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ABSTRACT

I. A mammalian cell mutaot.of the Chinese. hamster ovary.cell
line {designated tsﬁl).was shown“by Thompsonwet al t1973) to ﬁawe_a
temperature-sensitive 1euoy1?tRNA,synthetase.- At Aﬁ°c, a non-permigsive
temperature, protein synthesis continued at about 1% of the rate at 34°C,
-1 permiaaive temperature. The possibility that this synthesis represented
.mitochondrial protein synthegis was confirmed by the following observa-
tionst:

a) _tho protein synthesis at 40°C, but,notlat 34’0, was sensitive
to tevenei, a spéoifio inhibitor of ﬁitochondriol -protein oynthesis;

b) protein syntheais by isolated mitochondria from tsHl was not-

temperatute—sensitive;
c) [140]1euciﬁg‘1ncorporatipn at 40°C was located specificially

in the mitochoddrial fraction;
d) [ C]leuctneincorporation into the mitochondrial fraction of

4
tsEl at éO’C was sensitive to tevenel but not cycloheximide-

-

e}f‘the pattern of mitochondrial proteins synthesized at 40°C on’

‘

SDS-polyacrylamido‘gels is very similar to those synthesized at 34°C in

the presence of the-inﬁibitor of cytosolic protein synthesis, oyclohexi—

mide.,
Theae resulta, togethen with the demomstration of three speciea

of leucyl-tRNA in hamster.liver mitochondria different from the four
‘q
' cytosolic apecies by RPC~5 chromatography), suggest that tsHl mito-
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chondria contain a unjque, non-temperatume—sensitive leucyl-tRNA\

l

aynthetasé This cell line may prove to be very u8e£u1 in the analyaia

of mammaiian mitochondrial protein synthesis in the abgence of inhibitora.

/
!

/ II. Interspecies somatic cell hybrid' offer a unique system for .

the study of interactions between mitochondria and the nucleus. This ial‘
possible because one can oiqtinguish.mitoch ndrial components of the
parental species, as well_AS‘the chromosom 8 oﬂ the parental species, Io
an attempt to characterize the difforence, bé;ﬁoénlhnmster_oitochondrigi
DNA (éEDNA) and huoon mtDNA, a comparisoniof buoyont‘densities of éhe two
mtDNAs ﬁas-gpde. It Yag found that humaﬂ‘mtDNA was more dense than
homster mtDNA by ,0:.008 é/cc. One human-hamster hybfid cell was examioed ;
.and'found.to have mtDNA with a density.similar to hamste; mtDNA. .This
iresult; togethef with observotions reported previously from this lsbora-
tory, should now allow the analysis of humn-hamster hybrid cells for the
maintenance.aod expression of mtDNA from the parental speciigs
| Pfotein sjnthesis in msmmalian cell mitochoﬁdrio is initiated

with fMet-tRNA"S®, the formyl group being most likely donated by o
formyl Hﬁ folate. Methoérexate,‘which depletes the (:‘1'-1:1‘,l folata pOolo

by inhibiting dihydrofolate reductase, might block the formylaqion fg
*reaction, inhibiting mitochondrial protein synthesis and indirectly cell
growth, L calls grown in auspension culture were found to grow normally

—— -
in the preaence of 5 x 10 5 M methotrexate when supplied with metabolites
whose synthesis requires the CI-HA folate pools. Preincubation for 15
min with 10"% M methotrexate does not affect the subsequent formylation

of mitochondrial initiator tRNA: Also, fhera is no effect on tﬁe .
| ' - iv . ’



synthesis of N-formylmethiooylpuroqyoin in L cells growm for 160 .hr in

the'ptesence of 5 x 1(;)“6

M mothotrexate;-nor in KB cells'grown for 72 hr
in its presence. VIhese results demonstrate that cell 3rowth; the formyla- .
" tion of mitochondrial initiator tRNA and the initiation of mitochondrial
protein synthesis are not inhibited by methotrexate when cells are

supplied with metabolites whoge de novo synthesis requires C —H folate

4
pools. The mechanism of continued formylation in the presence of metho-
trexate is not known.

- III, The thymidine kinase deficient, LETK cell line incorporates _
BUdR specifically into mtDNA Ihe posaibility that this spegific incor-
poration of BUdR would'induca mutations of the mitcchondrial genome was

inveatigated. Preliﬁinary'evidence suggests BUdR 1s effective in

e

’r.

increasing the frequency of tevenel resistant cells, however, a large
fraction of the IMTK . cell population studied ( 4 - 9 x 100 ) shows
reaistanoe_to tevenel without BUdR.treatment and theselcells\havo been
chosen for htudy.l'

After growth in suspension culture for 5 days in 100 Jg tevenel/ml

5

andtaubaequant plating in 100 ug tevenel/ml, IMTK cells yialded reaistant :
scionea\ 9§ a control, L cells treated identically, yiolded no clonas.
'hgﬁyoé%of ége resistant clones were studied. Each resistant cell line had |
‘1ag'iéonticol growth rate in the'prééence and absence of 100 pg tevenel/ml;
uhareaa. IHTR ceased 3rowing after 2 or 3 3enarations in 100 ug
tevenel/ml, By plating afficiency analyais ‘the reaistant cells were found
to be cross-resistant to D-chloramphenicol. The change roaponaible for

resistance was found to be stable for at least 100 3enerotions in the

absence of the drug.



Protein aynthesis.by isolated mitéEHAndrin of reaigtaﬁt cells was
found to be less imhibited by conceﬁt:ations of both tevenel and D-
Ehloramphenic01Aup to 200 pug/ml th&n the protein synthesis by LMTK?
mitochoﬁdria. Thi; ;eéiatapcé in vitno was not changed by incubation
of the mitochondria in 0,01X Triton X-100. 7 | |

Theée rqéhkggpsugs?at. but do not pr;ve,'that the reaiat#ﬁt_celld‘
-are mutants of the.mit;chondrial Qenome and that IMTK cells may be |

I

important in the . igsolation of other mutants of-mitochondrial function.
- ' -_—‘_-—h—‘\ . . . s
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PREFACE

Mblecular‘biology is that part of the discipline of biochemistty
wﬁich‘attempts to understang the basic mechanisms of gene expression
‘and its control,as well as how these meéhanisms_explaiﬁ;not only the
relative simplicity of bactériophagesrbut also the great orgamizational
complexity of the‘eukéryotic.cell. Molecular biclogists.attempt te
find“suitabie-systemg td study'gené'expression;_whatever the system,
.the questions are 1nevitab1y tﬁe'same' What ‘are the proéucts (RNA and
protein) of the expressiou of the genome? What controls Che nature and
‘relative proportiona of the products? How do these products account
for the phenotypic expression?

One of the most aétively_pﬁréued areas in molecular biology is

‘the study of the bidgenesia of mitqchondria. In part, this, pursuit is

due to an age-old curioaity about the origin of cell organelléa. Ever

-_since mitochondria were first observed within cells in the late lgth

century {see Lehninger, 1965), it has.been speculated that these organ—
élles were derived from endquymbiontq of bacterial origin.- The i?“-
discovery of.mitochOnar;ﬁl DQA and of mitochondrial protein'éyntheais‘
adds suppéft to this hfpofhesis. More recently, the mechanisms of the
biogenesis of mitoqhondfig has received considerable attention in an
attempf to understand thé rélationshipﬂ which exist between two |
phyaically separate genetic systems within one cell (&shwell & Work
19?0; Borst, 1972; Mahler, 1973). An understanding of the expresaion

and control of expression of the mi;ochoﬁdrial gencme.will certainly ’
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add to some of the general concepts of molecular biology.

This theeis‘describes'investigetions into mitochondrial bio-

- genesis in mammalian cells. Wnile-many approaches have been-employed,
the questions which these approaches have attempted to answer are the
same, Broadly stated, thege questions are: What is.theﬂuature of the
products of tne_mitochondrial genome? .How do the nuclear and mito-
chondrial genomes interact to control mitochondrial biogenesis? To
what extent is the mitochondrion autoncmous and how does it influence
its own phenotype? The investigation will be considered in three

chapters followed by a more general consideration of the significance

of the results to the study of mitochondrial biogeneais.



. CHAPTER I

- -"4',

. Mitochondrial Protein Synthesis

in a Conditional Mutant

| Inrgonotrion‘

-Hltochondria haye long been known.to be preseﬁt in the cyto—

" plasm of eukaryotic cella (see Lehninger, 1965, for a short hiatorical
review). While studies in the firet half of this century were devoted
maialy to establishing the hiochemical role of these.organelles
(cellzlar oxidatione), it was not until the early 1960's-that the study
of mitochondria turned to biogenetic aspects.

. " Today it ia well established that mitochondria are aemi-
autonomous organelles (for reviews on mitochondrial biogenesis see
Aahwell & Work, 1970a Rabinowitz & Swift, 1970; Borst, 1972' Sager,
1972* Mahler, 1973). They are known to contain a small, but unique, -
.genome which is replicated and transcribed by mitochondrial-apacifiq
enzymea. Hitodhondria also contain all the appropriate machinery for
the synthesis of proteins. . It is the existence of this unique (and as
will be discussed later, proharyote-lihe) genetic egatem wlthlh the
eukaryotic cell which greatly stimulated the interest in the study of
mitochondrial'hiogenesia. I'shall now briefly review what is koown

about the mitochondrial genome, and mitochondrial tranacription and

tranalation.



The Hitochondrial Genome

Unlike nany scientific discoveries, the finding that mitochondria
contain DNA was the‘result of an organizedusearch ‘ (Nass, 1969“
_Ashwell & Wotk 1970a; Rabinowitz & Swift, 1970; Mshler, 1573). This
search was instigated due to a number of observations. 1) extrachromosomal,

non-Hendelian inheritance in yeast "petite" mutants (Ephrussi & Hottinguer,

1951) and in Neunospohra chassa "poky" mutants (Mitchell et al, 1953) were
knowm to involve aspects of mitochondrial function ‘such as the’ lose of ~
cytnchrome bxidase;activity’(Ashwell & Vo 19703‘ 2)‘isolated mitochon? )
‘_dris had been shown to inéorporate labelled no acids into nrotein in
'__uixno (HcLesn et al, 1958; and seeiBelsw); " chloxoplasts; cytoplaemic.
organelles of.photosynthetic eukaryotes, were known to contain DNA (Chun
et al, 1963); 4) the discovery of mitochondria in cells by Altman in 1890

(Lehninger, 1965) 1ed him to speculate that mitochondria were endpsymbiotic

This speculation was (and still is) a popular hypothesis of
the evolutionary origin of a (Margulis, 1970) and suggests
that mitochondria must have a hegree of autoaomy; and fina
chondria of Neunobponn appear to arise from pre—existing mitochondria by ;
a’ process which resembles growth and division (Luck, 19633-b) and appear
to arisp from pro—mitochondria in yeast adapting to aerobie growth
(Linnane' et al, 1962; Schatz, 1963).. These observations suggest a
replicative‘tapacity of these organelles. ; | |

The establishment of the existence of mitochondrial DNA (mtDNA)
oceurred by a number of independent routes (see Nass, 1969; Ashnell &

Work, 1970a, Borst, 1972 for reviews) In the late 1940‘3 and edrly

A, .~1950's; studies of mutants of yeast ("petitea“) charaeterized by their

¥ -
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slow growth (Ephrussi & Hottinguer 1951) and of mutanta of Neunoapona
s poky") also showing slow growth (Hitchell et al, 1953) established a
non—Hendelian (1.e.’ 'maternal) pattern of inheritance of these phenotypean
The slow growth of petiteé was found: to be aaoociated with a lack of a
complete cytochrome complement and thus respiratory deficiency, and ‘it was

_suggested that the mutants arose from “losa or inactivation of autonomoua
self-reprodncing nonchromoaomal elements" of the- cytoplasm (Raut & Simpson,
1955). Studies by Raut and Simpoon\$1955) demonstrated that petite pro-
ouction was stimulnted by ulttawiolot?iight of 260 nm and it was suggested

- that the cytoplasmic eloments were nucleic oid-containiné nmitochondria

" and that this nucleic acid determined the phenokype of the mutants.

4

DNA-like fibers were observed within the tochondria of chick

.embrfo cells by Nass and Nass (1962). fhe DNA nature of.the fibers was

confirmed by staining behaviour in oleotron‘microscony nd by'tho gensl~ .
tivityiqfﬂtbe fibota‘to DNaao (Nass & Naas; 1963n;b)t. DNA was nlao shovn
te be a ;omponent of mitochondria from yeast (Schat:let al;‘196&) ano‘

\
lamb liver (Kalf 1964) This DNA was likely not a contaminent because

. a consistent ‘content I(ugDNA/mg mitochondrial protein) was found,
“_——h‘“—hh‘_fhﬁﬁii was insennitive to DNase treatment of whole mitochondria (Kalf, 1964)
and highly purified mitochondria were uaed (Schatz et al, 1964).

DNA from mitochondria of Neuno&pona was “also reported (Luck &
Reich, 1964). This DNA was of a nnique_buoyant\dgnjity and appeared to |
be aosociated with a DNArdependent RNA polyneraae {gee alao-Kalf,‘lQG&),
auggesting that the mtDNA i{g transcribed in these cells. . ‘
. Some of the [3H] ~thymidine incorporated into DNA of\Igf:ahynena

hi.

pyﬂ&ﬁonnuA vaa found by electron microacopic—autoradiograp

N



to be a.a.socia'l;ed with mitochondria (Stone .'&-'Hilla'r.- 1965). The DNA vas
obaervad tp be.atable and present in all of.tha‘pitpchondfla in aella
after division, auggestiag that the DﬁA of theimitochondria_waa replicated.
By 1965,Nass et al concludedrthat tha mitochpndria of all cells contain

‘ Hhile a wealth of litarature haa been devoted to the physical
properties, replication and repair of mtDNA (cf. Borat, 1972; Borst &
.Flavell, 1972; Hahler,‘l973), I shall consider only-awa aspects, the size
and informatiopal content of'mtDNA, and phe 1aolatioh of mtDNA., The
latter will be dlaguaaed in Chaptar 11,
. The most well gharactarizedmpDHAa fall into two categofiea (Borst,
1972; Borat‘& Flavell, 1572); the mtDNA of vertebratea and dpaerranimals
which is closed circular, with a contour length of approximatalj 5 ym (107
dal;onal and the mtDNA of lower organisms such aa.yaast;‘Neu106pona aad‘
rTe,i‘)‘u:!hyl‘ma.n.ct uhlch is about 5-fold larger and may or may:nol: be closed circular,
Table I summarizes some aapecta of tbeﬁphyaical prOperpiea of mtDNA from .

various organisus, N A

More 1mportant than the phyaical slze of m ia ite genetic

rcomplexity or informational content. This topic has . be extenaively

. Borst, 1972). Renaturation kinetica of aheared mtDHA ‘from many s
.are second order, the time couxaa of which ia each case, has approximated
that expected for DRA ‘molecules with a complexity equal to the obaerved

' :length of the “mtDNA. Thia has been summarized in Tabla II‘ It aaems
that. physical siza ia a reflection of the genatic;complexity of mtDNAs.

The implication of‘the relatively small ganume-of mttochondria (the E.
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. TABLE T -
. PROPERTIES OF MtDNA oy
organism contour circulafity _density (g/cc) densitﬁ (g/cc)
| * lenmgth observed nucDNA . - mtDNA
() o | L
Human 4.81 + 1.695 - 1,700 1.705
Rat 89 + 1.703 1,701 :
Mouse 511 + 1.703 . ‘ 1-698 )
Chick . 5.35 + 1,700 - 1.708
Xenopus ~ 5.40 + 1.702 1,704
House fly 5.2 + - . -
' Tetrahgmena 15 - 1.683 - 1.692  1.683 - 1.686
Sacchanomyces - 25 + 1.698 e 1,684
Newrospona 20 + 1.713  1.698

Data summarized from: Borst & Kxoon;ﬁﬁD?O; Borst & Flavell, 1972; Borst,

1972. ' ) d ) " ! *



TABLE II

COMPARISON OF KINETIC COMPLEXITY AND

PHYSICAL SIZE OF MtDNA

Organiem ‘. Mol. Wt.* Mol. Wt.

E.M. renaturation
Rat 0 9.6 9.9
Guinea pig 11 - 11
Tetrahymena 29 30
Saccharomyces ' 49 50 - 63

Data after Borst & Flavell (1972). *Mol. Wt. E.M,
(molecular weight determined by electron microscopy

asgsuming 1 ym = 2 x 106 daltons). -

\
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coldl genome is approximately 800 um (Cairus, 1963)) js that it can code for

only a very few proteins. All studies of mitochondrial gene expression ‘
must bear this in mind. ; - Tt - . . ¥

Tranacription of the Mitochondrial Genome

) As indicated-above, early studies indicated the prasence of a DNA-

‘dependent RNA polymecose (c£, Luck & Relch, 1964) in_mitochondria. _The
possibility that mtDNA is transcribed was atrengthonod by the knowledge

that iaolated mitochondxia incorporate labelled amino acids into procein
(McLean et al, 1958; Roodyn et al, 1961) Today, while the 1dentification

of the nature of all mitochondrial transcripts i1 still not compiete (Borst,
f1972). it is clear that mitochondrial ribosomal RNA CmtrRNA) and certo%a
mitochondrial transfer RMAs (mt~tRRA) are trsnscribed from mtDNA. 'Sgill

a controvorsial topic concerms whether or not mtDNA codes for mitochondrial
megsenger RNAJ(mthNA) (contrast Hirsch.& Penman, 1974a and Aoadﬁani et al, %
1974)., Weé shall’g;iefly review the observations concerning transcription

of mtrRNA, mt=tRNA and mtmRNA from the mitochondrial genome.

a) MtrRNA and the mitochondrial ribogome

As already mentioned,. i tochondria are known to contain DNA, known
'to ‘synthesize protein in vitro, and known to synthesize RNA, Hitochondria
would therefore be expected to contain ribosomes unless the aynthesis of

proteins proceeded-by an- ‘ag” yet undiscovered mechanism. It yaﬂ not sur~

..,....\

' priaing that mitocﬁondtial ribosomes were discovered in a number of
_:

organisms not long after the demonstration of the exiatence of mtDHA. In

' 1967, Kintzel and Noll reported the 1solation of ribosomas and’ polysomes

I

. A1
. -«
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from Neu&obpoka mitochondria (see also Rifkin et al, 1967). These struc-

tures were found to’ differ frem the cytosolic structures. The mitochondrial:'

ribosomes had a lower S value (735) than the cytoaolic equivalent (775) as

,/gid'the polysomes. The mitochondrial ribosome contained mtrRNAs of lower

S value as well (235 and 16S versus ZSS-and 175 for the cytosolic rRNAs
(cytrRNA)). The mtrRNA was found to have a unique base composition,
characterized by a very low G+C content (38%). Finally, the mitochondrial

 polysomes were found to be associated with radioactdvity when isolated
mitochondria were pulse labelled with [1AC] leucine. This suggests a
protein synthetic function for the polysome structures.

Algo in 1967, 0'Brien and Kalf (1967a;b) 1dentdfied a particle
from rat liver mitochondria with many properties expected for a ribosome,
except that it sedimented at only 555. Because of its apparent small size
there was much-douhtrthat-it was the true mitochondrial ribosome., It was
shown, however, to become 1abe11eﬁ when isolated mitochondria were incu-
hated with [iAC]'Ieucine. This 555 Cor 60S) particle was confirmed as

..\ -~

the riboaome from: animal mitochondria {Aahwell & Work, 1970b; ‘Swanson’ &

‘\

Dawid; 1970; Perlman & Penman, 1970; Attardi & Attardi, 1971; Brega &

Vegco, 1971). It was found to contain TRNAg with 1ow sedimentation values

(168 and 125) and of 1ow G+C content. The ribosome disscclated into 405 )
ﬂnd BOS subunits. The ribosome ‘and presumpt ve polyaomes became labelled
when ieolated mitochondria (Ashwell & Wbrk 97db), Bela cells (humag) in
‘the presence of inhibitora of cytosolic profein synthesia (Perlman &
Penman,;}9?0; Brega & Vesco, 1971) or mitoghondrial extracts (Swanson &
:ﬁauid, 1970) were puise-lahelled with radioactive amino acids, suggesting
anin that' these rihoaomes function in prptein syntheaio within the i

mdtochondrion;‘

e et it i e e
e s
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Ribosomes have since been found in the mitochondria of all

organisms which have been examined.  They have fallen'into two categories:

-

the ribosomes from fungl which are 70-75S, and the ribosones from animals

whiohhare 55-60S. These same phylogenetic differences eppeer in the size

of the mtDNAs (Table I). As suggested by Swanson & Dawid (1970) perhaps

the ribosomes from all orgahisms with 5 ym mtDNA will be 55-60S. The term

"miuirlhosomed has been applled to it. Some of the'oroperties of mito-
chondrial ribosomes have been summarlzed in Table III.I It is of interest

to note that the "miniribosome" from rat liver mltochondri; has'reeently
been shown (de Vries & Kodgh—Schuuring,-lB?B):not to be small at all. By
measurement ot buoyant denslty (and therefore its RNA/protein ratio) end'
from.a knowledge of the molecular weight of the mtrRNA, one can calculate
that the mitochondrial ribosome should have a molecular weight cloee to that
of E. coli ribdsomes (70S). This . was confirmedloy noting the migration of

the 555 ribosome in oolyacrylamide-graQients,-where a particle moves to a

position in the gél corresponding to its volume. Hitochondrlel ribosomes

‘were found to be 1arger.than E., cofl and omaller than cytosolic ribosomes.

Recent studies from Kroon's laboratory (Datema et al 1974

Agsteribbe et al, 1974) have demonstneted that presumptive rihosomea,which

are 80S rather than 738, can be isolated from Neukobpona mitochondrfa, in

PR

,the presence of the ribonuclease inhibitor heparin. By using varlogs treat-

-

mente, the B80S particles can be converted to 733 particles, but”ﬁotgvice

4

vers&: Both 80S and 735 pertieles are active in the ehloramphenicol—
f

eensitive peptidyl transferase reaction as expected for mitochondrial

ribosomes (deleies,et al, 1971).' All other properties of the 80S and
b ,

73S mitochondrial ribosomes are the same. It may be that mitochondrial
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“rihosomes are prone to degradation upon isolation, and perhaps a Te-
evaluation of the.properties of;all mitochondrial ribosomes'should be made.A
In summary, it is clear that mitochondria contain ribosome—like
particles and polysome-like structures. Moreover, 1t is apparent that
these structures have the capacity to participate in mitochondrial~
specific protein synthesis; |
. | ] . < 7 | |
The mtrRNAs referred to ahove have been the subject of extensive
~research over the past eight years (Borst, 1972). The reagon for the
intense interest in these molecules is the demonstration that they are
'transcribed from mtDNA; mtrRNAs are one of the few "gene products” thus
far recognized for the mitochondrial genome,
| The study of mtrRNA from the unicellular eukaryotes followed a
rather straightforward approach Since_the agcomycetes do not contain
a highly developed endoplasmic reticular membrane system (Borst & Grivell,
1971), it was relatively eagy to isolate mitochondria essentially free of
cytosolic ribosomes. Mitochondrial ribosomes, with essentially the same
Rroperties as those described above for Newrospona, hare been isolated
from yeast (Stegeman et al, 1970; Schmitt;.197l- Morimoto & Halvorson,
1971) and Adpengilflus (Edelman et al, 1970) (Table III) The mtrRNA
~ could be isolated from the mitochondrial ribosomes in a relatively pure
state, A similar approach was alao successful for Tetmahymena (Chi &
- Suyama, 1970). Some of the properties of mtrRNA ‘are also included in
Table IXI. Of particular note is the fact that in all cases thus far
examined one cistron for each of the: mtrRHAs exists on mtDNA, This ia
contrary 'to the situation in bacteria and the euka otic nucleus where
'many TRNA cistrons.per genome are found .(Attardi & ﬁmaldi,“1970). This

point will be important in later discussionsg.

-



The study of mtrRNAs in ‘animal systems did not proceed by such a
straightforward route (Attardi et al 1970' Penman et al, 1970). Anima}
md tochondria are very difficult to isolaté frée:of cytoSoliéicontaminatinn '
(Dubin, 1967; Bartoov et al, 1970; Malkin, 1972). Early.studies with

"uridine (3H or ;40) labeiléd cells démonstrated-considernble'RNA asgoclated
with mitochondria (Dubin & Browm, 1967; Attardi‘&'Attnrdi, 968) RNA with
S values ranging from 4 to 50S. Much of thia RNA did not hybridize with
mtDNA (Attardi & Attardi, 19695. Clarificatiqn of the situation came withﬁ
the use of specifih inhibitors of nuclearlRHA synthesis such ag

| mengovirus infection of HeLa cells (Vesco & Penman, 19693) or low doses
of actinomycin D (Dubin, 1967; Vesco & Penman, 1969b) Mitochondrial” RNA
(actinomycin-resistant) of animal cells in culture was démbnstrated with
S values of 17 - 165, 13 ~ 12S and 45 (Dubin &.Hontnnecourt, 1970;
Attardl & Attardi, ;971), or with electrophoretic mobilities norre3ponding
to 218 B’ 125 and AS (Vesco & Penman, 1969b) These RNAs werée also |
isolated from highly purified mitochondria from the liver of rats labelled
Ln vive with [ 2P] orthophoaphate or [ H] orotic acid (Bartoov et al,
1970), It has been concluded from studies on rhe mitochondrial ribosome
that the 17 - 16S and 13 - 125 mitochondrial_RHAs are the mtrRNAs (see
above). - ‘ | : |

" A second develnpment which nided the annlysis df mtTRNA vas the_. |

demonstration by Zylber et al (1969) of the spenific inhibition of,

| nitochondrial-associated RNA synthesis (213B and_lst‘Particularly)-by
low doses of ethidium bromide. ‘fhis specific effect 1s presunably due to
the conformational chanégé induced in closed circular DNA by the inrer—

calating phenanthridine dye (Radloff et al, 1967), Ethidium bromfde has
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since become an éxtreﬁely iﬁpoftant fool in the study 6f-ﬁitochonﬁ£ial RNA
synthesis,gince ;nhibition-bf the §yﬁtheéi§ of an;RNA.component bf
‘ethidium bromide suggestg_that it is ‘transcribed from mtDNA.

Althsugh high'mﬁlecular weight mtrRNA has been observed in all
eﬁkaryotic organisms examined, the presence of a ﬁitochondrial eqﬁivalent_
to 55 rRNA has not been demonstrated. Despite. a rigorous sear;h for 58
RNA in Neunaépoﬁa miﬁochondria and mitochondrial ribosomes (Lizardi-& Luck,
i971i, none Qas éound. Lizardi and Luck concluded that if a 5S rRNA
equivalent exists in mitochondrial ribosomes,:it must be concealed in RNA
of other sedimentation valués.' Similarly, 55 RNA has not been ébéerved inf
animal mitochondria (Zylber &—Penman, 1969; Dubin & Montenecourt, 1970). -
"It is very possible that, like mtrRNA, the 5S YRNA equivalent is smaller
than the cytosol 55 rRNA and co-sediments with mitochondrial 45 RNA. 1Inm
this connection, Dubin et_al (1974) have recently rgported the presence
of a 35, RNA asaociaﬁed with mitochondria of BHE-21 cells (hamster).
A;though it was not demonstrated to be associated ﬁith mitochondrial
ribosomes, its synthesis is ethidium bromide sensitive, it has the low
G+C content characteristic of ntrRNA, it is'preéént in.an,eq?imolar ratio
with mtrREA and was found to he unmethylatedt These observations suggest
that this molécﬁle might be a 55 rRNA equivalent, but its association
with ribosomes has.ygt to be.d@nonstrated. _

Thus, the mtrRﬁAs from mitochohdfia of unicellular organisms and
from animals is unique tﬁhthe organelle, transcribed from mtDNA and always
" smaller than the‘cytrRNA '.The andﬁalous behaviour‘exhibited‘by these_

RNAs upon gel electrophoresia and sucrose gradient centrifugation (e.g.

165 and 128 versus 21% and 128 as noted above) under var:lous conditions
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_’(Edelman et al, 1971§'Grive11 et al, 1971{ Hitra et al, 1972) is due, in
part, to the low GHC content (Freeman et al, 19l3). MtrRNA would be
expected to contain secondary structures of low stability.“The low GHC -
content does not, however, entirely explain the anomaloua behaviour of
this RNA. Dawid (1971) compared the thermal denaturation behaviour of
Xenopus wtrRNA and Dnoaophrza cytrRNA RNAs with equal GC content. The
mtrRHAs were found to begin to melt it a lower temperature and continue
over .a broad temperature range while the cytrRNAa melted within a narrow
temperature range. Similarly, the mobility of the DagoophALa eytrRHA on
polyacrylamide gels was not affected by temperature, while the mtrRNA
mobility was affected. Hhether or not the’ anomalous behaviours of mtrRNAs

have functional significance remaina to be seen (Freeman et al, 1973)

b) mt-tRNA - )

Research concerning mt-tRNa has proceeded along two separate
lines: the atuoy of mitochondrial oS RNA, a fraction'which preaomably
contains tRNA, and the atudy of amdnoacyl—tRﬂA and aminoacyl-tRNA synthe-
tases derived from mitoehondria. These two areas of atudy yield reeults
which can be interpreted quite separately} and offer a eonvenient‘diviaion
for discussion purposes. — | .

1) Mitochondriat 43 RNA: This mitochondrial component was
l;recognized very early in the study of mitqchondrial—aeaociated BNA
(Suyema, 1967; Rifkin et al, 1967, Attardi & Attardi, 1967; Dubin & Brown,
1967; Zylber & Penman, 1969; Knight & Suglyama, 1969). The functional

gignificance of -the mitochondrial 4s RNA was mot known, although Fnight

& Sugiyama (1969) apeculated that it was tRNA without offering any
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evidence (see also Zylber & Penman, 1969; Dubin & Hontenecourt, 1970)
- The physical propertiee of the mitochondrial 45 RNAkfrom animal

'cells have been actively pursued, particularly by Dupin and co—workers _
'(cf; -Dubin & Friend, 19%2)..-The eyntheeis‘of'the 4S RNA assoclated uith
: mitochondria is partially sensitive to - inhibition by ethidium bromide
'-(Rnight 19691'Zy1her & Penman, 1969 Attardi et al, 1970; Dubin. & Friend
1972) The residual ethidium bromide—resistant 65 RNA ia presumably of
wcytosolic origin (Zylber & Penman, 1969) The mitochondrial 4S5 RNA has a
-1ow'degree of methylation (about 602 lower) when compared to'cytosolic 48
RNA (Knight, 1969; Dubin & Montenecourt 1970 Attardi & Attardi, 1971)
: Dubin and Friend (1974) have recently analyzed the methylated nucleotides
in BEE-21 : ' mt-tRNA - labelled with 32P and [ 341 or [H4C] methyl-
" methionine in the presence or absence of ethidium bromide. Establishment
of an ethidium bramide—sensitive profile of nucleotides separated by '
electrophorosis gave results which represented mitochondrial specific
methplpted nucleotides. These differed significantly from cytoplaemic 45
RNA and from E, cold tRNd. Ona aignificant difference in terme of later
“discussions is tne appnrent lack of ribo—thymidine monophosphate (er)'in
mitochondrial 4S RNA. |

The metabolic stability of mitochondrial 4S RNA has been examined
by blocking further syntheeis of mitochondrial RNA with ethidium bromide
aftér a brief labelling period with [3H] or { C] uridine (Zylber &
?enman, 1969; Enight, 1969). The 4S RNA GnS‘found to be very stable.
Similar experiments with mtrEHA of HeLa cella demonatrated that both 16S
and 12S mtrRNAs are unstable, with a half—life of nbout'three hours

(Zylber et al, 1969; 1971). .

-~
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Experiments to be discussed below suggest that mitochondria

contain specific tRNAs These molecules would be expected to co-gediment
with the mitochondrial 48 RNA described above, or be identical with it.
It was of interest, then, to determine the ‘extent to which mitochondrial
4S RNA hybridized with mtDNA, Inhibition of mitochondrial 4S RNA- _
synthesls by ethidium bromide as well as early hybridization experiments |
(Suyama, 1967; Attardi & Attardi 1969) suggested thst at ‘least some of
the 45 RNA was transcribed from mtDNA, ‘ L

Hybridization—saturation experiments uith'ﬁs RNA of known.specific

activity have demonstrated 20 genes for 4S RNA on yeast mtDNA (Reijnders

& Borst, 1972) 15 genes on Xenopus mtDNA (Dswid 1972), and 11 genes on’

EELa cell mtDNA (Aloni & Attardi, 1971c). These values are very lou_and

suggest that mtDNA does not “code for a full comnlement of tRNA. (recall .

that at least-ome of the és,genes may be coding for a Eé rRNA equiualent).
The paturation values above may be underestimates for many -

reasons (Borst, 19725 'One discrepancy is the molecular weight of mito—'

.chondrial 4S RNA sssumsd for cslculation of gene numbers, 25,000 for yeast

and Hela cells and 28,000 for Xenopub. Dubin & Friend (1972) have
guggested, on the basis of high resolution sucrosge gradient and’ 3e1

electrophoresis techniques under denaturing and non—denaturing conditions,

. that BHK-21 mitochondrial 4S RNA is smaller than cytosolic 4S5 RNA and was

calculated to be 19 000 daltons. if this value is true for all animal
mitochondrisl 4S RMA, it brings the mitochondrial 45 RNA gene numbers. to
15 for Bela cells and 22 for Xenopus .

”aybridizatiou'experiments have been extended to studies ofc

hybridization of mitochondrial 4S RNA to the separated_strands of mtDNA



(cuc to differences in base compccitioclof chc two strands of animal;mtDNA.
- they ccn be separated on{alkaline CaCl cencity gradients (Borst & Flavell,
1972)). Althccgh it cas been demcnacrated that HeLa ccll mtDRA is trans-
cribed symmetrically, virtually all the transcripta of the light strand
(L—strand) are unstable (Aloni & Attardi 1971b) It appears that most
of the stable RNA species of animal mitochondria are transcripts of the
‘heavy strand (B-strand) (Borst & Aalj, 1969; Aloni & Attardi, 1971a;
David, 1972)." Both Aloni and Attardi (1971¢) end Dawid ‘(1972) have
demonstrated that a small amount of the mitochondrial QS.RNA hybcidizec
to the L-strand (3 of che 11 genes reported by A;gpi & Actardi, 1971c).
In an attempt tc “visuc1ize" the_poaiciocc:of_tha mitochqndriclk
45 RNA geces on the Hela cell mitochondrial genome, Wu et al (1972)
prepcrad mitochohdricl 4S RNA covalently cccpled‘tolfcrritin. This
_matarial was then hybridized to H— and L-strands of che Hela cell mtDNA
the H—strand was also hybridized with mtrRNA The DNA. was spread on
grids and examined_in the electron microscope for presence of the duplex
~ reglon (16S and 12S mtrRNA/DNA hybrids) and for ferritin. The H-gtrand
could then be mapped for the positions of the ferritin coupled 4S RNA
with respect to the mtrRNA duplex region (already shown to be on chc
'-H—atracd (Robbcraon et al, 1972)). The i;strand was examined for
ferritin coupled 4S RNA, Nine 4S genes were located on the H-strand,
one of them betwéen the 168 and 125 mtrRNA cistrons, posaibly.thc site
for a 55 rRNA equivalent. Three 45 genea were 1ocated on the L-strand.
. This result is represented as a circular map of the Hela cell mito-
chcndriallgenome in Fig. li‘ These reaults guggest that 12 genes for

mitochondrial 4S RNA exist on the Hela cell mtDNA, although it s
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possible that some RNA molecules exist in concentration too low to be

- detected by this techanique, . - o® a o
(- . |

In summary, it appears from aybridization'eaperimenta that there
are between 12 and 22 genes 'for &S'ﬁNA on the ntDNA of animals, and oetween
20 and 24 genes for 4S RNA on yeast mtDNA (Reijndera & Borat, 1972)
Although theae results may be underestimates, they auggest that mtDNA does

not. code for a full complement of tRNAs (at deast 33 tRNAa are required
?7

ffor reading all 61 codons considering maximum wobble (Borst & Flavell,

1972)) The possibilitiea that mitochondria utilize feWer than 20 amino

acids in protein synthesis (Costantino & Attardi 1973) or import some

.tRNAa transcribed within the nucleus (Suyama et al, 1974) have been poatu— _

lated, but to date there is little experimental evidence to support either
hypotheais.‘ B o - : K )

| 11) Hitochondrial amino acyt—tRNA and amino acyf-IRNA synthetases:
Very ~early studiee on mitochondrial protein oynthesis preaented suggestive
evidence for the presence of mitochondrial amino acylation of tRNA. Mager
(1960) demonstrated that, while chloramphenicol inhibited_protein synthesis

in & mitochondrial fracﬁion from Tetrnahymena, it caused the accumulat{on

. of-an unidentified [1401 leucine labelle compound which, unlike protein

was precipitated by cold trichloroecetic acid (TCA) but deatroyed if the
TCA was heated, This compound was also destroyed (i.e. free 1eucine : |
liberated) by treatment with 1N NaOH, .Tﬁe nroperties of this compound

are consistent with those expected for leucyl-tRNA, although the results

were not interpreted in that way.

Amino acletRNA synthetases catalyze the following reactions: °
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aax + ATf = éa - AMPI + fg' - f
aa -~ AMP + tRNA™ f::; aa_ - tRNA + AMP
Early studies measured the amino acid atimulated ATPn[ 2P]PP
exchange reaction, rather than the formation of -the amino acyl—tRNA The
amino acid stimulated exchange observed in mitochqndrial preparations from
rat liver (Reis et al, 1959), rat liver mitochondrial extracts such. as pH

3

5 enzyme preparation (Roodyn et al 1961; Craddock & Simpson, 1961) or
carrot—t;ot mitochondrial preparat;ons.(Davis & Novelli, 1958) was taken
as evidence for the-e#iétence of amino acid activatiﬁg enz&mes_(i.é. '
Byntﬁetases) within mitochondria. The exchange reactious observed
however, could aimply be a reault of contamination of the mitochoadrial
preparations wi't'h cytosolic syn‘thetaaes._ _

A mbre.convincing démdtstration'offﬁltochondriai amino acyl-tRNA
aynthetased was presented by Wintersberger (1965). He demonstrated tﬂat
a synthetase preparation from yeast mitocho;;riatacylated [ C] leucine
and [140] phenylalanine to_homologotg RNA more efficiently than to hetero-
logous {cytosolic) RNA, Simiiarly, cytosblic'Synthetase acylated: cytosolic
RNA more efficlently. . -

. Fournier and Simpson (1968) demonstrated the incorporation of

'[IAC]'leuciné into prétein (hot TCA-stable 1ﬁcorporhtion) and into tRNA

(cold TCA-stable, hot TCA-unstable incorporation). Both processes were

resistant to ribonucleaae (RNaﬂe) but only protein synthesis was inhibited’

by chloramphenicol. Attempts to characterize leucyl~tRNA by MAK chroma=~

tography were not particularly shgceséful. probablyldue to degtadgtion-

of the RNA. However, the MAK column ptofile‘pf witochondrial leucyl-tRNA

. .

did show differences with respéct to the cytosolic leucyl-tRNA. ) ‘\\,ﬂj
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Extensivo studies on‘tRNAé and amioo acylotRNA syothetaséo from
Neurospora mitochondria.have bee;_reported By Barnett and co-workers.
Utilizing purified mitoohondria, it was shewn that chiomatogoaphicaliy
oniqoe (e;g; DEAE-cellulose or hydroxylapatite chromatography) 1oucy14,
}henylanyl— and.ospafoyl-tRNA'synthetaaes were associated with mito-
chondria and specifically acylated mitochondrialltRNA (Barnokt et al,
1967). Also, omino aoid’acceptor aotivities for 18 amino_aoida were
found asoociated with“these Neurospora mitochondria (Bornett & Brown,

1967). Epler and Barnett (1967) have also demgmstrated that Newrospora
mitochon