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conpared vith their counterparts in the cytoplasm or bacteria

in respect to their physical prosevties, chemnical composition

and conformation. The RNA has sedimentation coefficients of 15

and 13 §, electrophoretic mobilities of about 21 and 12,5 SE
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I INSRODUCIION

The bicoenesis of mitochondria and chloroplasts has

-

intrigued biolepists since their discovery, 1In particular the
guestion of the pessille autonomy of these organclles in eukarvotic

cells was raiscd almost a century ago.  Altman (18%0) suggested on

<

merphological grounds that nitochondria represcented nodified

P L)

bacteria ciidsting as svmbionts vithin the cell., This jdea was not

considerced seriously until the last decade vhen manv separate lives

[

1

of investication indicated trat mitochondria are seni-autononous

organeclles,

Experinents of Tucr (10063, 1904, 1905)

For many vears, conflicting evivence has led to
surpestions thot thoe mepbranous structure of ritochondria aringcs
eitber de novo, fron other membranous structures or ovganclles or
from pre—existine vitochbondria, Utilizing a cholirve-requiring
anzotroph of lLeurosnors crassa. Lucll (1063, 1964) labellicd thae
membrancs of mitochondria with {BH]cboline and then feollowed the
fate of the label in nitochondria after the Neurvsvora vere
transferred to a culture mediunm containing non-raldioactive cloline
where they grev for severel generations. FDlectrvon-microscopic

radioautagraphy of dsolated mitochondria showed that the distribu-

4

i adicact tv iu witochondria folloved a Toisson
tion of r pivit t ria foll T
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distribution over wany generations, suggesting that newly formed
nitoctlondria wvere produced by the division of pre-existing
mitochondria, Similar results were obtained when this nutant

was growvn on a nedium relatively deficient in choline (Luck 1964).
Mitochondria from these cells cortained less lipid than normal and
thercfore had a higher densitv, Heavy and licht nitochondria wvere
scparable by isopvenic sucrose densitv oradient centrifuration.
After transfer of the cells from a choline-poor to a choline-vich
medium, the lipid content of the mitochondria increased
substantiallv, Analvsis of the mitochondrial populatiors before,
during, and after thev had reacquired their normal phospholipid
content revealed the presence of onlv one mitochondrial population.
I1f nevr nitochondria arose de novo or frowm other membranous structures,
one would expect a population of heavy lipid-poor mitochondria and
also a population of light lipid-replete mitochendria after trarsfer
to 2 high-cholirne rediun,

These euperiments, hovever, do not indicate anvthing about
the preocesses inveolved in the biogencsis of mitochondria, in
particular thev provide neither the infornation on where in the cell
the genes for mitochondrial proteins are located nor where these
proteirs are synthesized., The experimeunts are noverthelerss
sugpestive that mitochondria could be autonomous because their
increase depends on pre-existing mitochondria. UWhat then is the

evidence for autonomv?



Cvtoplasmic Inharitance

The phenomenon of cvtoplasmic irheritence, which has becon
established for decades [reviewed by Wilkie (1964)1, suprested
that cytoplasmic organelles might possess a genetic svsten
independent of the nuclear one.

The "petite” mutant in yveast and the pokv mutant of
Neurespora both lack respivatory ability which is cxpressec
phenotyvpically in degencrate mitochondrial profiles and in the

loss of cyvtochrome a az, b and ¢y (litehell & Mitchell, 1952;

-

Sherran & Slonimski, 1964). The pattern of cvtoplasmic inheritance
of respiratory~deficient rutants in Jeurospors is reflectec by the
phenomenon of maternal inheritance. "Maleand"female'haploid cell
(conidia and protoverithecia) unite to form diploid zygotes. An
important characteristic of this matine is that the cytoplasu of
the male cells appecars to be either phyvsically or physioleonically
excluded from the zvgote. The' female'ganete contributes both
nucieus and cvionlasn to the zvaote whereas the male contributes
only the nucleus. Atftter sporulation haploid cells are obtained,
Chroemosomal rnutations show a typical 1:1 sefregatinn in the heanloid
spores., The nitochordrial defective cells hovever, shovr materral

inheritance. VWhen @ femalc with a cytonlasmic nutation is crossed

wvith a normel male, all the speres are murants, (n tbe other hand,

k1

a cruss betveen a nutant male and wild-type female resulis in
nornal haploia spores, since the abnoviial cvtoplasm has been
excluded from the zveote (litchell & Mitchell., 1952).

. - g o~

The iife cveie of wveast is such that it can exist and
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rultinly in stable forr in either the haploid or diploid state.
There are twvo veast nating types, o oud a. Crosses between ¢
and a haploic¢ cells result in a diploid zrpote, which may multiply
as a dinloid. Under certain culrural conditions diploid cells
sporulate., During this process the two meiotic divisions result
in the formation of four hapleid spores, the tetrad. The four cells
of a tetrad vav be reparated by wmicrodisscetion and cultured
individuallv., Thus the patterr of genetic propagation nav be
directly deternined by analvsis of the four spores. Vhen a
chroncesonal rutant is cressed with a wild-tvpe cell of opposite
rmating tyvpe, the diploid zvgote woula e normal if the nutation
was recessive or would have the defect if the mutation was dominont.
After sporulation, tvo of the cells of the tetrad vould lte the
vild-type and tve would be wutants.

fWhen veast cells are expeosed to acriflavine, respiratorv-
deficient mutants (petite) can be inducad. The petites are of tvo
general tvpes, suppressive and neutral, If a neutral petite is
crossoed with a wild-type strain, the dinloid zveote and offspring
are all normnl. After sporulation all the haploid cells are also
noritel.,  Converscly, a highly sunpressive petite crossed vith a
normal strain produces diploid cells that are almost all petites,
and all cells of the tetrad are also petites (Ephrussi, 1953).
Cvtoplasnic petites therefore do not folloew Mendelian segregation
but rather dencond on transfer of a evtoplasmic hereditary factor
that is now thourht to be mitochondrial DNA.

A formal indicaticn that the sunpressive petite character
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is indeed non-nuclear was obtained by Uripht & Lederberg (1957) on

a strain of veast (Var. ellipsocideus) vhrre haploid cell fusion occurs
without nuclear fusion. This produces heterokarvons in which nuclei
of cach parental strain exist togethevr in a comnon cvtoplasm,

During subscquont vemetative growth homolarvon cells may again be

roduced, bearing
P s

iy

tire haploid nuclei of the original parental
strains, JTn crosscs between strains rarhed with vild-type and
nutant nuclel, the suppressive petite character was successfully
transferred from association with one genetically marked nucleus
to another, an indication that the suppressive character was
transferrable even vhere transmission of nuclear genes did not
take place.

Cvtoplasmic inheritance although closelv linked to
abnorralitiecs in mitochondria does not directly devonstrate that
it is the mitochondria that possess the cvtoplasmic genctic
inforuation. Tha relation betweon cvtoplasmic inheritance and the
autononovs nature of wmitochondria has becu most conclusively
established by the demonstration that nitochondria centain a

unique tvoe of DUA,

Mitochendrial DUA (1-DiA)

The presence of DNA in mitochondria of a wide varietyv of
invertebrate avd vertebrate tissue was demonstrated by electron
nicroscopy (Nass, Nass & Afzelius, 1965), bv autoradiography of
cell labelled with tritiated thvmidine (Cuttes & Guttes, 1964;

Negata, et al., 1267: Scherbaum, 1960), and perhavs rost conclusivelv

“
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by isclation from mitochondria of unigue DUA molecules differing
in buoyant density from nuclcar DIIA of the same species (Table 1).
The difference in buoyant density implies a difference in base
ratios vhich has been confirmed by direct analysis. Estimates of
the noleculay size of mitochondrial DNA deronded on tvo techniques,
measurenent of the contour length of circular DYNA molecules scen
in the electren nicroscopy, and neasurencnt of the rate of
repaturation of DIA which has been denatured by exposure to high pli.
As shown in Tabhle 1 the molecular weinhts of nitochondrial DIA
fron all vertebrates so far examined group around 1x107 daltons.
They 2re cireular and have a contour length of about 5 u., On the
other hand, fungi such as yeast, Neuwrospora, unicellular eukaryvotes
such as Tetrahvirena, and varicus plants all secn to have substantiallv
larger nitochendrial DA molecules vhich are non~circular vhen
isolated. Tt seens quite lilely that all nitochondrial DilAs are
circuler but that the lar~cr the nolecule the wore difficult it is
to find conditions vhich »i1l allow isolation vithout dausage., It
nust be realized, therefore, that the molecular wveight velues for
the larcer tvves of nitochondrial DRA ave decidedly tentative.
Hovever these dats sugcested tuat the genctic information contained
by witochondrial ONA of plants, fungi and lower eularvotes are
considerably greater than that of vertebrates and

echinoderms, A large porportion of the mitochondrial genomo
appears to hava been lost by the vertebrate line during evolutionavy

development, It weould be of interest to knowv the size of mitochondrial DA

invertcebrates to see if it is the sone as vertebrates.



Physical and Chemical Properties of Mitochondrial and Nuclear DXNAs from Various Organisnms

Organisn Densitv in CsCl ' im in SS8C : E G+C ’ Shave of M—DNAH I'stimate
and (77cm3) °e) 5 (moles 7)Y () Ave, contour M.W.x10°
Reference Mito. (M) lNuclen® ) M N b MoooN leroth (1) (daltons
PROTISTA
Physarum neolyveerhalun
Sonensheim & llolt (1968) 1.686 1.700 A 26 41 L 37
tvans (1766) 1.686 1.70n0 A 26 41 ocC 26
Tunlera
1.691 1.707 A 32 48
l1.69C A 31 3
Surara & Preer (1965) 1.70¢6 1.693 A 47 34
Tetrahvmena nvriformis
strain CL
Suyarma (2.966) 1.684 1.688 A 24 30 40

strain LSM & 611

,'-l
o]
A
[Os]

Parsons & Dickson (1965) 1.671 1.685 A
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Svvama (1966)
strain ST

Suvama (1960)

Saccharomvees cerevisiae

Corneo et al, (1960)
Sinclair et al. (1967)
Moustacchi et al. (1966)

Saccharomvees carlshercen—

csic

Hollenbers et al. {1969)

Luck & Peich (1964)

1.GE83

1.068%

1.6€3

1.692

b
.

~
boed
o

75

[V

84

A

A

A

]
(¥%]

40

307C
707L > 40
C(5)&L

20
L 10
C(27)&L
L 66

8



LCHINODERMATA

Sea urchin (L. pictus)

Pilo et al, (1967:19268) 1.704 1.6
Carp
Van Druegen et al, (1968) 1.703 1.697
APHIBIA
Frog (Rana pipiens)
David (1945; 1966) and
Wolstenholme £ Dawid
(1967) 1.702 1.702
Tead (Zenonus laevis)
as for froe 1.70¢4 1.702
BIRDS
chick
Pabinowitz et al. (1265) 1.707 1.698

o
[e5]

[® u4.o A [![9 34 CcC (4.45)
3 L3 36
A 44 38
B 43 30
88.5 A 43 43 TC&OC(5.6)
D LG 47
388 A 45 43
B LYy 46 TCEOC (5.4
A L5

10



Borst et al. (1967 b&c) 1,700 1.701 90.C 87.5 A 49 42

B 51 44 €(5.35) 11
Pinceon
Dorst et al. (1967a) 1.707 1.790 A 68 41
Duck
Borst et al, (19672) and
Kroon et al. (1966) 1.711 1.700 A52 41 G(5.1)
MAIDIALS
Pabbit
Borst et al. (1967a) 1.703 1.702 A Ly 42
Guinea pic (liver)
Corneo et al. (1966) 1.700 1.700 A 4L 41
Dorst & Ruttenbery {(1966) 1.702 1.700 A 43 41 c(5.6)
Mouse (liver)
Kroon et al. (1966) 1.701 1,701 A 42 42 ¢(5.1)
Sinclair & Stevens (1966) 1.09%¢ 1.699 A LD 4D C(4.96) 8.5
Mouse (brain)
Du Buv et al. (1966) 1.702 1.702 A L2 43

0t



Mouse (L cells)

Nass (1968; 1269h)

Rat (liver)

Schneider & Xuff (1965)

Sinclair et al. (1967)
Cheep (heart)
Yroon ¢t al. (1966)
Ox
Kroon (1966)
Dunan
Corneo et al. (1967)

Chanp liver cells

Liudson & Vincorad (1967)

[on
[

s

o

1.703

4
.

~1
>
(]

1.704

b
~J
o]
S~

1.700

40

X

43

43

I~
~l

1o
0

L

7

L4

4t

41

41

40

Cl4.7Y&CD

1T



Leukenic leukoevtes

Clavton & Vinonrad (1967; 1.700 1.6489 A 41 32 C&ECD
1969)
liecla cells
VY
Corneo et al. (1268) and
Radloft et al. (1967) and
Vesco & Penman (19069) 1.707 1,700 A48 41 C(4,81)&CD
LIGHLE PLARLS O
Red bean
Vlolstenholime et 2l. (1968} 1.707 1.693 L 119 max.
Sw~inach
Vells & Birnstiel (1967) 1.695 1.692
Sweet pea
Wells & Birnstiel (1967) 1.695 1.6%92
Sweet notato
Suvama & Bonner (1960) 1.706 1.692
Peanut
Breidenbach et al. (1967) 1.716 1.705

(43
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These densities vere usuallv obtained by using II. coli DNA (1.710 ¢/emv) os reference

Tr = Midroint of meltine curve (sce Marnur & Dotv, 1962)., SSC = 0,15 M NaCl and C.015 M scodium

ot

citrate nll 7.0,
The guanire + cvtosine moles % velues vere calculated: (A) from the density values using the
formula of Schildkraut et al. (1962), (B) from the Tm values using the formula of Marmur & Doty (19G2)

and (C) frow direct analvsis.

cireular, CD = circular dimer,

it
[
=
o}
2
0
a1
@

it

These sviibols were used for the share of M~DNA., L
TC = twisted cirecle, OC = opnen circle and CC = close circle
The ruclear DIA of higher plants mav contain up to 6% methvl-C, The renlacement of C by wethvl-C

lowers the density of the DUA (ldrk, 1967).

€T
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The nurder of INA molecules per nitochondrion is somevhat
indefinite. In vertebrate liver there are on average & oy 5
molecules per nitochondrion(borst et al,, 19675) but in sonc strains
of veast the valuec mav be considerably greater (Fukuvhara, 1907).

It is generally assumed that all the DUA nmolecules in one mitochon-
drion are ideuntical. This assunption is based partly on the nnrrou
distribution of the bugyvant depsity of any one tvpe of mitochondrial
DA and partly upon renaturation characteristics of alkali cdenatured
nitochondrial DNA., Mitochondrial DNA iz a double-stranded molecule

k base pairing; the two strands are readily

with the usual Watson-Cric
dissociated in 2lkali and the rate of completeness of renaturation
can be used as a measure of the molecular complexity of the nixrure.
With mitochendvial DNA from Xepopus lacvis there was no detectable
molecular heterogeneity (Devid & Uelstenholme, 1968) and comparison
of the kinetice of renaturation of chick liver mitochondrial DIA

to conclude that onlv one predominart species of mitochondrial

DiA exdsts,

If this assumption is corrcct and therefore in vertebrates
all 5 micron mitechondrisl DA molecules are idertical, then the
amount of genetic information contained in mitochendrial DUA nost
be greatlyv linited, Five microns corresponds to 15,000 base pairs,
or a wolecular weight of alout 107 daltons. This amount of DNA
could nect possibly provide erovgh irformation for the formation of

all mitochendrial components. Tn cormparison, the gsencome of

Fscherichia coli coantains 200 tiwes and rat or human haploid genoues
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15

210" as manv base pairs. Lven if all the information storcd in

the mitochondrial DIA codes for proteins it can code onlv for

5000 anino acids, or for about 30 proteins of molecular weisht of
20,000 each, which Js about 107 of the known nitochondrial proteins,
Insufificient genetic information for complete mitochondrial autonony

wist even in orgauism such as veast or Neurospera with five times

more information than in vertebrates, On the besis of the Jimited

cannet be totallv iudependent organelles.

At this point the question of the oricin of the witocbondrial
DI'A arises. Is the unicuve tvpe of MA found in mitochondria
replicated there, enabling the mitochondria to naintain their genetic

continnity, or is this DNA a part of tly puclear genore vhere it

te
m

1
H

replicated and then transferved to the vitochendrial cerpartuent ferx

soe functionel purrose? Do mitoclondvia posseas a DUA replicative

apparatus? If they do, what is the nature of this replication?

Replication of YMitochondrial DI\

NS
Hanv studics hove provided evidepce tiat ritochondria are
able to replicate their ovn DA, Fleatvon microscopie--redincutograpby

denonstrates that cells of ~ protista and animals - rav iucorporate

[3L] thynidire int

Qo
.
s
o]
3
—~
le]
e
[
—t
s
N
v
"]
~
)
ra
g
cr
o)
“+
e
3
)
>
-
]
~
ke
i
o
[ns
[
o}
o

inte nuclear DRA.  (Cuttes & Guttes, 19641 Nagata, Shitata & Mawa,
19¢7 1 Mever & Pis, 1966; Pavsons, 19065: Store & Miller, 1963).
Preferential 1abelline of vitochordrial DA ceompared to nuclear DUA

has bean comonstrated jn amwerol icallv-nroun veast in vhich
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mitochondria are developing in response to exposure to oxvyoen
Glounolou, Pervodin & Sioniunski, 1960: Tabinoevitz, Cetz & Swift,
19655 Rabirowitz et al., 1909)., 6mith et al. (1968) have studied
the terporal separation of witechopdrial and nucleer DNA svnthersis
in synchronized cultures of veast., MNitochondrial DNA svisthasis was

stepwise, as vas nvclear DIA svnthesis, but it occcurred ecarlier

than nuclear DUA synthesis.,

The deronstration thot isolated mitochondria from vertebrates

and invertebrates can corperate deotvribonucleotides into DNA

(brever, de Vries & Ruach, 19G7: Neubert, Ohberdissc & Bass, 192€8

e

Parsons & Simpson, 1967, 1960; Wintersberger, 1966, 1€68) Jeaves
little doul it that replication of nitochondrial DYA occurs within
the witechnsndria. This is further shovn Ly the electron nicroscopic

denorstration of the vresence of replicatinz forked molecules of

cireular mitochendrial DNA, iscolated from rat liver mitochondris
tKirschuer, Volstenholue & Gross, 1260), like the ones vhich bad
been observed by Cairvs (19€3) in the T coli chromesone. It was
postulated by Cairis that local unraveiling of the double-stranded
helix enables eacli strand to act as a template for DNA svnthesis.

A nolecnle in the process of replicating would thercfore consist

of forked double circle, the circunference of each circle have an
identical length. This findive also suggests that the pature ¢f the
nitochiondrial DNA replication is scaiconservative but nore
conclusive cvidence has been obtained by injecting [3H}bromodcoxy—

uridine into rats. Mitochondrial DNA was isolated frem rat liver

and sheown by lgopvenic sedimentation in allkialine CsCl to conzist of


http:J'errol!.h1

17

a light and heavy strand, the heavy strand beirg radioactive (Gross
& Rabinowitz, 1969). Studies with [*H]bronouridine have also shoun
that DNA synthesis in isolated mitochondria is by a semiconservative

nechanism (Karol & Simpson, 1968).

DA Polymerase

Replication of nitochondrial DIA inderendent of replication
of nucleer DUA reouires that nitochondria contain their own DNA
rolynerase, DNA prolinerase activity has been found in purified
isolated rat liver mitochondria (Parsons & Simpson, 1967) and in
yeast mitochondria (Wintersberger, 1966). Solubilized and
partially purified mitochondrial DIA polvmerase from rat liver wvac
shovn to be different in its enrviatic properties, and behavior on
DEAE-cellulose chronatography than the respective DUHA peolyrerase
from the nucleus (Kalf & Ch'ih, 1968; Mever & Simpson, 1968). The
mitochondrial and nuclear enzviies of veast have different scdinenta-
tion pronmertics (Iwashima & Rabineouvitz, 1962), It is not knovn vot
whether the enzvne isolated frow the mitochondria is involved in the
repair or the replicative svnthesis of mitochondrial DAL It is,
hovever, of interest thut rat liver mitechondriel DUIA polvmerase is
more sersitive to the inhibiting effect of ethidiwm broride then is
the nuclear enzvime (Hever & Simpson, 1969), especially in viev of
the fact that ethidiuwm bronide is a very potent agent procducing
cytoplasiiic petite nutants in veast (Slopimshi, Pervedin & Croft,

1968) .

The data nentioned above dindicnte that nitochondria possess
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the mechanisu for DINVA replication and, indeed, that mitochondrial
DA ds replicated din the mitochondria in a sciticonservative wav,

I A

Is nitochondrial DIA transcribed and the RIIA trauslated in the

mnitochoundria?

Transcription of Mi L0010ndr‘a] DIA

.

Juclk and Reich (1964) denonstrated that isolated niltochondri
frov. Hewrosnora contained a DlIlA~dencndent FHA polyucrase. This haos
also beon shown for mitochondria from a va-iety of tissuves, for
1954

rats, piceons and a nunber of transplantable turmors (alf,

2 I

FEroon et al., 1967 and South & liehler, 1968:; Reubert, helge &
Merker, 1968). RIA polvnerase activity ia isclated mitochonaria

is characterized by its independence on the presence of four
nucleosice triphosphates and its resistance to Actinomycin D unless
nitockon ' ria had heen sveollern (Ceubert & Ilelge, 1965).

Mitochondrial Protein Svnthesis

Melean, Cohn, Brandt & Sinpson (195€) vere the first to
shov that pitechondria eof rat sleletal nuscle s#re capable of protein
synthesis independent of cvtoplase ribosomes.  Thev found an
equivalent rate of incornocration of radiocactive leucine into
nitochondrial and microsomal protein, in vivo., The independence
of the mitochondrial protein synthesizing system was further proved
by demonstratiny that isolated mitochondria frem unicellular

i

eukarvotic cells to animals and plants are capable of pretein

svnthaais {revicred bv Roodvu & Vilkio (1263)]1. Althoush there was

P
a
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considereble debate as to vhether the observed synthesis was due

to nitochoendria or contaminating bacterin or epdoplasuic reticulun,
it is row clear that mitochondria do svuthesize protein (Lalder &
Freenan, 1969). In order to determine vhether the protein
synthesizing svster of mitochondria is basically different from

the cvtoplasnic one or whether it represents a different site of

protein svatheasis only, #n attennt was pade to charvacterize the two

svatens using  different inhibitors of proteiu evnt
found that, lilte in bacteria, chloramphenicol inhibits protein
ar

svnthesis by disoloted nitozloadria of rat liver (lroon, 1963, 1965:

Vheeldon & Tehninmer, 1906: Ashwell & Vork, J968) of Tetrahvmena

pyvriforiids (lager, 1960) and of veast (Vintersherger, 1965), but
1

docs pot dinhibit protein svnthesis by cytoplasiic ribosones of

eukaryotic cell (Lretthauser et al., 19€63; Von Fhrenstin & Lipmann,

teeds.

1861). 1Ip contrast, cvelohewinide irhibits protein svnthesgis in
the cytoplasmic ritozome ccll sap svsten but has no cffect on

protein svathesis by isolated ritochondria (Beattie et 2l., 1967;
Borst ot al., 1967235 Loebh & hubby, 31963), even at high concentrations
(Aashvell & Vork, 19063). The selective dvhibition of tlese two

drucs is not linited

to studics in vitro only,

Clark-Ualker & Linnene (1%206) have shoun that chleratphenicol
inhibits the grovth of weast vhen cultured on nonfermentable
substyates such os lactate or ethanol. Vhen srown on ¢lucose,
however, chlorarmphenicel doos rot inhihit grouth but doos prevent

the developuent of nitochondria. These yesst hiove the phenotyvoe

cf resrivetorv-defjicicro vutants in that thev bave lest their
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capacity for oxidative netabolism and locl cvtochromes aag,

b, and ¢y. They susnested that the scelective effect of chlorarpheni

20

col

was on mitochoncrial protein svuthesis., This assuaption is consistent

with the observation that acriflavine which induces cyvtoplasnic
mutation in yeast also prevents the formation of cvtochrorme aaz and
b (Nageco & Sugirmava, 1965). In vivo, cvclohexinide hes o very
prosounced inbibitorv effect on the incorporation of radiozctive

he cell fractiors of rat liver (beattie, 19C3;

arnino acids din all t
Schiefer, 1969), Jocust flicht muscle (Scbold et al., 1969), Krebs

= tumour cells (Ashvell & Vorly, 1968), and Ncurosrora crassn

"
87
v
~
{3
b
r~
~

(Scbald, Schyeob & Pucher, 1206%)., hovever, cach of the above

. N

vorlers showed thet cycloheximide has the snallest effect on the

synthesis ol the lea soluble mitocheudriel protein.
The sclective inhibition, in and in vitro, of the
mitochondrial protein svoathesizine svsten and of the cvtoplasnic

protein svnthesizine svstenm by chloranphenicol and cvelohemnimide

respectively indicates that the tvo svstems are basically different,

Before considering the ovigin of this difference it ig¢ worcth notine

that the phenononon of sclective dvhibition of the tvo protein

svnthesiziney svatens vithin cells by chloraiphenicol anc crelohenini
has beer used to investigate which of the nitochondrial proteins zve

synthesized by the mitochendrial system and which bt the cytoplasnic

one. The detrils of this dnvestization dre beyond the scope of this

thesis arnd for revievs one can read "The Biecrenesis of Mitechondria”
by Ashuell & Vork (1970). The interesting data vhich cane from

this investicatiov were that only 10%Z or less of the total nitochondr

1

oe

ial



proteins are synthesized in the mitochondrzia apd that thev are
insoluble and probally located in the cristel menbranes. So far
nope of tuem has  been identified vith knovwn mitochondrial proteins.
These results are in agreement with the limited information in
nitochondrial DNA, and again reflect the fact that mitochondria

cannot be organelles with an zbsolute autonony.

Natwre of the Mitcehondrial Proteiu-synthosizing Systen

The results frou the above lines of investigation indicate
that mitochendria possess DNA which they replicate and transfer
to new nitochondria thus preserving their genetic continuitv, The
inforvation in the DA is not enought to give nitochondria a
commplete autonomy but nrobablv is sufficient to maintain their
separate genetic identity within the evharyotic cell., In order to
understand the function of mitochondrial DWA it is necessary to
ceterniine those corponents of mitochondris vhose svnthesis is
directly dependent on this unicue DA, With this viev in mind
onc should consider the fact that the nitochondrial protein
synthesizing svston is different from the cvtoplasnic one and
resenbles the bacterial svetenm as far as the inhibition of these
systens bv chlorawphenicol but not by cveloherimide. It is kroun
that the tvo well defined protein synthesizing systems, in the
eukaryotic cvtoplasm and in proharyotes, operate basically on the
sane principle, and that both systers consist of the same type of
the following najor couponents: riboscres containing 407 protein and

607, KIA, messenner RUA, aminoacyl transfer RNA and initiation,

21


http:synt.hesizi.nt
http:ft:11cti.on
http:auto1wr.1y
http:infon.iCJ.U.on
http:rcpHrn.tc

propagation and termination factors. There are snall differences
in eperaticn between the tuve svstewms which probably derives from
the differences in specific components. The auestions that now

arise in respect to the mitochondri~l system are: first, whether

this systen is also ribosomal differing in only specific details

or whether it onerates on A couplete new principle? Sccond, if the

tv is couvrect thew dees the mitochondrial system

fee

first possibil:
resei:ble the becterial one, as indicated by the chloramplienicol
inhibition, or is it unigue? Third, do nitochondria synthesize the
componrents  of the protein svnthesizing svstem or are they imported
from the cvtoplasii? These cuestions vere the basis of the
investigation reported here, Since there are nany aspents of the
protein svnthesizing svsten that could be studied it vas necessary
to focus on the major components of this svston: the riloscones and
ribosonal RUA (rRIUA) to ansver the above auestions. The ain of
this investication, therefore vas: 1. te find whether nitochendria
contain ribosones ana rPUA, 2. If they do contain ribosomes and
YRITA are these different from the cvtoplasmiec ones, sinilar to the

bacterial oncs or completely unlcue., 3. 1f thev contain urdauc

TRIA is this rRNA trenscrvibed from nditochondrial or vuclear DURA,

Mitochondrial Ribosones and riiiA

Before survevine what vas known about nitochondrial

ribosones and DNA at the st

45}
)
%~:

-

H

on the nature of ribosomes and theirvr IHA from eukarvotic and

prokarvotic cells, is necessary (for review: Darnell, 1968,

t of this investigation a short sunnary

22
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Click & Tint, 1967; Teaver & Fey, 1970). ELukavvotic cells contain
riboscries which in monameric form have a sedinentation constant of
about 80 S. The monoweric ribosome can be separated into two

subunits vith scdimentation constonts of 60 and 40 S. The 60 S

ribosomal subunit when extracted from animzl cells vith cold phenol

vields 25 and 5 8 RIA. The 28 S RUA when heated separates into
tvo components scdimentipg at 265 and 7 § (Pene, pisht & Dornell,
1968). RNA extrocted fron 60 S rihbosomal subunits of plant cells
with cald phenol scdinments at 25 &0 The 40 S subupits of both
plants and aninals contained 18 S RNA, DProlarvotic cells contain
a 70 S riboesomal mononer which can be separated into 50 and 30 8
subunits, After phenol extraction the 50 8 subunits yield 23 and
58 PiAs, The 30 S subunits vield 16 S RNA. Loening (196&)
shouved that in aninals, while the smaller rRNA comporent (1§ S)
is comion te all of then and has a nmoleculor veight of 0,7x10°
daltons, the higher rRNA component (28 8) has evolved with cach
nmajor step of chordate cvolution from about 1.4x10° daltons in
sea urchins to 1.75x10° in humans.

In order to investicate vhether nitochoeondria contain
ribosones and rRUA it is neces=zary to boor vhether mitechondriz
contain IMNA or not. During the last few vears, a large nunber of
reports have appeared on mitochondrial RNA, In the process of
cell fracticonation by differential centvifupation, nitochondria are
isclated after vuclei tut befere the wicrosomal fracticr which
contains cvtoplasnic ribosones, and as such anv nitochondrial RNA

had previously bren suspected of being due to nicrosomal
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containation (lovileff, 1957). Dut repcated washing of the
mitochondrial pellet and its treatment with ribonuclease to free

it from micreosomal RIA contamination have been performed by several
wvorkers to get true nitochondrial RNA value, Table 2 gives the

valucs of RIA contents of nitochondria from various sources
obtainecd bv different authors.

The BXA centent of ret lMiwver witochondria is
less than that found . for veast, plant or turour cell
nitochordria, The mindivun value of rat liver mitechondrial PNA
obtained vas 6.0 ug/ng nitochordrial protein by 0'Biien & Half (1967a),
representing onlv 1,6% of the total liver TNA based on the data
that 1 ¢ of fresh rat liver contains 11x%10!% mitochondria, 5x10°
nitochondria contain 1 mg mitochondrial protein (Mass, Nass & Henndx,
1965) and on the DUA content of the albino rat liver (Davidson,
1960) . 1f mitochondria contain vihosones then it is rossilile to
calculate from theoss date the maxinum anount of ritoscemes that one
can expect ver nitochnndrion. Asswidng tiat 211 the 6.6 pe of B}

found in 51102 nmitochondria from rat liver is rIUA ther a

mitochondrion contains 132x10717 o of rINA,  If the ninimun moleccular

wveight of the pontulated pitochomdrial rRNA is ratimated to be arovnd

16 daltons then the nunler of ritosores/mitochondrion =

et o arount cf rPMA\/wmitochorcdrien 22 132:10717
Avogadro’'s nunmber ® - E e e e e e = 61047 X T e e
molecular weicht 10v

= 792, This amount of rilosoues per nitechondricn is small with

ro

comparison to 16,000 riboscomes per F. coli cell with an average size
of rat liver mitochondria (1.0 to 3.0 u) calculated by Carpenter

(1967) however it sewns to ho sufficiert for detection,
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Table 2

RIA Content

Feforence 1is

it

w
" N

)]

;U

i

Koodvn, Reis & Rat liver

Trunan & Korner (1962) "
Muntwyvler, Seifter & Varkness (1950) F
Froon (1965) "
Londi (1959) "
McLesn, Cohn, Drandt & Simpson (1¢58) ¥
Laird, lNygaard, Ris & Barton (1953) "
Nass, Nass & Lenniz (1963) "
Siclievitz & Watson (1956) "
O0'Lrien & Ialf (1967a) H

of litochondria Froun Different Tissues

Anount
(ue/rl mitochondrial
_proteir)

14.0
13.8
13.4
13.0
12.0
10,0

9.6

7.0

6.6

as & Mukherjec (1964)

Pollard, Stemler & Blavdes (1961)

Vintersbercer & Tuppy (1965)

Frecnan (1965)

Nagss (1969a)

Seadlings of
Vigna Sivensis
Cauliflover
Yeast

cells

Ascites

L cells

47.0
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Farly atteupts te isolate mitochonuirial ribosones from rat
liver were unconvincing (Rendi, 1959)., The mitochondrial ribonucleo-
protein particles shoved o significantly higher BNA content aund rate
of protein synthesis conpared to thosce of intact mitochondria, The
demonstration that chloreplasts cortained ribogsones by Ivttleten
(1962) encouraged‘furtber investigation, Ribosonce—~1like particles
were successfully denmonstrated in electron micrographs of mitochendria
for vertebrate ard invertelrate orcanicos (Andrd & Marinozzi, 19C5;
tervhard, 19C9; Taek, 1964; Swift, 19065; Swift & Adans, 1966;

Swift et al., 19G4; Swift, Rabincuitz & Getz, 19C8: Vatson &
Aldridoe, 1964). After suvitable fixation, psrticles vhich bind
urenyl dons, as deo cvtoplasric riboesones, can be seen vithin the
nitochondrial matrix area. The staining can be abolished by prior
treatrent vith pancreatic ribkonuclease (RNase). The rilicsome-lilke
particles seen in miteochondria by electron microscopy appear to be
simaller in most orsanisas than the 80 8 ribosones in the cvtoplesn,
Their size suggests that thev nay be more closely related to the
70 S bacterial ribosomes, The paucity of these ribosoue-like
particles has, however, made their isolation difficult, and the
results obtained are in controversy,

'eubert (1906) failed to isolate mitochondrial rRYNA from
rat liver vhich led him to favour the idea that structures other
than classical ritosomes accounted for mitochondrial protein

e

synthesis. On the other hand Truman (1963) and BElaév (196435 1966)
isolated ribosomal particles from rat liver and muscle mitcochondria

and found that their sedimentation constant in sucrose density
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gradients and therefore their size was not distinguishable from
the cytoplasmic ribosomal monomers and subunits. Rabinowitz et al.
(1966) also reported 380 S mitochondrial ribesomes and 28 and 18 S
rRNA fron chick enbrvo heart and liver and concluded that nitochondrial
ribosormes are identical with the cvtoplasmic ones, It should be
reptioned, however, that the results obtained by Rabinowitz,
Truwan and Elaév could be exrlained on the basis of cvtoplasnmic
ribosonel contar ination as will be discussed below,

Since the presence of wmitochondriel ribosomes and riiA are
uncertain, an attenpt wes node in this investigatjon to isolate and
characterize the rRUA first and onlyv then to look for the mere

conplex ribosores,

Mitochondrial Ribosoaes and rI’iA - Problems and

isolation of

Possible Solutious

1. Cvtoplasnic Contomination

The technique of obtainin~ the nitochondrial fraction is
bascd on a nethed in which certain centrifvral forces are applied
to 2 cell herwo.eonate so that particles vith the size of nitochondria
arc seperated frov other oraanelles, Cytoplasric ribosores which
are attached to the endoplasnic reticular membrane vwill co-sedinent
with the rmitechondrial fraction if in the precess of the cell
homogenization the nenbrare is sheared to a size similar to that of
nitochondria. Alse, from the fact that the mitechondrial outer

membrane has nost of the enzyre activitics characteristic of the

Lol Iv(0Y, the pveesibility arises

endeplasiic reticuly (Tartis

m
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that in sone cases the two are attached and could sediment torether,
These possibilities and the fsct that snall ancunts of ribosome-lile
particles were scen in electron micrographs of mitochondria indicale
the real danger of contanination of the mitochondrial fraction with
cvtoplasmic ribosomes which might mask rhe jdentification of the
nitochondrial ribosomes and rRNA.

There are three netheds thot one can use to aveid pessibility
of cvteplasnic contanination: &) Te develop a technicue for the
isolatien of pure mitochondria free of cvitoplasuic ribosores and
snmooth and rcoual endoplasnic reticulun., b)Y To hvdrolvze the
cvtorlasnic ribescimes with pancreatic Riase under conditions in
which the enzyne will not penctrate the mitochondria and then to

1

inactivate the enzviwe before isolation of nitochondrial ribosones

¥

or YPNA. ¢) To label specifically the presumcd nitochondrial rijIA
with a radioactive precursor. In this case the labellins of cother
snecies of RIIA in the cell which night be extracted with tbe
mitochondrial A rnust be inhibited vwith a druep. Though the first
nmethod requires a Jong period of investigation it seems to be the
only way to ohtain a clear cut result, because only in this wav can
the nature of the mitochondrial ribosonmes and rRIA be determined
directlv, that is frcem a preparation of pure mitochonaria. On the
other hand in the second and the third approaches the nature of
mitochondrial ribosomes and rRNA is deternined indirectly and there
are tvo hazards. TVirst, the Pliase or the drug wmight redify the

native mitochondrial ribosomes or rRUA. Second, sonme of the

cvtoplasnic contanipation micht not be eliminated by the drup or
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the Rlinse treotments., Because of these open questions the results
obtained from the indirect ncthods should be accepted onlv wheon they
are in agrecrent with the direct one.

Rat liver was chooser as the source of mitocheondria to
purifv extensively., Rat liver contains a large number of mitochordria
and it is therefore possible to sacrifice substantial amourts of
thenr for the salke of purifving the rest. ©Of the twveo indirect
nethods the sccond one was chosen.,. There is no certain vav to
remove or inactivate Rilese and any result could be from hydrolysis
of mitochondrial or cvtoplasnic RUA., On the other hand, Pervry
(1963) showed that lou levels of Actinomvein D selectivelv suppressed
the synthesis of nuclear rRUA. Nuclcar rRYVA is a precursor of
cytoplasmic ritlA and the only one vhich would be extracted vith
mitochendrial rPNA in nethods which extract rRUA and not mRIA,
Mitochondrial RIUA ripht te syathesd vad under theze cenditions because
nitochondria are renorted to be impermeable to the antibiotic
Gveubert & Eelge, 1965). Alternativelv it could be that the arount
of DA codinz for the RUA is smaller than that for cvtoplasnic rTNA
(Perry & ellev, 1262), tbus permittine the svnthesis of witochondrial
RA, Tigsue culture cells (usual palicnant in rature) vere choosen
for the indirect wethod because of their fast srowth compered with
the normal rat liver tissue and also bocause the cells would get a

otic.

oo

henogeneous eurosure to the antib

As discusased above, eleciron nicrosrapha of nitochondria
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show a svall amount of ribesorne-lile particles and there is a small

e

ariount of RUA in the nitochendrial fraction. In order to overcone
this problem mitochondrial rPYA has to be lcobelled vwith a radioactive
precursor, and isolated in the presence of cold cvtoplasmic rRINA

carrier to give sufficient material to vorlk with,

3. Degradation of RNA

Rahman (196() showed that the nitochordrial fraction contains

ribonuclease and has ph

(]
1

three ribonucleases., Ope of them dis acic

optimur at arcound 5.0 and the other tvo are allaline ribonucleases

with ph optinun at §.0 and 2.0 respectively. De Duve et al., (1955)

reported that acid ribeonucleases along with a group of acid

hvdrolaces are casociated net with nitochondria but with the

lysoseones vhich usually conteminate the mitochondriel pellet.

Since the aim of this investiration is to isclate mitochon-

drial rhiA it is irportant to remove and/or iractivate these

riborucleases in the process of iseolotion of the RNA,  There are a
Al

foeu approaches that one can use to nininize the RNase activitv:
a) Since for the direct study of nitochondrial rREA the
nmitochondrial froaction has to be pure, 23 digcuvssed abeve, the acid
Wiase which is located in the lvsosores vill he renoved and there-

fore the mitocherdrial alkaline Tilase could be inactive if acidic

ph is used during the isolation of RUA.
b) In the preceas of the extraction of RNA, Rlases are

partiallv inhibited by the phenrol vhich depatures ond extracts

proteins but eince phenel coes rot cormleotely innctivate nucleases

30



(Littavner & Scla, 19¢2; Kidson, Kirly & Ralph, 19€3) it will be
nccessary to furtber denature the Pllases with the detergent sodium
docecyl sulphate (SI¥) or to atsorb the Riases, which are basic
proteins vith sodiuw magnesivm lithoflurosilicate (Macaloid) or
with aluninten silicate (bentonite) which are negatively charged
(Stanley & Bock, 1963; for review Parlow & Mathias, 1966). SIS is
also nccessary to cisrupt the pitoclhondrial rmembrane and release LA

c) Additien of von-labelled czrrier RUA will nininmize the
chance of the mitochondrial RNA degradation by these Rllases.

Te wininize rechanical sheasring, the mitochondrial RYA has
to be extracted under wild conditions such as a long phenol

extraction at a lov temperature.

4. TIsolation Methods

The most suvitable nethed for isolation of the possible

mitechondrial rRNA (nit-TrRIN) seens to be method 1 of Virby (1965),

oA

in which cytoplasmic-rIiiA (cvt-rREA) is isolated specifically without

contanination of messenger RNA (MRUA) or of transfer RNA (LtRNA).
This method would have to be rodified to be performed at 4°C

rather than roow tenpeorature ard to use further Pliase inhibitors as
discussed abeve, For a quich extraction method the hot phenol
methiod of Penman (1966) can be used., Tu this methed the possibility
of contavination with DNA and mRNA that picht be present in a crude
mitochonririal fraction is higher because all nucleates can be

extracted bv it, therefore, resulis obtained bv the hot phenol

extraction should te accepted onlv vhen thev are in apreowment with

31
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the cold phencl extraction nethed. Fer both nicthods ShS Js

included to disrupt nitochorndrial rembranes and to inhibit Rliases.

Characterization of Mit-rRIIA

To prove that mit—-rRiiA are unicue species, different from

cvt-rRNA, the nhivsical and chenical properties of the RU'As must

~ T

be cxavined, The phvsical properties of the presumed nit-rRi

vould, in addition to the conparison with the properties of

Tt

ey t--rilh, establish whethier the RNA extracted from te mitochondria

is ribosoual-tvpe KUA, that is, vhether it is indeced high molecular
weizht TWA consisting of tvo specles or not. In addition nucleotice
or base composition is the nost direct method of chemical
characterization and might further distinguish the RiAs,

The following four rethods will be used to determine the

phyasical and chenical properties of nitochondrial RIA:

1. Efucrose Densitv Gradient Centrifusation

I

In this technigue the RUA molecules are sedinented in a

A s
1

tuhe bv a centrifural force throutch a sucroese densitv gradient.
The sedimentation constant of a rolecule will derend on its
size (i.e. molecular weight) and shape (i.e, secondarv and tertiary

as]

structure)., The larger and morc compact the riolecules are the

faster thev will sedinent to the botton of the tube. If the

o

molccular weight of a standard RNA molecule is known and its shape

is assuned to be similar under identical conditions, toc the testad

one then the nolecular weisrht of the latter can be deternined.
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Two differont types of sucrose density gradients can be enmploved:
a lincav gradient like the one used by Gilbert (1963) and exponential
gradient like the one used by Noll (1967). 1In the expronential
gradient, but not in the linecar onc sedimentation is isclinetic
along the tube and the sedineuntation constant (S) of the molecules
are linearly related to their sedimentation distance (X):

S = KX (1)
Gieror (1958) arnd Spirin (1961) have demonstrated that a logarithmic
plot of the riolecular weight () versus the sediuentation coefficient
of the nolecules resulted in an empirical lincar relationship:

M= Kps® (2)
Thus from (1) ond (2) it is clear that the loparithmic plot of U
versus X will result also in lirear relationship:

f= xS (3)

o

This phenoncnon males the exponential gradient a useful tool for
deternining the sedinentation constant and the molecular weight of
an unknown RNA nolecule comparcd with a standard one via inter-

201

polation, assuning that these Ri'As have a similar confornation in

solution.

rolvacrvlanide Gel Flectrophoresis

Loening 96 showved at clectrophoresis in a poeolvacrvlanide
Lo z (1967) shoved that clectropt polvacrv] :

o2
]
=

of low concentration (2.0 to 2.57) can be uscd to separate the
two tyvpes of cyt-rIUA from different organism. In this techwique
the negatively charged RIA molecules are forced to migrate through

>

the pores of the gel toward the annde in an electrical field. The
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micration rate of the rolecules ir the gel as in the sucrose densivy
gradient techunique will depend on their size and shape but wvith an
opposite effect. The snaller the molecule and the more compact it
is the faster it will mingrate throuzh the gel pores. UVhen compared
under the sane conditijon vith stendard RIA molecules whese

rnelecular veicht is linovn and assumine a siniler shape the molecular
weishit can be determined. DTecause the anount of the labelled

mnit-riA vill pretallly be very swmall its nicration profile can rot

Le detected Ly nweesuriny its UV, absorotion at 260 mm with a

nsitoncter, Inatend the gel has to be sliced and the rediocectivity
of each slice deterniined. Lut, since the lov concentration of the
polyacryvlsenide gel emploved by Loening (1967) is too soft for
slicing, acarose hes to be added to the gel to harden it, The
addition of agarose does not effect the separation properties of
the polvacrvlanide gel (Peacock & Divmran, 19¢8). The sedinertation
constants ond the logarithn of the rolecular veicht of the DA
nolecules is linecarly relatcd to the distance ricrated (Toeovirs &
In-le, 1967: TLoenivy, 1968).

3. Chrenatosrarhy en Methvlated Alhunin Fiecseleuhr (GRAY ) Co]vr

FLIA can beo absorbed to a2 MAK colunn and then eluted with

increasing concentration of Nall solution., The chrenatopranhic

v

properties of the molecules on MAK column is demendent on the size,
chemical composition (C+C contert) and the shape of the molecules.

The larger the nelcecules, the lowver their GC content is and the

more unfolded thev are, the scronger they will aboerl to the colunn

LS 4
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reauirineg a hirher concentration of {all for c¢lution (Eller, 1966;
Hershev & Burei, 1960; Mandell & llershey, 1960; Seuoka & Chenr,
1962). Thus, tRVA elutes before rRNA (Osava & Sibatani, 1967); the
smaller rIYA component of both bLacteria and mamnals elutes
slightly before, but in the latter case not separated from, the
larger rTIIA (Ossva & Sibatani, 1967; Lllem, 1266):; hacterial rIlA
elutes sliglitly beforo, but not sepavated from mavwalian rRIIA
(Osava & Sibotani, 1967). The effcct of base composition and
secondary structure have also been ciranined. Several classes of
rapidlv~-labelled RIA from nannalian cells have been characterized
according to their pattern of elution fron MAK colum, A possible
rFNA precursor (Qp) and DNA-like RIA precursor (Q,) elute vith
MaCl solution after rREA (Yoshikewa et al., 1964). These species
are found only in the nuclevs (Billing & Barbiroli, 1970) but in
addition the nucleus and the cvtoplasnm contain DNA-lilke RNA (TD RNA)
vhich can be ecluted only at higher tenperatures (B1lem & Sheridan,

18€4) or with SHE (Nllem, 1966). This RLA has a G+C content of

*h

about 507 (f.e. DIiA~like) compared to an averare of 65/ for vRNA
(I'llem & Sheridan, 190G4). The properties of the TD Ri.A resenble
those of polvribosome—associated nRiKA of marnalian cells (Penrman,
Vesco & Pemmen, 196E). It is rapidly labelled PNA, has a GHC
content of about 50¥ and a sedinmeuntation rate of 16-18 § and its
synthrsis ig resistant to low concentration of Actinonyein D (Ellem,
1966) . Since DiA-Jike BNA has both a lower G4C content and prohably

a nmore oper structure than rRYNA, it is not possible to distircuish

stics accounts for its

]
~
.re
@]
~
oy
gl
rr
]
=
,.J.

the cxtent to which each of thes
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tighter hinding (Bllem & Rbhode, 1069). These {findines indicate
that the basic birding to MAIK colurns is due to ionic forces, as
the nerativelv charned phosphorous backbone of the MIA nolecules
bind to the positively charged nethyvlated alburin nolecules
(itandell & Hersheyv, 1960), but that hydrophobic interactions

involving the bases are probally also important (Dllen & Rhode,

' Conposition

If the physical characteristic of the presured nit-vrRUA will
be unicue in comparison with the cytoplasnic ore, therc will bhe still
the auesticen whether the RNA extracted from mitochondria is a
cvtoplasnic JIA contaninant and its unioue phvsical properties arise
frow physical chanres, perhaps desradation or agnregation, that
toolr place during cxitraction. In order to exanine this possibilitv
the nucleotide compositiern of the INA should be deternvined.
Nucleotide conmposition of IIIA car be deternired by the folloving
methods: paper chromatecrapliv (Lane, 1963), paper electronhoresis
(Lavidson & Smellie, 1952) and Ly elution from Dovex 50*H+ colwmn
(Katz & Conlb, 19063).

Results obtained from all the different characterization
nethods will dindicate vhether nitochondria contain a unique rRLA

or not, and will viecld an estimation of its molecular veicht and

shape conpared with the cvt-rRIA.
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Characterization of Mitochondrial Ribosomes and Iibosomal Subunits
In order to find whether mitochondria possess a unique

class of ribosomes and ribosomal subunits, the latter will be

characterized by determining their sedimentation constants on

iscokinetic sucrose density gradient compared with the cytoplasmic

ONCS .,

The Origin of Mit-zPXa

In order to detemine whether mit-rRNA is transcribed from
mitochordrial DNA or from the nuclear DIA, hvbridization studies cav
be made between nit-rRNA and the two DNAs, A sinpler approach vould
be to use ap inhibitor which would act specificallv on wmitochondrial
DA or on the mitochondrial RRA polymerase., Ethidium bromide at
concentrations less than 5.4 pg/i:l has a greater affinitv to the
mitochondrial circular DNA than to the nuclear DNA (Bauer &
Vinormrad, 1968&). 1t also inhibits the rat liver mitochondrial
DUA polymerase more than the nuclear DNA polwvmerase in vitro (Hever
& Simpson, 1962). A third possibility is to dnvesticate vhether
isolated nitechondria are able to synthesize mit—-rRENA and to sec
whether this svnthesis is DNA-derendent and inhibited bv cthidiue

brovide.
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1T MNPTROD AND MATERIALS

1. Grewth of Tissuc Culture Cells
a. Mouse L cells derived from Earle's orig

(Sanford, Tarle & Likelv, 1948), were zrovn in sus

rnodification of mininuwa essenticl rediu (Lagle, 1

inal fibroblast line

pension in Joklil's

959) with 5% (v/v)

foetal calfl serum and 1% (v/v) anti-PPLO (mvcoplasma) agent.

b. Lunan Kb cells vere origivally derived

Ay

cheell carcinoas (fazle, 1965). The established 14

50U

by br. 8. Mak fror Dr. M. Green, St. Louis, lfi:
grovn in suspension in Joklik's modification of mi
nediws (Tagle, 1952) with 57 (v/v) horse serum,

¢, Rat hepatona cells, derived from a soii
(Thormnson, Torkins & Curran, 1966) were oricinallv
culture in Svin's madiuvs but vere adapted to gror

Jollil's nodification of nininun ecssential nodive

5% (vI¥) foetsl calf scrun aud 17 (v/v) anti-Trio

2. TIsolation of Yitochon'ria

a., Isclation of rat liver mitochendria

The nitochondrial fraction vas prepared fr

L]

hooded rats vith a technioun desicned te elininate
endoplasnic reticuvlun anc ¢vtoplasaic ritosores as

sinilar to the nethod of O'Brien & jalf (1067a).

38

from an eplthelial
ne vas obtained
ri. Cells vere

nirum ecssential

d hepotona

srovn in ronolaver

in suspension in
(Facle, 1959) wvith

arent.

om livers of
as much cf the
possible. It is

Livers wvere
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homosenized vith a Potter tefion homoneaizer in

cold 0.34 M sucrvose, 2 1l trie-LCl, 2 mM }

and cell debris were contrifuged at

arnd vashed vith of vediunm

supernatant fractions were centrifuged at 1,500 x ¢

2°¢. The rvclear

i

A

supcerratant fraction w

39

& volumes of dice

TA, it 7.4 (mediun A).

1

1,0

st

0O

00 =

or

o for 10 rninutes

A, The combired nuclear

r

for 10 minutes

PN
€« D

layered over 2 20 to

350 sunrose Cevaity gracdient dp 2 ol tris-1CT, 2 oM LDTA, pll 7.4
vhich filled 407 of the tute's volue for the SW 25,1, S\ 25.2 cor

27 rotors of the Beckuman ifod

vas forniad over 2 400

Jayes vhich occupied

pellet wvas recovered by centuifugution for
The pellet vas vashed 4 tincs vith wwed

€,500 = ¢ for 10 winvtes, The fluify lave
cases and the surface of the pellet veshed

restspongion of the miloctoad: 1a?

b, Jeelation of 1 i

Mitochondria wevre from 1

) 1.2 ultracentrifuse,

junt A Ly centrifuzation a

T vas «

tochondrie

The zradient

oy

i LDTA,

The mitochondrial

L
“

at 1, 000 0 g,

nours
¢
e

lecantoed in all

twice by dipversior before

cells disyuntod vit

Uitra-Curran bheooreniver casontisalliv oo Ceseribed by Treoran (1705),
, e n . cye e

About 1.0-02107 colis vare vashed todee with 003 ¥ sucrone, 219t

EUTA, 2 00 trds-L0L, pb 7.6 (wdiwe B) suspended in 10 nl of wedimm

b disrupted v heonerenization for 90 s

and 1y

accénd to o finzl

at 70 velts, 1L.CL

Yuclei and cell celvis veore renioved v Lvo

- - . O —s S
x g for 15 minutes at 27C, The mitoc

G000 x o ar

contrifured at

con

ccondés (30 seconds intervals)

cevtration of 0,021,

cevtrifurations at 1,000

bonerial fraction vas

d vwreehed



medium B, The

purified further by i

for 3 hours at 165,000

eradient in 2 M
of the Becelr

an Modal 1.2

tris-1.C1, 2

40

rial fraction vas in somo cases

sopyenic gradiert certrifupotion (Freeran, 1965)

£av on & livear 0.9-1.00 M sucrose density

el YDTA, pt 7.4 using the S¥ 41 rotor

ultracentrifuce. The bull of the fraction

<

vas recovered s a band at about 1,35 M sucrose ard was desiqnated
as the mitochiondrianl fracticn (Freoman, 1965). In additior nucled
ond nuclear fregments sedinentaed teo the bettor of the tule and an

unicentificed band vas
c.
About 1,7:10°
suspended in 10 nl of

with

Mitochondrian v

2

e

cbs

b

Isolation of

cells uvere

on Ultra-Turrax hovooenizer for 55 seconds

isolated

served above the mitochondrial bard.

c2ll mi

techondria
mmshed tvice with medium B,
by hownogenization
‘at 70 volts.
for

as described those of L cells.

d. Isclation of rat heyatowa nitochondria
o - . .
About 1.€x10% cells were washed thrice vith 0.25 M sucrese,

2 o2 EDTAL pH 7.4 (redivm C). Cells vere kept in svsponsion for
10 rinutes in beotvean ecach centrifunation in order to erabkle the
cells to suell., The cells vere svapended in 5 0l of mediun C and
dicrupted by homegenizntion vwith an Ultra-Turrax for 90 scconds

(30 scconda dntervala) a2t 75 volts, Mitochondria

described fer these of L cells.,

3.

to the rethiod of Parsons

Flectron Microscopy of the Isolated )

were isolated ag
Pat ]1\’ or Mltrc«mndm a
vere nesatively stained accordine
(19¢7) . The surface-srrecding nethod vas



not vsed, Instead formvar—coated orids wore allowed to float on

top of a drop of mitochondrial suspension in isolation medium (5 g
protein/ml) for 1 vpinute. The excess of the mitochondrial suspension
was renoved with o filter paper and the grid allowed to float on

top of a 2% (w/v) potassiur phosphotungstate solution, rll €.2, for

2 minutes. The excess phosphotungstate scolution was removed with a

h

filter voper and the grid was alloved to ¢rv. Specinens vere

exarined in a Philips Dlectron Microuscope Hodel 300,

4. Preperation of lMitochbrrrial-Ribosonal Fraction

a. Prepervation of rat liver witochoniirial-ribesomal fraction

The mitochondrial fraction obtained from 15 ¢ of rat liver
containing about 100 mg protein wes suspended in 6 nl of 10 0 tris-I'C
50 M KC1, €130 MaClo, pi 7.6 (1120 Luffer) nade . (r/v) vith
godiw deoxvcholate (DOC) and 9.5 (v/v) with Triton X100, After 30
ninvtes ot 0°C the DOC-Tritoa treated sainle vas certrifured at

2,000 x ¢ for 10 ninutes, The supcrnatant containing the crude

nitochondrial-ritozonal fraction vas lavered on 15-307 coaver
sucrose~-TH'l gradients and contrifuged at 165,000 x g o in the &7 41
rotor of the Docinmen Model LI witrarent:ifuse for 3 hours at 2°C.
The cradients wvere fracticeated ard the vihosonal peali was collected
and dialvzed for 4 houvs azeinst 50 nl of Yidi buffer at 4°C. The
dialvzed ribeser ol fraction was Javered on ap iderticoal sucrose
density gradient for seodimsrtation analvsis,

b. Preparvation of L cell mitechendrial-ritosoral fraction

The pitochon'rial fracticn oltairet from 1.6:210° colls
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containing abeut 3 mg protein was washoed tvice with nediu B oand

finally with 0.3 ! sucrese iv Ti7t buffer, The wvashed witochondrial

pellet was suspended in 1.0 ) of TII Luffer and vas wade 0.5% (/)
with DOGC and 0.5 (v/v) vith Triton X100, After a 30 nminute
incubation at 0°C, the sanple was centrifuged at 12,000 x g for 10
minutes. The supernatant contairing the mitochondrial-ritosomal

fraction vioe analvsed by lovering on o sucrose density gradient as

P [

deseriled above excent for the dialvsis anc subscauent centrifugation,

c, Prepvavation of 1. cell crtop:

nfe-ritosomal fraction

An L cell evtoplesnic ribosenal fraction vas prepared
according to the wethod outlined by Yerry and Kelley (1908), Cells
groving exponentinlly were rapidly chilled by the addition of crushed,
frozen salire solution consistine of 0,87 (w/v) MiaCl, €.027 (u/v) rcl
0.115% (+/v) TaphlOy . 0,020 (vo/v) KipPoy, ol 7.4 (PBS), eentrifuged
at 100 x ¢ for 10 ninvtes folloved by onother tvo washinms with PES.

5 7 . . . .
To a pellet of 52107 cells 1 nl of hvvotonic redium centainivg 2 mM

MeClp, 150 il (RUL)CL, 0.05% (v/v) Triton X100, 10 mf tris-1CJ

pli 7.8 wvas added, incubated for 10 minutes and thern horogenized
with 10 stro%es in a Dource honiepenizer. The boropenate vas
¢ [

centrifuned at 27,000 = ¢ for 10 nminutes at 2°C. The sedirent

o

1

containing nvceled. nitochondria and cell debris wes discarded and

the sunernatant froction was analvsed on a sucrese density gradient,

5. Labelling of RIA and Riboron

a. Mitechondrial RIA

Micochon'rial RUA of rabr liver vas labolled by the
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intraperitoneal injection of four 100

of 32Pj neutralized vwith tris or 5 nC
before the rats vere killed. During
starved. The mitochondrial PNA of th

-1

Tiled

=

O]

lines was 1lahe uaing 10 tinmec

(asbout 2-43x10° cells/ml). About 40 n

rots with total of 10 mCi

.
o

i of | ~3ﬂ]orotic acid 4€ hours
that period the rats were

e aifferent tissue culture

concentrated cell suspensio

1 of cells were labelled with

10 wei [5-°Iluridine, 1 uCi [2-1%CJluridine or 50 nCi of 32p, /ml. It
the Jast casc 0,0001 M dnstcod of the usual 0,01 M Nali,P0, normally
prescut in the Joklik's modiflied mirinun essential rediun (agle,
1859) wzs uscd. A1l labellinc of the different tissue culture
lines vas dons for & hours in the presence of 0.1 yg Actinonvein D

.

to prevert the synthesis of cvtoplasni

Cvtoplasmic BIA

b.

Rat liver cvteplasmic RIA vas

h

1
13

injection of a 150 ¢ rat with 2 uCi o

ic ritesomal-TXA (Perry,

1a

welled by intraperitonecl

f [6-1"Clorotic acid for 20

hours before the ret veas I'illed. Cvtorlasmic PIA of I zells vas
labelled with 0.2 1:Ci/nl of [P=1%CJuridine at a concentration of
3.0:10° cells/rml for 20 hours.

c. Labellire of ritoscones

Mitochendrinal ani cvtonlasniec ritorencs vere labelled as
described for the Jalelling of thedir correspondins RLA.
6. lIxtraction of Ribonuclestes

a. Lxtraction of mitochondrial ribosomal LA (CHt-rTlTA)

i. Rat livew nit-rRuUA wes entrected by Method 1 of Fird
(1265) modificd in three vers, In the fivst rodificatien, 2 ¢ rot

.
1

]

1903).



livey wvas entracted for 1 hour at 25°C with 20 nl of 0.5 (v/v) of
disodium naprhthalene~1,5-disulphorate and 20 nl of phencl-cresol
nixture (300 g of fresh distilled phenol, 42 nl of fresh distilled
m-cresol, 33 ml of double-distilled vater and 0.3 g of &-hvdroxy
quinoline). The aqueous layer wos added to 1 volurme of phenol-
cresol mixture made & (vw/v) vith sodiun tri-isopropyl paphthalene
sulphonate (STINS), stirred snd then the enulsion was added to

the rat-livey mitochoudria vbich had beer suspended in 2 nl of
nmedinm A, Stirring ves continued for 1 hour at 25°C. 7The aqueous
rhase was recovered and re—-extracted vith 0.5 volumes of phenol-

. Nt

cresol mixture for 30 minutes at 25°C. Cvteplasnic ribosomal RIIA
(cve-rTHA) and mit-rIUA vere sedirented by makine the agueous
laver 37 (v/v) vith NaCl, 1074 (v/v) with r~cresel and 207 (o/v)

with sodium benzoatae with the increase in volume nezlected. The
solution was kept for 1 heour at 0°C and centrifuced at 10,000 % ¢
for 10 rinutes to receover the gelativous pellet of RITA,  The RNA
was washed twice with a cold selution of 37 (w/v) NaCl, 107 (v/v)
m-cresel and 200 (v/v) sodium berzoate, conce with 17 (-/v) 11aC]

in 757 (v/v) ethrnol, once wvith 758 (v/v) ethanol and tvice with

ahsolute ethanol, dried under vacuw overuight then stored at

-20°C. The yield of RIA was 10 np. Tn one experiment mitochondrial

REA was isolsted bv this nethod +in the absence of carrier
evtoplasmic RUA from mitochondria isolrted from 100 rats.
In the second wodification, the mitochondrial pellet vas

suspendaed dn 2 nl of redivm A and the vitochondria vere disrupted

by the addition of 5 1l of a selutdien at 25°C of 200 (/v) SIS,

44


http:volrn.1e

0.1% Go/v) Macaloid, 17 (7/v) ©aCl, 10 1 1rCly end 25 i sodium

45

acetate, »l! 4.8 (medium D), vhich contained 1 mg rat liver cvt-rilA/ul.

After ) minute, 1 volure of phenol-cresol rixture, nade 55 (v/v)
with STINS, vas added and the mixture stirred for 1 hour at 25°C.
The aaucous laver vas re-extracted once with 0.5 volume of
phenol-cresol rixnture and the RNA vas recovered as described above.
These nethods will be referred to as rodification 1 and 2 of the

Kirby netlod,

|

In the third medification the mitoclondrial pellet vas

suspended in 10 nl of mediuwn A at 0°C then disrunted with 10 ml of

mediw. D at 25°C, containins 1 ng of 1. cell cvt-rRIA, After 1

7

minnte, 1 volume of phenol-cresel mixture, made &7 (w/v) with

STING, was added and the rizture stirred for 1 hour at 4°C. The

3

aaucous laver vas re-—axtracted for 1 hour with 1 volume of phenol-
cresol nixture at 4°C. The aqueous laver was nade 37 (w/v) with

Nal, 200 (/v) with sodivn benzoate ard m-ecresel was added until

1
i

turbidicy occured [about 300 (v/v)]. After 1 hour at 0°C the

¢ 1.

first washing solution vas saded dropuise until the turbidity just

digsappeared., On centrifuration a gelatinous pellet of NUA vas

o

recoveraed. This was washed and dried as described above. 7This

method will bte referved to as the cold pherol-0DS technioue,

for mediun D the follovine procedure

A

A%

. N9
facalod

To prepare

~

(3

was uscd.  Twenty five g of Mscaloid wevre suspeuded vigerowsly in
1500 ) of 0,01 1 tris-lel, pl. 7.0 (tris luffer) usin~ o Wavine

blender. Tha suspension vae covtrifuc-od at 16,000 1 ¢ for 30

nirnutres. The pellet vas resvsvondsd in 1500 nl of tris Luffer

3



bv another centrifuration as abtove. The final pellet of

followca
Mocaloid was suspended in tris bulfer to a conceuntration of (.97,
('/v) and was stored at 25°C,

ii, Tissue culture nitochenirial IA vas also extracted
from about 2x10° cells by the cold phenol-8DS technicue. The
ritochondrial prellet wvas suspended in 2 nl of the mitochendriol
isolation nedivn (edive L oor () and 0,3 nl of freshly prepaved
nost-uitochondrial suvpernataont fron 1.1x107 L cells vas added.

The nitochondria vere then disrupted vith 5 1l of nediun D and
innediatelv added teo 12 1l phenol-cresel rixture made & (/v)
vith STINS to vhich 5 1l of (.57 (/v) of disodiua naphthalenc~1,5-

disulphionate was previously added. TRIA (about 1 mg) vas isolated

as descriled above for the cold pheuncl-8DS techniaue,

RIA was also euntracted frorm the mitochoudrial fraction
from 2:10°% tissue culture cclls by the wetleod of Peanan (19€6).
The mitochoerndrial pellet vas susporded in 1 nl of a hich strensth
buffer contairing 0.5 M NaCl, 0.05 M ligCly, 0.01 ' tris-lCl, ph 7.4,

-
/

Post-ritochondrial supernatant from 22107 cells wvas added,

Hitochondria vere disvupted by the addition ¢l 6DS te a final
concentration of 0,5 (/v) and L3Ta, pll 7.4, to 0.1 in a total
volurme of 1.3 ml. One volue of water satursted phenol was added
and heated te €0°C for 2 minutes. After coolirng to roon temperature
an equal volume of chlorofern containing 17 (v/v) isoanr1l alcohol
was added followed bv heatins again to 60°C for 2 niunutes. After

centrifugation at 1,000 = g for 5 ninutes, the lover chloroforn-—

phenol laver was reroves, A total of thece extractions vich
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chloroforn-isoamyl alcohol at €0°C tor 2 minutes were made, The
aaucous laver was reroved and the RNA (about 0.5 to 1.0 ng) vas
sedirented overnisht by the addition of 2 volumes of 957 (v/v)
ethanol at -20°C. This nethod involved a hot phenol-SLS extraction
and will be sco designated,

For use this PMA is centrifuned and dissolved in RSB
buffer to a concentration of 1 rz/ml, The RNA cculd be reprecipitated
with 2 volures of ethanol and stored at -20°C. In some cxperiments
the RNA was treated with Riase-free Dlase (10 pg/nl).

iii. RNA was also extracted {rom the mitochondrinl-riboscomal
fraction of the sucrose gradient. Mitochondrial ribosones were
disrupted in the presence of L cell cyt-rRNA as carrier by the
addition of 1 voluwe of mediwtr D as described in the cold phenol-6PS
technique, It vas important to add to the phenol-cresol mixture
a volue of 0.5 (:/v) disediuwn-navhthalene-1,5--disulphonate equal
to the volure of the sucrose gradient fracticn. This diluted the
sucrose concentration in the anucous laver and avoided a reversal
of the vhases. The mit-rRUNA was isolated according to the cold
phonol-SHS method,

b. Extraction of cvteplesiic ribeseral PUA (evt-ritia)

maT

Rat liver cyvt-riUiA vas icolated by Method 1 of Kirby
(1965), and stored as a dried povder at -20°C. Cyt-rRIA from L
cells vas isolated from a post-mitochondrial supernatant fractior.
The RNA was coxtracted first with an eqval volume of phenol-cresol
nixture, re-cxtractec with 0,5 volunme of phenol-cresol rirture

made 50 (u/v) with SCINS and the TNIA precipitated, vashed and
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described 1in

dried as the cold phenol-8SDhE

7. AI’\"‘IV 3 1s _.Of: RL! \

a. Sucrose densityv gradient centrif

Sucrose density gradicnts from

sodiur acetate pl 6.0 were prepared as described by

This is a convex gradiert wihich cives
As shoin In Figures 1 and 7 the sedimen

are lincarly related ro their distance

ant the logarithy, of their noleccular
the leceritioa of thedr distarce roved frowo
Thia phenoreron simplifies the caleviation

for ain unlmoun RNA,

suctese solution in the rixiry chanber and

7

solution added dronvise ot a rate of 1

tation constants

roved

velosht is line

The aradicnt vas prepare

nl/mirute vith rix
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met! od.,

u”atLon

Yoll

edinentaticn.

of cvt-TlAs

from the reniscus

arly related to

the meniscus respectivelr,

of thegse characteristics

»d with 10 nl of 150

12 1l of 407 sucrose

Fror

10C to 400 pyo of PN discolved dn 0.1 07 sodimm acetate, ph 6.0

vas lavered on the cracdient, certrifuced for 11 hours atv 2°C ot
160,000 < av in the &i 2873 rotor of the International D-00
vltracentrifure. Alternatively, linenr sverosce donsity aradicents
from 15 to 30/ sucrose in 50 ml) BaCl, 1.5 w0 ii3C1,, 10 o'l trie-Ti01,

o (RSH buffer) nade to 0,25

descritied by Gilbert (1963). Centvrifugza

20°C at 75,000 % The

o
cav:

S (w/v) with
ti1on

gracients wvere fractionated

as

Sbb, vere uscd

vas for 1& hours at

by puncturing

the bettor of the tube and C,2 ml froctions vere collected dropyvisc,
The optical densityv at 200 1 of eacti fraction vas read in ¢
5 um path lepsth cuvet containing 0.5 vl and the radicactivity
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Distanece from meniscus (cm.)

Relation between sedimentaiion counstant and distance moved of

rat liver cyt-RllAs in convex sucrose density gradient,

A mixture of 200 pg of rat liver cyt-rRHA and tRNA were scparated
on a 15 to 407 convex sucrose density gradient by centrifugation
for 11 hours at 2°C at 180,00N x g,y in the SB 283 rotor of the
International B-60 ultrecentrifuge. The values 28, 18 and 4 S
were used for the sedimentaticn ceonstant of the cyt—-rRNA large
and small components and tIA respectively (Kirby, 1965).
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Relation betwveen nolecular weight and sedimentation distance of
rat liver cyt-ENAs in convex sucreose gradient,

A mixture of 200 ug of rat liver cyt-rRUA and tRNA werc seoparated
on 15 to 407 convex sucrose gradient as described for Figure 1.
The values 1.75x106, 0.7x10% and 2.5x10"% daltons were used for
the molecular weight of the cyt-rPNA large and small components
and tRNA respectively (Loening, 1968), :

@
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was determined.

b. Chromatosraphy on methvlated seruwm albumin-coated

kieselguhr (MAK) coluans

Mitochondrial RNA, isolated from 8x10° L cells by the cold
.

phenol-SDS teclhinique, was analyzed on a MAK column according to Ogawa
and Sibatani (1967). Hyflo supercel vas washed with 0.1 N HC1, H,0
until neutral, 0.1 N NaOH, and again with H,0 nntil neutral and dried.
Methylated albumin was prepared Ly dissolvins 5 g of bovine serum
albumin fraction V in 500 nl of absolute methianol to which 4.2 nl of
12 N HCI was added. The solution was kept in the dark for 3 days ot
25°C and was shaken from time to time. The methylated albunin sediment
was washed twice with abzolute methanol and twice with peroxide-free
ether (distilled over ferrosulphate), dried and stored at -20°C.

Thirty g of washed Hvflo supcrcel was suspended in 150 nl
of 0.1 I buffered saline (0.1 M NaCl, €.05 }M sodium phosphate, pli 6.7)
boiled for 1 minute then cooled to 35°C, Ten nl of 17 (w/v) methyisted
albumin was added, stirred and then pourcd quickly to make a 160 x 22
un column which was jacleted and heated to 35°C. After the MAK scttled
down a laver of 0.5 em of Hyflo supercel suspended in 0,1 M buffered
saline was added, to serve as a mechanical barrier to thc verking
portion of the column., The bed volume of the column was aliout 60 nl
and the liquid displacement volume was about 54 ml, The column was
washed with 100 ml of 0.1 M buffered salins then loaded with about
4 mg of RIA dissolved in 40 ml of 0.1 M buffered saline. Reservoirs of
400 nl of 1.2 M NaCl 0.05 M sodium phosphate, pli 6.7 and

500 m1 of 0.1 M NaCl, 0.05 M sodium
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P

* . 1 - € 1 b - 3
phoasphate, pl 6,7 vere dincubated ot 35°C and cornccted toe a Phoend:

veripup tlocel 4006 vhich pu pew a lineer salt cradient throuvnh the

colurn at a rate of 1 wl/wintte. Three 1l fractions vere collected,
the onticel density at 254 nro vas recorded continuously by an

ISCO 1V analvzer lodel 222 and en ISCO chart recorder Yodel 170,
Fractions vere checlhed for Yall concentration vith a conductivity
bridre, Medel 31 (Vellow Sprincs Instrarent Co.) and counted fov

radinactivity,

c. Ararose-nolvecrvian

';..
Qe
[
-

electrevioresis
The gel electrophoresis nethed vas a vodification of the

methods of Watanabe, Prevec & Graham (1967) and Peacoz) & Dinvman
(1268). To assure penctration of the cvt-rREA into the polvacrvliae-
nide gel, the acrvlmnide anc the metbvlenebisacrvlanide have to be

f the highest purity grade possible (Loering, 1967). A niuinal
arount of ararocse vas added to allow slicing 2t roow teiperature
but noil affect the separatien propertiecs of the polvacrvlarmide.
For this the azarcse nust so0lidify first (Peacoc). & Dincnan, 1979) .
ot every lot of arerosc ves suitable for this purpese since some
lots contained dvopuritics vhich bind the cvt-vyRIA to the ton of

the gel, SLE vas odded to the in-racients of the nel and to the

runnine buffer in order to innctivate rossible Rilase. A solution

containing 4,187 (v/v) acrylaride, 0.227 (w/v) nethvlerchisacrylamide,

o
2y
rde
S
=
S

0,055 (/v)y W, T —tetrancthvlene ard 1% (o/v) SDS din

2 tirmes concentrated rescrveir buffer vos Lkept at 0°C for 30 ninutes.
Anmonium persulphote vas added to 0,1% (w/v) and the solution
1

mixed with an eaundl volume of a boiling solution of Q.57 (w/v)



ararose, The solution was poured into plunged electroplioresis
tubes, 6 x 65 rm, allowed to selidify for 3 hours and used
irmediatelyv, The plug was removed and about 30 pz of an RUA
solution in 50 ul of RSD buffer or in 0.01 or 0.1 Il sodiun acetate,
pli €.0, was arplied to the previous betten surface of the gel., lo
difference in electropboretic riobility wes seer vhen the RNA
vas dissolved in any of theso Luffcers, [14C}cyterNA vas often

Hlmit-12A to serve as a narlber.

runr in the sare tube as |

RIA sa.ples eluted from the MAN colurn vith a NaCl

e

radient vere prepared for electrophorvesis by adding 400 pg of
Lscherichia coli B tWUA dialvsipg azainst a 1000 fold velure of
C.C5H M amoniur formate pll 6.7 in twe steps of 4 hours each, The
vs

dialveed samples vere lvophilvzed for § hours, discolved in 1.5 it

MeC]

-
< 3

10 o tris-1iC), ph 7.4 and ther applied to the gel,
I'lcctrophoresis was for 45 minutes at 200 volts (30 volts/em)
at 20 mA/tube iun the Discelectrophoresis apparatus of Bechler
Instrurent Co. Medel 1004, Norwally § tubes vere run. Ice cold

water vas circulnted arocund the lover reservoir vhich vas at 0°C

[

initially and the upper chenber vas at 25°C initislly. The

reservolr buffor contained 16D g of tris, 9.3 o of LDTA and 55 «
of boric acid in 10 1 cof vater at a final ph of £.3, SIS vas
added to the buffer to a concentration of 0.25% (v/v) before the
electronhoresis,

Under theese conditions the logaritbn of the sedinentation

coefficient of the 28, 18 and 4 S rar liver covt-22As and theidr

nolecular veinht are livearlv related ro their nicration Jistorcee
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Distanze from origin (cn)

Relation between sedimentation constant, molecular weight and
electrophoretic nobility of rat liver cvt-RlIlAs on agarose-—
polvacrylaride gel., A rixture of 30 p~ of rat liver cyt-rhiA
and tPRIA were separated by electrophoresis in a 2,27 acrylanide
and 0.25% agavose gel. Electrophoresis vas for 2.5 hours at

40 Volts/eri, 5 mA/tube in 6.5 cnm tubes.,



(Tirure 3). Theee relationships malke it possille to interpolete

+

the sedimentation ceefficient and the rolecvlar veilcht of nmitochon-

drial RNA with recard to those of the evtoplasmic RUIA. The

irterpelated § values are desigrated Sg.

£. Annlvsis of Mitcchondrial Hibosones bv Sucrose Dersitv Cradien

Trow 0.4 to 0.0 wl of a DOC-Tritor trested mitochondria
from rat liver or 1 cells or fron a evtoplasric riloseral {raction

fron 1. cells vas Teaded on an dsciidnetic convex aradient of 15007
or 5-200 svcrose in TIO0 huffer, The gradicent vas mede vith o
mixing charber containing 9.1 nl of the licht sucrose solution and

3

with 12 ml of the heavy sucrose solution added dropwise,

Certrifucation vas at 165,000 x g, for 3 heours at 2°C dn the S0 /]
rotor of the Becliunp MModel L2 ultreocentrifuce. Tor detersipipng

the sediventation rate of nitochorcrial ritesores, 0.1 1l of

- L - + 1 . . .
freshly prepared Th(-lobelled 1. cell cvicplaseic ritoserral fraction
e v 2 - - e . e
vog added to the “L-labellod DOC-Triten treated nitochondric enp
ot the sucrese syadient, The gradicnts vere fractionated and

RARY t

analvzed ag with t1e PRA oradients descrited above.

9. leasurerent of Radivactiv

a. Fraw labelled RHA avalvsed o a sucrose ieuu tv cradient

2

o - 1 - M A
32p.Lalelled WA fracticas sere dried on Lhatian 20T parer

and counted in toluerc scintillotien selution containipa €, 50

prs

(w/v) of 2,5 diphenvlonazele (PPO) and €.05L (/v) of 1,4~bis

[2--{d-rethy)~S-rhepvlonazelv)] benvere (Giorthvl=l0Por) (Ioldar
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and TI'reeman, 1968). Fractiors of 2t or (- or dual-labelled TIiA
vere digested overnicrht with 0.5 w1 of vater ard 0.5 nl eof NCS
solubilizer and then counted with 10 nl naphthalene-dioxane
scintillation solvent coutaining 15.5% (w/v) nephthalene recrvstallized
from alcohol, 0.6L (+/v) of 2,5 diphenvlozazole and 0.02757 (vw/v)
of 1,4-bis [2-(4-nethyl-5-rhenvlcrazoly)] ternzene in spectroquality
p-dioxane (Lush & Veansen, 19€5).

b. T'ren labelled FUA in acarose-polvacrvlenide geols

The gels vere sliced in 1 mnm widths with the device shom
in Ficure 4. Slices cof 32p-labelled VA vere dried at 100°C for
1 hour on Vhatvan 3 [ paper and counted in the toluene scintillatier
solution. Slices of %I~ or %C- or dual-labelled RIA vere dirested
overnight with 0.5 nl water ard 0.5 ©l ol MCE solubilizer, Tern nl
of naphthalene-dionane scintillation fluid was added, the vials
shalker for 1 hour and then counted. Over 9&., of the counts vere
extracted frem the slice as determined bv reroving the slice freon
the scintillation fluid and recounting.

c. From Johellec Frid elluted from a MAR column

RNA from the fracticns was counted by a nodified technioue
of Trevavas (1967). To 2.5 rl of ecach fraction, 10 nl of a solutiou,
conteinivg 0.017 (v/v) veast RIA in 0.05 1M MaCl, 0.005 M Lla kPO,
pll 6.7 was added ond shaler, Then 1 nl of 17 (v/v) of cetvltrimethyl
(hexadeevl trirethvl) amronium bropide was added, shaken acain and
incubated for 7 hours at 4°C. The insoluble cetvltrimethvlaumonium
salt of the nucleate was collected on o Vhatran 934 Al glass fiber

filter and washed twice with 5 ml of distilled vater at 25°C. The
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1

and the LA dipested for 5

[N
—
]
-
Te
<

tede
s

—
O]

filters were placed in count
hours by adding 0.5 ml of VIS soluvbilizer and 0.5 11 toluene., Ten
ml of toluene scintillation liquid wvas added and the vials counted,
d. Countin~
Dual- (3l and 1%¢) or triple-(3r, %C and 22P) labelled
sanples wvere courted on twe o three channcels of the Nuclear Chicago
The :

Mark 1 counter vespectively, Corroctions for —counts in the

. - o . Lo e
3peclianrel and for the 3%P-counts in the ¢~ and 3u
donge by addition of an internal standard (1 fC—rethanol or

3

. ~ [T .
recountine and co2lcvlotion of the pure i— and 1‘(..~—couu s usin
by

a coipular,

10, Zucleotide Compesition

n . s .
About 0.5 mr of 32P-labelled RNA ves dicected in 0.2 nl of
~ B '

2,310 KO for 18 hours at 37°C.  Then 2 perchloric oacid vas added

to pil 7.00 The KCT0, precipitate vas revoved by centrifrgation

IS

or by electrepbovesis on Vhatman 30 paper o 0000 1 armonien
fornate buffer, pi' 2.5, fer 2 hworrs at 4,000 voles (Davidson €
Siellie, 1952)., The techninuen ~ave icdentical results, The
nucleotides vere located bty ultra-violet lanp, cut out and counted
with the toluenc-tanced scintillaticn selvent. Ue counts vere found
betveen the spots.

bl ™M
L

In one expeximent unlabellod mitochondrial DRUA, dfzeolated

in the absence of carrier cvtoplasiiic TUA, vas analvzed for
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ruclrotide compogsiticen on a Dowex 50-11 column by the netlod of

Katz and Conb (1963).

11, Chendcal and Tonzvnatic Determdunstions

a. Avalvtical nethods

Protein vas determinnd by the nethod of Tovry et al. (1951)
with bovine serun albunin as standarc,

RIA was neasurcd by the orcinel nethod of Meibaun (1939)
vith adenosire #s the standerd., The heating time vas 45 pinutes
(Albaws and Trmbkreit, 1947).

YA wvas estiunated by the nethed of Burton (1956) vith a
preparation of salvon spern NNA containine 7,07 phesrhorovs as a
standard.

Inorcanic phosphate vas reasured accerdive to Chen et al.

b. Inzvnatic activitics

Malate dehvdrocenase (EC 1.1.1. 37)

Toetal epzvme activity vas reacured bv follovive the reduction
of NAD+ by malate at 340 mu accordirs to the method of Poodyn et al.
(19¢2). 7The enzver fractfons vere selubilired in 0,27 (v/v) Tritor
X100 in 0.3 M sucrose, A unit of activity is defined as the amount
of enzvme civing an ircrea<e in coptical densitv at 340 nm of 1.0
per minute in & cuvet with a 1.0 er light path containing 2.7 nl
of solution.

Cytochrome oxicase (K€ 1.9.3.1)

Cvtochreue cxidase aclivity voes weasured Lv follovin: ¢ o



widation of redveed cvtochrore ¢ at 550 o according to Ceoperste
anc Tazaroy (1951). A solution of 17 plf crtechrone ¢ from horse
heart in 0.03 1 phosphate buffer pli 7.4 was reduced with a rminimun
of sodium dithionite crvstals, The solution was shaken until a
decrease ip abesorption at 55C nm vas ohgerved. The nitoctondria

vere then added. A unit of activity is defined in the sane vav as

a unit of activity of malate dehvdrorenase,

Glucose-G-nhosphatase (UC 3,1.3.9)

Glucose--O-phosnhatase vas deterridned by the release of

O

inov~anic phosphate as described by Roodvr, Reis and Work (1961).

£
w
o¥
n
Fa
i
=
¢
ny
)

A wnit of enzvrie activity v the release at 1 pg of

orthophosriate /mivute under the condition of assav,

Acid phosphatase (€ 3.1.3.2)

Acia vhosphatase vas estinated by the release of inor
vhosphate frow [-glveerophosphate Ly the netihwd of Gianeatto and
de Duve (1955). The enzyrie vas activated b freezing and thauvive
the froction 10 tines befove the aszov. A unit of enzyre activity
1

vas defined as for glucose—-6-plosnhatase,

12. List of Twaffers and edin

s
5
~

-

-

tecium A 0,304 sucrose, 2 tris-LCl, 200 IDTA, plo 7.4,
Mediuvrr By 0,30 M suverese, 200 trie-UCL, 2rt EDTA, pll 7.4,
MHediwy C: 0,251 sucrose, 2wl LDTA
Medium D: 27 (v/v) 8PS, 0.17 (w/v) Yecaloid, 17 (w/v) laCl, 101

HaCls and 257 socdiue acetate, vl 4.3,

Tris buffer: 0.61 I tris-hCl, ol 7.0,

60



D buffer: 10 tris-1C, 5Mnd0 KCL, Gt ¥icCis, pil 7.6,

PRS: 0.0 (0/v) DaCl, 0,027 (o/v) FOL, 6,115 (o/v) aslivty,, 0.007

(/v) TR0y, pu 7.4,

NSL buffer: 50000 NaCl, 1,500 MeCly, 100 tris-LCl, pH 7.4,

0.1 M buffered Saline: 0.3 M YaCl, ©.05 ! sodium phosphate, pll 6.7

13. licterials

All chericals vhere nossible wvere reacent cradn, Sucrosc

for the gradient centrifunation was ribonucleosce-free. This and

N

sodiun deoxycholate were obtoined fropm llarn Pesesrch Lat., Mew York,

LY. Methvlere-btiecoervianide ves purificd as descrited by Loenips

1

(19G7) ., Acarose vas obtained frow Dausch and Lonb Co. Ltd., Teronto,

Ont. Iverv batch vas vot suitable., Lot 262506 twas uscd for all

exparinents reported here, Acrylanide of the hichest nurity grade
and hexadecvitrinethylarmoniwe bronide vere obtaived fron

Distillation Products, Rochester, MN.V. Joklik's rodificatior of
ninirun assential nediuvm, feetal calf serun and anti-PPLO agent
vere obtaired from Grand Isiand Liclogical Co., Grand Island, H.Y.
Macaloid wvas a2 ~ift of the Irerto Ceo., Las Vesas, llev., Lvilo
supercel vas ol taired from Tighar Scientific Co., Fair Laun, I.J.
Deoxvribonuclense, electrophoretically purified from ribonuclease

from Vorthington Biochenical Corp., Freehold, 1T.J.

serun albunin Fraction V were

Ritonuclease A Tvpe 1L A ard boviie

obtained frer Sigua Charical Cerp., St. Louils, lo. t-RIA (stripred)

frow L. coli b ves obtaired from General Biocherical, Chererin Falls,

Ohic., Glass fiber filters 934AL, 2.4 o vere obhtaired fren Feeveo

61
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Angle, Clifton, MN.J.
Corp.., Toronto, Ontario,

British Drug Louses Ltd,, Pcole, Lngland,

NCS soljubilizer wvas obtained from Amershan/Searle

obtained from Atomic FEnergvy of Canada Ltd,, Chalk River, Ont !

[14CIrethanol (50 nCi/rmole), [5-°Lijorotic acid (4 Ci/rrole),

[5-3t]uridine (2-5 Ci/mrole), [6-1"Clorotic acid (50 nCi/riole)

h ¢ 1 - " . ~ ~
and [2-1"Cluridine (50 mCi/rriole) wvere obtained from Amersham/Searie

Corp., Toronto, Ont,
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1
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are they uniove?

(e) Tf nitochondria

nitochondrial or nuclear IINA?

For the initial studi

vould he to isolate and

3

described by Roodvn et al,

from the post nuclear

.
ax

C,000 =

R¥A vas extracted by the v

then cnalvzed on a 15-3C0

componenta were observed vhich

at 28 and 16 8, Also R¥A

Kirby's techudeue from L cells

contain

en
purify nitochondria
(1461) ., Mitoclordria werc
supoerne tant
» for 10 minuvtes each, in 0.5
wdification 1 of irbv!'

COuVQen

extra
nitochondrial fraction,

isopvenic gradient centrifugati

rPTA, s it coded for by
it seemcd that a logical approach

from rat liver as

rocovered

bv five successive centrifurations

vl FDTA, 7.2,

pH

s technique ard

sucrose censity gradient. Two

sedirmented 1ile the carrier cvt--rRIA

cted by the rnedification 1 of

purified b

A
4

on, hed the sane secinentation rate

as tue carrier cvi-rRIA except for a small aount of PIA sedinmenting
from 11 to 18 8 and peal ot about 21 5 (¥Figure 5). These results
vere in acreerent vith those of Rabirnowitz et al, (1266) for cliick

"

embryo and of Truran (1943)

“

Iladv (3445 1966) for rat Jiver

and heart. Thev concluded that as far as the sedinentstior constant
of the nitochonarinl ritoscnes and YDA was concerned thev vere
undistirguishable from the cvtoplasvric ones. At that point the
following cuestiorn arose. Uas the observed rPNA in this and previous

cases only from evt-rRNA

fraction? 1If this vas correct

then the mitechendrial LA vas

)

contanirant or sivplyv docs not

present as a

contaninart in the nitochondrial

and the observed RNA was cyt-rRNA,

either nasked by

the cvt-rRNA

as concluded by Neubert (196€).
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TFigure 5.

40
Fraction number

Fractionation of L cell mit-RNA on a convex sucrose density gradient. RNA of 2,7x10% cells
was labelled with 1 uCi of [5-°HJuridine/ml for 36 hours at a cell density of 2.5x10°/ml.
RNA was eutracted from mitochondria which were purified by isopvenic gradient centrifumation
by the modification 1 of Kirby's method in the presence of 14¢ labelled rat liver cvt-rRN

as described irn the method. DRNA (200 ug) wvas centrifuged on 0.3-1.4 M isokinetic sucrose
density aradient at 180,000 x g,,, for 11 hours at 2°C in SB 283 rotor of the International
B~60 ultracentrifuge and the radioactivity of each fraction was determined as described

in the methicd.
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To elimirate the pocsibility of cvtorlasnic contamination,
better techrnique for iselation of mitechendria vas develoned as
described in the Methods section. Tvo factors were considered
irportant to obtain pure nitochondria., The first was the removal
of a2s much as possibtle of the endoplasmic reticulum and ribosomes

before the mitochondria were sedinented for the first time, so that

vith the pitochendria. This vas

+
~

thev cicd not o1 fgnreca
acinieved by Javerins the nwclear supernatant over a sucrosc denzity
gradiernt so that oo centrifugation the nmitochondris but pet nuch of
the endonlasric reticulun and ribosones sedinented.,  Secerd

successive vashinrceg with a sucrose-TDTA sclution vere used to renove

the renaipivg contandpotion. LDTA cornlexes M7 and hence

ritosones (Sabatani, Tashire & Palade, 1966). Vashines

X
fd
4]
n
O
(9]
fds
o)
I
o
)

were verv cffective in loverinrg the RLA content whereas isopveric

aradient centrifucation was not. This was alse observed by 0'brien

)
——
bl
o
o,

ey
—
D
—_
<
~I
jos

~

wehonoria

rtien of rat

lver titochoriria

. . 1

For devising the centrifucctior purification retiod the

puritv of the ritechondrio was folloved by niarker enzynes opctivitios

and a balenee sheet dravs up, In addition, mitochordrial purity vag

-

deterained by electron tidcroscoepy. The fellevips enzyvmes which
are known to be located in particulsr gvbeellular sites vere vsed
as a biochenical critervior for the rurification of the vitochownirin,

Halate debvidrosenase, locate] drn the nitochendvicl ooty
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and the eviosorne (Drdiczke et al., 1760; “arco et al,, 1269:

Witt et al., 1906), cvtoch:rone cxidase, leocated in nitochondria

innor nerchrane (Schraitinan & Creenavalt, 1963), alucose-f-phosphatase,

1

located in the endoplasvic reticulu. (Parsorns et al., 19€7), acid
in lysosones (Appelrans, Vattiaux & de Duve, 1955).

In Table 3 the specific activities of thesce enzvries as vell

as the yercentane of activity durins: nitochondrial purification is

rresertea.  The reasults indicate that in the first nvelear orin

atbout 507 of the nitochondria were trarped, This was avoided

sulb sccouently by rehomepenizing the nuclear pellet,

On the discontiuvous sverose censitv cradient step the
bulk of tha cvtochrene coxidase activitw spun dovr vith the crude
nitochondrial pellet. Moot of the ¢lucesce~6-phosphatasc activity

1

vas left in the supernatant solution but rost of the acid phosphatase

a

tha cvioseon

hy

spun down with the ritechondria, The ectivities o

arc the nitochendrial ralate dehvdrocenases senporated

betrreen the
mitochendrial pellet and the svpernatart,

The crude mitcechondrial pellet still contained lvscoscries
and scone endoplacndc reticulur, These vere re~oved by a serics of
vashings vith asrerose~-IDNTA,  Detreen vashes the tubes vere inverted
tvice before deconting to dislodme the Joosly paclied laver of the
nore contominated mitochondria and then thorouchly drained before
resugpension of the pellet., The effect of these wvashings is
reflected in the differnnt enzyne activities as follows:
thie ritochondrial fraction gradually Jost less malate

L3

delivéronensse and cytochrore oxidase activities until the last



Table 3

Recovery of Enzymatic Activities of Malate Dehydrogenase, Cytochrome oxidase, Glucose-6-Phosphatase

and Acid Phosphatase During Purification of Rat Liver Mitochondria

Inzymes
Mitochondrial purification Malate Cytochrome Glucose-6 Acid
procedure dehydrogenase oxidase phosphatase phosphatase
units/mg units/mg units/mg units/mg
protein pA protein % protein % protein pA
llomogenate 1.095 100.0 1.150 100.0 0.748 100.0 0.210 100.0
[}
’ Nuclei A 1.245 58.5 1.350 60.5 0.842 57.7 0.013 3.2
2
S
Supernatent A 1.908 50.8 1.842 48.2 1.415 56.8 0.211 30.0
|
gradient 100.0 100.0 100.0 100.C
35% : 20%
Lo
o
o> Supernatent B 0.634 48,1 0.149 11.0 0.720 71.4 0.062 41.0
<
[
o~
Crude mitochondria 2.015 48,2 2.980 71.5 0.878 27.4 0.375 78.5
te
#»r—> Nuclei B 2.680 8.0 3.560 10.0 0.293 1.1 0.172 4,5
&
<
~
7

39



Crude Mitochondria

]
——> Wash 1

l—> Wash 2

l——> Wash 3

———> Wash 4

6500 x g

> Wash 5

——> Wash 6

4

Pure mitochondria

Total recovery

0.548

1.940

1.405

0.667

2.180

5.520

2.060

3.5

7.1

104

0.7

109.1

1.517

3.050

0.800

0.667

2.990

20.7

70.7

1.555

0.915

2.640

2.525

3.480

1.648

0.156

20,5

4.3

3‘1

1.57

132.1

0.559

0.318

0.557

0.183

0.488

0.202

0.016

118.3

69



teo yashinss, vhen pore malate dohydvogenase cetivity vas lost but

none of the cvtochronme oxidase nctivity., Probably after the fourth

70

wash the nitochondria started to breal up and the soluble ritochonarial

nalate deohwvdrorenoee started to leali out fron tlhe mitochondrial
matrinz but no cvtochrore ounidase activity vas lost becauvse it is
bound teo the mnitochendrial inner vembranc.

After the first tvo veshipgs nost of the acid phosphatasc
activity (lvnosore) was venoved and the rest vas gradually renovad

throurh the subsccuent wacshinze, The less of activity of glucose-

s

€-phosphatase scerecd to ipcreasce vith vashineg, 7Thi

1)

ight be due

to the vashing avay of sowe of the mitochondirial outer membrane

(¥
to vhich score endoplasmic reticulum could be arcrecated (Parsons

et al., 1867). 1his peossibility was sunported by the electron

]

microscopy studies cdiscussed belowv. A necative stairniag of the

19

final miteochondrial fractien is shown i

P

v Figurre 6. ALl the dark
dense bodies are mitocheondria which have lost thelr outer menbrane
durine the sedircntztion of the sucrovse densitv ecradient end the

washinge. This rheuomncnon was olscrvel alseo by Zalf & Ch'ih

Electren riecvoscopy vas uscd to confira tie mitechardrial
naturc of the final peilet and to sce vhether this pell-t was
free of endoplasnic reticuvlun,  The latter cev be casily recognined

by recative stainive (Parcons, 1907). A zeneral field viev o

£
five tines vashed ritocheondria, staivned in 270 phosvhotunzstate for
2 mirutes is showe In Tisure 6. The dark dense bhodies are

mitochendria ir which the outer verbrancs vere lost ov daramed
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Figure 6.

Lov-power view of negatively stained, five times washed rat liver
mitochondria. Although all the structure present are derived from

ochondria, only few intact mitochondria (M) can be seen.
Mitochondria, usually, are lacking outer nembranes (0) and their

54 ~1 £ 4y e

anes (I) show a dense inner matris. HMagnification:

-
—
ok
-
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allovine thie phesphoturgstate to peoretrate and stain the mitochondria

matrix. There are some nitochoandric vhich are intact an” lig

staired, vhose backoround contaiuns broher cristae,

jab)
~—

Pl
~

ntly

o s—ooth

endoplasnic roticular ment ranes can bLe observed., Tor ceoorarison,

72

k]

4

a veneval field of the crude nitochondrial pellet which had sedinientes

throvs! the srerese density oradiert, frer vhich the pure fr

vas obtained 1s shovn din Tiguvre 7. Tn this victure thourh niost of

1

action

the sa1] particles in the bacharourd are immer and outer niitochondrinl

fracments Lut there o still endoplasnic reticulum (1) and unidentif

Figures § and 9 for erude mitochondria and in Figures 10 to 13 for

pure i*itoctoudria. The dirrecular pieces of rnenbrane shoving

(]
nunerous projecticin of 20 A inob-like sutunits at the edfes

sarticles (X) presert, Fichier ragnifications are presented in

ara

inner nembranes (I) or cristae. hound pieces of membrane showing

no projecting subunits are outer nenb

with round cdres are contarinatinz eadoplasnic reticulur, These

fizures clearly shov that the final nitochondrial pellet was ncarly

comnlctely free of endoplasmic rveticulun while in the crude

fracition contaviratin~ rerbrancs can e seen.

About 40 wo of purified 1 itochondrial nellet wor obtained

from 1 ¢ of liver. The chenmical analvsis of the purified

mitochondrial frastion shoved thnt it contaived 6.5 rg protein

liver and 3.0 pg RN and §.24 ur DA ver me of mitechondrial

('x

protein, These values vere lower than ary previously reported

(Table 2). PRot liver mnitochordiria contain onlv 0,727 of the

<

liver REA and 0.470 of the tetal Tiver DMA based on 1 g of rat liver

total

iecd

1



73

Low~power view of negatively stained crude rat liver mitochondria.

Most of the small particles in the background are inner an

mitochondrial fragments but endoplasmic reticulum (E) and
: s

ified particles (X) are present. Magnification: 10,000 X.

d outer
unident-



Figure 8.

Low-power view of negatively stained crude rat liver mitochondria.
Legend as in Figures 6 and 7, Magnification: 43,000 X,



Low-powe
Legand a

E
S

view

crude rat liver mito

rndbication: 53,000 X,

chond
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figure 10. Low-power view of negatively stained five times washed rat liver
mitochondria. Legend as in Tigure 6. Magnificatiom: 25,000 X.

1
1



Figure 11.

Higher-power view of negatively stained, a five times washed
rat liver mitochondrion. Legend as in Figure 6. The outer
membrane of the mitochondrion shown here is partly detached.
Magnification: 90,000 X,

77
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v stained a five times washed

Figure ‘12, 1
rat liver mitochondrion. Legen as in Figure 6. Mitochondrial
inner membranes are coated with projecting knob-like subunits
(K) which are best seen lying in the plane of the object at
the edge of the pieces of membrane. Magnification: 90,000 X.



Figure 13.

High-power view of negatively stained a five times washed rat
liver mitothondrion. Legend as for Figure 12,
of the head of the knob-like subunits is 90A and the stem is
approximately 35~40A wide and 45A long. Magnification:
175,000 X.

The dimension

79
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1 v of protein (Mlass, & Tlennix, 1963 and on the RUA and LUA
content of albino rats vhich ere 17, and 0.2737 of the liver veicht

recovery of

T
e}
=)
%)
H
-
<

S

M

<

[
Y]

respectively (Davidsor, 19€0). !
cytochrene onidese activity, opnly 0,072 of thc total liver RIA
vas present in the £inal pellet. In corder to detect such a small

amount eof XA it was necessary to label it with bhich srecific

b. Mitochoncdria fx‘_v;\_zl tissue c_u_ltlmﬂ cells

T

“he crvde vitochondrial fractiop isclated {rev 2u30Y cells
of differvent cell Jines contained only alovt & ne protein,
asount in teo snell to separate pure niitochondria from pessible
cvtoplasric contanination as ceacribed for sat ldver ritochondria

o are sacrificed for the salte of puriiv.

R
-
o]
[®]
i
=
o]
—
o)
hes
—
d
N

since Q07 of the w:

One possibtle approach is te dncreasce the vunber of cells but this

is erpenaive ard reorcover 1t is dnceopveriont to disrupt lav-e

nuntbera of cells, Tnstead, colls vere first Incutaoted vith a low
concentration of tctiporvein T (0,1 ui/01) te supnpress the svptrhvesis

of cvi-r™7A brt rot that of the rit-ITA (see Introduanticn)., This

1 1, . ~ v g P o Fayem trom
oohas aove Cisadvonic

anp rTonc.

ces. The Actirorvein T'micht offeet

ELERY

the gsvitbesis of the prosure’ nit-TI000 ard the witochrndrial fructicn
rmicht contain other cellular cormonents containin~ A whose
svitbhasis is vesistant to Actieporvein D, The tissue culture

apprecch to the noature of vit-ILN Is therefore ivrdivect, compared

with the direct anpreach with rat liver ritochoudria vhere RUA is

isoloted from pure rmitochonria, COn the otior band the tiasue
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culture approsch nroviced a ruvch faster techuniqve to isclate

nitochondrial PIA and olso nore efficient labelling of it.

R

. Isoleticr of LA
a., Cvtorlasric riboscral RIA (eve- -r1A)
Cvt=rICA vas dsolated fron rat liver by Metlhiod 1 of
(1965) with a vield of 5.5 n; cvt-rRIA per o rat liver. This was
about 607 of the total Yiver T0A, The preprraction contained 6V
DA gnd onlv 0,57 DN and 0,737 protein.  The rest vas unidentified
var

but could be Jetercents used for the diselatien of the RUA or

A rodificetion of Tirbv's method vas required to isolete
ey t-rRUA fron tissue culture cells. Jt was necessary to add p-cresol
to a final corcentration of about 305 (v/v) in order to precipitate

the cvi-rRNA, prolably becausc its concentration vas lover then

-
~

that of rat liver cvt—rRIA. As will be scen in the ficurcs to
follow, the RN isolated fron both sources had typical 20 and 18 8§

cyt—-rPilt, 1t was used as a carrier to isol-ted nit--PrNA and hepce

as a neorker fer sedinzutation, electrophoratic and chronatenrarhic
studjes.,

b, Mitochendirial-TA

The minute crount of the labellod nit-W0A vas aluvays
accomranied with cold cvt-rRiA in cvder to obtain a worlable amount

for extraction and havrdling, to mivirize thepossibility of Rllase

activity on the nit-TUA and also to sevve as marker vhen mit-RUA

81
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Modification 1 and 2 of Kiyby's nethod and the cold phenol-S$NS
nethod were empleoyed when the entraction of rmit-rRNA was specificolly
required, but wvhen the totcl mitochondrial nucleate vas needed the
faster hot phenol-ShS nethod was used, Judperent of the success

of these nethods depended on the analvsis of the properties of the

nit--RNA.

3. \1.91&0Lc\r1,atjmw of 11 toc! wrdrjw

{

o. Sucrose densily aradient centrifusation of rat liver rdt-yPlA

Sucrose density gradient centvifugation of RIA isolated from
purified vat liver mitochendria with nodification 1 of Ildirbv'

rethod is shown in Fizure 14 (5-[31Jorotic acid-labelled PNA) and

32 .
15 ([%%P]labelled RNA). There were tvo na jor radiocactive peaks
vhich sediment at an averace of 15,3 4 0,17 and 12,6 £ 0,12 S,

(28.0 and 18.0 S cyt-rRrA as the refevences stardards) celculated

-
?

T

from ¢ determninntions ond from twe different extractions of nit-TA,

There was alvavs sote hetrodisperse vadioactive WA with hicher

sedirentation values including realis at 28 and 23 §. In all

experinents, a5 shom in Ficures 14 ppci 15, scme nitochendrial

4 S but ro cytoplasidce 4 S RiA was obhserved. No 4 5 PNA would he
sar

exprected in the petiod of Firby (19€5), in vhich rilosomal NA

is selectivelv recovered. If the 15,3 and 12.8 § are nit-riilis

then their sedinentatien constants are less thap anv rRNA from
evkarvetic and prokarvotic orvrcanisrs previously remorted It was
there/ore posaible that tley vepresant degradation products of

hirlier rolecular vednht conponents. Thirs possgibility hos not heen
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Separation of *H-labelled rat liver mit-RNA on a convex
sucrose density gradient. RHA of four rats was labelled
by intrperitoneal injection of a total of 5 mCi of
[5—3H]orotate 24 hours before the rats were killed., RNA
was extracted from the purificd mitochondria with 2 g of
carrier rat liver by nodification 1 of Firby's method as
described in the nethods. RNA (400 ug) was centrifuged
on ar: isckinetic sucrose densitv gradient and the Fjqg
and the radioactivity of cach fraction were determined,

Cytoplasmic rRNA (OD. at 260 nm) o
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Figure 15, Separation of 32p-labelled rat liver mit-RNA on a convex
sucrose density gradient. RNA of four rats was labelled
by intraperitonezl injection of a total of 10 mCi of
32Pi 48 hours bLefore the rats weve killed. RNA was
extracted from the purified mitochoudria by medification
2 of Kirby's method s described in the methods. Sucrose
density gradient centrifugatien of 400 pg of RNA was as
described in Figure 14,
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coimliately cucluded tuot wvas partially checled by recentrifupation

of IINA fractions {ron the gradiert to sce i they, at least, were stable,
Tn Firzure 16 a typicael analysis of mit-RUN cr ¢ sucrose deisity

cradient is shorn, RUTAs from four fractions as indicated vere
precipitated with tvo volures of etharol after the additiorn of nere
corrier cvt-rIUA then recentrifured op sucrose density cradicnts.,

LR SEN Y

The results ave shoun in Vieure 17, Purificd RNA corporents larner

than 10 8 vere not depraded te 15,3 ard 12,

1

ae

o

5 0 LA, nor vere t

latter derraded te snaller corgponcents, vihich indicated that cnee

e
wit-RUA is dsoloted and sceparated v gucrose density gradiont
centrifuration, it is stable.

In one eoperinent an attenpt was mede to isolote unlabelled

A .1\ 1

nit-TIA without carrvier cvt-1] . Pure nitechtoundrial fractior veos

ottaincd from 10& rats contaivine 541 « liver and the vit-hIA

vas cutractoed by nedificatior 1 of Firby's method., ilo PHA

precipitated vhen the acucous laver wvas macde 107 (v/v) vith resrect

1 -

to ni~cresol. 1In order to recover the MIA tvo velunes of cold

ethanol vere added. The precinitate obtained was mainly disodiun

naphthalenn-1,5-dissulphenete. The precipitate wvas disrolved in
0.1 X sodiun acetate pl. £.0 and the TNA was povtially purified fron
the detergent by filtering the KilA-detergent solution throurh a

Sephaden=G25 column, The KNA vas precipitated from the first
eluted fraction 1ith tvo velures of ¢old ethonol., Thern the DNA
was gnalvzed on o sucrosce aensityv gradient no distinet srecies of

RUA vere obtained either becoune it was demraded or because the

renainder of the deteruent, vhich alsorbes ULV, licht, masled
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ic rRNA {0.D. at 260 nm)

i

Cytoplasm

00

Tigure 16.
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Fraction number

e} N . .
Fractionation of “H-labelled rat liver mit-RNA on a convex sucrose density gradient.
Mit-RNA was extracted and analvzed on a sucrose density gradient as described in
Figure 15. RNA from the four fractions as indicated of 3 parallel gradients was

precipitated with two volumes of ethanol after addition of nere carrier cyt-rRNA,.
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its scdinentotion nrofile. Lovever, the nucleotide composition

1

of the PUHA was deternined ard the results are ~iven below,

b. Sucrose density cradient centrifuration of 1. cell nit—-REA

M t=-00A fren T, cells entracted sritd

.
=
e}
o}
Yk
3
%
)
o}
-
!
job!
o
401

methced from the crude nitech.on'rinl froction, of cells Iolelled

1

vith [ ]uridire in the nresence of 0.1 pr Activenvein D/l

sovivented o1 a Mreoy sucrose dersity cradient ot ahout 15,0
and 17.5 £ as stovn 3n Tigure 18, Yo lalelled 28 and 30 2

cy L—-rELA vas obtained viadich indicote that thedir svathezis was

completely drbhitited by the Activooveir -0 The synthesis of

yviorlasnie R4 de resistant to Activowycin D Termar, Vesco

i
.
v
o~
v
-
-

Porran, 1908) Lut althousd vias probably presert din the

n
s
=
—~
&
~
-3

tocheondriald frection, it vas rot extracted b the ccld pherol-
SPE nwethod as vould be enpected fror the selnctivity of this rethod
to the cutrrction of v only.  Thus, tihe results obtained fren
the indirect retbod ere in good acrconert vith the results ohteincd
directlv fror rot Iiver nit-RIA ard therefore clinirate the poseibility
LA or the

of effects of the aptibiotic on the svidliesis of ni

n addition

e

poasililitv of olservirs other drur-resistant 'IA species
to those of mitortowdric,

The total nucleates extracted vith the hot phenol-SDS
method frer the crude mitochiondriat fraction of L cells. lalelled
irerted on a lincar

in the presence of 0.1 ug Actinerwein B/ml, sec

~radient ot

<3

o}

suerose aonsity sout 15,0, 12,5 arnd 4 S as shoun in

b

Fioure 19, It was nore usuel, hovever, to obtain a heterodisperse

IWA throvrheat the gucrose dersity aradiect andl a couponent tha

s}
~
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Figure 18. Separation of L cell mit~IHA, extracted by modification
2 of Kirbv's method, on a linear sucrose deasity gradient,
RNA of 2x10% cells was labelled with 10 uCi of [5-3H]uridine/nl
for 4 hours at a cell deusity of 5210°/ml in the presence of
0.1 g Actinomvein D/ml. RNA was extracted by nodification 2
of Kirby's wethod in the presonce of I cell cyvt~rRNA.  RNA
(200 ug) was centrifuged on a linear sucrose density gradient
for 16 hours at 75,000 x gg, at 15°C,
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FRACTION NO.

Separation of L cell mit-RNA, extracted by the hot phenol-SDS method, on linear
sucrose density gradient. Methods were as for Figure 18 except that RNA of 5.4x10°
cells were extracted by the hot phepol-SDS method.
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sedimented at 21 S {Figures 20 and Z1), The percentage of the 21 §
component from the total labelled nucleic acid extracted by this
method varied from one experiment to another (Figures 19-21). In
this method of extraction (Figures 17, 20 and 21) the cytoplasmic
carrier rRNA was usually more degraded when compared with the same
RNA extracted with the nmodified Kirby method (Figures 14, 15 and 18).
Figure 21 also shows that if cells were labelled in the presence

of 1,0 pg of ethidium browide, in addition to 0.1 ug of Actinomycin
D/ml the synthesis of the 15.0 and 12.5 S RNA was inhibited completely
while that of the heterodisperse and 4 § RNA was only partially
inhibited.

The difference in the radicactive profile obtained from the
hot phenol-SDS method and that of the cold phenol-SDS method suggests
that the Jatter mecthod extract mit-rRNA specifically. The fact that
this RNA consists of tvo components of high molecular weight,
found in any type of TRNA (Loening, 19(8), strengthens this suggestion.

It should be noted that the S values calculated here for
mit-rR¥MA are based on the 28.0 and 18.0 S values for the cyt-rRNA
couponents as marker, these values were used by Kirby (1965). But
these valuces vary from one investigator to another, for example,
under essentially identical conditions of analysis, the sedimentation
coefficients reported for the faster sedimenting YRNA component of
both rabhit reticulocytes avnd rat liver vary from 24,5 to 30 S

(Click & Tint, 1967).
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Sucrose density gradient centrifugation of L cell

mit-RNA extracted by the hot phernol-SDS method. Legend as
for Figure 19 except RNA was extracted from 1.8x10% cells
in the presence of L cell cyt—-RNA.
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Sucrose density gradient centrifugation of RNA from L cell mitochondria extracted by the
hot phenol-SDS method. DMetheds are as described for Tigure 20. In one case cells were
labelled in the presence of 1 ug and in another of 2 ug ethidium bromide/ml in addition
to 0.1 ug of Actinomycin D/ml, O, L cells cyt-DRNA; @, mit-RNA; o, mit-RNA from cells
labelled in the presence of 1 up ethidium bromide/ml; O, mit-RKNA from cells labelled in
the presence of 2 ug cthidium bromide/ml.
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c. Agarose-polyacrylarice gel electrcphoresis

Rat liver mit-RNA, Mit-RNA from rat liver extracted by the first
or sccond modification of Kirly's method or the cold phenol-SDS
method with rat liver cyt-rRNA as carrier, failed to enter the
gel properly though the rat liver cyt-rRNA penetrated and
separated as expected (Figure 22). Mit-RNA extracted with the
cold phenol-SLS method in the presence of L cell cyt—-rRNA as
carrier, penetrated the gel and separated to two major components

with average mobilities of 20,9 and 12.4 S compared with the

E

28.0 and 18.0 S, cyt-rRNA, as shown in Figure 23. Because of

4

the limit of accuracy values of 21 and 12.5 SF will be used in
subscquent discussion for rat liver mit-RNA. The ratio of the

21 S_ compenent to the 12.5 S

E component averaged 1.23 # 0.03 as

E
calculated from 4 electrophoretic runs and from 1 extraction of

nit-RNA,

Mouse L cell mit-RNA., Mit-RNA from L cell extracted with the

cold phenol-SDS method separated on the gel to two major

components with average wobilities of 20.8 * 0,2 and 12.4 % 0,1

SE as calculated from 6 electrophoretic runs and from 3 extractions
(Figure 24). Again values of 21 and 12.5 SE will be used for
further discussion because of the limit of the accuracy. The

ratio of the 21 SE component to the 12,5 SE component averaged

to 2.08 * 0.36 as calculated from 6 clectrophoretic runs and

from 3 extractions. As can be geen from Figure 24 the synthesis

of mit~IWA were completely inhibited vhen cells were labelled in

the presence of 1.0 pg of ethidium bromide in addition tc the presence

of 0.1 ug Actinouycin D/nl.
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extracted by the first modification of Kirby's method.
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described in Figure 5. RENA (30 ug) was electrophorescd
as described in the methods,
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Figure 23, Separation of L cell cyt-rRNA and rat liver mi+-RNA or agarose-polyacrvlamide gel.
PNA from rat liver mitochondria labelled with 32D, was extracted by the cold phenol~SDS
method in the presence of L cell cvt-rR¥A. [1"C] labellrd L cell cyt-rRNA was added
and subjected to simultancously electrophoresis with the mit-RNA.
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Gel electrophoresis of RNA from L cell mitochondria
extracted by the cold phenol-SDS method. RNA was
labelled and extracted fronm mitochondria of 1.8x10°
cells in the presence of cyvt-rRNA as described in

the method, In one case mitochondrial RYNA was

labelled iun the presence of 1 ug of ethidium bromide/rl
in addition to 0.1 ug of Actinomycin D/ml., Cyt-rRY
labelled with [2“1“C]uridine was added as a marker to
the sample of mit-RNA labelled in the absence of
ethidium bronide. The mit-RNVA labelled in the presence
of ethidium bromide was subjected to electrophoresis
separately. 0O, Cyt-rRNA; e, mit-RWA; A, mit-RNA

from cells labelled in the presence of ethidium bromice,

—1000

4s, .
: — 500
toe -
agﬂcﬁm _
Ty 28
XYY Y 9)
4 5 6

97

Cytoplasmic ['*C] —rRNA
(counts/minutes) o



9¢

Total nucleates isolated with the hot phenol-$DS method
have the 21 and 12.5 SE peaks but in additicn a major peak at
about 18-19 SE appeared as shown in Figure 25. Further investiga-
tion showed that the 18-19 SE component is DNA which originated
from nuclear fragments found in the crude mitochondrial fraction.
RNA extracted from mitochondria which had been purified by
isopycnic sucrose density gradient step did not have this peak as
shown in Figure 26. The 18-19 SE component was present in the
nuclear pellet obtained at the tottom of the tube on Isopycnic
centrifugation (Figure 26). The 18-19 SE component was renoved
by incubating the mitochondrial fraction at 4°C for 4 hours or
at 37°C for 10 minutes with 10 pg of RNase~free DNasc/ml, This
component was found to be resistant to pancreatic RNase and to
0.3 N KOH vhen cempared with the 21 and 12.5 SE components., The
synthesis of the 18-19 SE component was resistant to the incubation
of the cells with ethidium bromide (1.0 pug/ml). The ratio of the

21 S component to the 12,5 8

E component when extracted with the

E
hot phenol-SDS method was sinilar to the ratio obtained for these
components vhen extracted by the cold phenol--5DS method and
averaged 2,13 + 0.38 calculated from 10 electrophoretic runs and
from 4 extractions,

Because of the discrepancy between the sedimentation
values of mit-RNA obtained from sucrose density gradient analysis
and the mobility valves obtained from the agarose-polyacrylamide
gel electrophoresis analysis, an attempt was made to correlate the

components, L cell mit~RNA conponents purified on sucrose density
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Figure 26, Cel electrophoresis of RNA isolated by the hot phenol-SDS
method from the mitochondrial and nuclear fractions
separated by isopycnic gradient centvifugation. The
crude mitochendrial fraction from vhich the RYA was
extracted and subjected to electrophoresis in Figure 25
was purified by isopvenic gradient centrifugation and
RNA extracted by the hot phenol-SDS method from the
resulting mitochondrial band and nuclear pellet.
Electrophoresis was as described in Figure 23,
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gradients were electrophoresed on agarose-polyacrylamide gels.
The results indicated that the 12,5 § component ran at 12.5 SE

and the 15 S compeonent at 21 S and the 21 S peak which appeared

E
when total nucleate were extracted with the hot phenol~-SDS

method (Figure 20) ran at 18-19 S, Clearly the 21 S component

E
was DNA, the possible nature of the retardation of the 15 S
component will be considered in the Discussion.

These results, as with those obtained from the sucrose
density gradient analysis, indicated that mit-RNA isolated
indirectly from & crude mitochondrial fraction of L cells,
labelied in the presence of 0.1 pg of Actinomycin D/nl, migrated
on agarose-polyacryvlamide gel electrophoresis at about the same
SE valurs as did mit-RNA isolated directly froem the pure
mitochondrial fraction of rat liver. his fact was further
confirmed by running L cell mit-RNA labellied with [31]uridine,
isolated with the hot phenol-5DS method and then treated with
Dilase simultaneously with rat liver [3?P]-labelled mit-RNA
isolated with the cold phenol--SDS method, As shown in Figure
27, the 21 and the 12,5 SE components of the two RNAs coincided,
The only remarkable difference between the rat liver and L cell
mit-RIVA was the ratio of the 21 SE to 12.5 SE component as shown
in Table 4.

Rat llepatoma cell mit-RNA. [32P]-labelled mit-RKA from hepatoma

cells was isolated by the cold phenol-SDS method and analyzed
on agarose—polyscrvlamide gel electrophoresis. Two major

components were obtained at 20.8 and 12,1 SE as shown in Figure 28
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Gel electrophoresis of mit-RNAs from mouse L cell and rat liver. RNA from L cell
mitochondria was labelled and extracted as described in Figure 20. Before
electrophoresis the extract was incubated with 10 ug DNase/ml as described in the
methods., MIit-RNA from rat liver was labelled and extracted as described in Figure 23,
The two mit-RNAs were clectrophoresed simultanecously.
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Source of Mit-PNA
labelling isotope
MNA extraction method

Number of electrophoretic
runs {no. of experiments)

Means Sy of the larp

ger
mit-RNA component = 1 $5.D.

Mean SF of the smaller
mit-PNA component = 1 S.D

Table &

Analysis of Mit-RNAs on Agarose-~Polvacrylamide Electrophoresis

Mouse
L cell
3
cold phenol-
SDS

N
~~
(9%}
~r

20.8

I+
S
IS

. 12.4 2 0.1

Mean of the relative amount
of the incorporation of the

radioactive isotope of th

e

larger to the smaller mit-

RNA component * 1 S.,D,

2.08 % 0.36

Mouse
L cell
31'
-k
hot phenol-

SDs

0.4

| e
[\
ey
1+

2.13 £ 0.38

Rat liver
32

Lo RS

cold phenol-
SDS

1.23 = 0.03

Rat

Hepatoma cell
32P

cold phenol-
SDS

2 (D

20.8

12.1

1.34

Human
KE cell
14

hot phenol-

SCS

20.4 #

11.2

1.8 &

0.3

+ 0.2

0.09

0T
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Gel electrophoresis of mit-RNA from rat hepatoma cells.

RNA of 1.6x10° cells was labelled with 50 uCi of [32P]Pi/ml

for & hours at a cell density of 5%10%/ml in suspension

medium containing 0.1 ©ff NallpPOy in the presence of 0.1 ug

of Actinemycin D/ml. RNA was extracted by the cold

phenol-SpS method and analvzed (30 pg) on agarosc-polyacrylanide
gels,



that is cleose to if not the same as other rodent mit-PRNA., The

ratio of the 21 SF component to the 12.1 SE component was 1,34,

Vi

Human KB cell mit-RNA, Mit-RNA labelled with [!%C]uridine was

isolated frem bhunan Kb cells with the hot phenol-SDS method.
Sinultaneously electrophoresis with L cell mit-RNA showed
compenents of 20.4 + 0.3 and 11.2 * 0.2 SE as calculated from
1 extraction of the mit-RNA and from 7 electrophoretic runs (Figure
29). PRecause of the limit of accuracy values of 20.5 and 11.0 SE
respectively will be used. The ratio between the 20.5 SE conponent
and the 11.0 SE conponent is 1.18 # 0.09 calculated from 1
extraction of the mit-RNA and from 7 electrophoretic runs,
Comparison. An attempt at sinultaneous electrophoresis of
[3]-1labelled mouse L cell mit—-RNA, [32P)]-labelled rat liver mit-RNA
and [1“C}“1abelled human KB cell mit-RNA on one gel was made as
shown in Figure 30. Though the gel was overloaded a clear
separation was obtained between the rodent mit-RNA and the human
KB nit-RINA,

The analytical results from agarose~polyacrylamide gel
electrophoresis of mit-RNA, from the different tissues examined,
are suwmmarized in Table 4. Two points should be emphasized,
First, all rodent mit-RNA whether extracted from the purified
mitochondrial {fraction, like in rat liver, or from a crude
mitochondrial fraction, when cells were labelled in the presence
of Actinomycin D, or whether extracted by the cold or the hot
phenol-SDS method, the RUA contained two major components with

mobilities of 21 and 12.5 8 On the other hand human KB cell

B
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Separation of mit-RiAs frenm mouse L cell and from human
KB cell on agarosc-polyacrilamide gel. PNA from L cell
mitochondria was labelled and extracted as deszcribed

in Figure 27. RIA of 1.7x10% KB cells was labelled
with 1 uCi of [2-1"Cluridine/ml for 4 hours at a cell

. concentration of 5x10°/ml 3in the prescnce of 0.1 g

Actinomycin D/al. RNA frem KB ritochondria was
extracted by the hot phenyl-SDS method then treated
with 10 pg DNase/wl. The twvo mit-RNAs were electro-
phoresed simultancously,
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Figure 30, Gel electrophoresis of mit-RNAs from mouse L cell, rat
liver and human KB cells on agarosc-polvacrvlamnide gel.
Mit~RINAs frem L cell, KB cell and rat liver were
labelled end extracted as deseribed in Figures 27, 29
and 23 respectively., These RNAs were electrophoresed
sinultaneously and the radicactivity was deternined.
A, KB cell mit-RNA; ©, rat liver mit-RNA;
O, L cell mit-RNA,
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mit-RNA migrated faster at 20.5 and 11.0 SE. Secondly the ratio
of the larger component to the smaller one in all tissue is just
above 1 except for L cell where this ratio found to be over 2,
whether the RIIA was extracted by the cold or het phenol-SDS method.

d. Chromatography on MAK columns

The elution profile of L cell mit-RNA, extracted with the
cold phenol-ShS method, is shown in Figure 31, The bulk of the
radioactivity was eluted with a peak at 0,95 M NaCl compared with
cyt-rRIA which eluted at 0,89 M. No tRNA or DNA would be
expected when RNA is extracted with the cold phenol-SDS method,
but a small "DNA" peak was cluted at 0.66 M NaCl. A similar DNA
peak has been observed by Billing & Barbiroli (1970), which they
thought was a DNA~like RNA. Since 100% of the radiocactivity was
recovered from the column after elution of 150 fractions and since
no messenger RNA (mREIA) is expected when rRVA is extracted
with the cold phenol-5DS method, no attenpt was made to elute
mRNA which sticks to the column and can be eluted with SDS
(Ellem, 1966) or with increasing amount of heat and therefore is
called temperature dependent RNA (TD RNA) (Ellem & Sheridan, 19064).
The recovery of REA in vavious fractions as well as the result of

MAK colunn chrematography of mit-RNA extracted with the hot phenol-

109

SDS method is given 1n Table 5. Althcugh the amcunt of mitochondrial

high molecular weight RNA was extracted with both methods was about
the same, 130,000 ccunts per minute (cpm) from the hot method and
116,000 cpm for the cold method, 58.5% of the RNA extracted with

the hot method remained on the coluan. This corresponds to the
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Figure 31, MAX column chromatography of mouse L cell mit-RNA., RNA of 8x10% cells was labelled as
described in Figure 20. RNA was extracted from the crude mitochondrial fraction by the
cold phenol-SDS method in the presence of cyt—rRNA. RNA (4 mg) was chromatographed and
the Epsy and the radicactivity of each fraction were determined as outlined in the methods.
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Llution

of Radiocactive Nucleates From MAK Columns

Table 5

Recovery (per cent of total)

Extraction method to tRNA tRUA to DNA DEA to Mit, RNA Mit, RNA after left on
Mit, RNA the column
Cold phenol-
sodium dodecyl sulfate - - 2.6 9.0 6.4 70.8 11.1 0
lct phenol-
socium dodecyl sulfate 2.9 2.9 1.3 5.8 6.1 20.8 1.5 58.5

Note: FEach column fraction refers to the portion eluted by increasing concentrations of NaCl and is
delineated by a particular nucleate.
percentage of counts eluting up to these compounds starting from the previous compound.

of 194,000 cpm for the cold phenol-SDS extracted RNA and 554,000 cpm for the hot phenol-SDS

extracted RNA were zpplied chromatographed.

Thus the columns to tRNA,

to DNA and to Mit-RNA refer to the

A total

[TT



heterodisperse TD RUA or mRNA that is synthesized by mammalian
cells in the presence of low concentration of Actinomycin D
(Penman, Vesco & Penman, 1968) and can be eluted only by drastic
treatments as mentioned above.

In order to prove that the major peak obtained on the MAK
column is mit~RNA, fractions from the gradient were collected,
dialyzed, lyophilyzed then characterized by agarose-polyacrylamide
gel electrophoresis as shown in Figure 32, The characteristic
21 and 12.5 SE RNA species are seen in INA obtained from fractions
105-115 and a 19 SE peak was seen from nucleate obtained from
fraction 78-83., The latter observation indicates that this
radioactive peak could be DNA., A background radiocactivity was
observed on the gel (fraction 105-115). This could have arisen
either from difficulty of the RNA penetrating the gel or to some
degradation during the many steps in handling.

Since the analysis of mit-RNA by sucrose density gradient

and by agarose-polyacrylanmide gel electrophoresis indicated that

the molecular size of this RNA is smaller than that of the cyt—rRNA,

the result obtained by the MAK column wvhere mit-RNA was -eluted in
a higher NaCl] concentration than the cyt-vrRUA, was unexpected.
Characteristics other than the molecular size of the mit—-RNA are
probably responsible for its stronger adsorption to the column,
and their nature will be considered in the Discussion. However,
the above three analytical metheds which characterized the
physical properties of the mit-RNA indicate that the 15 and 13 S

or the 21.0 and 12.5 SE RNA components are probably the mit-rRNA
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Gel electrophoresis of mouse L cell nucleates obtained
fron fractions eluted from MAK column, Mit-RNA from

L cell vas chromatographed on MAK column as described
in Figure 31, Fractions from the NaCl gradient were
collected, dialyzed, lyophilyvzed and electrophoresed as
described in the method. Q. Profile of nucleate
obtained from fractions 105-115; ®, profile of
nucleate obtained from the fractions 78-83.

o~ %f’:sE I8 SE
X 210 S,
] 124 S,
E:i " A
;RTJBN\BTB:Q& s 3/ P
| 2 ; 4 5

g2

NI -

6



114

species for the following reasons:

1. They are extracted with the cold phenol-SDS method which is
specific for ribosomal RNA even though mit-tRY¥A, DNA or hetero-
disperse RNA, vhich were also extracted by the hot phenol-SDS
method, were present in the crude mitochondrial fraction.

2. Ribosomal RNA isolated from any organism, so far reported,
consists of 2 stable, well defined large and small components
(Loening, 1968).

3. These components were cluted from a MAK column at a NaCl
concentration at wvhich rRUA is expected.

The only strong arguwient against the possibility that
these RNA components arc not mit-rRNA is that perhaps they
actually ere cyt-rRNA contaminants which in the process of
isolation of mitochondrial fraction undergo physical changes
like degradation which in turn yield the observed results, In
order to eliminate this possibility the nucleotide compositions of
these RNA components were examined., If these RNA components
originated from cyt-rRNA, they have to contain the same nucleotide
composition but if their nucleotide composition is different than
that of the cyt-rRUA then mit--rRUA are unique species not derived
from cyt-rRNA.

e. Nuclectide composition

The nucleotide composition of mit-RNA labelled with [32P1
and extracted with either modification 1 or 2 of Kirby's method
or with the cold phenol-SDS method was determined by paper

‘electrophoresis. The results from the analysis of rat liver



and mouse L cell mit-RUA cormpared with the nucleotide composition
of the cyt-rRNA from these tissues obtained by Kirby (1965) and
Lane & Tamaoki (1967) are given in Table 6. The determination of
the nucleotide composition by [32P]~labelled mit-rRNA was
satisfactory because the result with direct nucleotide analysis
of cold rat liver mit-rRNA obtained with a Dowex SO—H+ column
according to Katz & Comb (1963) was almost identical (Table 6).
It is obvious from these results that the nucleotide composition
of mit~RWA is fundementally different from that of the cyt-rRNA and
therefore mit-RNA - carnot derive from it., Mit-rRNA from mouse
1. cells and rat liver and tat hepatoma contain more adenylate
+ uridylate and less guanyvlate + cytidylate than cyt-rRNA. On
the other hand there are different nucleotide compositions for the
3 mit-rRNAs. The higher values of G and C and lower values of
A and U in rat liver mit-rRNA could be due to cyvtoplasmic
contanination. As shown in Table 7 the 19-8 S fraction (from
Figure 16) did have values that approached closer to those of
the tissue culture cells than that of the bulk mit-rRNA used
in that experiment. However they were still] not the same, leaving
the possibility that mit-rRNA varies from species to species and
from normal to malignant tissue. Differences in labelling
technicues (48 hours for rat liver, 4 hours for tissue culture
cells) or the contamination of tissue culture mit-rRNA with mRNA
could also account for the results,

The main conclusion from Table 6 is that mit-rRNA is not

derived from cyt-rRNA.
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Table 6

The Nucleotide Composition of rRNA From Rat Liver, Rat Hepatoma Cell

and Mouse L Cell Cytoplasm and Mitochondria

Nucleotide (moles %)

Source of rRNA Uridylate Adenylate Guanylate Cytidylate

( ) No. of extractions W (A) G) (9)) G+C

Rat liver cytoplasm
- 28 8§ 17.0 17.8 33.0 32.2 65.2
- 18 8§ 18.0 19.8 32.4 29.8 62.2
Mouse L cell cytoplasm
- 2858 16.0 17.5 35.3 30.8 66.1
- 18 S 19.3 23,0 29,8 27.5 57.3
Rat liver mitochondria
- 32p  (5) 23,2 + 1,0 30.3 + 1.2 21.1 % 2.5 25.3 + 1.5 46,4
- unlabelled 22.4 29.2 24,3 24,0 48.3

Rat hepatoma cell mitochondria

911



Mouse L cell mitochondria

Note:

- 32p 27.5

22p 26.3

The values for the rat liver cyt-rRNA are from Kirby (1965) and those for L cell cyt-rRNA from

Lane & Tamaokli (1967). Analysis of mitechondrial RNA by paper chromatography (Lane, 1963) gave

31.5

34.1

16,4

17.4

24.5

22.2

identical results to those given above which were obtained by paper electrophoresis,

40.9

LTT
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Nucleotide Composition of Fractions of Rat-liver Mitochondrial

RINA Se¢parated By Sucrose Density Gradient Centrifugation

RNA labelled with 32Pi isolated by the second modification of the method of

Kirby, fractionated on a sucrose density gradient and the nucleotide

conposition determined.

The nucleotide composition of original RIA and the

calculated recovery using the percentage of RNA in each fraction are also

given,

Fraction

original R¥A
39-25 8
25-19 S
15-8 S8
8-1 8

Recovery

PNA

percent of total

25.5

39.9

6.2

Nucleotide (moles %)

uridylate

23.5

22,4

21.3

22.4

24.3

22,2

adenylate

29.6

27.9

guanylate

20.1
23.0
23.5
19.9
19.0

21.7

cytidylate

26.8
26.7
27.6
26.7
24,0

26.8
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4, Molecular Weight

The molecular weight of the 21.0 and 12.5 SE mit-rRNA
components was calculated to be 0,96x10% and 0.33x10% daltouns
respectively, compared with 1,7x10% and 0.70x10° daltons of the
28,0 and 18.0 SE cvt-rRNA markers respectively. his calculation
was done according to the interpolation method of Loening (1968)
and Peacock & Dingman (1968), based on the fact that the logarithm
of the molecular weight of the RNA is linearly related to the
distance of its mobility in the agarose-polyacrylamide gel
electrophoresis (Figure 3). On the other hand the molecular
weight of the 15.3 and 12.8 S wmit-rRNA components was calculated
from their sedimentation distance to be 0.49x10% and 0,33x10°
daltons respectively. These data were obtained by interpolating

he molecular weight of mit-rRNA compared with those of the
cyt~rINA based on the fact that the logerithm of the molecular
wveight of the RNA being linearly related to the logarithm of the
distance of its sedimentation in the convex sucrose density
gradient (Figure 2). The possible explanation for the discrepancy
betveen the sedimentation and the mobility results, in the case

of the larger mit-rRNA component, vill be considered in the Disgcussion.

5. Mitochondiial Ribosomes

Having established the presence of a ribosomal-type of
RNA in mitochondria, it was necessary to show the presence of
mitochondrial ribesomes and that the mit-rRNA could be extracted

from them. Mitochondrial ribosomes were isolated after lvsis of
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mitochondria with DOC and Triton-X100 and RNA was extracted from
ribogomal peaks by the cold phencl-SDS method. The rational and
and the problems wcre as follows:

Since mitochondrial ribosomes could be attached to the
mitochondrial inner membrane or located in the mitochondrial
matrix it wvas necesszary to dissolve this membrane without affecting
the complex structure of mitochondrial ribosomes. In addition
in order to naintain the native structure of the ribosomal
complex the ribosomes have to be isolated in a buffer with the
right ionic strength and ratio of monovalent ions to divalent
ones (for review, Peterman, 1968). An initial indication that
mitochondria contain ribosome-like particles would be the
presence in mitochondrial lysates of particles which sediment in
sucrcse density gradients in the range of kncwn monomeric
ribosomes. From a variety of isolation buffers which were
tried for the isolation of nitochondrial ribosomes only the TKM
buffer was successful, It was important that this buffer had
a ratio of 10 betwecen the monovalent to the divalent ions, a
high concentration of Mg2+ (6mii). The presence of 6mt Mg?t in
the lysing medium caused a problem, since Mg2+ concentrations
over 2mM form insocluble complexes with 0.5% (w/v)of sodium DOC
which is usually uscd for isolation of cytoplasmic ribosones.

In order to overcome this problem it was found that if the
mitochondrial fraction was first dissolved with 0.5% (w/v)
Triton X100 and then made 0,57 (w/v) with sodium DOC then the

insoluble magnesiun DOC complex did not form.
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As with mit-REA, it was necessary to identify the
mitochondrial ribosomes by labelling and excluding cytoplasmic
contamination either by isolating pure mitochondria from rat
liver or labelling L cells in the presence of 0.1 pg Actinomycin
D/ml,

Ribosomes of rat liver were labelled by the intraperitoneal
injection of four 100 g rats with a total of 5 mCi of [5-3H]orotic
acid 48 hours before the rats were killed. The ribosomes of
about 2x10° mouse L cells were labelled with 10 uCi of [5~3H]uridinelml
for 4 hours at a cell density of 5x10%/ml.

In the process of isolating mitochondrial ribosomes, the
RNase inhibitors Macaloid and SDS were not used because of their
possible effect on ribosomal proteins. The SDS especially
would disrupt ribosomes. Thus, althouzh the characteristic
sedimentation coefficient of mitochondrial riboscmes might not be
affected by one or two nicks in the rRNA, it might not be possible
to obtain native mit-rRNA from the ribosomes.

Rat liver nitochondrial ribosomes

In Figure 33 the sedinentation profile of a mitochondrial
lysate on a convex 5-207 sucveose-TRM density gradient is shown,
The scdimentation profile of the dialyzed [3H]-labelled mitochondrial
ribosones on a convex 5-20% sucrose-TKM density gradient in the
presence of [14¥Cc1-L cell cytoplasmic ribosomes is shown in
Figure 34. Two major components were observed, and their

sedinentation coefficlent were calculated by interpolation to be

55 and 35 S compared with the 76, 60 and 40 S L cell cytoplasmic
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Sucrosn density gradient centrifugation of mitochondrial
lvsate from rat liver. A pure mitochondrial fraction of
rat liver labelled with [5-3L]erotic acid wes obtained

as described in the methode, Mitochondria were lysed

with 0.5% Triteon X100 and 0.5%7 DOC in TKM buffer then
centrifuped on a 5-207 convex sucrose~TIM density gradient.
Fractions were collected and radioactivity determined,
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Senaration of rat liver ribosomal fraction on sucrose densitv gradient. Rat liver
riboscmal fractlon was obtained from fractions 20-35 of the centrifugation of the
mitochondrial lysate on the sucrose density gradient as described in Figure 33. The
fractions were combined, dialvzed and recentrifuged on 5-207 sucrose density gradient
in the presence of i4C labelled L cell cytoplasmic ribosomes and subunits as described
in the methoeds. The sedimentation coefficient of L cell cytoplasmic ribosomes and
subunits were linearly related to their sedimentation distance (A).
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mononer and native subunits respectively according to Perry &
Kelley (1968).

RNA was extracted from the 55 and the 35 S components
with the cold phenol--SDS method then analyzed on agarose-
polyacrylanide gel electrophoresis. The results are shown
in Figure 25, Five species of high molecular weight RNA were
detected from the 55 S ribosomal component: 22.3, 16.7, 14,2,
12.4 and 1G.7 SE’ only two of these species 14.2 and 10,7 SE vere
found in the 35 S ribosomal cemponent. The relatiouship between
these RIA species and the mitochondrial ribosomal RNA isolated
directly from the mitochondrial fraction is not yet understood
but it is possible that these specics represent a specific
degradation pattern of mit-rRNA which took place in the process
of analyzing the mitochondrial ribosomes.

L cell mitochondrial ribosomes

A mitochondrial lysate from 1.6x10% cells labelled in the
presence of 0.1 ug Actinomycin D/ml was analyzed on 5-207
convex sucrose-TKM density gradient. The result is shown in
Figure 36, The sedimentation constants of the three cowmponents
obtained were calculated to be 55, 35 and 24 S by interpolation,
using the linear relationship obtained between the sedimentation
coefficient of L cell cytoplasmic ribosomes and ribosomal subunits
and their scdimentation distance (Figure 34). There were not
enough counts for extraction of FPNA from these components. The
finding that the amount of the smaller components of this profile

is larger thao the 55 S one could be due to the effect of Actinonvcin
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Figure 35. Gel electrophoresis of RNA extracted from rat liver
mitochondrial riboscmal components. RNA was extracted
from the 55 and the 35 S rat liver mitochondrial
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Sucrose density gradient centrifugation of mitochondrial Triton-DOC lysate of mouse
L cell. Ribonucleoproteins of 1.6x10% cell were labelled in the presence of 0.1 ug
of Actinomycin D/ml as described in the method. Crude mitochondrial fraction was
isolated, lvsed and centrifuged on 5-207% sucrose~TI2{ buffer density gradient as
described in the methed,
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D since high molccular weight specics from the polysome region

which are normally present in a control cell seem to degrade to
smaller components in its presence. Thus, it is possible that

the 24 S component, which is missing from the ribosomal profile
of rat liver mitochondria, is an artifact of the same effect.

These results indicate that in the range of known monomeric
ribosomes, the 55 S component was the largest obtained either
directly or indirectly from mitochondria of rat liver and mouse
L cell respectively. Thus suggesting that the 55 S component might
be a unique monomeric form of mitochondrial ribosomes and the

35 and 24 S components the ribosomal subunits.
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IV DISCUSSION

The results show that manmalian mitochondria possess
species of higher mwolecular weight RNA that are probably ribosomal,
A conclusive demonstration of mitochondrial ribosomes was not
possible but particles that could be ribosomes on the basils of
their size were denmonstrated. These results taken in conjunction
with those of others for mit-rRNA from many species raise several
questions of biological importance, The results presented here
will be considered first and then the implicaticen of this and other
work on the autonomy, origin and evolution of mitochondria

and mitochondrial DNA and rRNA in particular will be considered.

Mitochondrial Origin

The rRNA extracted from the mitochondrial fraction is
clearly distinrguished as a species distinct from cyt-rRNA by its
sedimentation rate, electrophoretic mobility and nucleotide
composition. These characteristics do not cstablish whether the
RNA is normal constituent of mitochondria or a contaminant. The
best evidence that these are constituents of nmitochondria is their
presence in highly-purified rat liver mitochondria., This finding
precludes their origin from nuclei lysosomes, endoplasmic

reticulum or cytoplasmic ribosones as these cellular components

were excluded by the enzymatic and electron microscopic criteria,
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Although the RNA could be from an unidentified particle that
co-sediments with mitochondria, this is highly unlikely in

view of the demonstration of mitochondrial DNA and protein synthesis.,
Mitochondria, themselves, therefore contain these distinctive

species of rRNA. This finding supports the demonstration of
distinctive rRNA species in crude mitochondrial fractions of

tissue culture cells utilizing Actinomycin D to suppress the
synthesis of cytoplasmic rRNA, The RNA species obtained from

the crude mitochondrial fraction of Actinomycin D-treated mouse

L cells, human KB cells and rat hepatoma cells are similar to

those obtained by others from Actinomycin D-treated hamster (BHK-21)
cells (Dubin, 1967) and hunman (Hela) cells (Vesco & Pemman, 1969).

In both of the latter cases only a broad peak of NNA sedimenting

at about 17 S was observed on sucrose density gradient centrifugation

but a separation into 21 and 12 § , species was seen on electrophoresis

B
of Heola cell mit-RNA (Vesco & Penman, 1969) and that of hamster cells
(Dubin & Montenecourt, 1970), These components could be an artifact
of drug treatment because they are only clearly seen under these
conditions, although Vesco & Penman (1969) and EKnight (1969) did
identify them in control cell cultures. A meore serious problem is
that the mitochondrial fractions obtained from cell cultures are

not pure. Contanination from other cellular fractions, viruses or
mycoplasma is possible. RNA species rich in A and U have been
identified in tissue culture cells infected with mycoplasma and

their sedimentation constant has been reported as 14-20 S (Levine

et al., 1967; 1968) and 16 and 23 S (Markov et al., 1969). In the
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experiments reported here this was probably not the case because
there was no disturbance of RNA synthesis as reported by Levine

et al, (1968) and because the cells were grown in the presence of
an anti-nycoplasma drug. As stated above the finding of

distinctive RNA species in highly purified rat liver mitochondria
is the strongest evidence that the 15 and 13 S (21 and 12 SE) rRNA S
of tissue culture cells are truly mitochondrial. Their presence

in tissue culture cells is therefore probably not due to mycoplasma,
an artifact of drug treatment or contamination of the mitochondrial

fraction,

The Unique Nature of Mammalian Mit-rRNA

The RNA isolated from mammalian mitochondrial fractions
from different cells is considered to be ribosomal since it
possesses properties which are common to all known rRINA. They all
consist of two hisgh molecular weight cowponents, a larger and a
smaller one, which are precipitated with molar concentration of
salt and are eluted from a MAK column with a high concentration of
NaCl, However, mammalian mit-rRJA has unique physical and chemical
properties and shows certain inconsistencies between its physical
properties and apparent molecular weight when compared to other rRNA.

a. Phvsical properties and nucleotide compositicn of mammalian

mit~rRNA

The physical properties and the G+C content of the high
molecular weight RNA isolated from different mammalian mitochondria are

sunnarized in Table 8, All rodent nitochondria contained RIA



Table 8

Physical Properties and Chemical Composition of the Pifferent Mammalian Mit~rRNA EZxamined

Source of mit-rRNA rat liver rat liver L cell hepatoma cell KB cell
Labelling isotope %1t or 32p cold S 32p lhe

the nature of mit-rRNA
determination directly directly indirectly indirectly indirectly

extraction method of

rRNA modification 1 of | modification cold phenol-SDS cold phenol-SDS hot phenol-SDS
Kirbv's method of Xirby's
method
modification 2 of hot phenol-SDS

Kirbv's method
cold phencl-SDS
S Values 15.3; 12.8 —— 15.0; 12.5 - -

SE Values 21.0; 12.5 —— 21.0: 12.5 21.0; 12.0 20.5; 11.0

Elution concentration
with NaCl from MAK
column - - 0.95 M - —_

G+C (moles %) 46.8 48.3 39.60 40.9 -
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sedinenting at 15 and 13 S on a sucrose density gradient and

migrating at 21 and 12.5 5_ in agarose-polyacrylamide gels. These

L
speciec were found regardless of the approach, direct or indirect,
used for the isolation of the RNA, the method of extraction or the
radioactive precursor, Mit-rRNA isolated from human KB cells migrates
faster at 20.5 and 11.0 SE and therefore is slightly smaller or
more coupact than its counterpart from rodent sources, Thus, the
sedinentation coefficient and the SE values of mammalian mit-rRNA
are smaller than those of any other rRNA (Click & Tint, 1967;
Loening, 1968).

The molecular weight of the smaller component was 0.33x10°
daltons caleculated both from sedimentation and electrophoretic
studies, On the other hand the discrepancy between the 5 and SE
values of the larger mit-rRNA component is reflected in its
molecular weight being 0.49x10% and 0.96x10° daltons from sediren-

ation and electrophoretic studies respectively. This discrzpancy
seems to be unique to mit-rRKNA since animal cyt-rRNA and bacterial
rRNA maintain the same relative size on sedimentation and
electrophoresis (Loening & Ingle, 1967; Loening, 1969).

L cell mit-rREA eluted from a MAK column at 0.95 M MNaCl
compared with rRNA from E. coli and the cytoplasm which elute at
0.75 and 0.85 !l and 0,89 M NaCl respectively (Osawa & Sibatani,
1967). The strength of binding of rRNA from E. coli and the
cytoplasm is directly related to their molecular weights but in
contrast mit-rRFNA binds more strongly than mamnalian cyt-rRNA

althoupgh its melecular weight is smaller than that of bacterial



rRNA. Thus, the inconsistency betwvcen the binding of the mit-rRNA
to a MAK column and its molzcular weight is another reflection of
the unique nature of mit-rRNA,

The G+C content of rodent mit-rRNA is about 20% Jower than
that of its cytoplasmic counterpart (Table 6). It is A+U rich
while rRiAs from most organism are C+C rich (Amaldi, 1969).

In order to explain the inconsistent behavior of mit-rRNA
in physical analysiz, a hypothesis is presented below which
accounts for thic behavior oa the basis of a unique conformation
of mammalian mit-rRNA compared with that of cvt-rRNA or bacterial
TRINA.

3R

b, Conformation of mammalian mit-rRN

Information about the conformation of mit-rRNA was obtained
indirectly from the hydrodynamic studies used to determine its
molecular weight, The movement of molecules on sedimentation or
electrophoresis depends on their molscular weight and on their
conformation. 1In order to interpolate the molecular weight of
unknown nolecules from standard ones, as done in these studies,
it is assumed that thedr conforwaticns are identical, If these
conformations differ, then striking discrepancies arise. For
exanple, tobacco mosaic virus RNA and bacteriophage R17 RNA
differ in molecular weight by a factor of two but have the same
sedimentation coefficient when measured under identical conditions
(Gesteland & Boedtker, 1964)., Cyt-rRNA was chosen az standard
here, since having a similar biological function as mit-rRNA

it should have a similar conferwation., However, from the
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discrepancy of the wolecular weight of the larger component of
rodent pit-rRNA determined by sedimentation and electrophoresis,
it secems that this assumption is wrong. The discrepancy can be
explained if mit-rRNA has a more open conformation than that of
cyt-rRNA or bacterial rRNA. An opoen conformation of mit~rRNA
molecules would slow the movement of wmit-rRNA both on sedimentation
and electrophoresis compared with that of the standard cyt-rRUA.
This would cause sn over-estimation cf the molecular weight of
mit-rPMA calculated from gel mobility and‘an under-estimation when
calculated fron sediwmentation,resulting in the observed discrepaucy.
Further support for an open conformation of mit-rrRI
is obtained from its nucleotide composition. In contrast to most
rRNA vhich is G+C rich (Amaldi, 1969), rodent mit-rRNA is A+U
rich (Table 6). Since the stricture of the RNA molecule is
largely dependent on its hase pairing and since the melting
tenperature, Tm’ of poly (A+U) is about 30°C lower than poly (G+C)
(Cox, 1966), it is possible that under the conditions of analyzing
mit-rENA it hes a lower proportion of its bases hydrogen bonded
and thus possesses a more open conformation than the standard
cyt~rRNA. Indeed Loening (1969) repcrted that the relative
mobility and sedimentation of rRNA with a2 low content of G+C
residucs decreased in a lov ionic strength buffer compared with
that of rRNA rich in GH+C, possibly because in the lower ionic
strength buffer the A-U base pairs melt more readily.

The unigue nucleotide composition of mit-rRNA and hence its

suggested astructure can explain its stronger binding to the MAL
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column although its molecular size is smaller than that of cyt-rRNA.
A similar phenomenon was observed in the chromatographic behavior
of DNA-like RNA which has a lower content of G+C (50%) than cyt-rRNA
(65%) (Ellem, 1966). DNA-like RNA although sedimenting around

16 to 18 S, binds strongly to a MAK column and can be eluted only
at high temperatures (Ellew & Sheridan, 1964) or with SDS (Ellem,
1966). The stronger binding of mit-rRNA and DNA-like RMNA than
cyt—-rRNA, although the latter is larger, indicates that the binding
of RNA to MAK colurin is due not only to ionic forces (Mandell &
Hershey, 1960) but that hydrophobic interaction involving the

bases and the conformation of the INA molecules are also important
(Ellem, 1966; Fllem & Rhode, 1969). Thus on the basis of size,
mit-rRNA should elute before cyt-rRNA but its base composition and
suggested open structure make it adhere more strongly under the
conditions of the chromatography (35°C and 0.1 to 1.2 M NaCl).

The latter characteristics appeared to be nore important because
mit-rRNA eluted after the cyt-rRNA. However, although mit-rRNA

has a lover G+C content than TD RNA it elutes motre easily. This
suggests that mit-rRVUA nust be relatively more folded than TD RN/
and that its secondary structure is generally like other rRNA,

¢, Molzcular weight of rodent mit-rKN

The possibility that mit-rRilA under the conditions of
the physical analysis possesses a more open conformation than that
of the standard cyvi-rRNA, raiscs doubts about the accuracy of the
calculated molecular weights of its components. From the strong

binding of L c21l mit-rRNA to the MAK colunn it seems that both
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components of the mit-rRHA possess this unique conformation.
However, there is a discrepancy in the wmolecular weight of the
larger component only,when calculated from scdimentation rate
and electrophoretic mobility. Therefore, either the smaller
component possesses, under the conditions of these analytical
methods, a similar conformation to that of the standard cyt-rRNA
or for some unlnown reason, its unlque conformation does not
effect its sedimentation rate or electrophoretic mobility. 1In
any event it seems that 0.33x10°% daltons is the molecular weight
of the smaller component of rodent mit-rRUA.

If the relative awmount of the two mit-rRNA components was
known then the molecular weight of the larger component could be
calculated from that of the smaller one assuming an equal molar
proportion as occurs for all ribosomes (Click & Tint, 1967).
lovever the ratio of radicactivity in the two components varied
from 1.23 to 2,13 for rodent mit-rRNA (Table 4) indicating that
factors in addition to the size of the RNA affected the ratio
under the conditions of labelling. Since these factors are
unmeasurable this approach can not be used. An exact measure of
the molecular weight nust use technigues not dependent on
conformation. The best approach would be to completelv denature
the RNA with formaldehyde (Loedtker, 1968) or dimethylsulfoxide

(Strauss et al., 19€8) and analyze by sedimentation or electrophoresis.,

The Origin of Mit-rRNA

In order to assess the degree of mitochordrial autonomy it

L]
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is dimportant to investigate whether mit-rRNA is transcribed from
mitochondrial DNA or from nuclear DNA and then transferred to
mitochondria. FEthidium brouide at a concentration less thaun 5.4
ug/ml has a greoter affinity for the circular DNA nolecules of
mamaalian mitochondria than to the nuclear linear DNA (Rauer &
Vinograd, 1968), aand inhibits almost specifically rat liver mito-
chondrial LUA polywmerase in vitro (Meyer & Simpson, 1969).
If mit-rRNA is transcribed from the mitochondrial DNA its synthesis
should be inhibited by low concentrations of ethidium bromide.
Ethidium bromide at 1.0 ug/ml completely inhibited specifically
the synthesis of mit-rRNA of L cells in suspension culture shouving
that it was transcribed from mitochoundrial DNA. A selective
inhibition of the synthesis of mit-rRMA of HelLa cells by ethidiun
bromide was also observed by Zylber et al, (1969).

In another experiment reported elsewherve (Fukamachi,
Bartoov, Mitra & Freeman, 1970) isolated rat liver mitochondria
(2 mg mitochondrial protein/ml) were incubated for 1 hour at
30°C with ribonucleoside triphosphates using [31]UTP (15 pCi/ml)
as the radioactive precursor. One sample contained 0.33 pg/ml
of ethidium bromide and another one was the control, The results,
shown in Figure 37, clearlyv indicate that the 21 and 12 SE mit-rRNA
components isolated by the cold phenol-SDS method were transcribed
from mitochondrial DNA since they were synthesized in mitochoundria
in a DNA-dependent process.

Other investigators have nade use of DNA-RNA hybridization

to show directly the location of the genes for mit-rRNA. VUood &
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Electrophoresis profile of RNA synthesized by isolated
rat liver mitochondria. Mitochondria were isolated from
livers of hooded rats using 0.25 M sucrose, 2mM LEDTA,
pH 7.2 as the isolation medium. ENA was labelled with
[31]UTP for 1 hour at 30°C, extracted yith the cold
phenol-SDS method. Electrophoresis on agarose-polyacryl-
amide gel was in the presenre of L cell [1%C] cvt-rRNA as
described in the methods. ®m, L cell cyt-rRNA;
A, mit-RNA synthesized in the presence of ethidium
bromide (0.33 pz/ml).
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Luck (1969) have shoun that mit-rRNA frowm Neurospora hybridizes
specifically with mitechondrial DNA, The extent of hybridization
at a saturation level of riMA was 6.1% for the larger rRNA
component and 2.87% for the smaller component. As the two types

of RNA have molecular weight roughly in the ratio of 2 to 1 these

values imply that there are an equal number of genes for each ‘type

of RiNA on the mitochondrial DNA. From the molecular weight of
mitochondrial DIA (6.6x107 daltons) they concluded that the genes
for the 25 and 19 S8 rRYA are repeated at least four times in the
mitochondrial DA, In ycast, Uintersberger (1967) and Winters-
berger & Viehhauser (1968) showed that mit-rRFA hybridizes
specifically with nitochondrial DNA while the cyt~rRNA did not.
Mit-rRNA from Tetrahymena pyriformis (Suyama, 1967) and from
Xenopus laevis (Swanson & Dawid, 1970) were shown to hybridize
with nitochoudrial DNA. 1In these studies it hes been firmly
established that the cyt-rRNA does not compete with the mit-rRNA
for sites on the mitochondrial DNA and there is therefore no
sequence howology between the two types of rRNA., It is nuch less
clear whether the mit-rRNA has any seauence honology with the
nuclear DNA, It is in fact almost inpossible to answer this
question with certainty. Unless there are redundant sequences

in the nuclear DNA which are corplimentary to the mit-rRUA,

it would be technicelly difficult to detect any homology. Although

Wintevsberger & Viehhauser (1968) have reported some degree of

specific binding of mit-rRNA to yeast nuclear DNA, it nust be

remenbered that the extreme complexitv of nuclear DNA could result
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in limited homology without any biological significance and that
mit~rRNA is likely to be contaminated with cyt-rRNA. The reality
of cyt-rRNA contamination is emphasized by the observation that
yeast mit-rRNA which had been purified by hybridization with
mitochondrial DIA hybridized very poorly with yeast nuclear DN
(Fukuhara et al,, 1969).

No specific hybridization studies between mitochondrial
DEA of mammals and their rRNA have been done, however, in Hela
cells Attardi & Attardi (1969) showed that mit-RNA species with
sedimentation coefficient between 9-15 S hybridized with mitochondrial
DNA while no cyt-rRNA species hybridized with it,

Borst & Aaij (1969) showed that mitochondrial DIA can be
separated by alkaline CsCl eguilibrium centrifugation into its
complementary strands, This phenonenon indicates that the“heavy”
strand of the mitochondrial DNA contains large amounts of
thymidylate and guanylate which on centrifugation in alkaline
CsCl gradients possess a high density (Sober, 1968)., Mit-RiNA
from rat liver hybridizes with the ‘hecavy”strand only. They
concluded that in vivo only the'heavy' strand is the terplate for
mit-RN¥A synthesiz. Althouvgh this hybridization study was done on
the overall ritochondrial RNA synticsized in a period of 6 hours
in 1 month old rats, it seems from the results reported here with
mit-rRNA from rat liver that it would contain high amounts of
adenylate and cytidylate and thus be complimentary to the“heavy”

mitochondrial DNA strand,
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Mit-rRNAs Reported in the Literature

While this investigation was in progress, mit-rRNA was
isolated from a variety of species from different families. A
summary of these findings and these reported here (mostly published
by Bartoov et al., 1970) is presented in Table 9. As can be seen
from this table there is a lack of agreement on the exact
sedinentation coefficient of mit-rRNA from the same organism.
Generally, however, the sedimentation ccefficient of mit-rRNA
from fungi resemble that of bacterial rRNA being about 23 and
16 S. On the other hand mit-rRNA from protista and animalia
possess smaller components than bacterial rRNA. It is possible
that mit~rRNA of the higher organisms night be smaller, as is the
DNA. There is a phyvlogenetic discontinuity in the size of
mitochondrial DNA (Table 1). 1In Neurospora the DNA has a molecular
weicht of 66x10° daltons (Wood & Luck, 1969) but in Xenopus
(Wolstenholme and Dawvid, 1968) and in L cells (Nass, 1969) it is
9x10° daltons. It is also possible that there is a phylogenic
decrease in the size of mit-rRNA within the aninal kingdom since
nit-rRUA from Xenopus sediments on sucrose density gradients at
18 and 13 € (Swanson & Dawid, 1970) and rat liver mit--rRNA
sediment at 15 and 13 S. Human KB cell mit-rRNA might be smaller
than the rodent mit-rRNA as judged by electrophoretic mobility.
This contrasts with an increase in molecular weight of the larger
rRIA of the animal cytoplasm which secit to evolve with each major
step of animal evolution from about 1.4x10° daltons in sea urchins

to 1.75x10° daltons in mammals (Loening, 1968).



Table 9

5 and S, Values of Mit-rRNA Isolateéd = from Different Species

E
S Values Sy Valves G+CZ Content
Orpganism & Refercnce Mito. Cyto. cgii Mito. Cvto, ciii Mito. Cvto.
Protista
Luplena gracilis Z
Krawiec & Eisenstadt (1970) 14 (17.7) 25 27.4 54.4
11 (14) 19
Tetrahymena pvriformis
(Strain S8T)
Suyvama (1967) Chi et al. (1970) 21 (18) 26 23 27.9 43,2
14 17 16 30.6 49.2
Neurospora crassa
Kuntzel & Noll (1967) 21 25 - 37 49
16 16 16
Dure et al. (1967) 23 25.6 23

rAaN

16 16 -



Jood & Luck (1969) and
Rifkin et al. (1967)

Saccharomvces cerevisiae

Vintersberger (1967)

Rogers et al. (1967)

Leon & Mahler (1968)

Steinschmeider (1969)

Fauman et al. (1969)

Forrester et al. (1970)

Stegeman et al. (1970)

25

16

22.4

17.8

23

16

25

16

22

15

21

28

18

24,6

16.2

17

28

19

26

17

25

17.5

22,6

16.9

23

16

16

25

26

19

35 30
26 47
26
26

23

16

eyt
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Aspergillus nidulans

Edelman et al. (1970) and

Verma et al (1970

Amphibia

Yenopus loevis

Dawid (19269) and

Swanson & Dawid (1970)

Mammals

Rat liver

Rendi & Warner (1960)

Kroon & Aaij (1963)

Rakhimbekova et al. (1269)

Bartoov et al. (1970) and

reported here

18-19

23
16
23
(16)
24
15
15

13

26.5 24,0
17.0 16.0
28 21
18 13
28
18

18
28 21.0
18 12.5

28

28

28

18

32

45

46.5

51

62

63.7

UA7AN



Mouse L cells

Bartoov et al. (1970) and
reported here

Hamster BHK-21 cells

Dubin & Brown (1967} and

Dubin (1969) and Dubin and
Montenecourt (1970)

Human HeLa cells

Knight (1969)

Vesco & Pemman (1969) and
Zylber et al, (1969)

Human KB cells

Reported here

BDigher Plants

Soya bean

Baxter & Bishop (1968)

15

12.5

(27)

17

27

18

2 specles
between
16-25

28

18

28

18

28

18

25

16

21.0

21

12

20.5

11.0

23

16

28

18

28

18

28

18

39.6

41.7

43.3

low

61.6

46.9

Syt



Caunliflower

Pollard et al. (1965)

28

18

28

18

9YT
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The results reported here are not in agreement with two
other reports on the nature of mammalian nitochondrial RINA,
Kroon and Aaij (1968) reported a 23 S species isolated from
mitochondria of regenerating rat liver., Since there is a danger
of bacterial contamination in regenerating liver it is possible
that the 23 S RNA originated from bacterial rRNA. Attardi &
Attardi (1969) found in Hela cell mitochondria 21 S§ and 9-15 §
components on sucrose density gradient centrifugation. The
latter, which had a peak at 12 8, hybridized with mitochondrial DRA
but the 21 § component did not. One interpretation of their result
is that thce 21 8§ peelk is not mitochondrial and the 9~15 § RNA is
the same RNA as seen here but is partly degraded. The 21 S peak
could be a viral contamirant, degraded cyt-rRNA or may be the same
as the 21 S compouent seen here. The latter appeared to be DNA
in nvclei or nuclear fragments contaminating the crude mitochondria
and could be removed by isopycnic gradient centrifugation or Dilase
treatnent of the mitochondrial fraction. Attardi & Attardi
(1969), however, had used both these treatments.

Table 9 also indicates that all mit~rRNAs are A+U rich

whereas rRIA from most srecles is G4+C rich (Analdi, 1969),

Mammalian Mitochordrial Ribosomes

Paucity of Rat Liver Mitochondrial Ribosomes

The paucity of mitochondrial ribosomes which was observed
from the electron microscopic studies was one of the problems that

this investigaticn faced as was described in che Introduction,
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From the amount of RNA in pure rat liver mitochondria and the
approxinmate molecular weight of mit-rRNA it is possible to estimate
the number of ribosomes present in a rat liver mitochondrion more
accurately. Pure rat liver mitochondria contain 3 ug RNA/mg
mitochondrial protein. If 907 of this amount is mit-rRNA, as
was found in all organisms so far investigated (Darnell, 1968) and
1 ng mitochondrial protein contain 5x10° mitochondria (Rass,
Nass & Hennix, 1965) then a mitochondrion contains 54x10717 g of
rRNA. The total molecular weight of the mit-rRNA averages
1.05x10% daltons. Then the number of rat liver mitochondrial
ribosomes/nitochondrion = i 310
.where N - Avogadro's number
W - amount in g of rRNA/mitochondrion
M - Molecular weight of mit-rRNA.
For a comparison the nuuber of ribosomes in one E. coli
cell with an average size equal to a rat liver mitochondrien (1.0
to 3,0 pn) is 27,000. This is calculated from the average dry
weight of E. coli being 33x1071% g (Carpenter, 1967), 257 of the
dry weight being RVA of which 907 is rRNA (Tissiéres & Watson,
1958), giving 7.4x1071% g rRNA/cell. The molecular weight of
E. coli rRNA is 1.66x10% daltons (Click & Tint, 1967) and
therefore the number of bacterial riboscomes/cell is 27,000, Thus
an autonomous organism the size of a mitochondrion contains 86
times more ribosomes in order to carry out its requirement for
protein synthesis., This probably reflects the fact that mitochondria

do not synthesize all of their proteins and also that the turnover
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of mitochondria is slow compared to bacteria.

Since mitochondrial PNA in rat liver is only 0.72% of
the total cell RNA and since 90% of this RNA is cyt—-rRNA it can
be roughly estimated that in liver therce are about 100 to 200
times more cytoplasmic ribosomes than mitochondrial ones., In
order to obtain a more accurate estimation as to the amount of
mitochondrial ribosomes in 1 g of fresh liver in comparison teo the
cytoplasmic ones the following calculation can be made, One g
of fresh liver contains 23.2 mg of microsomal RNA (Smuckler,
1968). If the molecular weight of rat liver cvt-rIWNA is equal
to 2.45x10% daltons (Loening, 1968) then the number of cytoplasnic
ribosomes in 1 g of rat liver is 5.67x10!3. On the other hand

019 mitochondria (Nass, Nass

1l g of fresh rat liver contains 11xl
& Hennix, 1965). Since the number of ribosomes within rat liver
mitochondria was calculated to bc 310 then the number of mitochondrial
ribosomes per 1 g of rat liver equal to 3.4x1013, The amount of
cytoplasmic ribosomes is then 165 times more than the mitochondrial
ones in rat liver, This calculation emphasizes the paucity of
mitocheondrial ribosomes and rRNA and hence the problem of cytoplasmic

contanination which can easily niazk the mitochondrial ribosomes

and rR¥A.

The Unique Sedimentation Coefficient of Marmalian Mitochondrial

Ribosomes

The presence of rRIIA of unique size in mazrmalian mitochondria

sugpestad that their ribosomes vould also be unique. The preliminary
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results indicated that the mononeric fornm of mammalian mitochondrial
ribosomes sedimented at 55 S and the ribosomzl subunits at 35 and
24 S, The fact that the 55 and 35 S components weré. found in both
the airect and the indirect approaches and especially their
presence in highly purified rat liver mitochondria is strong
evidence that they are truly mitochondrial and not due to an
artifact of drug treatment or contamination of the mitochondrial
fraction. On the other hand the 24 S component found by the
indirect approach in L cell mitochondria is completely missing from
the sedimentation prefile of rat liver mitochondrial riboscmes
when centrifuged on a sucrose density gradient.

These results are not in agreement with those obtained
early by Truman (1963), Elaév (1964, 1966) and Rabinowitz et al.
(1966). These investigators isolated ritosowmal particles from
mitochondria of rat liver, rat nuscle and chick embryo heart
respectively which were identical in their sedimentation coefficient
to those of the cytoplasm. It secems that the mitochondrial
fractions in the above experiments were contaninated with cyvtoplasmic
ribosories which masked the identity of the mitochondrial ones,

Recently 55 8 mitochondrial ribosomes were demonstrated
in rat liver by pulse labelling with [}%C]leucine (O'Brien &
Kalf, 1967a & b; Ashwell & Work, 1970). Incubation in the presence
of chioramphenicol inhibited the incorporation of (1%Clleucine
into growing polypeptide chains associated with the 55 S peak and
partially protected against the puronycin-induced relezse of the

peptide chains frow the ribosomes as it does in bacteria {(Cannon,
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1968; Weber & De Moss, 1969). Thus, the 535 § component seems to
be the nonoreric form of rat liver mitochondrial ribosomes,

A 60 S monomeric form of Xemopus laevis mitochondrial
ribosomes and 43 and 32 S subunits were obtained by Swanson &
Dawid (1970). Thev showved that the 60 S particle is active in
polypeptide synthesis and accounted for the bulk of polypeptide
synthesizing activity recovered from a fractionated mitochondrial
extract., They isolated 21 and 13 S rRNA from the 43 and 32 §
particles respectively, The attempt to isolate rRNA from the
mitochondrial ribosomal particles obtained from rat liver in this
investigation was not successful (Figure 35). The RNA isolated
seenied to be degraded although the largest RUA spescies isolated
from the 55 S particle was 22 SE and the largest RNA species of

These S_ values are similar to

the 35 S particles was 14 SF' E

those of mit-rRNA components isolated directly from the
mitochondrial fraction, but the relationship between these species
of RNA molecules and the ribosomal particles is not clear.

The S values obtained from mitochondrial ribosomes of
different species by other investigators gre presented in Table 10.
Although there are conflicting results on the exact S values of
mitochondrial ribosomes and subunits it seems that generally the
overall results are in parallel to those obtained for the mit-rRHA.
The mitochondrial rihosores obtained fronm fungi arve of the bacterial
type while o © animal mitochondria which contain 5 u

circular DNA and small rRIA, also contoin small 55-60 S ribosomes.,
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S Values of Mitochondrial Ribosomes Isolated from Different Speciles

Organism & Reference

Tetrahvmena pyriformis

Chi & Suyama (1970)

Neurospora crassa

Kuntzel & Noll (1967) and
Kuntzel (1969a) and

Kuntzel (1969b)

Isolation medium

10mM Tris-HC1
0.1 M KCL (plI 7.4)

1072 M MgCly

1073 M MgCl,
107" M MgCl,

10~% or 1075 EDTA

10mM Tris-HC1
0.1 M NH,C1

10mM MgCly, (pH 7.5)

Table 10

Method of lysing
mitochondria

Triton X-100 (1.0%)
or
DOC (0.5%)

Triton X-100 (17%)

S Values
Mito, Cyto. E. coll
80 g0
115
80 70
70 70
35 60; 40
73 77 70
50; 37 60; 37 50; 30
103; 134  108; 140
160; 186  169; 197; 215 e

N



Rifkin et al. (1967)

Candida utilis

Vignais et al. (1969)

Candida krusei

Kaempfer (1969)

Saccharamyces cerevisiae

Schmitt (1969)

Stegeman et al. (1970)

10mM Tris-HCL
2mM MgCly

50mM KC1 (pll 7.6)

10mM Tris-HC1

10mM MgCly, (pH 7.6)

20mM Tris-HCI

5mM MgSOy

50mM KC1 (pH 7.4)

"50mM Tris-HC1

10mM MgCl,

10mM KC1 (pH 7.5)

DOC (0.5%)

poc (0.5%)

Initially DOC (1.25%)

then Triton X~100 (0.5%)

Triton X-100

(2 %)

M

w

M

81

60; 45

77-80
52-54
32-34

115

76

53; 35

80

60; 38

75

81

61;47

80

60; 36

120, 154

80

&0

60; 38

80

70

70

£ST



Xenopus laevis oocvtes

Swanson & Dawid (1970)

Mouse liver

Georgatsos et al. (1968)

Mouse L cells

Reported here

Rat liver

Truman (1963)

laév (1964)

10mM Tris-HC1
40mM KC1

10mM MpCl,

6mM Mercaptoethanol

50mM Tris-HC1
25mM XC1

5mM MgCl, (pl

10mM Tris-HCl
50mM KC1

6mM MgCl, (pH

30mM Tris-HCl
80mM KC1

SmM MgCly, (pH
50mM Tris-HCL

25mM KC1

7.6)

7.6)

7.6)

Sonication

poc (1 %

poc (0.5%Z) Triton X-100

(0.5 %)

poC (0.3%)

DoC (1%)

M

M

60

43: 32

78

55

35;24

120

oS
W

543 45

60: 40

78

76

60; 40

83

54; 45

et



Elaév (1966)

0'Brien & Kalf (1967)

Ashwell & Work (1970)

Results reported here

Beef, Pig and Rabbit liver

0'Brien (1969)

9mM MeCl
0.2M Sucrose (pH 7.6)
OmM Tris-HCLl DOC (1.25-1.5%)
25mM KC1
10mM MgCl,
0.2 M sucrose {(pH 7.6)
1ImM Tris-HC1 DoC (0.5%)
50mM KC1
SmM MgCl, (pll 7.6)
10mM Tris-HC1 Any of the following

10mM KC1 Brij-58 (0.2%)

10mM MgAc (pH 7.6) DOC (0.1%) Triton X-100 (0.1%)

Nonident, NP 40 (0.5%)
10mM Tris-EC DOC (0.5%) +
50mM KC1 Triton X-100 (0.5%)

6ri1 MgCl, (pH 7.6)

5mM MgCly, + ?

M

M

M

83

63; 46

55

40; 30

50-55

52-55

40

78

80 70

50; 30

ST



Human Hela cells

Perlman & Penman (1970)

M

Ribosomal monomer
Ribosomal subunits

Ribosomal polysomes

10mM Tris-HC1 DOC-Brij-58
0.1 M NaCl (1 %
10mM MgCl, (pH 7.4)

0.25M Sucrose
RNase treated (1 ug/ml)

SmM EDTA treated
Cells incubated with
0.04 pyg/ml of

Actincnvein D

Actinomyein + 50mM EDTA

=

55

35

45

35

74

951
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Mitochondrial Protein Synthesizing Systen

This investigation has been limited to the characterization
of the two major components of mammalian mitochondrial protein
syntheslzing system, ribosomes and rRMNA, However, while this
work was in progress characterization of other components of this
system like ribosomal proteins, tRHA and acylating enzymes was
accomplished by others. As with mit-rRNA and ribosomes reported
here these mitochondrial components are unique compared with their
counterparts in the cyvtoplasm or from bacteria (for review,
Rabinowitz & Swift, 1970). 1t was also shown that the unique
mitochondrial riliosomal proteins are synthesized on the cytoplasmic
ribosomes and that mitochondria of yeast, rat liver and human
HeLa cells contain N -formylmethionyl-tRNA which is not present in
the cytoplasm but is involved in the initiation of protein synthesis
in bacteria (Smith & Marcker, 1968; Galper & Darnell, 1969). Thus,
it seems that mammalian mitochondria possess a unique protein
synthesizing svstem vhich is completely different from the cytoplasnmic
one and resembles that of the bacteria in only a few characteristics.
Therefore, these findinpgs raise the possibility of mitochoundrial

autonomy and control with respect to the preoteins they svnthesirze,

Mitochondria, Organism or Functional Cell Organelle?

The observations that mitochondria contain DNA, a protein
synthesizing system and that they increase in number by growth and
division (see Introduction) indicate: that mitochondria possess

a certain degrece of autonony. From where did the mitochondrial


http:2utonor.1y

158

autonomy derive? Arc mitochondria organelles that have evolved
sonie degree of autonomy for their replication or role in the
eukaryotic cell or did mitochondria originate from autonomous
organisns (bacteria) which established a symbiotic relationship

in the eukaryotic cell and subsequently lost some of their
original zutonomy? The presence of mitochondria gave the new type
of eukaryotic cell an advantage in energy metabolism,

The results obtained in this investigation and by othev
investigators mentioned above strongly suggest that mitochondria
originated from a prokaryotic ancestor, since the components of
the mitochondrial protein synthesizing system like rRNA, ribosomes,
tRNAs and acylating enzymes all are remarkably different than
their counterparts in the cytoplasm. If mitochondria were just a
functioning organelle in the cell it would be expected that the
translation mechanism would have the same components as that of the
cytoplasmic protein synthesizing system, DMoreover the sensitivity
te chloramphenicol and insensitivity to cycloheximide which is
the reverse in the cytoplasm indicatss that these two systems are
different from each other.

The fact that the mitochondrial protein synthesizing systen
exhibit similarities to the bacterial system such as the sensitivity
to chloramphenicol, the presence of N-formylmethionyl-tRNA, and
the nature of mitochondrial ribosomes and rBRNA of fungi (Table 9
and 10 respectively) indicates that mitochondria originated from a
conmon ancestor to contemporary bacteria. The question now arises

if mitochondria originated from a bacterial ancestor how did thev
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evolve to the present statewhere in mammalian cells they have

lost over 997 of their original DNA?

Mitochondrial Evolution and Autonomy

The data gathered about the DMNA, rRHA and ribosowes of
mitochondria from different species of different families in
Tables 1, 9 and 10 respectively, provide a basis for examining
the evolution of mitochondria.

From Table 1, there are at least two different classes of
mitochondrial DNA., Mitochondrial DNA in protista, fungl and
perhaps higher plants is linear, being about 55107 daltons. It
is linear either naturally or because of shearing of large circles
during isolation. This DilA contains about 10 mole percent less
G+C than the nuclear DMA, which éontains between 35-45 mole percent
in every eukaryotic cell. This may not apply to higher plants.
Animal cells possess a different tvpe of mitochondrial DHA which
is smaller in size being about 1x107 daltons and is usually
circular in form of average circumference of 5 um. This type of
mitochondrial DUA does not differ significantly from the nuclear
DNA in respect to its G+C content, Mit-rRNA and ribosomes
(Table 9 and 10 respectively) also exist in two classes. Fungi
possess mit-rRNA and ribosomes which are similar in size to their
bacterial counterparts. Animals possess a uniquc smaller class of
mit-rREA and ribosomes. Within the animal kingdom the higher the
animal in the evolutionary scale the smaller is the rRMNA.

All mit-rRNA have a 15 mole percent lowver content of G+C than their



counterparts in the cyteplasn. Thus, mitochendria of animal cells
possess smaller DNA, ribosomes and rRNA than those of fungi and
possibly plants, The larger DNA codes not only for the larger
rRNA and perhaps more copies of it but probably also for more
mitochondrial proteins. It secms, therefore, that mitochondria of
animal cells possess less autonomy than those of plants or fungi.

From the point of view of evolution two hypotheses could
explain these two types of mitochondria. These are, first, a
unique symbiotic relationship followed by branched evolution and
second the establishment of two symbiotic relationships followed
by evolution to maintain two types of mitochondria,

It follows from the first hypothesis that after the initial
invasion, DNA and much autonomy was lost from the aerobic
mitochondrial ancestors and a symbiotic form similar to that
observed in fungi at present evolved, In this symbiotic form,
mitochondria managed tc¢ maintain their original rRMNA and ribosomes,
which apparently are similar in some vrespects to those of the
contemporary bacteria. At some point, still early in the
evolutionary process, there was further loss of mitochondrial DRA;
the decrease in DA could have been either of redundant genes or
the transfer of unique structural genes to the nucleus. This
rearrangement of the old symbiotic form as seen in present day
fungi resulted in more co-operation between the mitochondria and
the cell and led to the present day animal cell and mitochondria.
The newer symbiotic form might have been the cause or the result

of the successful evelution of the animal cell from the primitive
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protista cell, This trend of losing: mitochondrial autonomy as
a function of further evolutionary development is seen within the
animal kingdom where ultimately human mit-rRNA is the smallest
reported, This phenomenon of decreasing size of mit-rRNA is in
contrast to the increase of the large component of the cyt-rRNA
in higher animal cells (Loening, 1968). The unique character of
mitochondria of protista, which possess DPNA of the fungal: type- and
rRNA and ribosories of the animal type perhaps reflect its
position in the evolutionary scale vhich is lower than the animal
kingdom (Whittaker, 1969).

According to the second hypothesis two different invasions
of mitochondrial ancestors into the eukaryotic cell occured, one
leading to the form similar to that of fungi and another leading

to the form similar to that of animals.
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Highly purified mitochondria containing 3.0 pg of RNA/ng
of mitochondrial protein were prepared from rat liver by
differential centrifugation. These mitochondria were free of
cytoplasmic contanination as judged by enzymatic and electron
microscopic studies. RNA, labelled with 32Pi or [3H]orotate,
was isolated from these mitochondria by a phenol-detergent
extraction method. The RNA sedimented at 15 and 13 § on sucrose
density gradient and micrated on agarose-polyvacrylanide gel at
21 and 12,5 SE' Identical results were also obtained from rodent
tissue culture cells (rat hepatoma and L cells) which were
labelled with 32Pi, [3H] or [1"Cluridire in the presence of 0.1 ug
Actincmyein D/ml toe supress the synthesis of cvtoplasmic ribosomal
RNA. From the sedimontation rates, electrophoretic mobility and
relative amounts of the two RNA conponents it was concluded that they
are tho mitochondrial ribosomal RHA species. The svnthesis of

s

mitochondrial RUNA was {found to he sensitive to ethidium bromide
(1.0 ug/ml) iucdicating that the mitochondrisl ribosomal RNA

wag synthesized on mitechondrial DNA. The high molecular weight
RNA isolated from all the rodent miteochondria possesses a low
content of G+C which is about 20 meles percent lower than the

cytoplasmic ribosowal RUA. Human KB cell witochondrial RiEA

nigrated on gels faster than that of rodents having valuzs of

162
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20.5

bind

-was

and 11.0C SE. L cell mitochondrial ribosomal RNA was found to
to MAK colusn stronger than its cyteplasmic counterpart and
eluted with 0.95 and 0.8 M NaCl respectively.

Mitochondrial ribusomal components, labelled with [3H]or0tate,

detected in the highly purified rat liver mitochondria lysed

deoxycholate and Triton X100. They had sedimentation

coefficient of 55 ard 35 S, The L cell mitochondrial fractioen

labelled in the presence of 0.1 pg Actinomycin D/ml had in

addition a component that sedimented at 24 S.
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