
agreement with those in vivo of other workers. The present results
provide information on tée question of post—transcriptionalJaddition

of poly(A)‘and of the nature of the poly(A)+RNA synthesized, and these

\

will be considered now.

Sl
. E ‘ \"":\ s
Post-transcyiptional addition of poly(A)
/3\ The more rapid appearance of [3H] AMP than [3H] UTP.in poly(A)+
' -
RNA is consistent with a post-transcriptiomal addition of poly(A), as

occurg in the nucleus. A dependencg on pre-existing RNA f;r poly(A)

. synthesis was observed by Rose & Jacobs (1976) . The time lag in appear-
ance of pol;(A)+RNA labelled with [3H] UTP, which should reflect the
synthesis of the whple molecule more than with [3}1] AMP, could result
from processing from precursor to the final poly(A)+RNA products.

s
The effects of ethidium bromide inhibition are also consistent
with a %ost-transcriptional addition of poly(A). Ig the presence of this
drug which selectively 1nhibi§s transcription in mitochondria (Zylber et

52911969), poly(A) synthesis should be either reduced or the poly(A) added

o .
to ;mall fragmedts of \RNA. With isolated Ehrlich ascites cell“mitochondria,
addition of ethidium promide resulted in 80 inhibition of Roiy(A)+ RNQ*
synthesis. (Tables 5 and 7). The remaining poly(A)+RNA was mostly

smaller than in the absence of the &rug but a significant fraction had a

BN ,
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similar size (Fig. 15). This seems to be caused by incomplete inhibitjon
of transcription rather thanacytosolic contamination or import of RNA
gince the poly(A) tail was found to be shorter (Fig. 16) than in the
absen;e of the drug..hﬁo free poly(A) was observed. Hirsch & Penman (1974a)
algo did not isolate any ff;e poly(A) from Hela cell mitochondria after
ethidium bromide inhibition in whole cells, but tbe poly(A) formed was not
reduced in length. Hirsch & Penman (1974a) also observed a transient

1]

decrease in the rate of poly(A) addition followed by a rise which was
interpreted as resulting from an increase in abberent small RNA substrates
similar to those seen here (Figs. 15 and 16). The absence of free poly(A)
indicates that mitochondrial paly(A) polymerase needs a primer for
polyadenylation as shown by Rose & Jacobs (l97é).‘ Recognition elements

must reside at the 3'_end of the RNAs. It is not q}ear, on the other

hand, why Ojala & Attardi (1974a) found "free poly(A)" in HeLa cell
-

; mitochondria: from cells incubated in the presence of ethidium bromide.

The presence of free poly(A) would be incompatible with present models

of polyadenylation (Darnell et al, 1973; Brawerman, 1974).

Nature of poly(A)+RNA

In the cytosol, poly(A) is associated with the majority of mRNAs.
The presence of a poly(A) tail on mitochondrial RNA makes it a good candi-
date for mitochondrial mRNA. For RNA to be of a messenger natufe, it must
be shown to gg capable of coding for proteins. §2udies of translation of
mammalian mitochondrial poly (A)+RNA in vitro are difficult because of
low availability of mRNA. However, it is possible to determine whether
the size of poly(A)#RNA would be sufficient to code for the molecular
weights of mitochondrially-synthesized progeins (see Introduction,

~

\«

>
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section I1C), This wiil be considered after a discussion of the size'of
the poly(A)+RNA.

The poly(A)+RNA synthesized by isolated mitochondria of both
rat liver and Ehrlich ascites cells appeared as discrete peaks at around
16 and 125 when centrifuged under denaturing conditions in formaldehyde.
HeLa cell mitochondrial poly(A)+RNA also had peaks in the same region
with an additional 7S component (0jala ttardi, 1974b). A 7.5S compo-
nent has also been observed in rat liver’ (Gaitskhoki et al, 1977; Kisselev
et al, 1977),

The sedimentation profile of poly(A)+RNA (Fig. 14) was very
similar to that obtained by Fukamachi et al (1972) for total rat liver
mitochondrial RNA. These workers shoueérthac a fraction of total RNA
consisted of mitochondrial rRNK‘whiéL was identified by gel electropho-
resis (Fukamachi et al, 1970). Condeivably, the poly(A);RNA fraction could
be contaminated with mitochondrial rRNAs and Amalric et al (1978) and
Spradling et al (1977) have observed a small amount of binding of 12§
rRNA from HéLa cells and 16S rRNA from Drosoghila‘cells to oligo(dT)-
cellulose. However, non-specific binding of either rat liver or Ehrlich
ascites cell mitochondrial rRNA to oligo(dT)-cellulose seems an unlikely
explqnacion of the present results for the following reasons: 1) the
amount which would be expected to bind would not be more than 5 to lQZ
(Spradling et al, 1977) especially when the RNA was denatured before
ffactionation. Even, 1f a more ;1gnificanc fraction did bind to oligo~-
(dT)~cellulose, the remainder should be found in the eluting fraction.
As shown in Fig. 10, this is not the case as only lower molecular

welght RNAs, non-RNA molecules or nucleotides were present; 2)

in both rat liver and Ehrlich ascites cells, the amount of

. K.w— = sk € et =
P

R A
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rRNA labelled by isolated mitochondria 1s low, even after a i h
labelling (Fukamachi et al, 1972; Avadhani et al, 1973); 3) total
cytosolic CHO rRNA and BHK mitochondrial rRNA both failed to bind to
oligo(dT)~cellulose; 4) the molecular weight calculated for poly(A)+RNA
from the size of the poly(A) and the percentage radiocactivity associated
with 1t corresponds to that determined from sedimentation analysis (see
below). It is concluded that the fraction binding to oligo(dT)-cellulose
consists mostly of poly(A)+4RNA.

. Only two peaks were observed on centrifuging the poly(A)+RNA
under denaturing conditions. The broadness of the peaks suggests that
they represent multiple RNA specieé. Attempts at further resolution on
polyacrylamide® disc gels were not succesful as large, non-reproducible
aggregates were frequently obtained, whether or not formaldehyde or
formamide was present to denature the RNA. Aggregation of poly(A)+RNA
was also observed by Ojala & Attardl (1974b). It was suggested that such
aggregation resulted either from the symmetrical transcription of the
RNA and/or from the presence of the poly(A) tail and its interaction
with the rest of the RNA. In Hela cells, most of the mitochondrial

poly (A)+RNA 1is tiranscribed from the H strand, with a 7S component

transcribed from the L strand. Using CH3HgGl/agarose slab gels, Amalric

t al (1978) resolved Hela cell mitochondrial poly(A)+RNA into 18 .

distinct bands. The tendancy of mitochondrial poly(A)+RNA to aggregate

raises the possibility that some of the higher molecular weight peaks

observed by Hirsch ﬂg_gi (1974) were artefacts. In faft, in a more -
recent paper, Spradling et al (1977) separated Drosophila cell mitochon-

drial poly(A)+RNA into 11 bands between 19S and 12S on urea slab gels,

~

I
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Battey & Clayton (1978), in a unique appvoach, hybridized wnlabelled

poly (A)+RNA fractionated by poly(U)-Sepharose to labelled mouse L cell
mtDNA and analysed the hybridized mtDNA after digestion of unﬁybridized

DNA with Sl nuclease. They showed that 7 mtDNA fragments coded for poly(A)+
RNA. The number and sizes of these transcripts were consistent with that

of mitochondrially-synthesized proteins detected in that cell line

(iansman & Clayton, 1975).

Assuming that poly(A)+RNA from Ehrlich ascites cell and rat liver"
mitochondria when denatured was not partly hydrolysed, then itq\folecular
welght would average 400,000. A similar size can be estimated f;cﬁ the
size of the poly(A) tail. The poly(A) had about 10X of the radiocactivity
of the poly(A)+RNA (Table 6). Assuming that all the poly(A) w;s recovered
after RNase digestion, and taking an average length of poly(A) of 50 /
nucleotides and that the content of A residues in mitochondrial RNA is
35% (Freeman et al, 1973), the average length of the poly(A)+RNA is about
1300 nucleotides for a moleculdr weight of about 400,000. In rat liver
(see Results, Part 1II), the largest protein component syntéesized in
mitochondria has 5\molecular weight between 40,000 and 50,000 and the
smallest 1is about 4,000, putting the minimal sizes of wmRNAs necessary at .
1200 and 100 nucleotides (not including the poly(A) tail, leadér.sequence
and other non-translated segments) respectively. Thus, if the poly(A)+RNA
is mRNA, this length is sufficient to code for proteins of the molecular
welight §ynthesized in mammalian mitochondria (Yatscoff & Freeman, 1977;
Yatscoff et al, 1978;). In mammalian cells, only Kisselev et al (1977)
have shown that a mitochondrial 7.5S poly(A)+RNA isolated from rat liv;r
mitochondrial polysomes can be translated. Howeve;, the hydrophobic

polypeptide synthesized has not been identified as corresponding to any
’

.
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mitochondrially-synthesized protein.
The synthesls by isolated mitochondria of poly(A)+RNA of a size
sufficient to code for mitochondrially-synthesized proteins contrasts
with the results of Avadhani ég_gl (1973,1974). They did not detect
synthesis of poly(A)+RNA by isolated mitochondria. Using their
incubation conditions, it was found that total RNA synthesis was mucﬁ
lower than under the conditions.used in this study but that there still
was a significant fraction of labelled RNA that bound to oligo(dT)-
cellulose. The absence of polyadenylation by isolated mitochondria
observed by, Avadhani‘et al (1973,1974) probably reflects the conditions

of incubation or of the method of isolating the mitochondrial fraction.

¥ o
If this is the case, the present results contradict the interpretation

that Avadhani and co~workers drew from their work that poly(A)+RNA was
imported into mitochondria (see Introduction, section 11C). Further,

the hybridizg;ion levels of mitochondrial poly(A)fRNA to nuclear DNA
found by Avadhani et al (1973) were sufficiently low to be questiomable.

Gaitskhoki et al (1974, 1977) labelled rat liver mitochondrial poly(A)+

RNA vith.lzsl in vitro and showed that it hybridized to nuclear DNA, In

both cases, the possibility of cytosolic contémination cannot be
entirely excluded, especially when labelling RNA in vivo or by iodina-
tion in vitro. Amalric et al (1978) have shown that unless extremely
stringent conditions aré used, such as RNase‘digestion of the mitochonj//

drial fraction prior to'RNA extraction, contamfnating cytosolic RNAs,

including poly(A)+RNA, are also extracted. . . )
Contamination by cytosolic RNA howéver does not explain lack

of hybridization to mtDRA as found by Avadhani and co-workers. Neither

Penman's nor Attardi's group have given any evidence of poly(A)+RNA
9

*r
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import into Hela cell mitochondria. The present results, while limited,
do not support a need for RNA import either.

The present results do not give any information as tb the
presence of mRNAs lacking poly(A) (poly(A)-RNA), while those of other
workers are contradictory. Amalric et al (1978) isolated an RNA fraction
lacking poly(A) and hybridizing mostly to the H strand from a Triiton X-
100 extract of Hela cell mitochondria, but this RNA was lacking from
"polysomal structures". No poly(A)-RNA has been described by Penman's
group (Perlman et al, 1973; Hirsch & Penman, 1974ab; Hirsch ggléi, 1974).

fa) ‘ -
On the other hand, Avadhani et al (1973, 1974) and Lewis et al (1976b)
did isolate polysome-associated poly(A)—RNQ_hzyridizing to mtDNA and
Kisselev et al (1975) presented evidence of poly(A)~RNA assoclated with
rat liver mitochondrial polysomes. -

The existence of poly(A)~RNA in mitochondria would not be
surprising. A poly(A) tail is now thought not to be necessary for
translation per se (Revel & Gromer, 1978) and mRNAs without poly(A)
have been 1solated from the cytosol of a numbar of eukaryotes. Further-
more, in yeast, mitochondrial mRNA might lack a poly(A) tail (Groot et
al, 1974; Eggit & Scragg, 1976; Moorman et al, 1978), although this
.;uestion is still considered controversial (Borst et al, 1977). A number
of groups have suggested that fungal mitochondrial mRNAs possess a
poly(A) tail of 30 nucleotides or less (Hendler et al, 1975; Kroon et al,
1976; Rosen & Edelman, 1976). :

To summarijﬁ,Jic can be concluded th;t isolated mitochondria are

an appropriate tem for.the study of mitochondrial RNA metabolism and

of mitochgndrial p f}(A)+RNA specifically. A major problem is

the choife of incubation medium, as shown by a comparison between the

———
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present results and those of Avadhani'slgroup. The slight heterogeneity
of the poly(A) tail, the lack of a 7.5S poly(A)+RNA (Kisselev EE.él’ 1977)
and the possibility of aberrant effects of ethidium bromide on poly(A)
synthesis point to other limitationﬁw of the approach. Nevertheless, the
present results are generally consistent with in vivo results and further
document the synthesis 1in mitochondria of poly(A)+RNA of a si%? suffi-
clent to code for mitochondrial}y—synthesized proteins and thus be a mRNA.

Iﬁport of nuclear-coded mRNA would not be needed.



PART IX

THE SIZE OF MITOCHONDRIAL tRNAs

METHODS

Labelling and isolation of mitochondrial aminoacyl-tRNAs

Mitochondria from Syrian hamster or rat liver were isolated as
described in Part 1 of Methods, except that the -extra mnuclear spin was
omitted. tRNA was labelled by incubating mitochondria as described by
Wallace & Freeman (1974). The incubation medium (pH 7.2) contained 0.05M

" KC1/ 0.05M MgCl,/ 0.02M KH,PO,/ O.IM sucrose/ 0,01M sodium succinate/

2
ZmM\ADP/ 0.1mM of each of the 19 unlabelled amino acids/ 100 pug Tevenel/ml
and 15 'mg protein/ml. Mitochondria were preincubated for 4 min at 30 °c
before addition of either [358] methionine or [ H] leucine to 10 uCi/ml
to a final volume of 4.5 ml. After 20 min at 30°C at 80-100 oscillations/
' min, mitochondyia were centrifuged at 10,000g for 5 min at 4°c. The
lgbelled aminoacyl-tRNA was isolgted by resuspending mitochondria in
5nM magnesium acetate/ 1% SDS/ 0.1M soditm acetate, pH 5.0, followed by
extraction twiFe with buffer-saturated phenol at 4°C. Total nucleic
acid was then precipitatéd with 2 volumes of 95% (v/v) ethanol at -20%C
overnight, Carrier tRNA (stripped E. coli or rabbit liver) was usually
added to 100 1 g except in pFeparacions to be used for slab gel electro-

phoresis. This procedure yielded between 20,000\ and 40,000 cpm of [SH]

leucyl-tRNA and up to 150,000 cpm of [3SS] methionyl~tRNA.

109
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Labelling and isolation of cytosolic aminoacyl-tRNA

a

Livers from Syrian hamster or rat liver were homogenized in 3
volumes of 10mM KCl/ luM magnesium acetate/ 6mM mercaptoetnanol/ 10mM
Tris-HCl, pH 7.5 as described by Wallace & Freeman (1974). After
centrifugation at 30,000g for 10 min, the supernatant was passed thr?ugh
a Sephadex G-Zsiifinel column equilibrated with the extraction buffer.

The material eluting in the void volume, containing both tRNA and
aminoacyl-tRNA synthetase, was used for acylatiqn of cytosvlic tRNA at

37°C for 10 min according to Wallace & Freeman (1974). The final incubatiop
of 2 ml contained 1 ml of cytosdlic extract and was 10mM KC1l/ 1mM
magnesium acetate/ 6mM mercaptoethanol/ §mM ATP/ 4uM CTP/ 10mM Tris-HC1,

pH 7.5, and either 50 ucCi [3H] methionine or 1 ucCi [lACJ,Ieuciqe/ml. The
reaction was stopped with 9 volumes of 5mM magnesium acetate/ 1% SDS/ 0.1 m
sodium,acetate,‘pH 5.0, and aminoacyl~tRNA extracted as described for
mitochondrial tRNA., Usually, about 20,000 cpm of [14C] leudyl-tRNA and

K

100,000cpm of [3H] methionyl-tRNA could be recovered. .

Preparation of yeast penylalanyl-tRNA and leucyl-tRNA

Yeast aminoacyl-tRNA synthetase extract'was prepared as described
by Wimmer et al (1968) from baker's yea;t obtained from a local bakery.
Frozen yeast cake (25 g) was crushed with 30 ml of Superbrite (110 pm)
glass beads in 15 ml of medium (10mM MgClzl 30mM gmmonlum chloride/ S5mM
mercaptoethanol/ 10mM Tris-HCl,'pH 7.5) for 25~30 min at 4%, using a
mortar aﬂd pestle. The mixture was centrifuged at 2,000g at 4°C and the
supernatant passed throhghla Sephadex GF?S (coarse)‘column equilibrated
with 1mM mercaptoethadbl/ 0.1mM EDTA/'4OZ glycerol/ 10mM potassium .

. / - -
phosphate, pH 7.5. The fraction eluting in the.void volume was collected
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and kept frozen at 'ZQSQ;L,

Acylation of commercial baker's yeadst tRNA was also done essen-
tielly/as described:gy Wimmer gg_gi_(l96é). Mixtures contained the
fot}é&icé\components in a total volume of 1 ml: 15mM MgClZ/ 30mM KCl/ 4
mM EDTA/ 3mM ATP/ 13mM mercaptoet&enol/ 8 uM each of 19 unlabelled amino
. acids/ 120mM Tris-HC1l, pH 7.5/ 1 uCL of either )l phenylalé:xime or
[33] leucine/ 0.8 mg protein of aminoacyl-tRNA synthetase mixture/ 5 A260
units of fcast tRNA.-Incubatioﬁs were for 15-20 min at room temperature .
(22° c), foll;;ing which the aminoacyl-tRNAs were‘;;t;acted as described
for Syrian hamster and rat liver cytosolic tRNA.

RPC-5 chromatography.of the extracted spec;as indicated that
leucyl-tRNA was made up<of three species (Fig. 17A, the last two in

-~ “order of elution being the major ones and in nearly equal amounts.

enytalanyl-tRNA eluted as a sfngle peak (Fig, 17B)

urification of aminoacyl-tRNA

Labelled tRN4 was dissolved in oj‘%{ NaC1/10m Mgclzl 10mM sodium
a etate,‘pH 4.5 an a sorbed onto a 4 cm colcmn of DEAE-cellulose
equilibrated with the same buffer in a Pastecr pipette. After washing with
5 ml of buffer})ﬁhe tRNA was eluted from the column with 1M NaCl/ 10mM
MgCl / 10mM qgéium acetate, pH 4.5 and‘ggecipitated with 2.5 volumes of

95% (v/v) ethanol.This procedure removed free amino acids as well as

rRNA.

Nitrous acid modification of aminoacyl-tRNA

In order to study aminoacyl~tRNA by gel electrophoresis or by

n —density gradient centrifugation at neutral pH (see Results), it
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= speamter

L e S



112

Y e w3 gm i O RS . [P

S

. *SPOY3IaN BYl UT paqridsap se paydei3olemoiyd pue paIJBIIXI 213M SYNYI-TLOROoUTHE 3SEBIX *(9)
via-1LuetetLusayd mmmu pue (V) vN¥3I-TAonat mmmu D7T10s034> 1se?2£ jJo say7joad oyydeadozemoayd ¢-Hdy

LT 2an314
NOILOVYS . NOILLOVYH 4
o2k 00l o8 09 Ob o6 0L 0¢ og Ol
-0
o
9-0 T
O
8-0 \ = LOf z
- q o001 400l
z vt =
2 3
— A F —
'z z
~ g | = \v}
— . - oGl
_ : T\
./ | \
R S



MEIATR P it Ao < 0 o SRR ““G\W&W}W

Ry

RRERTIRRARY

AT A JLT g W S, E oy Pa, e s s anw

A e~ e a D L L T T U AR e

. 113

W
~ '

was necessary to stabilize the aminoacyl—tRNA bond to prevent deacyi;j{ggfﬂn
This was accomplished by the nitrous acid deamination of aminoacyl-tRNA
as described by Clarkson et al (1973). Briefly, labelled aminoacyl-tRNA
was suspended in lml of 10mM sodium acetate, pH 4.5 and 0.5 ml of
saturated sodium nitrite and ? ul glacial acetic acid were'added. ffter
incubation at 22°C for 15 min, 0.2 ml of 4M NaCl, pH 5.0 was added and
labelled aminoacyl—tRN@ was recovered by precipitation with 95% (v/vy)

ethanol.

Analysis of aminoacyl-tRNA

[

a, Stapilitx: The stability?pf nitrous gcid—tfeated and non—greated

\

cytosolic and mitochondrial methionyl- and leucyi~tRNA was déterminei ase
follows. A sample of labelled aminoacyl-tRNA, either treated or non-
trea?ed, was dissolved in 100 ul of 10mM sodium acetate, pH 4.5, and
incubated at 37°C. Aliquots of 10 ul were’taken at various times 'and
placed on Whatman 3 MM filters. Trichloroacetic agld—prec§gitable counts
were determined after washing the fllters in ice-cold 5% trichloroacetic
acid, followéd by\ethanol/ether (1:1, v/¥) and éther. The filters were
then dried and counted for radioactivity. For analysis at neutral pH,
the‘pH of the solution was adjusted to pH 7.0-7.5 by the additiom of

0,1N NaOH and aliquots taken a

b. Formylated species: Methionyl/tRNA was analysed for formylated species

- y
_essentially askﬁ;;cribed by Waldlace & Freeman (1974). $amples.were

resuspended in a small volume of 10mM sgdium acetate, pH 4.5 and RNase A
added to 20 yg/ml. Digestion was for 30 min et 37°C. Aliquots were shen

spotted on Whatman No. 1 paper and subjected to electrophoresfs at 60V/cm
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dried and counted for radi%activity. Radicactive methionine was used
as a marker. The position of methionyl-adenosine and formylmethionyl-
!

adenosine were deduced from the results of Smith & Marcker (1968) for

rat liver mitochondria.

¢. RPC-5 chromatography: RPC~i‘g&fomatography was performed as described
by Pearson et al (1971). Acyl%}ed'tRNA species were eluted at room
temperature with a 200 ml linear gradient from 0.45 M NaCl to.0.7'A1NaCl
in 10mM MgClz/ 2mM derdaptoethgnol/ 10mM sodium acetate, pH 4.5 for
leucyl-tRNA and 0.4 to 0.7 M NaCl in the same buffer~fo} methionyl ~-tRNA,
Approximately 1 ml fractions were collected directly into scintillation

vials using a Gllson microfractionator and counted for radioactivity by

adding 3.5 ml PCS scintillation fluid:.

Sucrose~density pradient ‘centrifugation

«

-aminoacyl-tRNAs were analysed by sucrose

Aminoacyl-tRNAs and HNb2

gradient centrifugation using three different conditions.

o -

1) low pH, high salt gradients. Aminacyl-tRNAs were dissolved in 100 mM

Vel

LiCl/*10mM magnesium acetate/ 0.1% SDS/ 5% sucrose/ 2% formaldehyde/ 10

wM sodium acetgte, pH 4.5. The solution was heated to 70°ijor 5 min,
cooled rapidly and layered over a 5 to 23)’4 sucrose-density gradient in
the same buffer.

i1i) neutral pH, low salt gradients. HNO, -aminoacyl-tRNAs were dissolved

2
in 0.1% SPS/ 2% formaldehyde/ 5% sucrose/ 20mM sodium phosphate, pH 7.4.

After heating ak 70°C for 5 min and rapld cooling, samples were layered
over a 5 to 20% sucrose-density gradient in the same buffer.

For both (1) and (ii), centrifugation was at 108,000g for 24 h at

»
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24°C in a Beckﬁan SW 41 rotor.

~

ii@) low pH? low salt gradients at low temperature. Aménoacyl-tRNAs
were dissol&ed in 0.1% SDS/ 2Z formaldehyde/ 35mM sodium acetate, pH 4.5,
the solution heated to 70°C for 5 min, cooled rapidly and layered over
a 5 to 20% sucrose-density gradient in the same b;ffet. Centrifugation
was as described for (1; and (i1i), except that the temperature was
kept at 4°c.

All gradients were dripped from the bottom of the tube and
approximately 0.2-0.3 ml fractions collected and counted for radio-

activity by addition of 0.3 ml U 0 and 3 ml PCS solubilizer,

2

\

Marker 75 RNA

Marker 75 (5.8S5) RNA was released from [14C] uridine-labelled
CHO cell rRNA by denaturing as described; for aminoacyl-tRNAs. The rRNA

was extracted as described in Methods of Part 1.

Polyacrylamide gel electrophoresis

i) Non-denaturing gels were run according to Loening (1969) as
described in Methods of Part I.

ii) Electrophoresis of nitrous acid~treated amingacyl-t (1NO,, ~

am&néacyl—tRNA) was performed under denaturing conditions essentially as
described ﬁy Dubin & Friend (1972). The acrylhmid concentration was
10 or 15% with a ratio of acrylamide to bis-acrylamide of 40:1. The gels
contained 10X glycerol and 5X formaldehyde. The éel buffer was 20mM
sodium phosphate. p;‘7.0 and the reservoir buffer lmM EDTM/ 20mM
‘sodium phosphate, pH 7.0. Samples were dissolved in‘18Z formaldehyde/
0.1% DS/ 20uM sodium phosphate, pH 7.0,  heated for 5 min at 70°¢C

\

’
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and cooled rapidly prior to applying to the gel. Marker 5S RNA when used
was run on the same gel. Eleccrophjgjuﬂf was at 10 mA/gel for 3 h.

Gels were fractionated into Y om slices on a Gilson Aliquogell

fractionator, gel fractions treated with 0.4 ml 20% NHQOH and counted for

radioactivity as described in Methods of Part I.

iii) Electrophoresis of HNOz-aminoacyl-tRNA was also performed
on slab gels under denaturing conditions as described by Maniatis et al
(l9f5). The final acrylamide concentration was 12Z with an acrylamide
to bis-acrylamide ratio of 29:1, in 4mM EDTA/ M urea/ 90mM Tris-borate,

~ : )
pH 8.Q; tRNA samples were dissolved in 25 tq’30 ul 98% formamide, heated
{ A :

_to boiling for 2 min and cooled rapidly on ice. Electrophoresis was at

10 V/cm for 5 to 5.5 h. Dye markers were run with each sample. .According
to Maniatis et al (1975), Xylene cyanol FF and Bromophenol Blue migrate
‘to positions corresponding to 58 ;nd 13 nucleotide-long éhain 1eng§hs
respectively. Gels were prepared for fluorography as described by

Bonner & Laskey (1974) and exposed to Royal-B X-Omat films at -70%.

’
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L—(6,5-3H) Leucine (38~57 Ci/mmol)
.L—(IAC(U)) Leucine™ (270 mCi/mmol)
L-(CH3—3H) Methionine (5 éi/mmol)
;L-(3SS) Methionine ( 300 Ci/mmol)
L-(3H)'Phenylalanine (60 Ci/mmol)
Pancreatic RNas; A

Royal-B X~Omat film

RPC-5 .

Rabbit liver stripped tRNA

E. coli stripped tRNA

Baker's yeast tRNA g

Urea (Ultra pure)

Xylene cyanol FF

Dr. B.G. Lane, Dept. of Biochemistry, University of Toronto, Ontario

MATERIALS
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New England Nuclear

Al > "
Worthington Biochemical

Eastman Kodak Co.

Astro Enterprises

Sigma

Sigma
Sigma

Schwartz-Mann

Eastman Kodak
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RESULTS

In order to determine the molecular welght of a specific éitochon-
drial aminoacyl-tRNA in comparison with its cytosolic counterpart it is
necessary to use conditions in which each would have the same
conformation. This can be achieved in dual-labelling experiments by sepa-

rating the fully denatured aminoacyl-tRNAs by centrifugation or electro-

- phoresis. Leucyl- and methionyl-tRNAs were chosen for three reasons:

1) labelled aminocacids can be obtained at very high specific activity;

2) the extent of incorporation of these amino acids into protein by isolated

mitochondria 1is higher than any other amino acid, and 3) the cytosolic

leucyl~ and methionyl-tRNAs would be expected to have different molecu-

1
lar weights., Assuming full denaturation of the tRNAs under the electro-

phoretic and centrifugal conditions used, the validity of such

studies depends on the purity and the stability of the aminoacyl-tRNAs.

.

~

~

?
Characterization of the aminoaéyl—tRNAs

The purity of tite mitochondrial and cytosolic aminoacyl-tRNA
preparations was determined by chromatography on KPC-5 according to
Pearson et al (1971). As shownsin Fig. 18§, mitochondrial L3SS] methionyl-
tRNA eluted in three distiné&ive peaks at salt concentrations lower than
those for the three cyto;olic species labelled with [BH] methionine.
These results are similar to those with mouse liver mitochondrial methio-

nyl-tRNAs (Wallace & Freeman, 1974) but differ in that the first peak.

e T S i
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could not be separated iﬁto two species. This difference could reflect
the absence of two separate spécies in hamster liver mitochondria or
lack of separation by the chromatographic system. The result of a
similar experiment with leucyl-tRNAs are shown in Fig. 19. Three major
peaks of mitochondrial EH ]leucylthNA were found to elute at salt con-
centrations higher than the bulk of the cytosolic fac ] leucyl-tRNA
which appeared as at least five aistinctive peaks. Thi§ confirms the
results of Wallace (1975) wbo compared Syrian hamster mitochondrial
leucyl-tRNA to CHO cell tslil cytosolic leucyl-tRNA.

The preparations of both leucyl- and methionyl-tRNAs from
hamster mitochondria contained some specles eluting with the cytosolic
tRNAs . However, the distinctive patterns of mitochondrial leucyl- and
methionyl-tRNAs obtained indicate that less than IUZ ;f the label in
these preparations was in cytgsolic aminoécyl—tRNAs.

Having demonstrated the specificiéy of the labelling of mito-
chondrial aminoacyl-tRNAs by isolated mitochondria, the stability of the
aminoacyl-tRNA bond, labile under most conditions of analyges, was:
studied. While the stability of this bond is greatest at low pH, as
shown by comparison of the rate of deacylation at pH 4.5 and 7.5
( Figs. 20 & 21 ), deacylation has been reported to ocecur at phH 5.0
during aminoacyl-tRNA/DNA hybridization (Clarkson et al, 1973) as
might be expected from the half-times of hydrolysis of aminoacyl-tRNAs
at this pH (Hentzen et al, 1972 ). In order to study labelled amino-
acyl-tRNA by gel electrophoresis and sucrose-density gradient sedimen-
tation at neutral pH, the labelled preparations of aminoacyl—-tRNAs

were stabilized by treatment with nitrous acid to deaminate the

aminoacyl moiety ( Herve& Chapeville, 1965 ) under conditions in which

/“J



122

B P

‘8T 313 up se smes ayl 213M SUOT1Tpuo)
(*-@) vN¥3-T4onaT 07171050142 P3TT12qeT-2utonat RIS ALiES £ paydei3ojemoays-oo (0-0) vNy3-TAonat &
TeTapuoys03Tu PoTT®qeT~2uTonay mmm“. 19ATT 123swmey uetifs jo aryjoiad STydeadozemorys ¢-ngy

6T 2an31g



e T . *
ey i.ﬂ%ﬁili‘i Y
J——— —————r

N
61 21n3Td \w,

123

JIRINSY AL o
.

R



e e

124

v¢; nd ‘vid3-TAuotyisum-CoNR ‘9-¥

scep Hd ‘VN§3I-TAuoryzou-ZoNm ‘v-v ‘gt HA ‘yNuI-TAuotyasm ‘e—e ig:y nd ‘yN¥I-14uoyyIIN ‘0-0
*HO®BN 30 UOTATPPE 9yl 49 G¢*[-0°*( 03 noumﬁﬁvm sem yd ay3 ‘yd Teaanau 3e Lesse ayl 104 ‘SPOYIM
ayl A1 paqIadsap SB PIUTWIAIIP mwma S3UN0D 1R FdT021d-pTOR DT320B0IOTYOFIL °SIAITII WH ¢

] tujeyM uo paderd pue sswyl SndTiea je uaxyel sjonbyrE 1 0T pue Do/ 3® peleqndur ‘g4 Hd
‘3i@390€ WNTPOS WU QT JO TN 00T UF POATOSSIpP SBm ‘pe3eell-uou 10 SPOYIaW @) U} PIqFidsap s¢
PIOB SNOIITU YITM PI3IL313 19432 ‘VNYI-TAuotyism amﬂuvconuauﬁa.cwaawnmﬁlmcHGOquma.ﬁmnmu

10 VNY3I-TAuUOTy3lam DJTOS03ALD palaqe]-3ufuorylsu ﬁmmu jo oTdwes v*'syNi3l (d) Terapuoyooamd

pue (V) DFT0803LD I2AT] 13jsmey ueTiAg pa23ieaijun pue paeaiI-pyoe SnoiITU JoO L3ITTYIqRIS

]

P 0z @an3ta1 )



( 125

30. 40 50
TIME (min)

20

10 .

O
Figure 20

20 30
TIME (min)

1O

ONINIVZY YNY* - TADVON

O-O5F

WY 40 NOILOVYS .



- tRNA ‘REMANING

FRACTION OF AMINOACYL

126

' s
S A
Nean
.10 - 20 320
TIME (min)

Figure Zi {

Stability of nitrous acid~treated and-untreated Syrian hamster

34 leucine-labelled cytosolic leucyl~tRNA. The experimental
conditions were the same as in Fig. 20. o-o, Leucyl-tRNA, pH 4.5;
~A, ‘leucyl—-tRNA, pH 7,5; @ -é, HNOZ—Ieucyl tRNA, pH 4.5; A-a,
HNO2-leucyl—-tRNA, pH 7. 5
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the ribonucleotides are not affected (Carbon, 1965) . The stability of
cytosolic nitrous acid tFeated methionyl-tRNA (HNOZ—methionyl—tRNA) to
deacylation at pH 7.5 as compared to that of untreated methionyl-tRNA is

shown in Fig. 20. The cytosolic HNOZ-méthionyl-tRNA was stable at this

~
»

pH while the untreated ;ethionyl~tRNA deacylated rapidly.

‘ Treatment with nitroﬁs acid also stabilized mitochondrial
methignletRNA completely at pH 7.5 as shown in Fig.20?, as wéll as
cytosolic leucyl-tRNA (Fig. 21) and mitochondrial léucyf:tRNA
(results not shown).

In contra;t to cytosoifc methionyl—~tRNA, untreated mitqphondrial
methionyl-tRNA deacylated very rapidly at pH 7.5 but plateaued at 30%
_+(Fig. 20B ). Paper electrophoresis of a pancreatic digest of tpis
fraction of [358] methionyl-tRNA revealed formylmethionyladenosine
arising from formylée;hionyl—tRNA {(Fig. 22A ). The form?l group
presumabiy stabilizes the gminoacyl bond of‘this tRNA. In contrast,
tétalimitochondrial methionyl-tRNA yielded both formyimethionyl!
adenosine and methionyl-adenosine (Fig. 22B ). This differential stabi-
lity was exploited in thé anélysis of mitochondrial formylmethionyl-
tRNA. No attempt.was made to determine which peak(s) separated on RPC-5
chromatography éo}responded to formylmethionyl-tRNA, as was done by
Wallace & Freeman (1974). C ‘ . 1

While the de;minatién treatment should not affect the ribonUf
- cledtideé of the tRNAs, it was neceggary to determine whethe; either
the electrophoretic moéility or.seQimehtatéon ;ate of the tRNAs was
affected. Electrophoresir,under noP—denaturing éo%ditions of‘mitochon--

@rial methionyl-tRNA, which, in relation to the above, corresﬁonds to

O s

PP
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Figure 22

Electrophoretic profiles of RNase digests of [358] me%hionine-labelled
. Syrian hamster. liver mitochondrial methionyl-tRNAs. Mitochondrial
methionyl-tRNAs were labelled and prepared as described in the Methods.
The neutral pH-stable fraction of mitochondrial methionyl-tRNA was
obtained after deacylation of methionyl-tRNA at pH 7.5 for 15 min at
37°c {Pig. 20B), precipitation and adsorption and elution from a DEAE-
cellulose column. The aminoacyl-tRNAs were digested with RNase A .
(20 pg/ml) in 50 pl of 10 mM sodium acetate, pH 4.5 at 37°C for 30 min.
. A sample was subjected to paper electrophoresis, the paper dried and . .
counted for radioactivity. Met, fMetA and MetA refer to methionine,
formylmethionyl-adenosine and methionyl-adenosine respectively.

A, Neutral pH-gstable fraction of mitochondrial methionyl-tRNA. B. Total
mitochondrial methionyl-tRNA,
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\
to rabbit liver tRNA (Fig. 23). The rest of the label appeared at the

top of the gel. Electrophoresis of labelled leucyl-tRNA, whether cyto-

r it A e —— S~

solic or mitochondrial did not reveal any band corresponding to tRNA
(results not shown) as expected from the instability of the aminoacyl-
bond at neutral pH (Fig. 21). On the other uand, cytosolic HN02~[3SS]

methionyl-tRNA (Fig. 23) and HNOZ-[3H] leucyl—-tRNA (not shown) both

R Sl L

have {denticidl mobilities to rabbit liver tRNA. To determine whether the
sedimentation rates were affected, [3H] methionyl-tRNA and HNOZ-[3SS]

methionyl~tRNA were run on low pli-high salt sucrose gradients. Both

mitochondrial and cytosolic specles were resp?ctively found to co-
sediment (results not shown). These results tend to indicate that the '
electrophoretic mobility, as observed by oéhurs with yeast aminoacyl-
tRNA (Fradin et al, 1975) and the sedimentation rate of the aminoacyl-

tRNAs were not affected by the nitrous acid treatment.

e e o M coporians: B

Sucrose gradlent density centrifugation analysis

The size of mitochondrial and cytosolic tRNAs were compared
under different conditions of sedimentation on sucrose density gradients
containing formaldehyde. The aminoacyl-tRNAs were denatured by heating
In formaldehyde at 70°C for 5 min, cooled rapldly and centrifuged on 5
to 20% sucrose density gradients in the presence of 2% forméldehyde.

Fig. 24A shows the profile of mitochondrial [?SS ] methionyl-
tRNA and cytosolic [%l] methionyl-tRNA sedimented on a low pli-high !
salt (0.1M LiCl/ 10mM MgClZ/ 10mM sodium acetate, pll 4.5) gradient. It

]
{
is clear that the mitochondrial methionyl-tRNA sedimented more slowly ‘\\

than the cytosolic tRNA. A similar result was obtailned if mitochondrial

methionyl-tRNA was allowed to deacylate at pll 7.5 to yleld formyl-

*, )
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methionyl-tRNA,
| +
It was possible that in the presence of Mg = ions, aminoacyl-
tRNAs are not fully denatured on heating. Therefore, the experiments
were repeated by heéti%g and sedimentation in low salt buffers. HNOz-
methionyl-tRNAs were compared on sucrose density gradlents at neutral

pll and low salt (20mM phosphate;pH 7.4). Fig. 24B shows that the

profile was similar to that obtained in the low pl-high salt buffer.

The same reéult was also obtaired if the tRNAs were denatured in 18%
formaldehyde réther than 27 formaldehyde. Finally, methionyl-tRNAs
were run at 4°Q in gradients having the same ionic strength as the
neutral pH-low salt guffer but at low pH. Again as shown in Fig. 25B
a similar difference in the rate of sedimeptation of mitocﬂondriai and

/.I
cytosolic methionyl-tRNAs was observed,

.

Figl26 shows the profiles of mitochondrial and cytosolic

leucyl-tRNAs (A) and HNO,-leucyl-tRNAs (B) sedimented at low pH-high

2
salt and neutral pH-low salt respectively. Mitochondrial leucyl-tRNA
sedimented more slowly than itsvcytosﬁlic counterpart. At\éoC, the

same difference was observed ‘(Fig. 25A). In all cases, the difference
between cytosolic and miiochondrial leucyl-tRNAs was largedr ( 2 to 3
fractions in the low pH- high salt buffer ) than that of/the methionyl-
£RNAs (1 fraétion ). The results suggest that the micéchondrial
methionyl; and leucyl-tRNAs should go-sediment and this was found to be

the case as shown in Fig, 27. v

In order to determine whether these results were specific for

Syrian hamster tRNAs, comparisons were made with rat liver mitochondrial

and cytosolic leucyl-tRNA and methionyl-tRNA. Fip, 28 A shows that the
L] A‘ (’

. . g .
difference in sedimentation rate of rat livfg mitochondrial and cyto-
\ S .
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Sucyrose density-gradient sedimentation profiles of Syrian hamster
liver mitochondrial leucyl- and methionyl-tRNAs. Aminoacyl-tRNAs
were prepared, denatured and centrifuged at pH 4.5 as described in
Figs. 24A and ng. -9, Mitochondrial [355 Jmethionyl—-tRNA; o-o,
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solic leucyl~tRNA§ was similar to £hat of the Syrian hamster tRNAs

( compare with Fig. 26A ). The same was true of the methionyl-tRNAs

( results not shown), Further, Syrian hamster and rat liver mitochon-
drial methionyl-tRNAs co-sedimented (¥ig. 28B), Results with slab gel

electrophoresis ( vide infra ) confirm these results,
—_—

g
f

~

Polyacrylamide gel electrophoresis of ﬂNOz—aminoacyl—tRNA

A true difference in size should be reflected in the mitochon-
drial tRNAs sedimenting slower on sucrose density gradients than their
cytosolic counterparts and running faster on polyacrylamide gels.

Mitochondrial aminoacyl-tRNAs were first analysed under dena-
turing conditions in formaldehyde in order to compare with sucrose
density gradient centrifugation analyses. Mitochondrial and cytesolic
UNOZ—andnoacyl-tRNAs were denatured by lieating in 18% formaldehyde at
700C for 5 min and)compared by disc gel electrophoresis in gels
containing 5% formaldehyde. Such conditions have been reported to give
fully denatured molecules (Boedtker,,1968; Fenwick, 1968),The electro-
phoretic conditions used corresponded to the "ﬁigh amperage, formal-
dehyde~-treated" conditions used by Dubin & Friend (1972). Fig. 29 A shows
the profile of mitochondrial HNO, - [3SSJ methionyl-tRNA and cytosolic
HNOZ— {JH] mctﬁimnyl—tRNA run on the same 107 polyacrylamide gel. It can
be seen that the mitochondrial peak corresponds exactly to that of the
cytosolic tRNA. From the position of the 55 RNA marker ( 120 nucleotides
long ), assuming linearity of electrophoretic mobility and taking an
aver%ge size of the cytosolic methlonyl-tRNA of 75 nucleotides (Pipe; &

(
Clark,1974; Simsek et al, 1974), each slice represents a difference in

e
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length of three nucleotides and smaller differences would not be detected.
HNOZ—methionyl-tRNAs were therefore analysed under the same denaturing
conditions but on more sensitive 15% polyacrylamide gels. Results are
shown in Fig.30‘. On this gel (Fig. 30 A) , mitochondrial HNOZ-[3SS]
methionyl-thNA migrated sligh?%y ahead ( 1 slice ) of the cytosolic
methionyl-tRNA, 8 difference c&(responding to no more than one or two N
AN,

nucleotides. In some experiments tﬂére was no separation. Fig. 29B

30B show that mitochondrial formylmethionyl-tRNA co-migrated with

A et I e e

cytosolic u@oz-t3u] methionyl-tRNA on both 107 and 15% polyaéi;lamide
gels. In contrast to the results with methionyl-tRNAs, Fig.29C shows
that mitochondrial HNOz-[JH] leucyl-tRNA migrated ahead of cytosolic
UN02—[14C] leucyl-tRNA on lOZ\polyacrylandde gels., Taking the position
of the 55 RNA marker, the difference would represent a shorter length
of the mitochondrial leucyl-tRNA of approximately 6 to 9 nucleotides ;
compared to its cytosolic counterpart.

Becau;e of the low resolution of this system in separating varlous
tRNA specles, the urea slab gel system (Maniatis et al, 1975) which has

[

a greater resolving power was used. Mitochondrial and cytosolic MHOZ—

.

aminoacyl—tRﬁAs were denatured by heating in 98X éermamidc and compared
by gel electrophoresis on 12% polyacrylamide slab gels containing 7
urea. This system was shown to ge linear for single and double stranded .
LUNA chains as well as RNAAmolecules, including some tRNAs (Manlatis et
al, 1975).

Fig. 31 shows the results obtained for boéh cytosolic and mito-

[?5

chondrial HN02- S ]mcthiony@-tRNA and HNOZ—l?H Jleucyl-tRNA. Yeast

uNOz— ﬁH ]phenylalnyl—tR%é (slot A) and yeast HNOZ_ ﬁu Jleucyl-tRNA

e n e e

(slot B) were used as markiﬂs for 76 (RajBhandary et al, 1967) and 85
"t
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Figure 30

[4
Llectrophoretic profiles of Syrian hamster methionyl-tRNAs
in 15X polyacrylamide gels. Conditions were as described in
Fig. 29 except for the acrylamide concentration. A. Methionyl-
tRNAs. B. Cytosolic methionyl- and mitochondrial formyl-
methionyl-tRNAs. e—e, Cytosolic tRNA; o-o, mitochondrial tRNA.
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Figure 31

Slab gel electrophoresis of Syrian hamster liver mitochondrial
and cytosolic aminoacyl-~tRNAs.

Labe)led mitochondrial and cytosolic aminoacyl-tRNAs were
prepared as described in the Methods. All samples were treated with
nitrous acid except for slot E where mitochondrial methionyl-tRNA
was applied directly after extraction. Samples were resuspended in
98% formamide, brought to beiling for 2 min and ecooled rap}dly '
before applying tao the gels. Electrophoresis was for 5.5 h at
10 V/ém. gels were then prepared for fluorography as described in
the Methods. The marker dyes are X, -Xylene cyanol FF and B,
Bromophenol Blue. leotide lengths were determined from Fi
Sloc A. yeast HNOZ—[SH] pggnylalanyl ~tRNA; B, yeast HNO, -(3u % leucyl— .

A; C, cytosolic HNO, s] methionyl-§§NA D, mithhondrial HNO, -
[3 S] methionyl- tRNA E, mitochondrial [*7s] formylmethiony&HtRNA
F, cytosolic HNOZ—[ H] leucyl- tRNA G, mitochondrial HNO
leucyl-tRNA; H, cytosolic HNO,-[ u] leucyl-tRNA and HNO —[ s]
methionyl- tRNA.
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(Chang et al, 1973; Randerath et al,1975) nucleotides respectively. Yeast ;
HNOZ—[3HJ leucyl-tRNA migrated as two bands, the two major peaks separa- E g
ted by RPC-5 chromatography (see Fig. 17A), the faster moving one S
corresponding to 85 nucleotides. The broadness of the yeast HNOZ-[3H]
phenylalanyl-tRNA band was due to the low specific activity of the

preparation and did not reflect the presence of multiple species. (see

FiLg. 17B).

L4

It can be seen that cytosolic HNOZ-[3SS] methionyl-tRNA (slot C)

Y, s

migrated as two bahds, c?rresponding to the major peaks separated by
RPC-5 chromatography (Fig. 18), while total mitochondrial HN02-[3SS]
methionyl-tRNA (slot D) and [358] formylmethionyl-tRNA (slot E) ran as
single bands. All had mobilities similar or iq%ptical to HNOZ—[%H]
phenylalnyl-tRNA, Mitochondrial HNOZ—[3H] leucyl-tRNA split into two
bands (slot E) which ran faster than any of the four bands (the separa-
tion of the last two is not clear on the print) observed for cytosolic
HNOz-[?H:]leucyl-tRNA (slot F). Precipitation of the three peak fractions

of mitochondrial [3n] leucyl~tRNA separated by RPC-5 chiromatography

leu leu leu

(Fig. 19) (t:RNA1 , tRNA2 , and tRNA3 in order of elution) and
electrophoresis of each species shows that HN02-[3H] leucyl-tRNAJI',eu is t

the faster moving specles (Fig. 32 slot C). A small amount of contamina-
ting cytosolic HNOZ— fu Jleucyl-tRNA is clearly visible in the mitochon- ¥

drial preparation (Fig. 32, slot F).

Molecular weight determination of the mitochondrial tRNAs
‘.
An estimate of the molecular weights of the mitochondrial tRNAs

can be made from 1) a double logarithmic plot of molecular weight against

distance sedimented (Gierer, 1958; Noll,1967); 2) a plot of the logarithm
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-+ Figure 32

Slab gel electrophoresis of Syrian hamster liveg mitochondrial
leucyl-tRNA species.

Labelled mitochond*ial and cytosolic aminpacyl-tRNAs
were prepared as described in the Methods. Mitochondrial [3H]
leucyl-tRNA was chromatographed on RPC-5 and the peak fractions
corresponding to each species pooled and the tRNA precipitated
with 2.5 volumes of 95% (v/v) ehtanol at -209C, All samples were
treated with nitrous acid. Samples were resuspended in 98%
formamide, brought to boiling for 2 min and cooled rapidly
before applying to the gels. Electrophoresis was for 5.5 h
at 10 V/cm. The gels were then prepared for fluorography as
described in the Methods. The markers are the same as in Fig. 31l.
Slot A, yeast HNOz—[3H] leucyl-tRNA; B, cytosolic HNO&—[3H]
leucyl~tRNA; C, mitochondrial HNOj- 3] leucyl—tRNA*e s D,

tochondrial H oa-[3u] leucyl~tRNAA®Y; E, gitochondrial HNO, -
[®H]leucyl-tRNA%®Y; F, mitochoddrial HNOZ-[ H]leucyl-tRNA.

N
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of molecular weight against distance migrated (Bishop et al, 1967;
Loéning, 1968, 1969) and 3) distance migrated expressed as the ratio of
mobilities of each tRNA species to that of the marker Bromophenol Blue
against the logarithm of chain length (or molecular weight, taking an
average molecular weight of 320 per nucleotide) (Maniatis et al, 1975).
All plots should be linear, indicating in the first case that sedimenta-
tion coefficients of denatured RllAs depend only on their molecular weight,
and, in the otiier two cases, that electrophoretic mobilities are
inversely proportional to the logarithm of the molecular weights of the
RNA molecules analysed. \

The electrophoretic molecular weight markers used were: wheat
germ 55 RNA (40,000) (liindley et al, 1972; Payne et al, 1973), yeast
cytosolic phenylalanyl-tRNA (76 .nucleotides, 24,000) (RajBhandary et al,
1967) and yeast cytosolic leucyl-tRNA (85 nucleotides, 27,000) (Chang
g§_3l31973; Randerath et al, 1975) . For sucrose gradient sedimentation
analyses, markers were: wheat germ 55 RNA, Chinese hamster ovary 7S
(5.85) RNA (53,000) (King et al, 1970), cytosolic methionyl-tRNA (24,000-
25,006) and cytosolic leucyl-tRNA (27,000-28,000), these last two being
estimated from slab gel electrophoresis and by comparison with known.
sequences (Blank & Soll, 1971; Piper & Clark, 1974; Simsek et al, 1974).

Combined results éf 3 to 5 experiments are given for sedim?ntation
analyses and gel electrophoresis in forma%dehyde. Peak fractions of
radioactivity usually did not vary mﬁre than 2 fractions or slices per
expériment. Plots for sedimentation and gel electrophoresis in formal-
de@yde analyses are shown in Fig. 33 and 34 respectiv&ly, while Fig. 359
shows the plot obtained from slab gel electrophoresis analyses. The

results, expressed in terms of apparent molecular weights; 'are
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Figure 33

Double logarithmic plot of molecular weight vs. fraction for molecular
welght determination of Syrian hamster liver aminoacyl-tRNAs from
sucrose density gradient sedimentation analyses. Conditions of
ccntrl[up.n!.lnn were as In Flgs. 26A and 26A. Polnts are the average of

3o 5 experiments and bars Indicate standard d(letlon' lh( molecular
wélghts of SS RNA 1nd 75 RNA were taken as 4x10% and b }xlu’
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Figure 34

Plot of log molecular weight vs. distance travelled for molecular
weight determination of léUéyl- and methionyl-tRNAs from poly-
acrylamide gel electrophoresis analyses. Conditions of electro-
phoresis were as in Fig. 29, Points r?Rresent the average of 3 or
3 experiments. Leu,, cytosolic HNOp~-[ *"CJleucyl-tRNA; Leup,
m%;ochondrial HNO —[3H] leucyl-tRNA; Met., cytogglic HNO, -
[°u] methionyl—tRﬁA; mety; mitochondrial HNO,- S] methionyl-tRNA. -

\
|
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Figure 35

Semi-logarithmic plot of nucleotide length vs. mobility for molecular
welght determination of leucyl- and methionyl-tRNAs from slab gel
electrophoresis in 7 M urea. Conditions of electrophoresis were as in
Fig. 31. Points are taken from two experiments. Leu,, cytosolic HNO, -
[3H] leuecyl-tRNA; le yeast HNO, -[3H] leucyl- ~tRNA} phe , yeast

o, -[ 31] phenylalan;I—tRNA met., cytosolic HNOp~ [5 s] methionyl—
tRNA; met; mitochondrial HNO,-( §S] methionyl-tRNA; leum, mitochon-
drial HNO —[ 3H] leucyl-tRNA; fmetm, mitochondrial [3 S] formyl-
methionyl ~tRNA.
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summagized in Table 8.
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TABLE 8

Apparent molecular weights of mitochondrial tRNAs

Species Cytosolic Mitochondrial Procedure
Leucyl-tRNA 28,000 24,000 (2,3)* 11X
27,000 23,000 (L)=*
26,000
25,000
27,000 25-26,000 II
27-2%,000 23-24,000 1
Methionyl-—-tRNA 24-25,000 24,000 IIX
24,000 24,000 I1
24-25,000 23-24,000 I
Formylmethionyl-tRNA 24,000 Il
23-24,000 L

I: sedimentation in formaldehyde; 11, electrophoresis in
formaldehyde; 111, slab gel electrophoresis in uresa

“ % pnumbers indicat;kmitochOndrial tRNAleu specles, based on their
order of elution om RPC-5.
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DISCUSSION

As outlined in the Introduction, the object of this investigation
was to determine whether there was any size differences between speécific

cytosolic and mitochondrial tRNAs and to determine the size of the latter

<o,

tRNAs. Syrian hamster tRNAs were chosen for this study in order to

compare results with those of Dubin & Friend (1972) on BlK-21 mitochon-
4

drial 4S RNA. These results have been extended to raf liver mitochondrial

tRNAs .

Results on the three tRNA species examined, tRNA:et, tRNA?et and

tRNA%Fu have been summarized in Table 8. With the exception of the

value obtained for mitochondrial leucyl-tRN:'\lseu from electrophoresis

in formaldehyde, which is discussed below, all the results are congistent
with one another. Both mitochondrial methionyl- and formylmethionyl-
tRNA%ft have apparent molecular weights of 24,000, equivalent to some

76 nucleotides long, while the mitochondrial 1eucyl—tRNA¥eu have, by

-

the two other methods and more specifically from slab gel electrophoresis

in 7M urea, apparent molecular welghts of 23,000 and 24,000 for tRNAieu

and tRNAleu and tRNAleu respectively. These last values compare with

2 3
those of the cytosolic tRNA%Fu whose apparent molecular welghts range
from 25,000 to 28,000. The major cytosolic species, in the 28,000
molecular weight range, are some 85-87 nucleotides long, which is within

the lengths of known tRNA%fu such as in yeast (Chang et al, 1973; s

Randerath et al,1975) and E. coli (Blank & Soll, 1971). From these results
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it can be concluded that mitochondrial tRNAs are within the size range
necessary for tRNAs to fit within the "clover leaf" model structure. The

éignificance of these size characteristics of mitochondrial tRNAs will

o

be considered later, in relation to the results obtained with other rat’

N

liver tRNAs, but particular aspects will be considered here.

The presence of formylmethionyl-tRNA
Analysis of mitochondrial formylmcthionyl-tRNA?et was facilitated

by the stability of this species at high pil compared to that of methionyl-

met

tRNAm , which provided a means to selectively deacylate methionyl—tRNA:e?

L

The size .of the combined methionyl-tRNAs were indistinguishable from
formylmethionyl-tRNA?et. Wallace & Freeman (1974) have shown that, in
mouse liver, the mitochondrial methionyl-tRNA species eluting ¥t the

higher salt concentration were formylated. This f5 also the case in rat

liver~ (see Part III). Although this has not been determined here, the

/ . analogy in the RPC-5 profiles of Syrian hamster, mouse and rat liver
\ methionyl-tRNAs implies that the Syrian hamster 9522125 eluting at the
\ .

3

higher salt concentrations are formylated.

The fact that formylated methionyl-tRNA can be obtained from

isolated liver mitochondria incubated with labelled methionine confirms

. .
. -

the existence of a cransforﬁylase in this organellé\ii:ifh & Marcker, 1968).

It is’consistent with a role éf’formylmethionyl—tRNAme in the

£
- - ¢ ’ .
initiation of protein synthesis in mitochondria in contrast to the
; ? ) .

o . .
cytosol where "‘the equivalent ‘species 1is not formylated. This role was

recently confirmed by partial sequ;nce determination of a beef heart
> - . o ' 4_;,\ ¢ 4 .
ui;ochondrially—synthesized=eubunit'gf cytochrome oxidase showing the
[ . N .
. - &
presence of, formylmethionine at the N-terminus (Buse & Steffens, 1976). °

\

R
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Comparison of the methods

The discrepancy between the results obtained by gel electropho-

resis.and sedimentation in formaldehyde was not expected. In the

absenee of conformational effects, polyacrylamide gels give a direct
measure of molecular weights. 1In practice, conformational effects can

be considergble aqd lead to quite inaccurate size determinations. Thus,
"Loening (1969) noted changes 1n relative mobilities of different
ribosomal RNAs of varying G+C content with ionic strength. Borst et al
(1970) found considerable temperature effects on the mobility of mito-
chondrial RNAs resulting in changes of up to 40% in their appareA:
molecular weights. Similar rexults have bee; observed on vertebrate and
fungal mitochondrial rRNAs whose mobilities depend, under‘native condi-
ti;ns, on temperature and ionic conditions (Groot et al, 1970; Edelman et
al, 1971; Forrester et al, 1971; Grivell et al, 1971; David & Chase, 1972;
Mitra et al, 1972; Yu et al, 1972; Reijnders et al, 1973) and BHK 4S RNA .
(Dubin & Friend, 1972).. These results were genefally interpreted on the
basis of the low G+C content of mitochondrial r RNAs (Freeman et al, 1973)

leading to a larger unfolding of these molecules compared to those with

a higher G+C content. However, a low GHC content does not entirely

explain this behavior of mitochondrial RNAs. Dawid (1972) compared *

the thermal denaturation behavior of Xenopus mitochondrial rRNA and

Drosophila cytosdlic rRNA, which have equal G+C contents and found
) s e
r'd
that Drosophila rRNAs melted at a higher temperg}ure and over a narrower

. .
range than the mitochondrial rRNAs. while their electrophoretic mobilities

-~

(]
were not affecdted.

It was assumed that the secondary structure of all RNA molecules

*

v

\

'wpuid be.identical duiing électrophoresis-in formaldehyde. This assumption

&



164

might not be valid in spite of the disruption of base pairing. Similar
discrepancies as under non—densturing conditions have been reported. Yeast
(Grivell et al, 1971) and Xenopus (Dawid & Chase, 1972) mitochondrial rRNAS
were shown to have lower mobilities than expected from sedimentation. This 1is
exactly what 1s observed here with the mitochondrial leucyl- tRNA%eu .

This contrasts with the observation on Xenogus _ 45 RNA of bawid & Chase
(1972) who could not detect ﬁny difference between cytosolic and mitochon-
drial 4S RHAs either by sedimentation or electrophoretic analysis in
formaldehyde, or those of Dubinm & Friend (1972) who calculated similar
apparent molecular weights of 19,090 fog<£HK mitochondrial 4S RNA by both
methods. This molecular weight would correspond to a length of 60
nucleotides, and such tRNAs could not possibly be aécomodated within the
generally accepted '"clover-leaf" structure. however, it is not clear how
this value was reached and the method employed might have lead to an
underestimation of the size of mitochondrial 45 RNA.

Results using formaldehyde as a denaturing agent have to be
considered with caution because of.tﬁe possibility of intra-molecular
cross-linking by formaldehyde through mefhylene bridges involving
predominantly purine résidues.(Stayno¢ et al, 1972). In addition, single -
stranded stacking is unimpajred after formaldehyde treatment. Depending
on fhs base composition and sequence of the mitochondtial tRNAs, these
effects coulq alter their conformation sufficiently to afféct their
mobility. Nevertheless, the results obtained here for mitochondrial

-

‘methionyl-—tl{NAzet and f(;rmylmethionyl-tRNA';et indicate that such,

differences in base composition do not necessarily result in electropho-

N

fe?ic mobility discrepancies for all molecules. This observation might

-

explain tde results of Dawid & Chase (1972) if one considers tRat the

¢ - ~ v .
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“fajority or the major species of mitochongrial tRNA found in 45 RNA are
hed

j?; fact (see Part III on rat-liver tRNAs) essentially the same size as
cytosolic species. This certainly seems to be the case for yeast
mitochondrial tRNAs (liartin et-al, 1977b)

1t is clear in any c%§e that electrophoresis in formaldehyde is

not an appropriate method of analysis for precisge molecular weight
determinations of molecules whose G+C content is low, such as mitochon-
drial RiNAs. A simil;r conclusion had previously been reached by Dawid &
Chase (1Y72) for mitochiondrial rRNA. The method seems applicable to

otﬁer RNAs of higher G+C content (Boedtker, 1971).

While no unusual behavior could be detected for the téNA species
studied by sedimentation analysis in formaldehyde, the main disadvantage
of tgis method is its lack of precision. Molecular weights have been

estimated only within a 4-5% error (23,000 to 24,000 molecular wei&hts
/

for mitochondrial tRNAs). The error is compounded by the fact that the

size of the cytbqolic species used as markers is not known exactly -and

-
-

were determined on the basis of analysis by slab gel elécérophorcsis in
urea, This last ékthod, in which the tRNAs, are first depachred in 987
formamide , givesothe mést reliable and accurate size determinati&ns.
Varriachio & Ernst (1975) ha;e suggestéd that tRNAs of different base

composition can have different electrophoretic mobilities in spite of

Y

identical sizes in such urea gel systems with acrylamide concentrations '

higher than 19%. For this reason, tRNA markers of known size and base
. ‘ X

composizgon were used: The fact that these ﬁolequles have mobilities

Y

corresponding to their sizes Would justify the use of this system for

the size determination of mitochondrial tRiiAs: Small variations in
! : _ : :
mobility (in the opre vel of the ord of '—
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necessarily reflect real size gifferences. They could also reflect
differences in base composition. This is the case for the two separable
yeast cytosolic leucyl-tRNA species both ‘of which are 85 nucleotides

and differ in base co;position by 21 residues (Chang et al, 1973;

Randerath et al, 1975), and most likely aléo for Syrian hamster cytosolic
methionyl-tRNA and some'but not all of‘the Syrian hamster cytosolic
leucyl-tRNAs. Larger differences in mobility, such as between mitochondrial
and cytosolic leucyl;tRNAs must reflect a real lower molecular weight

for the mitochondrial species.

Comparison with rat liver mitcchondrial tRNAleu

It is interesting to note that the size difference of mitochondrial

leu

and cytosolic tRNAS is'notfsyecific to Syrian hamster. Sedimentatidn

results shown in this section (Fig. 28) indicate that it is also the
case of rat liver mitochondrial tRNA%eu. This is further confirmed by
slab gel electrophoresis in urea (Part III). This observation would

extend and be consistent with that of Jacovcic et al (1975) on the

sequence homology of the witochondrial trNAl®Y cistron. These workers

hybridized rat liver mitochondrial leucyl—-tRNA to rat, mouse, guinea
pig, monkey, chicken, and yeast mtDNAs'gnd found that hybridization

took place with rat, mouse and guinea pig mtDNAs only, 'implying a fair

leu gane(s) among these species. Such an homology

v o+

might also be found between rat and Syrian hamster, wpich, with mouse

homology of the tRNA

and' guinea pig, aré all members of the same Family.

[

]

[2



PART III |,

-

CHARACTERIZATION AND GENETIC ORIGIN OF MITOCHONDRIAL tRNAs

/
METHODS

]

Protein synthesis by isolated mitochondria

Rat liver mitochondria were isolated and incubated as described
for the isolation of mitochondrial aminoacyl-tRNAs from Syrian hamster
(Part II),. except the Tevenel was replaced by cycloheximide at a final
concentration of 300 ug/ml. Incubatioﬁs of 1 ml were in acid-washed
tubes. Fifty nCi of labelled amino acids were added to each ml in all
cases except whefe indicated: After 30 min at 30°C, mitochondria were
centrifuged, resuspended in a small volume of Medium B and used directly.

For the time course of incorporation, all %fbelled amino acids
were diluted with a 1 mM solution of cold amino acid to lQ Ci/mmoi and
incubated at 40 pCi/ml. Aliquots of 80 pl were removed at various times
and spotted on Whatman 3MM filter disks which were boiled for 20 min
in 5% trichloroacetic acid containing.1l mg cold amino acid/ml. After
washigh,with iéevcold 5Z trichloroacetic acid twice, followed by
ethanol-ether (1:1. v/v) and ether, disks were cohn;ed as described

-

previously (Methods, Part I).

Slab gel electropLoreeis of mitochondrial proteins

Electrophoresis was performed in SDS-polyacrylamide slab gels
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using the buffer system of Laemmli (1970). ihe amount of protein added
to each gel was from iSO ug to 250 ug. The amount varied debending on
the number of counts present in each fraction. All samples were diluted
by a factor of 2 in buffer which after dilution contained 6Z SDS/10Z
glycerol/0.5% 2-mercaptoethanol/0.01% B;omophenol Blue/0.1 M Tris-
glycine-HCl, pH 6.8. Electrophoresis was on 25 ca 16 cm x 1.5 mm slab
gels at 6 mA/cmz, until the dye‘front migrated around 14.5 cm. éhe
acrylamide concentrgtion was 12.5%. Gels were prepared for fluorography
as described by Bonner & Laskey (1974) and exposed to Royal-B X-Omat

films at -70°C. Densitometric scanning of the developed fluorograms was™

performed with a Joyce Loebl scanning densitometer.

Proteinase aiéestion’ ( :

In order to determine whether-the label incorporated into mito-
chondrial proteins was the original labelled amino acid, the following
‘précedute was used: Hi;ocﬁondtial samples obtained "as above were
dialysed in EDTA-treated éubing against 1 1 of 100 mM NaCl/10 mM Trif—
HCl; pH 7.5, overnight at 4°c. Diaiysed samplef were then treated with
proteinase‘K~alone or with pronase B each at a final concentration of
50 ug/ml usually for 3 h at-30°C. Following digestion,. aliquotes were
spotted on Whatman No. 1 paper and analysed by descending chromatography
with phenol-water (100:37, w/v) as the solvent. The paper w;é dried,
cut into 1x2 cm strips and.c?untgd for radioactivity. Cold amino acid
wmarkers were run in parallel and their position déterqined by ninhydrin

treatment. . . ) ; .

» “
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Extraction of aminoacyl-~tRNAs

A. Mitochondrial tRNAs—

Labelled aminoacyl-tRNAs were extracted from rat 1iver.
mitochondria as described previously (Part.I]l). Where indicated a
modi@éed procedure was used to obtain mitochondrial preparations free of
conéamiqating labelled cytosolic aminoacyl-tRNAs, About 0,1 unit of .
immobilized RNase/ml was added at the beginning of the incubation. Aféer
15 min, 100 mM EDTA, pH 7.5 was added to 10 mM and the.incubation
continued for another 5 min. Finally, 100 mM MgCl2 was ad&ed to 10 mM

prior to centrifuging of the mitochondria.
B Cytosolic tRNAs -
Rat liver and yeast cytosolic aminoacyl-tRNAs were obtained as

described in Methods of Part‘II. ’ ~—

")

Paper chromatography of aminoacyl-tRNA -

Labelled aminoacyl-tRNA preparations were deacylated at pH 7.4 and
aliquots spotted on Whatman No. 1 paper. Free amino acids were separated

by descending paper chromatography and counted as degcribed'for the

products of proteinase digestion.

RPC-5 chgomatogréghy

Labelled aminoacleQRNAa were puriffed on DEAE-cellolose as
ldescribed for Syrian hamster liver tRNA, Chromatography on RPC-5 was
perfciéed'as°§e§cribed by Pearson et al (1971). All species were elQCed
at ropm temperature exc;pt for asparaginy;~tkNAs yhichfwere'éluted at

1;—18°c because of their presumed instability (White et al, 1973)~—--

¥
\
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Gel electrophoresis of aminoacyl-tRNAs ’

Labelled aminoacyl-tRNA preparations were deaminated and run on

slab gels as described for Syrian hamster liver aminoacyl-tRNAs.

Fingerprint analysis of mitochondrial leucyl-tRNAs

Partial digestion with RNase T, of [3H] ledcyl—tRNAs recovered

1
after chromatoéraphy on RPC~5 and deamination was berformed according
to the proce&ures of Domis-Keller et al (1977) and Simoncsits et al
(1977). ’
In the first method, samples were dissloved in a small ;olume of
wazer and 1-10 ul added to 20 pl of buffer containi;g 7™ urea/ 1 mM
EDTA/ 0.025% Xyledé’cyanoi FF and Bromophenol Blue /20 mM sodium
citrate, pH 5.03 and made up to 0.25 ug. stripped E. coli tRNA/ml in
4 .1 ml siliconized p}atic.Eppeﬁdorf tubes. These were placg§ in a
water bath at 50°C fo£ 5 min, then quickly chilled on ice. RNase T1
(1 yul:of 0.1 units/ml) was added to the second tube and two successive
ten-fold serial dilutions madé in the other two tubes Qsing a fresﬁ'
'\micropipette each time. Samples were'incubaﬁéd at 50°C for 15 min (or
20 mf; in laéer experiments), the reaction stop%edvon ice and the samples.
loaded on geis. ,
"In the method of Simoncsits et al (1977), samples were suspendéd
in ;0 mM'EDTA/ 0.1 M Tris—HCl; pH 7.5%with 0.2 units of RNase T1 in.
10 u1 and incubategd at_OOC for 30 min. Reaégibns weré stapped by the ‘
addition of lS)il formamide containing 0.0ZSZ.Xylene.cyanol FF and
Bromophenol Blue. Samples were then heat?d to 1po°c for 1.m1n, cooled

A

rapidly on ice and loaded on gels. o .
- - " ' ] - .

i &

o
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Polyacrylamide slab gels contalned. 20% acrylamide/ 0.67X bis-
acrylamide/ 7 M urea/ lmM EDTA/ 0,07% ammonium persulfate/ 50 mM Tris-
borate, pH 8.3 . Slab dimensions were 30 cm x 13.5 c¢m x 0.075 or 0.15 cm
and the sample wall dimemsions were 1l cm x 0.5 cm x 0.075 or 0,15 cm.
The running buffer was 1 mM EDTA/ 50 mM Tris-borate, pH 8.3. The gels
wvere pre-run at 800 V for 3 h prior to loading, and then at 800 V for 10
to 14 h, keeping thg'gels slightly warm duFing the run by cooling with
ethylene glycol using a cooling unit.

€ After electrophoresis, gels were prepared for fluorography as
described by Bonner & Laskey‘( 19?4), except for the 0.073 cm thick
gels where the procedhre was modified as follows: gels were’immersed in
a 7.5% acetic solution ( acetic ;cid/methanql/ water, 1.5:1:17.5)
(Weber & OQborney 1969), followsg by two immersions in 20 volumes of
DNSO- for 10 min each. The gels were then left in 4 volumes DMSO containing

20% PPO for 45 min and in water for 15 min before drying. Exposure was

to Royal-B X-Omat films at -70°C for up to 45 days.‘

Extraction of mitochondrial DNA

Mitochondria were isolated from the livers of 150g Sprague-Dawley
rats starved 24 h. After 4 washes in SE buffer, the mitochondria were
resuspended in 10 ml lysis buffer (10‘%M EDTA/ 100 mM NaCl/ 50 mﬁ Tris-
HCl, pll 7.5). Sarkosyl NL-30 was added to 2 %. Following lysis of the
mitochondria at 0° C, 7 M CsCl in 0.1 mM EDTA/ 10 mM Tris-H€l, pH 8.0
(TEY was-added.to l M and the- nucleic acids spun down at 38, 000 rpm
in a Beckqan 65 rotor fb; 19 h at 20°C. The pellet was resuspended in

approximately 1 ml of TE %nd layered over a CsCI-EtBr step gradient

- .
) »
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as described by Storrie & Attardi (1972). Centrifugation was for 5 h
at 20°C and 35,000 rpm in a Beckman SW 50.1 rotor. The lower band of
the mitochondrial DNA was qollected'by suction into a plastic syringe
after puncuurlng the centrifuge tube 1-2 mm below the band. These
operations weré performed under ultraviolet light to clearly visualise
the DNA bands by their fluorescence emission, h

) Ethidium bromide was\extracted from the DNA preparations by 6
sequential extractions with isoamyl alcohol. The EtBr-free DNA
was 8pu§ down as before for total nucleic acids‘syt in TE instead\of

lysis buffer. The pellet of mitochondrial DNA was resuspendend in 1/100

xSSC and kept frozen until use.

Cleavage of DNA with restriction endonuclease

The purity of mtDNA was checked from the patterm of restriction
.fragments pbt;ine& with Eco RI and Hind III endonucleases. Digestion
buffers were 10 mM MgClzl 150 mM NaCl/ S mM4mercaptoethanol/'10.mM Tris-~
HC1, pu' 7.6 for Eco RI and 10 mM MgCl,/ 60 mM NaCl/ 20 mM Tris-HC1, pH
7.4 for Hind III. DNA was ilncubated with sufficient endonuclease to
ensure complete digestion within two hours ( 2 to 5 units of enzyme /
ug of DNA). Digestions were carr{fg,éut at(37°C. The rgac?ions were stopped
with 0.3 volumes of 70% sucrose/100 mM EDTA, pH:7.0. The resulting
cleaved mtDNA was uséd directly for agarose gel electréphoresis.

Restriction fragments were separated by electrophoresis
essentially as described by Kroon et al (1977). The bgffet was ZQmM
_sodium acetate/ 2 mM EDTA/ 40, mM Tris-acetate, pH 7.8. Samples

containing up to 10u g mtDNA were made 0.005% in Bromophenol Blue and

loaded on the flat surface of the gel through the electrophoresis buffer.

L e

o ———
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ElectrOphoreéiB was at room ;gmperature at 100 V. After electrophoresis
the gels were stailned with 0.5 yg ethidium bromide/ml in electrophoresis
buffer and the DNA bands visualised under UV light. .

Fig 36 shows typical patterns of mtDNA digestion with Eco RI
and Hi;d I11 endonucleases. The patterns are similar to those obtained
by others (Francisco & Simpson, 1977; Kroon et al, 1977; Buzzo et al, 1978;
Hayashi et al, 1978). Two extra bands are faintly visible in the Eco RI
digest indicating the pres of two types of DNA populations, as found

by Hayashi et al (1978).

Extraction of nuclear DNA

Nuclear DNA was recovered from the nuclear pellet, obtained dur}ng
isolation of the mitochondrial fraction, by centrifugation as for mtDNA.
Fractions of the nué?ear DNA pellet ( up to 500 g g DNA) were resuspended
by sonication (Cole-Parker ultrasonic cleaner, model 8845-2) in a small
volume of 10 mM EDTA/ iO mM Tris-HCl, pH 8.0 and applied to an
EcBr—6501 step graddent as described for mtDNA. The nuclear DNA was
recovered from the top of the gradient and all furthar steps were as

for mtDNA.

Hybridization

MtDNA was denatured in 1/100xSSC made up to 0.1 N NaOH for 20
min at 22°C. After rapid cooling, the solution was made up to 6XSSC, pH 5;
7.0, Pre-soaked nitrocellulose filteré (Schleich;r & Schuell, 0.45 um)
were loaded under slow suction usually with 10‘ug mtDNA and washed with

10 ml of 6xSSC, pH 7.0, Loaded filters were dried under vacuum at 80°c
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Agarose-gel electrophoretic analysis of the Eco RI and Hind I
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for at least 4 h and kept in the dark in a dessicator until use.

The same procedure was used for nuclear DNA except that it was ‘further
sonicated before loading on filters. o

Hybridizations were in 2xSSC/0.1% SDS/ 10 mM sodium acetate,
pH 5.0 with either 30 or 50% formamide for 18 h at 33°C in a final
volume of 0.3 or 0.5 ml. Blank filters were added to all incubations.
After hybridizations, RNA was recovered, filters were washed with
incubation buffer and left to sit for 30 min at 33°C in the incubation
buffer. The filters were then washed thoroughly with 2xSSS, pH 5.0
and incubated in 2xSSC, pH 5.0 with 25 units RNase Tllml for another
30 min at 33°C. In some cases, this step was omitted. The filters
were washed again and left to sit in 2xSSC, pH 5.0 for up to 1 h at room
tempenaturg, before a final washing under slow suction with 10 ml
of 2xSSC, pﬁ 5.0 on'both sides, dried and counted for radioactivity at
5% efficiency. This procedure gave background counts usually not
exceeding 40 cpm.

4

'Measurement of DNA

DNA. was measured by scanning from 320 nm to 220 nm on a Beckman

spectrophotometer, assuming that 40 ug DNA give a reading of 1 at 260 nm.
The ratio of absorbance at 230:260:280 was usuéh}y close to 0.5:1:0.5
for both mtDNA and nuclear DNA. y

'
-~
-
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Buffe;s \

TE: 1 mM EDTA
10 mM Tris-HC1, pH 8.0

SSC: 150 mM NaCl
15 mM sodium citrate



-

MATERTALS

Cycloheximide

Eco RI 3 x 10% units/pg protein

Hind 11X (105 units/ug protein)

Proteinase K (fungal) (20 mAnson units/ug)
Pronase B

Sarkosyl NL-30
L-[14C] Asparagine 200 mCi/mmol
(3] Asparagine 21.8 Ci/mmol
L-{t%( ) Argi;ine 292 mCi/mmol
L-[2,3-34] Arginine 18.1-21 Ci/mmoi

L-[Mc(u)] Lysine 292 mCi/mmol

L-[4,5-31) Lysine 38-63 Ci/mmol

L-[L4c(u)] valine 253 mCi/mmol
L-(2,3,4-H) Valine 22 Ci/mmol
[14c] Pfoline 255 mCi/mmol

[3H] Proline 111 Ci/mmol

[3H] Histidine 10-25 Ci/mmol

L~[2,3—3H(U)] Aspartate 15 Ci/mmol
‘L-[3H(G)] serine
[3H] Glutamine 21 Ci/mmol |

RNase T

1 . (500,000 unifsdml)

2.76 Ci/mmsl =

177

Sigma

New England Biolabs

(3] 1 "

EM Laboratories

Geigy Co.,Toronto,Ontario

New England Nuclear,Boston,MS.

CEA, Saclay, France

New Enpgland Nuclear,Boston,MS.

Amersham/Searle

Worthington Biochemical Corp.
Freehold, N.J. ’
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PART III1 o

RESULTS
- B

Incorporation of labelled amino acids and charging of aminoacyl-tRNAs by

isolated mitochondria

.\\\
Hela cell mitochondrial aminoacyl—-tRNA synthetase preparations

charge mitochondrial tRNA with all the amino acids except asparagine,

proline, glutamine and histidine (Lynch & Attardi, 1976). The ability of

isolated rat liver mitochondria to 1ncBrporate these amito acids into

protein and igto aminoacyl-tRNAs was examiggd. Incorporation of leucine,

whose tRNA is known to be coded by the mitochondriai genome (Nass & Buck,

1970) and methion;ne, because of the possibility of isolating tRNA?et,

was also examined, as well as thé amino acids arginine, lysine and valine

whose tRNAs were suggested to be imported into mitochHondria of Tetrahymena

(Chiu et al, 1975). Fig. 37 shows the incorporation curves of these a

amino acids into hot trichloroacetic acid-precipitable material. Incuba-

tions were performed at a constant specific activity of }0 Ci/mmol of

eachro} the labelled amino acids and at 40 uCi/ml of incubation.

Fig. 37\shows that incorporation was linear for 30 min in all cases.

Only glutamine was not incorporated, while the incorporation of

histidine was very low. The level of incorporation of [3H] aspartate

is also shown. The lower incorporation of aspartate than that of asparagine

indicates that the incorporation of the latter is not due to its -

deamidation to Qspartate. The levels of incorporation are summarized in

)
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Table 9, in relation o that of 1e£fine which had the highest incorpo-
[} * .
- ., "\ . .
& . -

ration,
’ The differences iR incorporation reflect either tranmsport of

the amino aclds or conditions internal to che“mitochondria, since the
>

specific activity wag the same for all amino acids. In all cases,

incorporation was compietely inhibited by Tevenel, .an inhibitor of

mitochondrial protein synthesis (Wallace et al, 1975). This suggests

*

that incorporation represented labelling of mitochondrially-synthesized

SrAmG e s A S St s ot o

proteins. This was examined by slab ‘gel electroph&g;sis using the

system of Laemmli (1970). Fig. 38 .shows the pattern obtained forproline

(lane B), lysine (lane C), valine (lane D), leucine /(lane E), asparagine

(lane F) and arginide (lane G) compared to-CHO TK™ mitochondrial

L

[358] methionine-lsbelled proteins (lane A). The pattern reveals tha€

all amino acids are incorporated into the same proteins, with the
f Al

exéeption,of lysine where a slower moVing) band was present. Some 13 to i
15 major bands are present, ranging betw e: moleéular welghts of 50,000
¥
and 4,000. As, reported by Yatscdff et al (1978a), tge bandé are
" ’ 7 “
simjlar, although not quite identical, to those of rat hepatoma- (HTC)
mitochondria labelled in whole cells. This is shown in Fig. 39-where = -
it can be seen that there is at least one extra band of low molecular
weight present in the pattern obta}ned from rat livét mitochondria
. 5
compared to that of HIC mitochondria. This would indicate that most
bands observed repf%sent mitochondrially-synthesized proteins. However,
the [3H3 proline-labelled patterﬁ revealed a multf%licity of minor bands
and the same type of pétteru was obgfained when lébelling with [358]

methionine (result not shown). These heterogenous bands probably reflect

partial protein synthesis of the major bands, and, in the case of
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TABLE 9

Incorporation of [3H] amino acids into protein by isolated rat liver -

mitochondria
i
Amino acid Incorporation
’ - (X Leucine)
\
Leucine 100
Methionine 32
Proline - . 20
Lysine ~ , ) T . . 7.3
ﬁArginine & 7.3
Valine 5.6
Asparagine . 1.8
Histidine . 0.5 7
Glutamine . 0.09

Incorporation is expressed as a perceﬁfage of [3H] leucine incorporation
which was 31,000 cpm/mg grotein after a 30 min incubation at 30°C in

the presence of 40 uCi [“H] leucine/ ml at 10 Ci/mmol as for the

other amino acids as described in the Methods and the legend to Fig. 36.
Zero time controls or incubations in the presence of Tevenel were about

300-400 cpm/ mg protein in most cases.
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* ¥igure 38

Fluorographic pattern of proteins syntheaized by isolated rat liver
mitochondria and separated by SDS—polyacrylamide slab gel electgophoresié.
M%hochondria were incubated as described in the Methods with 50 uCi of
[ 34)amino acid/ml, except in (B) and (F) where 100 uCi/ml were used.
The sample of CHO TK™ cell mitochondrial proteins labelled with (353"
methionine was 8 gift of R.W. Yatscoff, Dept. of Biochemistry, McMaster
. University. (A) CHO TK™ cell mitochondrial proteins; (B) proline; <)
lysine; (D), valine; Sf), leucine; (F), asparagine; (G), arginine.

K
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Figure 39
Densitometric traces of fluoro§§ams of 'HTC mitoc¢
labelled in whole cells with [~°°S] methiondine and rat
isolated mitochondria with [3H] valine. The HTC mito

protein sample was a gift of R.W. Yatscoff, Dpt. of
McMaster University, Ontario.
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methionine, the incorporation of [355] formylmethionine into these
¢ .
proteins. These minor bands were not seen with the lothet amino acids

i

hécause,of the lower number of counts applied on thé geis.
) éhingigg al £1977) showed that all amino acilds -except aspartate,
cydteine, glutamate and proline were incorporated into whole cell
products of mitochondrial proteirnt synthesis in HelLa cells, but the
nature of the incorporated amino acids was not determined. In the
present case, the lower incorporation of qaﬂ] aspartate comp?red éo
[3H] asparagine is an indication that the latter is indeed incorporated
as asparagihe. To determine the nature of thé incorporated label,
proteinase g and pronase B hydrolysis of proteins from mitochondria
labelled with the radioactive:amino acids was performed. ;"Hu:results for
[ H] leucine (A), [ H] proline (B) and [ H] aspaiagi“e (C) are shown in
Fig. 40, While there was some material running Jlose Fo the front, onlv
" the infitial radioactive amino acids could be'detecked. The material

<
running close to the frontis most likely undigested di- or tripeptides
because radioactivity in these peaks decreased wh;n pronase B was added
following digestion with proteinase K alone (Fig. 40) and
with time of incub;tion (not shown). Sipilar results were obtained with
thg other amino acids (results noG\EE?Q;). ThesF results suggest that
charging of the corresponding tRNAs occurs under‘the conditions of
incubations used. Indeed, mitochondrial tRNAs for all amino acids except
histidine and glutaminé could be recovered. General}&, charging baralleled the
level of incorporation of each amino acid into protéin, although this varied
with the Specffic activity of the individual labelled’;mino acid. However, it

N

was necessary t{ show that there were unique mitpchondrial aminocacyl-tRNAs.

\ S N ~
. .
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Figure 40 ‘\'

Papes electrophoretic profiles of proteinase K and pronase B digests
of {°H]-labelled rat liver mitochondrial proteins.

Mitochondria were isolated and incubated as in Fig. 37,
A small amount of labelled mitochondrial protein was dialysed overnight
against 0.1 M NaCl/ 10 mM Tris-lCl, pH 7.5 at 4°C and digested with
proteinase K (50 yg/ml) or pronase B (50 yg/ml) for 3 h at 30°C.
The solution was then spotted on Whatman No. 1 paper and '
chromatographed as described in the Methods. The paper was then
dried, cut and counted for radiocactivity. Unlabelled amino acids
were run in parallel and spotted with ninhydrin. o-o, proteinase
K d1§est; e-o, proteinase K + pronase B digest.
A. [°H] leucine-labelled mitochondrial proteins; B, (3] proline-
labelled mitochondrial proteins; C, [3H] asparagine-labelled
mitochondrial proteins.
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Chromatographic analjsis of mitochondrial aminoacyl-tRNAs

In order to dishinguish the mitocﬁbndrial and cytosolic amigoacyl-
tRNAs, they w;re co-chromatographed on RPC-5. The profiles for arginyl-,
asparaginyl-, leucyly, lysyl—-, methionyl- and prolyl-tRNA are presented
in fig. 41, In all cases the mitochondrial aiinoacyl~tRNAa differed from
the co;responding cytos;lic amindacyl;tRNA.-

Mitochondrial methionyl-tRNA separated into two broad peaks
eluting at salt concentrations lower than the three cytosolic sgecies.
It is possible that the mitochondrial peaks contain more than one species
which did not separate, since similar profiles of mitochondrial
methionyl-tRNAs of both mouse (Wallace & Freeman, 1974) and Syrian hamster
(Part 11, Fig. {8) had more components. Analyssa of the two mitochondrial
peaks for terminal methionyl-adenosine and for;ylmethionyl-adenosine

showed that the first peak consisted of methionyl-tRNA (tRNA:et) while

the second peak was formylmethionyl-tRNA (tRNA?et), as shown in Fig. 42,

The same order of elution was found for mouse liver mitochondrial éf

methionyl-tRNA (Wallace & Freeman, 1974).

Mitochondrial leucyl-tRNA appeared as three peaks eluting after
the bulk of the cytosolic species which separated into three major
peaks with shoulders on either side of the first peak probably P
representing two other species., The mitochondrial elution profile is '
similar to that obtained with Syrian hamster liver mitochondrial leucyl-
tRNA (Part 11, Fig. 19).

Mitochondrial arginyl, asparaginyl-, 1lysyl- and prolyl-tRNAs

all eluted before their cytosolic counterparts. These mitochondrial

aminoacyl-tRNAs weré extracted after incubation of isolated mitochondria

-

———
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Figure 42

Electrophoreti¢ profile of RNase digests of mitochondrial [358] methionyl-

tRNAS separated by RPC-5 chromatography. Mitochondrial [355] methionyl-
tRNA was prepared and separated on RPC-5 as in Figure 40. Peaks I and II

in order of elution as in Figure 41 were recovered and digested with'

RNase A as described in the Methods. A sample was subjected to paper
electrophoresis, the paper dried and counted for radioactivity. Met,
fMetA and MetA refer to methionine,3§ormylmethionyl-adenosine and

methionyl-adenosine respectively. [ ‘
The position of the other two markers was inferred from the results of

Smith & Marcker £1968). A: Peak I; B: Peak II.

s] methionine was run in parallel.
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with immobilized RNase. If this digestion step was not 1ncludéd, the
proportion of contaminating labelled cytosolic aminoacyl-tRNA was
significant, as shown in Fig., 43 for valyl-tRNA. In this case, as for
the four other aminoacyl-tRNAs, charging of the mitochondrial species

was low compared to leucyl- and methionyl-tRNAs, Comparison of Fig. 43A
and B indicates that RNase digestion removed all cytosolic contamination
without affecting the single peak of mitochondrial valyl-tRNA. 1In the
cas; of mitochondrial lysyl~tRNA, RNase digestion revealed a third

minor peak (Fig. 41) previously hidden by contaminating labelled
cytosolic lysyl-tRNA (result not shown). Mitochondrial prolyl-tRNA
separated into a major and minor peak, while only one peak was observed
for both arginyl- and asparaginyl-tRNAs. The separation of mitochondrial
and cytosolic asparaginyl-tRNA was increased slightly if the temperature
was increased %o 20°C (result not shown). Running of this aminoacyl-tRNA
at low temperatufé in order to prevent deacylation (White et al, 1973) does
not seem warranted as significant deacylation did not occur at a higher
temperature (33°C) under hybridization conditions (see below). This was
not tested under chromatographic conditions.

Since neither prolyl- nor asparaginyl-tRNA from mammalian
mitochondria had been reported, it was necessary to show that the tRNAs
were indeed aminocacylated with proline and asparagine respectively. As
shown in Fig. 44, only [3H]aspa;agine (A) and [3H] proline (B) were
released on deacyi;tion of the mitochomdrial aminoacyl-tRNAs. This was
also found for the cytosolic species. There is no evidence of any other
labelled amino acid, such as aspartate or glutamate which could arise

asn

during metabolism. The two tRNAs are therefore tRNA and tRNAPTC,
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Figure 44

Identification of asparagine and proline in mitochondrial and cytosolic
asparaginyl-tRNA (Az and prolyl-tRNA (B). Aminoacyl-tRNAs, either [3u]
mitochondrial or [1 CJ-cytosolic, were hydrolyzed at pH 7.4 and submitted
to paper chromatography as described in the Methods. Markers.were run in
parallel and their positiéhs determined by ninhydrin treatment.
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Polyacrylamide slab gel electrophoresis of aminoacyl-tRNAs ‘

The urea polyacrylamide slab gel system of Maniatis et al (1975)

used in Part II to determine the size Jf Syrian hamster liver mitochon-

.
e s e St PRSI 18 S it

drial HNOz—aminoacyl—tRNAs was also utilized to analyse rat.liver

mi tochondrial aminoacyl-tRNAs, Results are shown in Fig 45. All mitochon- .
driatl HNOz—aminoacyl—tRNAs had higher mobilities than their cytosolic
counterparts, the mobilities corresponding to lengths of 76 nucleotides
or slightly shorter. The only exception was HN02~[3H] lysyl-tRNA (A, slot 1)
whose apparen; length was abo;t 70 nucleotides. HNOZ-[3H] leucyl-tRNA
(A, slot c) was the only mitochondrial tRNA to separate into two bands,
) both of which ran faster than all but one of the 5 bands of cytosolic
leucyl-tRNA. The separation is similar to that observed for Syrian
hamster liver mitochondrial leucyl-tRNA but the mobilities of the rat
liver species seem slightly lower than those of the Syrian hamster
leucyl-tRNAs (Part II, Figs 3lland 32).

The smaller ;ize of the Syrian hamster and rat liver mitochondrial
leucyl-~-tRNAs compared to the major cytosolic species contrasts with
yeast mitochondrial tRNAleu which is similar‘in size to its cytosolic
counterpart, that is” around 85 nucleotides long (Martin et al, 1977bj.
As the kno;n sequences of isoaccepting species of rat liver cytosolic
tRNA®®T are all 85 nucleotides long (Ginsberg et al, 1971; Rogg et al,
19;5), and as both the mitochondrial amd cytosolic tRNASST of yeast
appear to be about 85 nucleotides long (Martin et al, 1977b), the size
of rat liver mitochondrial tRNA®®T was determined. Mitochondrial
HNOZ—[BH] seryl-tRNA separated into two bands as showP in Fig. 46, slots

b and c, with apparent lepngths of 76 and lower than 70 nucleotides. The

latter band had an unusually high mobility, but this was not caused by

: 7
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Figure 45
>

Slab gel electrophoretic analysis of rat liver cytosolic and
mitochondrial HNO ~aminoacyl-tRNAs,

Cytoso%ic and mitochondrial HNO,~aminoacyl--tRNAs were .
deaminated, resuspended in 98% formamide, "brought to boiling for 2
min and cooled rapidly before applying to the gels. Electrophoresis
was for 5.5 h at 10 V/cm as described in the Methods. The marker
dyes were X, xylene cyanol FF and BB, Bromophenol Blue. The
numbers refer to nucleotide lengtgﬁ
A, Slot a, yeast cytosolic HNO2~-[“H] leucyl-tRNA; b, cytosolic HNO,-
[3H] leucyl-tRNA; c, mitochondrial HNO,~ [3H] leucyl-tRNA; d
cytosolic HNOZ-[§SS] methionyl-tRNA; e, mitochondrial HNOZ—[3583

' methionyl-tRNA; £, cytosolic HNOZ—[sﬂ] valyl-tRNA; g, mitochondrial

HNO,-[ 3] valyl-tRNA; h, cytosolic HNO,-[3H] lysyl-tRNA; i,
mitochondrial HNO,-[“H] 1lysyl-tRNA. '

B, Slot a,yeast cytosolic HNOZ—[3H] leucyl-tRNA; b, cytosolic HNO, -
[3u) asparaginyl-tRNA; c, mitochondrial HNO;-[3H] asparaginyl-tRNA;
d, cytosolic HNOZ-[14C] prolyl-tRNA; e, mitochondrial HNOo~[ 3]
prolyl-tRNA; f, cytosolic HN02-[3H] arginyl-tRNA; g, mitochondrial
HNoz—[3H] arginyl-tRNA.
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Fféure 46 0

Slab gel electrophoretic analysis of rat.liver cytosolic and
mitochondrial seryl-tRNAs. X ’
- Cytosolic and mitochondrial HNOZ-[3H] seryl-tRNAs were

epared and subjected to electrophoresis as described in Fig. 44.
Slot a, cytosolic HNOZ-[3HJ seryl-tRNA; slob b, mitochondrial HNO,-
[(PH] seryl-tRNA isolated from a mitochondrial fraction incubated in .
the absence of immobilized RNase; sloc c, mitochondrial HNOZ—[3H]
sexryl-tRNA isolated from a mitochondrial fraction incubated in the
presence of immobilized RNase. ’
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RNase digestion of the mit&chondrial fraction prior to seryl-tkﬁh
extraction as shown by a comparison of slots b(~RNase) and c(+RNase).

This band also eluted at an unusually low salt concentration (lower

than 0.3 N NaCl) on Q%C-S (result not shown). The mobilities of the
mitochondrial tRNAs were clearly higher than that of the cytosolic

species which appeargd as a broad band (slot a) arognd 85 nucleotides.

The breadth of the band was due to the loQ specific activity gf the
preparation and not to the separétion of the species as can be seen from
the mobility of the cytosoli; contaminant ,in the mitochondriasl preparation
of slot b (-RNase).

The appareng lengths of the various cytosblic and mitochondrial
species are gummarized in Table 10. In the casd~of mitochondrial ‘
leucyl-tRNA, there is a discrepancy between the mébilities on 12% and
20%Z (see below) gels. The valdzs in parenthesis are those estimated from
a 20% gel (Fig.-47). These would be in accord with the size determined
from the sucrose gradient centr%fuéation analyses (Part II, Fig. 28).
However, Syrian hamster andlrac liver leucyl-tRNAs were not run in
parallel. The slower mobilities of the rat liver species on 12X poly-
acrylamide slab gels could be due lo a slight difference in their base

composition compared to Syrian hamster tRNA%eu.

. f

te

Finggrprigéggnalysis of mitochondrial leucyl-tRNAs ) '
=
1
The electrophoretic separation of the mitochondrial tRNAESY and
t er suggests that in each case the isoaccepting species havg distinct

equences. This was examined by obtaining sequence information on the

-~

tRNA%eu with the new RNA sequencing methodology (Donis-Keller et al, 1977;

~ i

-
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Figure 47

Fluorograms of partial RNase T, digests of mitochondrial HNOZ_[3H]
leucyl-tRNAs leu leu

Leucyl-tRNA (slots a and b) and leucyl-tRNA + (slots
c and d) were separated by chromatography on RPC-5, deaminated and
partially digested with RNase T; as described in the Methods. Samples
in slot a and ¢ were run on the same 0.15 cm thick gel for 14 h. Samples
in slot b and d were run on a 0.075 cm thick gel for 10 h, Partial
digests were performed as described by Donis-Keller et al (1977) except
for slot d where the method of Simonscits et al (1977) was used. Samples
of approximately 8,000 cpm were used and exposure was upt to 45 days.
A diagrammatic representacion of the gel pattern i3 shown to the right
as fainter bands were not reproduced clearly. -Bapgds which are either not
present in one of the gels or could represent artefacts are indicated by

dashed ligpes.



202

Simoncits et al, 1977), utilizing the specific 3'-labelling as a marker
of each fragmént and the stability of the deaminated leucyl-tRNAs., As was

//-fﬁe case with Syrian hamster mitochondrial leucyl-tRNAs, the first peak
to elute on RPC-5 was also the leucyl-tRNA with the faster mobility

leu

(CRNA1 ), while the other two peaks (tRNAleU leu

2 ané tRNA3

band of higher mobility, corresponding to 76 nucleotides on the gel shown

) both ran as the

in Fig. 46.
Partial RNase ’I‘1 digests of HNOZr[3H] leucyl—tRNAieu (slots a and
\\h)—end HNOZ—[aH] leucyl—tRNA;ig (slots c‘and d) analysed on éb{\prea

polyacrylamide slab gels are shown in Fig. 47. The assumption was made
leu leu '

that tR.NA2 and tRNA3 differed only in their modified bases rather
than in nucleotide sequence since they have the same electrophoretic
mobility and elute close together on RPC-5. 1f this were the case, the
number of bands obtained from an RNase T1 digest should be equivalent to
that expected for one species. About 15 G residues would be expected

for a tRNA with a 43X G#C content such as in rat liver mitochondrial

tRNAs (Chia et al, 1975). Since no bands are seen below a length of

.

20-25 nucleotideé;‘the number of bands (9 for tRNAieu and up to 1l for
tRNA;ig ) indicates that the tRNAs have been cleaved at all G resifines

and that the equivalent of only one species 1is present in each case. It
is not clear why fast migrating bnnd#xhrc not vtsibie\\fhese ight be
lost during the preparation of the gels for fluorography xing with
acetic acid or the use of thinner gels and a lower time of impregnation
(slots b and d) did not lead to a recovery of the bands compared to the?

technique of Bonner & Laskey (1974).

-

leu and tRNAleu are nevertheless

The band patterns of t:RNA1 243
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distinct and the differences can not be explained by two tRNas differing

only in an added sequence. The tRNAs, consequently, differ in -their

sequences and must be coded by two different genes.

Hybridization of mitochondrial aminoacyl-tRNA to mtDNA

The hybridization curves for asparaginyl-, leucyl-, methionyl-
and prolyl-tRNA are shown in Fig. 48. Assuming complete hybridization,
the saturation levels indicate that most aminoacyl-tRNAs have a low
specific radioactivity., In the case of leucyl-tRNA, up to 25 ug of mtDNA
per filter had to be used to obtain levels of hybridfzed radiocactivity
significantly above b;;kground. Arginyl-, lysyl- and valyl-tRNA showed
little hybridization probably because of very low specific radioactivities
and further hybridizations were not attempted with these tRNAs. The
mitochondrial origin of the first four tRNAs is further corroborated
by the lack of hybridization to nuclear DNA and by the lack of hybrid-
ization of cytosolic aminoacyl-tRNAs to mtDNA, as summarized in Table 1l.
’ Nass & Buck (1970) had already shown that rat liver mtDNA coded
for leucyl—tRﬁA. To confirm the existence of at least two genes for
mitochondrial‘leucy1~tRNA, suggested by the RNase T1 partial digests,
leu leu

the individual leucyl-tRNAl and tRNA2+3

separately.and together. As shown in Fig 47B, there was gnly partial

were hybridized to mtDNA

.
-

additivity of hybridized radioéctivity. In this particular experimentgl

~

RNase T, digestion to 1dwer background levels was omitted. The low

1 s
background obtained (Table 11) and the level of radioactivity hybridized,

which is approximately 2.5 times that of filters loaded with 10ug of

mtDNA, suggest that the omission of this step does not affect the result.
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With methionyl-tRNA, a similar experiment summarized in Table 11
- showed complete additivity, indicating that there is at least one gene

for each of tRNAzet and tRNA?et.
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DISCUSSION

.

~
As corresponding to each of the common amino acids

~

The majorg:im of this study was to determine whether mammalian
mtDNA codes for t

and for tRNAs necessary to read all codons. The results obtained provide

answers to some of the questions raised in the Introduction.

1) Incorporation of amino acids by isolated mitochondria

The results indicate that 7 of the 9 anmino acids studied are
utilized in mitochondrial protein synthesis. Further, the corresponding
tRNAs were present as shown by the recovery of their aminoacyl-tRNAs from
mitochondria. The mitochondrial nature of the labelled proteins
observed was shown by the total inhibition of their synthesis 5y
Tevenel and by the similarity of theit>électropho;etic pattern to that
of rat hepatoma cplls (Yatscoff et al, i9783). There was at least one
extra band in theEE>ttern obtained with isolated mitochondria. This
contrasts with ré;;lts of other workers or with other cells (Lederman &
Attardi, 1973; and APpendix) which do not reveal any such differences.
The origin of the-muitiplicity of bands seen when 1abelling with
[%H ] proline or [3583 methionine is not known.

Neither histidinyl- or glutaminyl-tRNA could be recovereq from
iaolatedtmitochondria incubated in the presence of the corresponding

amino acids. Transport and/or internal pool effects could explain the

levels of incorporation of these amino acids into proteins. Matzuzawa
/
P
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(1974) found that the intra-mitochondrial'pools of histidine and ’
glutamine were among the largest of the amino acids. The present result

on the lack of incorporation of glutamine contrasts with its very low

e .
but significant incorporation by HelLa cell mitochondria, either isolated

(Costantino‘& Attardi, l9i3) or in whole cells (Ching et al, 1977). 1In
these studies, the nature of the label incorporated was not determined,
as was done here, and it could possibly be another amino acid formed
from the precursor administered. Regardless, it is possible that the
lack of incorporation of glutamine reflects the existence in

mammalian mitochondria of a process of aminoacylation of tRNAgln gsimilar
to that found in yeast mitochondria (Martin‘ggigl,hl977a) in which this
tRNA is first-aminoacylated with glutamate followed by amidation to

form glutaminyl RNAg19*

=

b))
2) Hybridization of aminoacyl—tRNAs_to mtDNA

The identification of mitochondrial tRNAZ®" and tRNAPFC and
the demonstration that they hybridize to mtDNA, together with the
tRNAs for 16 amino acids previously shown to hybridize to{E:Tzflian
mtﬁNA (Lynch & Attardi, l976§‘brings to 18 the number of amin aci&s
for which tRNAs have been identified in mammalian mitochondria. If the

.
results with yeast (Martin & Rabinowitz, 1978) are included, it seems
probable that tﬁe mitochondrial genome codeé fo}’tRNAs which recognize

. all amino acids in all organisms studied, with the possible exception of

Tetrahymena (Chiu et al, 1973).
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3) Isoaccepting species of mitochondrial, tRNAs ‘ /ﬁf
If all codons are read, incorporation of all amino acids requires

anticodons which recognise them, which in turn requires isoéccepting

tRNA species for a number of amino acids. The observation that tRNA:et

and tRNA?et are transcribed from distinct sequences in rat liver mtDNA
extends the resulcé in Hela cells where hybridization of tRNAget was not
shown (Lynch & Attardi, 1976) and those 1in yeast (Sch;eller 55_3;; 1976 b).
The reéults with leucyl-tRNA which indicate that there are two isoaccepting

species coded by distinct genes are 1) leucyl-tRNA separated on urea

polyacrylamide slab gels into two bands corresponding to tRNAleu and

1

leu

tRNAz+3 separated by chromatog?aphy on RPC-5; 2) the RNase T, digestion

1
leu leu
patterns of tRNA1 and tRNA2+3 were different, suggesting different -
leu

sequences, and 3) hybridization af tRNA1 and tRNA1 u

2:3 was partially
addit}ve. This last observation suggests that the two genes might have
common sequences or overlap in part. For this reason, lack of additivity
is not a proof of the absence of distinct genes, as §eparable~Species
may be sufficiently similar so that they cannot be~comp1etely

differentiated by hybridization. The presence of two genes for tRNA%eu

k
seems to be a general feature of mtDNA. In Tetrahymena, Chiu et al (1974)

concluded that there were two genes for tRNAle“ although they did not
observe additivity of hybridization of different species. Codon recognition

Ty

experiments by Bro%n & Novelli (1968) initially indicated the presence

-
of only one (:RNAleu in Neérosgora mi tochondria, but, more recently, two
isoaccepting species were separated by two-dimensional gel electrophoresis

and shown to be coded by genes whose posittons were determined on theo

restriction map of the mitochondrial genome (Terpstra et al, 1977b). The

m e en e ey e m—vme w

e Bty s
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The situation in yeast is amE}guousz Martin & Rabinowitz (1978) detected
only one peak. Originally, Schmeller et al (1975b) also identified one
peak on RPC-5, but more recently Martin et al (1977b) concluded that there
were two species possibly coded by two genes. The genetic map of yeast
mtDNA also indicates the preseneaan two distinct genes (Dujon et al, 1977).
The separation of seryl-rRNA also intc two bands on electrophores%s
suggests that there are two isoaccepting species of tRNAser coded by 1
distinct genes. In HeLa cell mitochondria, the presence of two tRNASST
was shown by the hybridization of seryl—-tRNA to both strands of mtDNA
(Lyncﬁ & Attardi, 1976). The other tRNAs characterized here probably
consist of species coded by one gene only.as in most cases only one
peak on RPC~5 and one electrophoretic band were observed. These resulis
add 4 tRNAs (tRNA®®", trNAPTC, tRNA::et and one tRNAT®Y) to the 17 found
previously to hybridize to mtDNA (Lynch & Attardi, 1976). Angerer et al
(1976) found 19'sites'for tRNAé on HélLa .cell mtDNA by electron microscopy
of hybridized ferritin-labelled tRNAs, whereas Dawid et al (1976), with
a similar technique, found 21-22 sites 3p,XenoEus mtDNA. If tRNAs for

glutamine and histidine are eventually found, it would bring the number

1
of tRNAs coded by mammalian mtDNA to 23.

Aegording to the Wobble hypothesig, 3 isoaccepting tRNA%eu and

tRNAE®T are needed to read al¥ leucine and serine codons. This 1is also
the case for arginine, whil®e only two would be needed to recognize all
valine and proline codons. Possibly, post-transcriptional modifications

APYO leu

of a single transcript, such as for tRN and one of the tRNAS and

tRNAs® ST (seryl-tRNA separated inte three peaks on RPC-5, not shown), or

alternatively odd-base pairing, as suggested by Van Ommen et al (1977),

b L o e
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or a partial two-letter code (Lagerkvist, 1978), could lé;& to recognition
of all codons. If further studies subétaaeiate this idea, then fewer than
32 tRNAs would be necessary to read all possible codons in mitochondria.
Sequence information not yet available and codon recognition experiments
will be necessary to give a definitive answer. It is also possible, as
suggested for methionyl-tRNA, that some isoaccepting specles were not
separated by RPC-5 chromatography under the present condiq}ons of
analysis. .

Another approach to the determination of multiple isoaccepting
species coded by distinct genes is to identify the location of these
genes on the mitochondr?al genome. In yeast, petite mutants have been
used to obtain the map position of tRNAs (Martin et al, 1977a; Martin &
Rabinowitz, 1978), but the method has not been refined sufficiently to
localize isoaccepting species, with the exception of t:RNA:at and tRNA?ec.
Studies in mammalian mitochondrial genetics have not advanced to the
stage to allow for such an approach. It might be ﬁossible to hfbridize
individual tRNAs to restriction fragments, a method which has only begun
to be used with a few tRNAs (Borst et al, 1977; Terp;tra et al, 1977b).

At this time, the approach is dependent on preparations of aminoacyl-

tRNAs of high specific activities. Experiments in this di

attempted but where only partially successful, even sghough up to

of mtbNA was used 1in some experimgnts. It is'poss le that transfer,
edther by blotting (Southerm, 1975) or electrophoretically (Arnheim &
Southérn, 1977), which were both tried, were not efficient with such

high amounts of DNA and consequently did not compensate \for the low

specific activities of the aminoacyl-tRNAs. However, very tentatively,

i\ \ -
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methionyl-t#NA was assigned to band B of the Hind III restriction pattern
(Fig. 35).

Sequence analysis of isoaccepting species would also proyide
proof of distinct genes if the sequences were found to be different.
Ieu

Here, the RNase T1 partial digests of tRNA and tRNAleu were

1 243
sufficient to conclude that these tRNAs have distinct sequences,
Unfortunately, the method of partial digests by itself cannot be used
to obtain the total sequence of aminoacyl-tRNAs since, in general,
quifigd residues, although presenl in low amounts in mitochondrial
_/£RNAB’( Chia et al, 1976; Davenport et al, 1976}, cannot be ideﬁtified.
Further, the disappearance of bands of high mobili;y remains to be —_
_ overcome. However, in principle, the dpproach has the advantage of

simplicity since unpurified tRNAs are used and it should be readily

applicable for the determination of partial sequences of any tRNA.

4) The size of mitochondrial tRNAs

The size of rat liver mitochondrial tRNAs were about the same as
those €rom Syrian hamster liver (qut 11). Slab gel electrophoretio
analyses confirm the centrifugation data on methionyl- and leucyl~tRNAs
(Part 11, Fig. 28). Most of tgtfﬁl ochondrial tRNAs were found to be

than their cytosollc counterparts.

about the samc size or slightﬁx\emnl
This excludes the posgibility of an underestimation of the number of

genes calculated from saturation hybridization of’the migochondrial 4S
RNA fraction.

As pointed out earlier (Part II), the gel system does not entirely

differentiate on the basis of size. Slight base composition differences
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can account for variations in mobility, as is evident for yeast leucyl-
’ b

tRNAs. Thus, the slightly higher mobility of many mitochondrial tRNAs
;

compared to their cytosolic counterparts does not necessarily reflect a
smaller size. This cpuld also be true of mitochondrial tRNAlys whose

apparent length (see Table 9) is about 70 nucleotides. On the other

u

ﬁand, both tRNA%e and tRNASET were clearly smaller than the corres-

u

ponding cytosolic species (or major species in the case of tRNAle ), as
observed also for the tRNAéeu of Syrian hamster livers. The mitochondrial

tkNA®®Y band of highest mobllity must correspond to a length of less than

or close to 70 nucleotides. In addition, from the 207 polyacrylamide

leu
1

Such a difference could be associated with a reduction in size of the

leu

slab gels (Fig. 46), tRNA must be shorter than the other two tRNAS®

variable loop from 15 to 21 nucleotides to & or 5 nucleotides and/or

ser

a reduction in the size of the D loop. No other tRNA%eu and tRNAs of

this size have been reported. In fact, in yeast and Neurospora (Ma tﬁy

-

u ser
and tRNAS are of the game size

et al, 1977b), both mitochondrial tRNAS®
as their cytosolic counterparts (although one yeast mitochondrial tRNASET
might actually be shorter). Based on the results of Feldman & Kleinow

(1976ab), it is possible that the tRNA%eu of lLocusta migratoria mpy be

N

smaller than the cytosolic species, contrary to the claim of Martin et al

(1977b) that they are the same size as their cytosolic counterparts.

Rich & RajBhandary (1976) have classified tRNAs into three classes:

class 1 would consist of tRNAs with four base pairs in the D stem and
four or five in the variable loop (Dava-s);<°1ass 11 of tRNAs with three
"base palrs in the D stem and four or five in the variable loop (D3V4-S)’
and class II1 of tRNAs with three base palrs én the D stem and a large

» l y
variable loop (D3VN). The decrease in size of the mitochondrial tRNAS Y
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and tkNAger specles ralses the possibility tﬁat mammalian gicochondrial
tRNAs are limited to class I and II tRNAs. Class 1II would be absent.
Further experiments with tRNAtyr, whose prokaryotic species, but not
eukaryotic species, have long extra loops (Barrell & Clark, 1974; Sprinzl
et al , 1978) would be necessary to confirm this.

Irrespective of these specific size differences, and in contrast
to the observed §maller size of mammalian mitochondrial rRNAs compared
to cytosolic rRNAs (see Introduction, Section IIA), mitochondrial tRNAs
fall into the size range of-other tRNAs. This might be because certain
constraints are placed on the slize of a tRNA molecule to.accomodate the
tRNA in the ''clover-leaf" structure, No other tRNAs of known structure
has been found to be as small as the mitochondrial 4S RNA of molecular

welght 19,000 suggested by Dubin & Friend (1972). The size of the tRNA%eu

and tRNAS®Y still leaves these mitochondrial tRNAs longer or close to
70 nucleotides. The variable extra loop of about 3 to 5 nucleotides
might be the minimum necessary to maitain the tertiary structure of a
tRNA. Unless one assumes an unusual base composition, the tRNASET of

highest mobility would be at the extreme limit to be accomodated within

the generally accepted ''clover~leaf' structure. .

N
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CONCLUSION .

Thghevidence presented leads to the conclusion that mammalian
mitochondria do not import either mRNA or tRNA. In neither case have the
results demonstrated absolutely mitochondrial autonomy, but the
demonstration that isolated mitochondria synthesize poly(A)+RNA of a
size suffictent to code for mitochondrially-synthesized proteins (Part I),
and the isolation, characterization (Parts II and 1II) and determination
of the genetic origin (Part III)‘of a number of mitochondrial tRNAs not
previously identified in eukaryotes or in mammalian cells strongly
suggest that this is indeed the case.

We are left with the question of why mitochondria would
synthesize all the RNA species necessary for its protein-synthesizing
apparatus, while, in contrast, most mitochondrial proteins are
synthesized outside mitochondria. An answer may be provided by a
consideration of the evolutionary origin of mitochonéria. While solid
experimental evidence to support the different theories of their
origin is limited, the unexpected finding that mitochondrial tRNA%eu
and tRNAS®' are sféhificantly smaller than their cytosolic counterparts,
in apparent contrast to the situation in Fungi, might in;roduce another
aspect of the origin and evolution of mitoch;ndria. |

The size difference might be related to the low levels of

methylation and other modifications of mitochondrial tRNAs. A number of

bases found either in cytosolic tRNAs or typical of prokaryotes are
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either absent or in lower amounts in mitochondrial tRNAs (Eairfield &
Barnett, 1971; Chia et al, 1976; Davenport et al, 1976; Feldman &
Kleinow, 1976a; Martin et al, 1977b). The base m7G, which is present
in all initiator tRNA?etfrom E. coli, yeast and all mammglian sources
tested, is not present in mitochondrial initiator tRNA of Neurospora

u

(Heckman et al, 1978) and in the tRNAle and tRNAmet of Syrian hamster

liver mitochondria (Wallace et al, 1978). Since the content of minor
nucleosides in tRNA generally increases Erom lower to higher organisms,
it could be taken as an evolutionary marker (Gross, 1973). Thus, the
size difference might make sense from an evolutionary point of view

if low levels\of modification and a smaller size are both expressions of
the "primitiveness'" of mitochondrial tRNAs. Mitochondrial tRNAs would
not only be more primitive than mosh present day eukaryotes, but also
of chloroplasts, as shown by the comparison of the extent of modifica-
tion of chloroplast tRNAphe with other tRNAghe (Chang et al, 1976).
Recently, Ehran et al (1977) suggested that all tRNAs evolved from the
polymerization of an oriéinal oligonucl;ptide adaptor molecule, 6 to

20 nucleotide 1long, extendiq} the hypothesis of Jukes (1966) of a
single evolutionary origin of tRNAs. The possibility is then that the

smaller 'size of mitochondrial tRNAéeu and t:RNAger

might represent an
early stagesip the evolution of tRNAs. A further evidence of the
"primitive" character of mitochondrial tRNAs is the presence of formyl-
methionylrtRNA?Et

tRNAsln in yeast mitochondria (Martin et al, 1977a).. The same reaction

and the amidation of glutamyl-tkeﬁgln to glutaminyl-

is found in B. subtilis, but not in E. coli, the former being believed
to be a more primitive bacterium than E. coli (Schwartz & Dayhoff, 1978).

Is the "primitiveness' of mitochondrial tRNAs related to the

v -
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evolution of mitochondria? From recent data (Bomen et al, 1977; Schwartz
& Dayhoff, 1978), it gseems likely that mitochondria must have arisen from

symbiotic adaptations. Only this theory, as Oppésed to the "episomal

P T

theory (Raff & Malher, 1972) or the "DNA-segregation’ theory (Reijnders,’
1975), explains satisfactorily the relative conservation of the main
features of the inner mitochondrial membrane. fhe smaller size of
mitochondrial tRNA%eu and tRNAS®T in mammalian cells compared to yeast (or
Fungi) introduces the further possibility that mitochon@rta could have
arisen from a multiplicity of original symbiotic events; as suggested

by Woese (1977). Mitochondria of metazo;ns would either be the product

of earlier events or result from the introduction of a symbiont having
maintained some more "primigive" features than that leading to Fungi.

The second suggestion is more likely. If the size of the poiyf@) tail o
is taken as an evolutionary marker (Carlin, 1978), its absenceibr

smaller size in mitochondrial mRNAs of yeast (and Fungi) compared to

"that of higher eukaryotes would imply a more recent origin of

mitochondria of the latter group.

Since the conservation in genome organisation (at least for the
rRNA genes) holds true also for the host nuclear DNA, as pointed out
earlier (see Introduction, Section III), and implying a common origid: ¢
of nuclear material in botp the host and the symbiont, it could ;lso
signify that they originally coded for similar functions, some of which
would have been lost from the mitochondrial genetic system in the,
course of adaptation of the symbiont. Most genes for proteins on the
DNA of the mitochondrial symbiont would have been lost because specific
proteins were able to pass across the mitochondrial membrane., With regards

&
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to RNA, one must assume, to explain mitochondrial autonomy, that RNAs
were not able to cross the mitochondrial membrane. Consequently, the

u ser
and tRNAs were conserved as well.

smaller tRNAslse
The points raised here remain speculative. Sequencing of
mitochondrial RNAs and proteins from different organisms will be

necessary before any clearer picture can emerge.

Vi
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APPENDIX I
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Aujame, L., Yatscoff, R.W. and Freeman, K.B. (1978)
Biochemical and genetic approaches to the study of mammalian mito-
chondrial tRNAs Can. J. Biochem. 56

“The possible existence of mammalian mitochondrial asparaginyl-tRNA

has been examined using a Variety of approaches. [3H]Asparagine was

incorporated into protein by mitochondria of the Chinese hamster

ovary (CHO) cell line Asn~7, which has a temperature sensitive cyto-

solic asparaginyl-tRNA synthetase, either in the presence of cycloheximide
or at a nonpermissive temperature. Isolated mitochondria of CHQ TK™

cells also incorporated the amino acid iqto protein. In each case

the number and electrophoretic mobility of the proteins was the same

ag mitochondrially-synthesized proteins of CHO TK cells labelled with

(35S]methionine. A tRNA®S™ could be charged in isolated CHO TK™ cell

an

mitochondria and the asparaginyl-tRNA was found to elute before its

ta . M
cytosolic counterpart on an RPC-5 column and to have a higher mobility
v

on polyacrylamide slab gels run under denaturing conditions. This is

g Ty B e

e

A

the first demonstration of a uniqgg»mi:ochondrial asparaginyl—tRNA, :

o

é
#
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Mitochondria from all sources examined have unique rRNAs, mRNAs
and tRNAs but molecular hybridization studies have shown that vertebrate
"thNA appears to code for fewer than 20 tRNAs (1-6). In particular, ‘
only 17 mitochond;ial tRNAs, charg;d by.mitochondrial aminoacyl-tRNA
synthelase preparatlons, hybridized to mtDNA of human HeLa cells (3).
No conclusive evidence for charglng of distinctive mltochondrial tRNAs
for asparagine, glutamine, histidine and proline could be found. In
contrast,.only asparaginyl-tRNA has not beeA found in mitochondria of
yeast (7). Charging of all mitochondrial tRNAs by mitochondrial syn-

thetases of Neurospora crassa has been reported (8) but charging for

tRNAs for asparagine, cysteine, glutamine, proline and tryptophan was

too low to determine whether these tRNAs were distinctive mitochondrial
components (9). These studies raised the possibliity that vertebrate

. \
mtDNA and perhaps other mtDNAs do not code for tRNAs for all amino acids

)
.or codons (10) resulting in either the importation of nuclear-coded tRNAs
(11) or the incorporation of a limited number oflamino acids into proteins.
Isolated HeLa cell mitochondria incorporated only 12 amino acids into
proteins to- a significaﬁt extent (12). 1In contrast 16 aQIno jcids,
including’the 4 whose tRNAs were not de;ected, were incorporated into
whole cell products of mitochondr;al protein synthesis in HelLa cells «(13)
but the nature of the incorporated amino acids was not deterﬁined.
Aspartic acid, cysteine, glutamicvncid and pro}ine were not 1ncorpora;éd,
)Thc results to date dé\hoL resolve the problecm of the ﬁumbér or
origin of mitocﬁoédriai tRNAs. This could reflect the liaications of

the experimental tachniques. employed. Using a number of biochemical

and genetic approaches we now show that CHO cell mitochondria incorporate
A
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asparagine into protein and that these mitochondrja possess a unique
asparaginyl-tRNA not previgysly demonstrated in mitochondria from any

source. The site of the gene for mitochondrial asparaginyl-tRNA will

/Kbe described in a later paper, . ‘
Materials and Methods N
Materials
—————— -

-
-

The source of most chemicals, tissue culture media and RPC-5 have

‘been described previously (14,15). L—[2,3—3H]Asparagine (22Ci/mmol

(1Ci=37GBq)) was purchased from the Commissariat a 1l'Energie.Atomique,

Gif-sur-Yveste, France, and L—[U-lAC]asparagine (>150ugi/mmol) was

from New England Nuclear, Boston, MA.

®
Cells L ‘
The source and grow&h of the CHO TK™ and Asn-7 cell lines have g
been described previously (14). — u \
Protein synthesis V4

P

Jﬁ The incorporation of [3H]asparagine into protein by mitochondria g

of whole célls or isolated mitochondria from CHO TK™ cells folloq

methods deécribed previously (14). Some details.arg ven in the
legends to Fig. 1 and 2. Proteins were separated by sodium dodecyl
sulfate poiyacrylahid; slab‘gel electrophoresis and visualized by
fluoragraphy (14).

The nature of.the incorporated amino acld was idcnﬁlfied as f{ollows.
Mitochondria were suspended in about 0.1 ml of 0.25.M sucrose, 2 mM EDTA,
2 mM Tris-HCl, pll 7.4 and dialyzed overnight at 4°C against 100 mM NaCl,
10 mM Tris-HC1, ph 7.5. éhe dialyzed sample_(gbout 1 mg protein/ml)

was digested with 50 ug pProteinase K/ml for 3 h at 30°C and

~

-




chromatographed on Whatman no. 1 paper with pheuol~water (100:37, w/v)
for 18 h. Kftqr drylng, the paper wds cut into 1 Lm X 2 cm picces and

:
counted in a toluene bFsed scintillation solvent.

Asparaginyl-LRNA
tRNA for asparagine was charged in isolated CHO TK™ cell mitochondria
and mitechoandrial [3H]asparaginy]—tRNA extracted as described previously
for methionyl-tRNA (15,16) except for the following changes. Incorpor-
ation mixtures for mitochondria contained 10 mg mitochondrial protein/ml,
45uCi [3H]asparaginé/ml and 10 units of immobilized ribonculease in

a total volume of 4.5 ml. The immobilized ribonuclease was added to

-

remove possible contaminating cytosolic [3H)asparaginyl-tRNA (17). After

15 min at 30°C, 100.mM EDTA, pH 7.5 was added to 10 mM and the incubation
was continued for another 5 min. Then MgCl,; was added to 10 mM, mito-
chondria recovered and [3H]asparaginyl—tRNA extracted.

b

: Cytosolic [1AC] asparaginyl—kRNA was, isolated as follows. CHO TK~
cells were resuspended in a small volume of asparagine-free Joklick
minimal essential medi;m supplemented with 5% (v/v) dialysed fetal calf
serumz essenéial amino acids and 60 mg aspartic acid/ml. After 30 min
at 3ch, cycloheximide was added to 500 ug/ml and the cells incubated,
for 10 min. [14C]Asparagine was then added to 2ugi/ml and incubation
continued fog 20, min. Cells were recovered and resuspended in 9 volumes
of 10 mM MgCly, 10 mM sodiqs acetate; pH 5.0, wasbed twice with the same
buffer, distrupted with én,uitra—Turrax (14) and centrifuged at 6,700 xg
for 15 min. [1&C]A;par?giny1—tRNA waé extracted from the supernatant

‘ 1

as described previously (15,16).

AsparaginyI~tRNAs were chromatographed on RPC-5 and fractions

R




counted as described previously (15,16). The size of deaminated and
1

denatured aéparaginyl—tRNAs was determined’ as described elsewhere (15).

%

[3H)Asparagine was relecased from mitochondrial [3H]asparaginy1—tRNA by
incubation at 37°C for 15 min at pHl 7.4 and identified by paper

chromatography as described above. ‘ {
i

Results

Incorporation of asparagine into mitochondrial protein

“

Proteins synthesized iﬁ mitochondria of all CHO cell lines with

[358]methionine as label can be separated into 10 distinct components
4
.'by sodium dodecyl sulfate polyacrylamide slab gel electrophoresis (14).
T
This is shown in Fig. 1A for CHO TK™ cells. The two fastest components
ran at the front and band 9 appears split into 2 components. Although
a spl{tting of this band was not seen in earlier work the possibility
that it consisted of 2 components was suggested (14). [3H)Asparagine
was incorporated into the same components when cytosolic proéein syn-

thesis was inhibited in the CHO cell line Asn-7 both at a nonpermissive

temperature (Fig. 1B) at which the temperature-sensitive cytosolic

-

asparaginyl-tRNA synthetase 1s nearly imactive (14,18), and with cyclo-
heximide (Figt 1C). The former result eliminates possible secogpdary
effects of cycloheximide (19). Incofporation was low partly due to{éhe
low specific ageivity of the [3H]asparagine and the small differencg In
the moblility of~compunent 6 in Lhe € wells probably reflects djfferéhces
in protein concentration in the C,wells compared to‘A and B.

The incorporation of [3H]asparagine in protein by mitochondria was

further demonstrated using isolated mitochondria from CHO TK- cells.




The protelns synthesized by isolated mitochondria (Fip. 2B) correspond
to those synthesized in whole cells with [358}methlonine as label (Fig. 2A).
In this gel, run at a higher concentration of acrylamide, band 9 appears

to be split and additional bands were observed just ahead of components g

4 and 7. These bands had not been detected previously (14) and their

slpniitcance Is not known., ‘thelr presence possibly reflects Inercascd

h

resolution obtained with the present lot of acrylamide.
It is possible that the {3H]asparagine was incorporated as such or

as aspartic acid or some other amino acid. It is unlikely to be aspartic

»

acid because cells were labelled in the presence of an excess of this

amino acid. Further, incorporation of [3H]aspartic acid by mitochondria

1

of whole cells could not be demonstrated as was aiso found for Hela

cells (13). The nature of the incorporated amino acid was demonstrated

A Y

in a proteinase K hydrolysage of protein labelled with [3H]asparagine

LN

i
at the nonpermissive temperature. [3H]Asparagine but no [3H]aspartate
was obtained (Fig. 3A) but some labelled material ran close t¥" the
front. This 1s believed to be diﬁeptides not hydrolyzed by the enzyme.

Mitochondrial asparaginyl-tRNA

The incorporation of [3H]asparagine into mitochondrially-synthesized :

protein suggested that mitochondria possess a distinct asparaginyl—tRNA\\‘J//~/

'synthetase and tRNAASD The presence of. a unique mitochondrial
asparaginyl—-LRNA was shown by charging the tRNA in fsolated CHO TK~™ cell

\
mitochondria and demonstrating that the asparaginyl-tRNA was distinct

from its cytosolic counterpart in its chromatdgraphic and electro-

phoretic characteristics. As shown ia-Ftg. 4, mitochondrial [3H]aspar—
~ .

ginyl-tRNA elutes before cytosolic [14C]a3paraginyl—cRNA on RPC-5.» There

was some cytosolic'contaminqnion in the -mitochondrial sample. The




~

significance of the multiple pcaks is not known. Illydrolysis of mito- .
chondrial [3H]aspargginy1—tRNA at pH 7.4 yielded mainly [3H]asparagine
(Fig.3B) indicating that the aminoacyl-tRNA was not aspartyl-tRNA or
contained some other amino acid. Further aspartic acid is poorly
incorporated into protein by isolated rat liver mitochondria (unpublished
observations) and lleLa cell mitochondria (12).

Deaminated and denatured mitochondrial Fsparaginyl-tRNA had a
slightly faster mobility than its cytosolic counterpart on polyacrylamide
slab gels run under denaﬁuring conditions (Fig. 5).‘ Both asparaginyl-
tRNAs were approximately 76 nucleotides long.

Discussion

Proteins of all sources examined have the standard 20 amino acids
and it would be unusual if this were not the case for mitochondrially-
synthesized proteins. Amino acid analyses of a variety of proteins
synthe;ized in mitochondria of yeast (20,21) and of Neurospora (22-24)
haveﬂghown the presence of at least 18 amino acids, it not being possible
to idéntify asparagine ana glutamine. Further, one subunit of’bovine
heart cytochrome c¢ oxidase (EC 1.9.3.1)‘which is probably synthesized
in mitochondria contains all the primary amino acids including asparagine
and glutamine (25-27). Therefore it would be expected that asparagine
would be incorporated into protein by mitochondria. The incorporation
of [3H]asparagine by HeLa cells had been reported previously (13,28) but
it had not bcen'dcmonstrated that the fncorporated amino acld was
acthally asparagine. The present results show that asparagine is in-

corporated into distinctive mitochondrially-synthesized proteins in

whole CHO cells and by isolated mitochondria and that in the former

»
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case the jincorporated amino acid was found to be asparagine. Of
particular Interest was the result with the Asn-=7 cell tine. The
incorporation of asparagine into mitochondrial protein at the non-
permissive temperature suggests that mitochondria contain a unique
asparaginyl-CtRNA synuhetase‘whlch has not been alfeccted by Lhe ¢
temper;ture—sensitive mutation. .until now, with the possible exception
of Neu¥osgora, the activity of this enzyme has not been detected
ig_xigzgv(3,7—9). The importance of the gemetic approach for the
solution of this type of problem had been shown previously (19).
Although the results reported here and previously suggest that
mitochondria should contain a tRNAAS“, this tRNA has not been unambig-
uously detected using isolated mitochondrial tRNA and synthetases from
HeLa cells (3), yeast (7) or Neurospora (8,9). With isolated
mitochondri;, asparaginyl-tRNA was formed and counld be distinguished
from its cytosolic counterpart by chromatography on RPC—5 and by
electrophorésis. Its higher mobility on gels than the cytosolic .
asparaginyl>tRNA is consistent with earlier findings for mitochondrial
leucyl-tRNAs and methionyl-tRNAs from Syrian hamster’ liver élS). It
is not clear why asparaginyl-tRNA was not detected by otgers (3,7,9).

This might have reésulted from the lability of asparaginyl-tRNA synthe-

tase. The aminocacylated tRNA apparently does not form via the amidation

Asn AGIn 4,

of aspartyl—-tRNA as may occur for mitochondrial glutamyl-tRN

yeast (7) since aspartate is poorly incorporated by mitochondria

(unpublished observations, 12,13,28).

The utility of isolated mitochondria for chatging mitochondrial

tRNAs without the nced for prior isolation of the tRNAs and aminoacyl-tRNA

o m—. g




synthetases was demonstrated by us previously (15,16). In the
present case 1t has been the only’successful approach used so far in’
demonstrating mitochondrial asparaginyl-tRNA. The genetic origin of.

this tRNA will be reported in a separate paper.
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List of Figures
\ F;g. 1. Fluorographic patterns of proteins synthesized in
mitochondria of*CHO cell lines and separated by sodium dodecyl sulfate
paryacrylambde stab pel electrophoresis. A, Mitochondrial proteins
of CHO TK™ cells were labelled for 1 h at 379C in the presence of 300ug %f
.cycloheximjdé/ml and 4uct [BSS]methoninc (400—60021/mmol)/ml as

Hescribed previously. B. Mitochondrial proteins of Asn-7 cells were

.labelled at a nonpermissi§e temperature as follows. Approximate%y’\q
t

7

2 x lO9 cells were suspended in asparagine-free Jok}ieﬂrmiﬂimal essential
medigmt;ggpplemented with 5% dialy$ed fetal calf serum)essential amino
acids anz 60 mg aspartic acid/ml and kept at 34° for 30 min. After

5 min at 429C and 30 min at 39.,59C, [3H]i§piragine (22 gi/mmol) was added

to 40uCi/ml and cells incubated for 1 h. "C. Mitochondrial ﬁ}oteiqs of

Asn-7 cells were labelled in the presence of cycloheximide as follows.

Approximately 2.5 x 108 cells were suspended in the same medium as in B.

After 30 min at 33°C, cyclohex&m}de was added to 300ug/ml and after a
. * \

further 15 min {3H]aeparagine was{added to ZOuQi/ml. Cells were further -

incubated for 1 h. The isolation of mitochondria, electrophoresis in

sodium dodecyl sulfate 12.5% polyacrylémide slab gels and, fluorography
I \ .

have been described previously (14). Numbers to the left refer t®

<

individuql bands of proteins synchésized in mitochondria and numbers

on the right are the apparent molecular weights. (14). . -
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Fig. 2. TFluorographic patterns df protoins syntheslized in mito-
chondria of CHO TK™ cells or by isolated mibochondr%a and separated by
sodium dodecyl sulfate poiyacrylemide slab gel electrophoresis. The
concentration of acrylamide used in this gel was 13% compared to 12.3% idr
Fig. 1. A. Mitochondrial proteins of CHO TK™~ cells were labelled with
[358]metpion}ne as described in Fig. 1A. B. Isolated.mttochondria of
CHO[TK' cells were -labelled Qibh [3H]asparagine at a concentration of

45ugi/@l in the presence of 300ug cycloheximide/ml for 30 min at 30°C

as described previously (14). . ’ *

F%g,jB. Identification of [3H]aspafagine in mitochondrially-
synthesized proteins of Asn-7 cells and mitochondrial [3H]asoafaginyl-
tRNA_of CHO TK™ cell mitochondria. A. The same sample of mitochondrial

-

protedin of Asn-7 cells labelled with [3H]aspar%§\ne at a nonpermissive
temperature as described in Fig 1B was hydrolyzed with proteinase K
and chromatographed as described in the Materials and Methods. B..
[%H]~Labelled mitochondrialtasperaginyl-tRNA of CHQ’TK° cells was
iso}ated as described in the Materials and Methods, hydrolyzed at

pH 7.4 and submitted to paper chromatography.

#

Fig. 4. RPC=5 ohromatogfaphy of mitochondriel and cytosolic
agparaginyl-tRNAs of CHO EK‘ cellﬁj’ tRNAs were charged,-isolabed and
chromatographed as described in the Heterials anduMethods: 0—o0,
[3H]Asparagine-1abe11ed micochpndriai tRNA labelled in isola;ed mito-
chondria; e—e, fl4g]aqparé§ine~labelled cytosolic tRNA labelled in ’

whole-cellso

~



Fig.-S. Slab gel electrophorctic analysis of ﬁitochondrial.and
cytosolic asparaginyl-tRNAs. 'tRNAs were charged and-isolated as
desc;ibed in the Materials and ﬁethods and for yeast.[3H]1éu;yl—tRNA
as described previously (15). Tﬁe aéparaginyl—tRNAs were then deam-
inated, resuspended in 98% formamide,'brought to boiling for 2 min

agg\qooled rapidly before applying to the gels. Electrophoresis was

.5h at 10 V/em as described previously (15). The marker dyes

lene cyanol FF and BB, Bromophenol Blue and the numbers
refer to nucleotide length . A, Cytosolic déaminated [lQC]ésparaginyl-
tRNA:" B, mitochondrial deaminated [3H]asparaginyl—tRNA; C, yeast

deaminated [3H]1eucyl—tRNA.
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