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M%Fochondrlal rlbosoyai RNAs have been'isolahed from
vigble wheat embryos germinated for 24 hr.in the presencévoﬁ
laxge amount of 132P]orthophésphate. The two high:mblecular~
weiéht matochondrial [32§]rkNAs ("268" ??d "18s8") were L
separated by sedimentation in sucrose density gradients_,“char-l
acterlzeé in terms of size and nucleotide composition,’-and
shown to be distinct in these respecté from their cytosol
homologues I1,2]. T1 rlbonucleaﬁe "fing;rpriﬁts“ of the ‘ind=- ”
ividual, purifle&,mltocﬁondrlal and cytosol 26 S and 18 § i
[32P]rRNA specmes have confirmed these results [3]. ’Tl ribo-
nucleaseigllgonucleotlde "catalogue;“ of the cytosol ‘and mito-

chondrlal 18 S rRNA species have been compiled and ~shown to be

*

distinct from oné another. Comparison of these two "catalogues"

with those.existing fér several bacterial and blue~green algal
16 S rRNAs has ddmonstrated the prokaryotic nature of‘thé wheat
mitochondrial 1 /& RNA [4,5], the flrs: time that suchfﬁnfor—
mation pa% been obtained. Oligonucleotide "catalogues! ' (both
Tl and pancreaﬁécz hava~also beéﬁ obtained for wheat embryo
mitochondrial and cy?osol 5 8 RNAs, and have demonstrated that
these species\are distihct [3], the: first tiﬁ;’that a distinct

5 S8 RNA species has been localizéd in the mitochondrion.'

. ABSTRACT < - -, ST
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SECTION I: GENERAL INTRODUCTION

L4

A, /INTRODUCTORY PARAGRAPHS ‘) 0

)

The mitochondrion has beef’ recognized as an’obligate
constituent of all eukaryotic cells (those celis coﬁtalning
a membrane-bound nucleus) for nearly a century (;ghnlnger,
1565) and‘1ts role in cellular energy metabolisr was

established by Lehninger -and co-workers three decades ago

€

/

(Kennedy and Lehninger, 1948). However, a new surge of
interest in these organelles followed the discovery by
Nass an 1962 that mitochondria contain DNA.v Subsequent
investigations eséablishéd that the mitochondrion contains
all the components of a functional proteln—synthQSLQLng
system, 1ncluding~r1bosomés,(;ransfer RFA, presumptive
messenger RNA, aminoacyl-tRNA synthetases, initiataion,
elongation and termination factors, as well as dastinct
DNA and RNA polymerases. These observatioans led to the
concept of the mitochondrione¢ds a semi-automonous /
organé%le within the eukaryotlé cell, and this in turn

.y )

raisgd novel questions concerning the degree bf indepen-

dence and types qf interactions of this o;ggnelle with
the nucleus (and with qther intracellular’ organelles, such

| D

o
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as the chloroplasts of highgf plants). In addition, the

. ~—

new ev1denc% of the partial genetic autonomy of ‘the

2
mitochondrion reawakened the relatively dormant controversy

°

over its evolutionery origin. This latter topic will be

discussed in depth in the /introduction*to SECTION III.

4
Numérous/7xcellent reviews on the mitochondrial »

g7puclelc €01ds mitochondrial protein synthe51s)’and mito~

chondrial biogenesis have been published in recent years

?
Y

(Borst, 1972:; Schatz and Mason, 1974; Mahler, 1973;

Paoleti and Riou, 1973; Avadhana, Lew1é, and Rutman, 1976;
S#ccone and Kxoon, 1976) and it 1s not the purpose of thais
General Introduction to‘;ttéﬁpt to cover all the data that
has been analyzed in these articles. I will, however,
survey what 1s known ofothe mitochondrial nucleic acids,
emp@a5121ng the latest devélopments.' One section of thais
introduction‘'will be devoted to pratein biosynthesis in
the mitochondrion and another ;o mitochondrial biogenesis.
These apters will of necessity be brief, since Ehese/
topics are not the main concern of this thesis. In ,
addition, a discussion of several relevant topics such

5
as plant mitochonfirial rRNAs, 5 S rRNAs, and the pro-

karyotic features of the mitochondrion will be reserved

b

—
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; .
for later sections of this thesis where they relate
i
directly to the experimental work,,

v '

.
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B. MITOCHONDRIAL NUCLEIC ACIDS '

3 * ¢ N

(1) Mitochondrial -DNA

As early as 1924 the kinetoplasts of the parasitic

-

flagella%e Trypanosoma and related genera were recognized

-

as Feu}gen-pos1t1ve, DNA-containing cytoplasmic organelles
(Bresslau agﬂ Scremin, 1924). However, although we now
retognize that the kinetoplast is a specialized mitochon-
drion 1t was then con51d%red a distinct organelle found
only in the trypanosomids and bodonids (Pitaglka, 1963).
Chévrement "and his co-workers were the first to present
evidence that "true" mitochoﬁdrla contained DNA
(Chévrgment et al., 1959; Ohévrement, 1963). They
demonstrated that chlckuembryo fibroblastg exposed to
certain conditions Wth? inhibit mitosis (e.g., treatment
with DNase II or cold) produced modified spherical mito-
chondria which were Feulgen-positive and incorporated
tritiated thymidine. However, the unorthodox procedures
used to obtain transformed mitochondria left many invest-

4

1gators unconvinced and it was not untail the exacting

| &4

analytical-morphological studies of Nass and Nass

(Nass, 1962; Nass and Nass, 1963 a,b), also with chick

'3
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. exbryo tissues, tHat .the idea of a mitochondrial-

-

spe§1flp Dij gained genéral acceptance. Since these early
studleél;yzDNA has béen found in all eukaryotic organisms
examined a;é is ;on51éered an indispensable compgnent

of this organelle.. ‘ .

- Mitochondrial DNA exists in the form of a closed
circular dup%ex, the conpour length of which varies from
S'U (1n gglmalsh to 30 M (in‘plants) (TaBLE I). 1In some
Loéganlsms intact circular mtDNA has not yet been isplated
but these rggﬁlts are considered artifactual due to

mechanical éamagé or enzyme degéaddﬁlon during the’

isolation procedure. For example, in Tetrahymena no

circular mtDNA species has been detected, but caircularaty

iﬁ vivo can be ‘inferred from the fact that the nucleotide

v

sequences of linear molecules (contour 1ength:15 W) are
‘permuted (Borst and Grivell, 1973). The molecula} weights |,

of mtDNAs (TABLE I), determined both by darect observation

v
i

(electron microscopy) and by studies of renaturatibn
kinetics, range from 70 million daltons in pea down to

10 million daltons in animal mitochondria, The close

n

agreement of values calculated by these two methods suggests

that there i1s no sequence heterogeneity in the mtDNA of a

given organism (Talen et al., 1975):

-~



[4

ey

(1)
(22
€))
(4
(3)
(6)
(N
Y «(8)

References (TABIE 1)

Y

Boyst (1972)

Borst (1977)

Goddard and Cummings (1975):
Bohnert and Hermann (1974)- |
Hollenberg ‘§_g al. (1973)
Bernard et al. (1975)
Kolodner and Tewar:r (1972)

Vede} and Quetfer (1974)

o

»

v



- TABLE I

PHYSICAL PROPERTIES OF MITOCHONDRIAL DHNA
© v 4

Mol, Wt.

Organism Length Conformation L Buoyant Density & 4+ C Ref.
: (um) | (x 107%) (g/ce) (mol 7.)
L N J—
Animals 5~6 circular 9-12 1,686-1,711 40-43 1,2
(flatworm - man)
Protozoa
Tetrahymena 15 linear 30-36 1.684 2,9
Paramecium 14 linear 30-35 1.699 3
Acanthamoeba 12,8 circular 26 1.690 31 4
Plasmodium 9 circular 18 2
Fungi ) ]
Saccharomyces 25 ) circular 50 1.679 i8 5
Neurospora 20 - eircular 41 1,701 40 6
L4
Kluyveromyces 10 circular 22 2
Plants » ’ )
Pea 30 circular 70 1,706 7
. (74)*
Potato 28 linear 60 1.706 47 8
. . - (100)* ' :
* The bracketed values were obtained through renaturation kinetic experiments

Ed



The G + C content (and hence the buoyant density)
of mtDNA varies considerably from organism to organism
(TABLE I), from a low of 18% in yeast (Bernardi et al.,

' 19;4) to a high of 47% in both potato and HelLa cells

12

(Vedel and Quetier, 1974; Claytons and Vinograd, 1967).
An increase in G + C content and a decrease 1ntélze of
mtDNA appears to be a general phenonmenon as one qspénds

the evolutionary ladder. The notajle exception 1s higher

plant mtDNA, which has both th igﬁest G + C content
(47%) and the largest 51ze44§€9;). However, since higher
plénts are neither the most highly-evolved nor the most
primitive organisms (as 1s quite evident from class1cai

! taxonomic studies), cons;deiable caution must be exercised
. when 1nterpréthg the 51§n1f1cance of such data (G + C
content and size) 1in evolutionary terms. | d
Borst (1970) has séggested that theainfo:mation'

content of mtDNA 1s equivalent to its genome size and

renaturation studies support this view. If this is in

fact the case, then the potential information content

of, mtDNA varies cofisiderably from the 5 U molecules in

animals to the 30 u molecules in plants. The smallest

mtDNAs are-of sufficient size to code for the large

i

|
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and-small mitochondrial rRNAs, at least two dozen tRNAs,
and a.llmlted number of mltochonérlal proteins. By
simple extrapolation, the mtDNAs ?f lower fungi and h%gher’
plants could encode 6 - 7 timeg thais amognt of geneﬁic
information. However, it 1s believed %ﬁat much of the
mtDNA of these latter organisms consists ofospacer and
regulatory regions ard does not contain structural genes.
The amount of AT-rich reqions found in veast (° 50%;
Piungll, 1974) and Neurospora (?ernard et al., 1975)

mtDNA demonstrates the possibility of a large excess of

kY
"A

spacer regions in these molecules. Since tﬁere is no
evidence of such region /&n higher plant méDNA, Leaver
and Pope (1276) suggest that these latter molecules may
code for additiocnal plaw;pﬁitochcndr1al~spe01f1c trans-
lation products. Vhile the upper limit of genetlc
information encoded ain mtDNA 1s unknown, it is belidved
(Borst, 1972) that the minimum amount needed for a 1
functional mitochondrial genetic system is 10 million
daltons.

RNA/gyA Hy?rldizatlon studies have demonstrated the
presence of rRNA and tRNA genes on all miDNAs examined,

In addition, genetic analyses have indicated that hydro-

phobic subunits of certain inner mitochondrial membrane
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enzyme complexes (cytochrome ¢ oxidase, cytochrome bcl,
and oligomycin-sensitive ATPase) are a]Bé coded for by
mtDWA, Recently, poly(a)-containing mtRNAs which are
;ikely to be mitochondrial mRNAs were shoﬁn to hybridize

|
specifically to mtDNA of HelLa cells (Attard:i et al., 1976),

" rat liver (Cantatore et al., 1976) and yeast (Hendler,

/
et al., 1975). However, 1t has only been recently that

the possibility o? constructing a "map" of 'mtDNA has,-
become fgaslble.*‘yltochondrial genetlzs has offered

a powerful experimental §pproach in the past but i1s
limited to those organisms amenable to genetic manipu-
lation, and the map produced from such techniques does

not give the actual physical distances df the various
markers from one another. The refinement o% electron
microscopic techniques has allowed visualization of
hybrids between labelled RNAs and single-stranded mtDNA
and subsequent mapping of the rRNAs an@_tRNAs of Hela ~
cells (Wu et al., 1972; Attardi et al., 1976).
"Denaturation mapping"” gives information on the locali-
zation of the ATirlch regions in the mtDNA (Bernard et al.,
1975). However, the most powerful technique developed

to date of mapping mtDNA is that us@pg restriction endo-
nucleasésx By cleaving the mtDNA molecuiérwit@’two or

- s



more of these site-specific endonucleases, a number of
fragments can be produced which can be orientated with
respect to one anotMer to produce a pPhysical map. The
location of éhe various transeription prodicts (e.g., gRNA,
tRNA, mRNA), can be ascertained by direct hyb;idléatlon
with inépVLdual fragments. The us? of this technigue has
allowed the positioning of rFNA and tRNA genes on a number
of dlfferént mitochondrial DNAs and will eventually lead
to a mép locating all of the syructural and regulatory
genes, as well as the spacer regions. One blt ot ainfor-
mation that has already been obtained :s that the gene
arrangement of rﬁNA and tRNA cistrons on mtDNA is not a
constant feature. For example, in yeast (Sanders et al.,
1975) and rat liver (Saccone et al., 1976) the two rRNA

genes lie almost diaﬁetrlcally opposed on the circular

mtDNA while 1n HelLa cells (Attardi et al., 1976) and

/Neuros%ora (Bernard/gg al., 1976) they are adjacent,

separdted by only small “spacér" regions. The location

of Fhe tRNA genes'glso varies depending upon the organism
examined., In yveast, they are grouped together and are
probably transcribed in a single precursor, as 1s the case
in bacteria. 1In HeLé cells, however, they are distributed

throughout the entire mitochondrial genome. It thus



appears that the initial belief in the constancy of the

9

arrangement and polaraty of mtRNA genes (Dawid, 1976) 1is

unfounded %Pd”that in the future we will find addaitional

» /
variations in structural organization and possibly also -
!

@

in mtDNA éunctlon. Additional studies are also required
' N ¢

to clarify the role of- the extra sequences in plant an?

fungal mtDNAs., ‘

!

(11) Mitochondrial Ribosomes and Ribosomal RNA

&

s fa

a. Physical Properties and Composition of Mitoribosomes

Mitochondrial ribosomes (mitoribosomes) were first'

/

discovered in rat liver by Rabinowitz et al, (1966) and
O'Brien and Kalf (1967) and subsequently identified in

many other organisms. However, it was not until 1970 that
Swanson and Dawid demonstrated that these ribosome-like
particles actually catalyzed poly U-directedlpolyphenyl~ }1
alanine synthesis in vitro. Since these initial studies,
mitoribosomes have been isolated from all organisms
examined, ranging from lower fungi to higher plants and
mammals (TABLE II), and it has been demonstrated unequiv-

ocally that they participate in vivo in mitochondrial’

/ i

protein synthesis.
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PHYSTCAL PROPERTIES OF MITOCHONDRIAL AND CYTOSOL RIBOSOMES AND RIBOSOHMAL RNA

®

TABLE II

N\

Ribosomks i Ribosomal RNAs &

(S value) S value C + C (mol%) Mol. Wt. {x 10-8) B
Organism cyto mito cyto mito cyto |mito cyto mito Ref.
Animals -
Human (Hela) 80 60 28, 18| 16, 12 65 45 0.56, 0.36 i, 2
Rat Liver 80 55- 28, 18| 16, 13 64 L7 0.50, 0.30 3, &, 5
Protozoa = ]
Euglena 87 ] 71 24, 20 21, 16 51 3L 6
Tetrahymena 80 80 26, 171 21, 14 46 | 29 1.38, 0,64 0.93, 0.43 _ 7
Funga ~ - ] -
Saccharomyces 80 74 23, 16 48 23 1.30, 0.76 8s 9
Neurospora 77 73 28, 18| 25, 19 48 35 1.28, 0.72 10

77 80 25, 18 | 24, 17 i1, 12
Plants ] i
Maize 80 78 - 1.26, 0.70 | 1.26, 0.75 13
Turnip 80 78 52 44 1.30, 0.70 | 1.155 0.70 14
Wheat . . 55.8 54,8 1.3, 0.70 { 1.3, 0.79 i5

I i : =
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Matoribosomes have beén characterized according to
Il &

several parameters, including size and sedimentation
coefficient, prefe;n and RNA composition, and suscept-
ibility to changes 1n cation concentration and to
inhibitors of protein synthesis. They differ off all
these respects, from their cytosol homologues.. The
sedimentation coefficients vary among mitoribosomes, but
in general they are lower than those of the homologous -
cytoribogomes (TABLE II). The mitoribosomes have been
classified into two groups based on size differences
(Dawid, 1972). 1In the first group are the animal
mitoribosomes whaich séaiment between 55 S and 60 3,

while in the second group are the 72 - 75 8 mitoribosomes
of several fungi. However, as with most arbitrary
classifications based ‘upon limited information, further
,examination of additional organisms has demonstrated

some anoméﬁles and even long-accepted sizes have recently

been disputed. The protozoan Tetrahyména pyriformis

contains mitoribesomes with a sedimentation coefficient
. ” .

of 80 5, identical to tgat\gf the cytéribosomes (Curay

et al., 1974), and plant mitoribosomes sediment only

marginally slower than their cytosol counterparts
\
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(Leaver and Harmey, 1973; Pring, 1974). Also, receqt
studies in Neurospora by Kroon and co-workers' (Datema ig
al., 1974; Agsterribbe et al., 1974) suggest that the

3

mitoribosomes of this organism are even,larger than the

v

corresponding cytoribosomes (80 S compared to 77 S8) and
that the reported value of 73 § (Kurlyamé and Luck, 1974)
1s an artifact of the preparation procedure. The dispute
over th{éqlssue remains to be resolved.

Direct meagurement of ribosome size has been made
using electron microscopy. Kleinow et él. (1974) have
demonstrated that in the locust thoracic muscle the
mitoribosomes are smaller (270A X 210A X 215A) than the
cytoribosomes (295& X 210£ X 255&). This is consistent

with the sedimentation data. On the other hand, while

the dimensions of Tetrahymena mito- and cytoribosomes

suggest that the mitoribosomes are considerably larger
(275£ X 230&, cytoribosomes; 3703 X 240&, mitoribosomes,
Curgy et al., 1974), sedimentation data indicate identical
sizes. In electron micrographs the 55 S mltoriboéomesaof
rat liver appear smaller (169£ X\199AN and less elondated
than 80 S cytosol ribosomes (194£ 2 i) (Aar] et g;.,ﬂ
<1972). However, hydrodynamic studies (DeVries and Van

der Koogh-Schurring, 1973) have suggested that the

»
L}
“«
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physicochemical properties of the rat Yiver mitoribosome
are determained by a very low ch?rg?/mass ratio and hagh
groteln content, and that thelvolﬁme of the 55 S particle
1s actually larger than, and 1ts molecular weight equal
to, that of the E. coli 70 S ribosome. Obviously,
artifacts in sediffentation velocities and in electron
micrograph preparation make a determination of actual and
relative ribosome sizes difficult.

Mitoraibosomes consist of two subunlts, as do their
cytosol counterparts, but the former ribosomes wvary ,
considerably more in size than do the iatter. This ‘reflects
the variation in the subun}t sizes. Animal mitoribosomes
have subunit sedimentation coefficients OSLEP S and 40 S
(Borst, 1972), fungi 30 - 40 S and 50 S (Avadhani et al.,

"‘ &1
1976) , and higher plants 40 - 44 S and 60 S (Leaver gnd

L]

Harmey, 1973; Praing, 1974). Tetrahymena mitoribosomes

are unique in having identically-sized subunits of 55 S.
Cytoribosome subunit sizes vary éo a lesser degree, from
52 - 66 S and 37 - 46 S for the large and small subunits,
respectively. Mltorlbosomes‘requlre a higher Mgz+

5
concentration in order to prevent dissociation into
*

subunits and in this rqspect, and an their sensitivaity to



s

various antibiotics, they resemhle bacterial ribosomes
more closely than thev do their cytosol homélogues (cf.
SECTION IIT for further discussion). N

a

Mitoribosome compositidn both in terms/of protein
o & N
and RNA 1s dastanct and differs from that of cytoribosomes.

Van den Bbgert and de Vries (1976) have“resolved mito~

’
¢

chondrial and cytosol ribosomal protei;s from Neurospora )
using two-dimensional éel elggtroﬁhoresls techniques,
‘and“have'demonstrated a unique set of proteins associated
with each type of ribdsome. The number and mobility of
these ribosomal proteins on gels vary greatly. The
Neurospora mitoribosome contains 39 and 30 proteins (fgom
the large and small subunits, respectively) while the
cytoribosomes have 31 and 21 protein components in the
corresponding subunits. Leister andtDaw1d (1974) have
resolved 84 proteins fro@ Xenopus mitoribosomes and 71 EV
components from the c?tosol counterpart, most mlgrdtlng i
distinctively on two—d%mensional gels. Additional strong
evidence of the uniqueness of nitoribosomal proteins 275
been presented by Hallermayer and Neupert (1974), who
demonstrateg that antibodies prepared against Neurospora

mitoribosomal proteins would precipitate only Neurospora

b
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mitoribosomes and not the cytoso% counterparts, whereas '
antibodlés to Neurospora cytoribosomal proteing would
N precipitate Neurospora cytoribosomes but not mitoribosomes.
Some dispute.still ex?sts as to what constaitutes a ribo-
. somal protein but it appéars that although most, if not
all, mitoribosomal proteins are coded for by nuclear DNA
and synthesized in the cytoplasm, these proteins are
drstinct from their cytosol counterparts.
,\ A

- ' ¢
>

?r: b. Physical Properties and Composition of Mitochondrial

Ribosomal RNA

4 -

3 x
Mitoribosomes contain large and small subunit RNAs,

-

) both of which also differ from thélr“cytdsol homologues..
As with the mitoribosomes themselves, sizes and base
compositions of their constituent RNAs differ considerably

rl
among eukaryotes (TABLE II). Sedimentation velocities

=N

/4, , of animal mitochondrial rRNAs range from 12 - 13 & (small
= subunit rRNA) and 16 - 17 S (large subunit rRNA), those
of fungal rRNAs r‘k@e fromn;4 - 16 S énd 21 - 24 8, and
those pof plant rRNAs from .18 - 18.5 S and 24 - 26 S. The
bytoso§

rRNA components, on the other hand, are more

conservative 1in size and vary only between 25 S and 28 S
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A

For the large species and 17 § and 18 S for the small species,
B > 2

It as ainveresting td hote tﬂac the variation in size of mito-
/chondf;al rRNA‘correéponds to the variatién in size of the
respective mtDNAs: that is, éq increase or decrease in size
.0of the mtDNA 1s coupled to a simalar chahge an the size of

the rRNAs for which it codes. - : °

The G + C cgffént of all ﬁltochondrlal rRNAs examined

“ i
so_far (excepting possibly those of higher plants) 1s Jower

tnan that of the cytosol counterparts (TABLE II). ' For
example, the G + C content of yeast mitochondrial xRNA is

23%, the lowest valﬁe known for a raibosomal RNA, while -

¥

that of yeast cytosol rRNA is 48%. A similar difference

*

ex1sts in the mammalian system, where we find G + C con-

)

/%énts of 45% and 65% for the mitochondraial and cytoéol

rRNAs, respectively, of Hela cells. This low G + C content.

~ i

p RN
of many mitochondrial xRNAs may be the cause of the extreme

sensitivity of the conformation of thesé rRNAs to changes

¢ [y

in temperature and-ionic’conditions (Grivell et al., 1971;
Dawid and €ﬁase, 1972). This results in an'angmalous
behavior of these molecules duraing sedimentation and poly-

acrylamide gel«electrophoresié and stresses ¢aution an

N

accepting the assessed molecular weights determined by

-these mgthods. The thermal instability of mt-RNA raises

the guestion of how mitoribosomes can function at

- -
=

s
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© o

temperatures optimum fpr the function of therr cytosol -

f o

homologues.’ Freeman et ®l. (1973) suggest that mito- -

fa ’ T
- chondrial, ribosomal proteins and membranes as well as a

- 2

N b

p0551Qly hagher cétiqﬁ cohcentration might stabilize

the rRNA and ribosomes. - Howéver, this does not expléiﬂ

» 3

why there 'should be a lower G + C content in the

5 S
- T

mitochondrial rRNA. - ’ .

Mitochondrial ribosomes.do not cortain a 5.8 S

1 A

"satellite" rRNA which 1s non-covalently bound.to the

-

5

large subunit rRNA of eukaryotic ribosomes (Pene et al.,
1968; Payne and%Dyer, 1972). Most species thus far

examined also do not contain any mitochondrial 5 S rRNA .
a \ o &
molecule and this will be discussed in detail in -

-, B
~

SECTION 1IV. ’ :

o
.

As‘has been indicated in the previous chapter, mt-RNA

- -

,1s coded for on mtDNA®*and there 1s only one copy of each
. u T g, ’ o h

' *RNA species per genome,ﬂ The physical location of the two

TRNA genes relative to each otBer on the DNA mdlecule

) °

depends uéon the. organism. For example, on yeast mtDNA

*the two rRNA genes'are well separated from one another

i 4

‘while in ﬁéurésgora they are adjacent. This difference could

”

explain why a precurgor molecule containing both rRNAs

v
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has not ye£ been detected in yeast but has been found in
Nemrosporé. in the latter'%@udy Kuriyama and Luck (1973)
demonstrated that an initial’ transcript of 32 8 (2.4
millzion dﬁltons) is cleaved into pieces 1.6 and 0.9
million daltons in size, which are further processed into
the mature 25 8 and 19 S species (1.28 and 0.72 million
daltons, .respectively). As in the case of the mature
Titochoﬁdrlal ribosomal RNAs, the mitochondrial precursor
rRNA‘has a low G + C content. )

The mritochondrial ribosomes are the products of two
distlpcﬁ and separate genetic systems, as are several of
the dilgomerlc enzyme complexes found in the inner
mitochondrlal membrane (these will be discussed braiefly in

the chapter on mitochondrial biogenesis). The ribosomal

proteins are coded for by nuclear DNA, synthesized on

+cytoribosomes, and transported into the mitochondrion.

The mt-rRNA, on the other hand, is transcribed From mtDNA.
The two components combine by a poorly-understood process
within the mitochondrionr to form the functional mito-

ribosomne. 2

[
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c. Modification of Mitochondrial Ribosomal RNA

Prokaryotic and eukaryotic cytosocl ribosomal RNAs
have been examined extensively for the presence of '

L4

minor constituents. It has been demonstrated that these

&
RNA moleculesacontaln a small ﬁuﬁber of modified nucleo-

' ’

sides (base~-methylated, sugar-w:thylated, and pseudour-

idine) and that the modifications are added post-trans- !

criptionally and occur at specific sites withan the -
¥ molecule (i.e., modification is non-random) (Maden, 1971).

In addition, the type and extent of thé modification

appears to reflect the evolutionaéy position of the

organism. Fukaryotic cytosol rRNA 1s mOré highly-

methylated (1.2 to, 1.7 methyl groups per 100 nucleotides;

Klootwijk and PlantJ, 1973a; Maden and Salim, 1974)

than bacterial rRNA (0.7‘methyl groups per 100 nucleotides:

Dubin and @unal?, 1967; Pellner, 1969). Also, the content

of pseddouridine 1s higher in cytosol rRNA, ranging firom

0.25 residues per 100 nucleotides in bacterial rRNA

(Dubin and Gunalp, 1967) to 0.8 1in yeast (Klootwijk and

o
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Planta, 1973b} and 1.2 in Helia cell rRNA (TJeanteur
et al., 1368). Eukéryotlc cytosol rRNA contains a pre-
ponderance of the sugar methylations (those where a methyl
group replaces a hydrogen at the 0-2!' position on the
ribose moieties) whereas bacterial rRNA preferen?ially
contains base methylations (those where a methyl qroup
substitutes a hydrogen on the purine or pyklmlﬂlne "
heterocyclic raings). |

Much less 1s known about the type and extent of methy{~
ation in the mitochondrial rRNAs. This has no£ been dug/éo
lack of interest but because of the technical difficulties-
of (1) isolating mitochondrial RNA free from any contamin-
ating, more highly-modified cytosol RMNAs and (2) guantai-

1

tating tpe extremely low levels/of,modifiedinuélEOfldes in
mt-RNA with existing detectioh techniques (either/ultrav;oiet
absorption or radjoisotope incorporation). As a result,
considerable controversy still eglsts. For examplé, vVesco
and Penman (1969) reported that human mitochondrial rRNA .
was unmethylated, but the analyses of Attardi and Attardi
(1971) suggest that i1t gontalﬁs one methyl group per 100~

nucleotides.

<

o
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However, several recent reports suggest that mitochondraial
rRﬁA~1s andeed methylated, albeit ko a very low &egree.l
Lambow1tz‘ané Luck (1275) demonstrated that when Neurospora
RNA is laﬁelled with Imethzl«BH]methionine'in the presence
of sodium formate (to prevent randomizatioﬁ ?f the metﬂyl
label throughout the purine skeletons), the mitochondrial -
rRNA contains 0.05 ~ 0.16 methyl groups' per' 100 nucieotldes,
compared to a value of 1.5 for the cytésol rRNA., Dubin (1974)

!

analyzed hamster cell mitochondrial rRNA and, found low levels

/

of hethylatlon in the 17 8 (0.13 methyl groups per 100
nucleotides) and in the 13 § (0.37 methyl groups per 100

nucleotides) rRNA species. This 1s equivalent to two

residues per *17 § molecule (one ribose-methylated resadue,
1 I
Q? -methyluridine (Um), in the sequence Um~Up; one unident-

1fied resadue) and four residues per 13 S molecule (one i

{
N® ga-dlmethyladenOSLne (mgA) residue; one 5-methyluridine

-

(m“U) residue; one base-methylated cytidine; a fourth residue
unidentaified). Klootwigk et al. (1975) also demonstrateé

low levels of methylation in yeast mitoghondrméy rRNA. They
could detect no methylation in the small subunlt rRNA (15 S)
and only two methylations in the laxge subunit RNA (21 8),
which they suggested are on the rlbosg mo;ety. {An identaical

conclusion has been reached by Lambowptz and Luck (1976) in

%



a more recent study of Neurospora mt-rRNA)., In addition,

Klootwijk et al. (1975) found no more than one pseudouridine
per<molecule of 15 8 or 21 S mt-rRNA. It 1s interestaing

to note that although .the méthylatlon of mitochondrial rRNA *
1s lower than that of eukaryotic cytosol rRNA, the
predominant type of methylatlonn is thé same in both cases
l(l.e., éugar methylation). This is in contrast to the
situation with bacterial rRNAs, where base methylation
predominates, even though the overall degree of methylation
is relatively low. Duban (1974) cites this in support éf
his belief that, at best, the idea that mitochondria evolved
from bacterial endosymbionts 1is a groés\over51mplificatlon.
Mention should be mé@e of a recent report suggesting a

t&o~ to three-fold higher level of methylation in mouse
liver mitochondrial rRNA than in the corresponding cytosol
rRNA épe01es (Dierich et al., 1975). However, in contrast
to most other work with mammalian mt-gNAé (1ncluding mouse
liver), this study indicated fha£ the mitochdndrial rRNA
beiﬂg aqalyzed had sedlmenéation properties and base ratios
very similar to' those of the cytosol homologues, Therefore,
these results need conflrmat%pn. .
> The biological significance of modified nucleosides in

ribosomal RNA is still obscure. Ribose methyl?tlon is an

( &

;
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early event in eukaryotic ribosome biosynthesis (Salim

and Maden, 1973) and may be necessary for the proéer
processing Sf the 45 8§ rRNA precursor into the mature
28 8 and 18 § species (Vaughan et al., 1967]. GSome
base methylation ap%ears to ogcuyx 1?ter, duriné the

[

maturation of the small subunit rRNA (Klootw&:k et al.,

"1972; Salim and Maden, 1973] in both bacterial and

eukaryotic rRNAs, and my play an important role in ribo-
some assembly or ribosome functi?n (Dubin, 1974). The
dinucleotide sequence mgA~mgAp is particularly interesting
since iﬁ is present in the smaller rRNA (16 8 or 18 §) of
yeast and several bacterial and mammalian species (Klagsbrun,

1973), and possibly plays a role in ribosome function (Helser

" et al., 1972) and rRNA maturation (Hayes et al., 1971;

Klootwijk et al., 1972). It has been suggested by Steitz

and Jakes (1975)|that the sequence G—mgA-mg

is positioned approximately 25 nucleotides from-the 3'-

A‘-CP r Wh.iCh.

terminus of E., coli 16 S RNA (Ehresmann et al., 1971), is

involved in mRNA)recognitlon. Chao and Woese (unpublished
data, cited by Zablen and Woese, 1975) have found that the
sensitivity of bacterial species to the antibiotic kasuga-
'mycin is dependent on the presence of this methylated dinuc-

leotide sequence.
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The role of methylation in the Ffunctioning of mitochon-
-drial rRNA 1s even less clear. Indeed, in ?t least two
cases (yeast and Neurospora) the small subunit mt-rRNA
appears to be completely devoid of methyl groups. This
suggests that methylation is not a uﬁlversal requirement for
the proper assembly and functioning of a mitoribosome.
Additional applyses will help to answer a number of questions.
Firstly, the degree, type, position, anddtime of introduction )
into the molecule of mitochondrial RNA modifications ma& tell
us something of their function withain the ribosome both
during and after i1ts formation. Since modified sequences are
strongly conserved among the rRNAs of the different prokaryotes
(Sogin et al., 1972), suggesting they are of fhnctlonal
importance, identification of modified sequences within mit-rRNA
should indicate centres of special structural and/or functional

significance. For example, the sites of antibiotic sensitivity

{(chloramphenicol, erythromycin) may possibly be in those areas

o

[4

containing mek&hyl groups. This has been shown to be the case
in bacterial mutants in which resistance to certain anti-
} .

biotics' results from changes in rRNA methylation (Lai and

Weisblum, 1971; Heiser et al., 1971).
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Secondly, a study of mitochondrial rRNA modification

1

might help to establish the degree of similarity among

I3

bacterial, mitochondrial, and eukarvotic cytosol protein-
synthesizing systems. This idea will be pursued further
in the 1nt}oductlon to SECTION IV, but one gzample here
will suffice to 1llustrate the point. As mentioned above,
the dinucleotide sequence mgA~mgAp is present in several
prokaryo?ié and eukaryotic small subunit rRNAs and denotes
a region of conservation in these molecules. The modified
nucleoside mgA 18 also present in hamster cell 13 S rRNA
(Duban, 1974) and although it apparently occurs in only
one copy per molecule, it possibly designates an homologou;
conserved region. FPurther analyseg could help to ascertain
the degree of evolutionary divergence in this region“f
prokaryotic, mitochondrial, and eukaryotic cytosol rRNAs.
Thirdly, as suggested by Klootwijk et al. (1975), an
examination of modification in mitochondrial rRNA should
shed light on the amount of nuclear genetic input fequired
"to g}ocess a mitochondrial rRNA whose primary segquence 1s

1
coded for on mitochondrial DNA. a

L]

"



f 28w

{(112) Maitochondrial +tRMA
' {

There 1s now ample evidence that mitochondraia contain
specific transfer RNAs which are coded for by the mtDNA
and which participate in mitochondrial protein gynthesas
(Borst, 1972; Rabinowitz and SWl££, 1970) . RNA/DNA
Hybridization experiments suggest that the number of

those tRNAs which are coded for by the mitochondrial genome

varies with the organism. For example, in Tetrahymena

mitochondria, Suyama and Hamada (1976) found only seven
"native" tRNAs but in yeast the figure may be as high as

25 (Rer1jnders and Borst, 1972) . However, the exact number

of tRNA genes on any mtDNA is not known with certainty

and any current estimations are probably low. In 1972,
Dawid estimated the number of tRNA genes on Xenopué mtDNA

to be 15, but in a more recent study (Dawid et al., 1976)
employing improved detection technicues, he suggests a

value of 22. Similarly, Wu et al. (1972) initially reported
12 mtDNA-specific tRNAs in HelLa cells but have since revised
that figure upwards to 19 (Attardi et al., 1976). There-
fore, 1t is conceivable that at least some mtDNAs will
eventually be shown to code for a full complement of tRNAs

G3vin the case that all 20 amino acids are involved in
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mitochondrial protein synthesis (Crick, 1966) and less

1f some amino acids are not utilized in the synthesais

of intramitochondrial proteins). Attardir and co-workers

(1976) have also demonstrated that Hela cell mt-tRNAs

are coded for by.both ("heavy" and "light" strands) ofgmtDNA.
some conflict exists as to whether or not all mitochon-

draal tRNAs are of organelle origin. ILynch'and Attardi

(1976) hafye shown that all of the HeLa cell mt—~tRNA hybrid-
izes to mtRNA but Suyama and Hamada (1976) have demonstrated .

the presence \in Tetrahfmena of “lmported“, or nuclear—coded,

tRNAs, which are dlstlnct from thelr cytosol counterparts.

They suggested a mechanlsm whereby the £RNA synthetase may

be involvyed in the transport of its spe01f1c tRNA into the
mitochondria. Clarification of this question awaits further
study.

Mitochondrial tRNAs differ from their cytosol counter-
[

“parts in a number of respects. Although Dawid and Chase

(1972) concluded from polvacrylamide gel electrophoreéls
studies that Xenopus mt-tRNA has sizes

coﬁparable to the cytosnl tRNA, Dubin and Friend %%972)
reported that hamster cell mt—-tRNA migrates more slowly thah
cyt—-tRNA during gel electrophoresis at high temperatures,

suggestlngla greater tendency for the former tRMA to

e’
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unfold under such conditions. DBRase composition analy§es
have demonstrated a lower G + C content'fo? mt~tRNA wﬁen
?ompared to the cytosoi tRNA of the samexorgaglsm (Chiaﬂ
et gl;,:1976; #artin et al., 1976). 'The G°+ C content
of locust mt-tRNA has recently been repo;ted éo be 30.7%
(vs. 55.5% for locust cytosoi £RNA), the lowést G+ C
content found yet for any £DNA [Feldmann and Kleinow (1976)1.
In aaditlon, the kind and degree of modificatlon differ
between the tPNAQOf the two, subcellular compartments. The

\
mt-tRNAs are less methylated with, for example the content

of methyl groups in HeLa cell mt-tRNAs being only 2.8% |

compared to a valdé of 8.7% for the’cytosol°species
(Daveﬁport gg\gl,, 1976) . Randerath et gi.(19743 suggested
a slléhtly higher ratio of methylation (mt-tRNA/cyt-tRNA)
but this could have been due to contaminating cyt-tRNA
present in theair mtttgﬁA preparation. Both the eukaryotic-
specific, fluorescent nucleoside wyc51ﬁe (W)« (or a
derivative) and the prokaryotic-specific nucleoside 4~ o
'‘thiouridine (s4U§ are absent from yeast mt-tRNA

(Schneller et al., 1975). Klagsbrun (1973) reported the
presence of a 2-methyladenine-~tRNA méthylase activity in-
Hela cell mlgochondrma bu% none in the cytosoli‘ 2~-Methyl-~

adenine has not been detected in any cytosol tRNA but 1is

4
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: present in the tRNA of prokaryotic organisms ‘(Hall, 1971).
However, Davenport et al. (%976) did not find any 2-

.methyladenine in:Hepa.cell mt—-tRNA and attribute Kgagsbrun's

&

R

results to an artifact in the assay technique.
Thg,51gh1flcance of the low G + C content and the

methylation pattern of mt-tRNA as not yet understood.

’
0

(1v) Mitochondrial Messenger RNA

,

'} ) . L] \

3

’ . X ’
*’ itochondrial messenger-like RNAs from 7e§g;51

m alian, insect and fungal systems have recently begn

@D +

1solated and characterizgd. sPemman and co-workers

a > 4

(Hhrsch and Penman, 1973, 1974) and Attardi and co-workers

(0jala and Attardi, 1974 a, b; Attarda gﬁfg&., 1976) have’
Ws\w‘_“

.
shown that)\synthesis of poly(A)-containing [poly(A)+] RNA

from total mtRNA or from mitashondrial polysomes 1s sensi-

&

tive to ethidium bromide and that this polyjA)+,RNA
hybridizes specmfically‘to mtDNA. The presumptive mRIA

hY

contains polyadenylate sstretches of 50 - 70 nuclegpldes at
the 3'-terminus, smalle£ than the 100 -~ 150 poly(A)ostretch
in eukaryotic cytosol mRNA (Brawerman, 1974; however, cf.
the values of 50 -~ 60 nucleotides for, veast cytoscl mRNA

. (McLaughlin et al., 1973) and 19 - 34 for silk moth

o

X <
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" sea urchin mitochondrial polysomes, and showed l’c‘hat thesé

N i v

cytosol mRNA (Vournakij ct al., 1274)). Devlin (1976)

reported the presence of eight distinct poly(A)+ species

o

ranging in size from 9 5§ to 22 8 an RNA isolated from |
‘z
,

~

discrete components were transcribed from m Poly(A)+

' RNAs have also been isolated from yeast (Hendler et al., 1975)

and Trichoderma (R?sen and Edelman, ib?b)’mltochoPdria.

In these twokorganiéms,‘the polj(A) segment was. only 20 - -
30 nucleotides long, Wﬁlch may explain earlier work reporting
the absence of poly(A)+ RNA from yeast mltochéndrla z;}oot
et gi}, 1974). (RNA containing sﬁch short poly(A) stretches
1s not efficiently retained on an oligo(dT) affinity
column, such as that emﬁioyed by tge latter ainvestigators).
As with mammalian poly(A)+ RNA, the synthesis of the yeast
poly(A)+ ﬁﬁA was also sensitive Eo ethidium bromide and it
hybraidized preferentially to yeast mtDNA (ﬁendler et al.,
1975) . However, the conflict over the sensitivity of mt-
poly(A)+ RNA synthe51§ to ethadium bromide and the hybrid;
ization studies with mtDNA and nDNA (for discussion see
Avadhani et él., 1976) have_ raised the qﬁestlonhof %hether
or not intramitochondrial processes are the sole.source of

m.t—-poly(A)+ RNA, or whether some nuclear-~coded mRNA is
|

1 o

3



o ‘) _33_ < Al

transported into the mitochondria for translation on mito-

ribosomes, Chemich analyses of hamster cell mt—poly(h)+

" RNA (Taylor and Dubin, 1975) have shown that it i1s less

methylated than the cytosol kounterpart (2f at all), and
that it lacks the "blocked" %'~mathylated terminus char-
acterigtlc of eukaryotic cytosol mRNA (Adams and Cory,
1975). In thas latter regpect, the pre;umptive mt~mRNA,
resembles bacterig} mRY¥As, although all three types Sf MRNA
(prokarvotic, mitochondrial, an% eukaryotic cytosol) contain
poly(a) (Nakazoto et al., 1975; Ohta et al., 1975).

Although 1t 1s evident that mtDNA codes for several
mitochondrial-specific proteins [cf., sections on mtDNA -
(I,B.(1)) and ﬁltochondrlal protein biosynthesis (I.D,)]
and that the‘mitocnpndria contain some poly(A)+ RNA coded
for by the ﬁtDNA, thas in itself does not prove that the
latter is mt-mRNA. It is necessary to demonsgtrate
unequivocally that this RNA not o?ly hybridizes specifically
to mtDNA buL also that ‘it codes for definable mitochondrial
proteins. In preliminary experiments, Padnanabam et al.
(1975) have shown that this is the case with poly(A)+ RNA

¥

i1solated from yeast mitochondraia, This RNA, in an E, coli
cell-free system, directs the synthesis of polypeptides

<

°
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which can be QFecifically precipitated with antibody to

o

cytochrome c oxidase., Thus, all the evidence to date

indicates that mt—poly(A)+ INA 1s indeed messcnger RNA,

v
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C, NMITOCHONDRIAL PROTEIN BIOSYNTHESIS

As early as 1958 amino acld incorporation into mito-
chondria was detected (MclLean et al., 1958) and these
ocbservations were subsequently confirmed by other workers,

However, 1t was only through the use of gpecific inhabators

" of protein synthesis that the notion of a distinct protein

synthesis system within the mitochondrion gained general
acceptance. Several groups (Kroon, i§63; Roodyn, 1965;
Wheeldon and Lehninger, 1966; Beattie et al., 1971)
demoﬂstrated that amino acid inceorporation into mitochondria
was not an artifact du? to cytoribosone contaminatlon:

since it was sensitive to low concentrations of chloram—
phenicol and insensitive to cycloheximide (a specific
inhibmté? of cytosol proteain synthesis)., Since those
initial studies 1t has been shown that mitochondria contain
all the components of a functional protein-synthesizing
system, compeonents [including mRNAs, tRNAs and ribosomes;
(cf£. section I.B.), as well as 1nitf;tion, elongation and '’
termination factors (Avadhani et al., 1976)] which are
distinct from their cytosol counterparts, In many respects,

including antibiotic sensitivity and the utilization of

formylmethioninyl-tRNA as initiator, mitochondrial protein
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synthesis 1s remarkably similar to the same process in .
| 3
prokaryotes. \however, regent analyses of mt-rRNAs indicate
& - ‘ -
that this functional saimilarity may not be reflected in as

great a degree of gtructural saimilarity 'as previously

oy

assumed (refer to SECTION IV&.
Attempts to identify and characterize the products of. /

mito?hondrlal protdin biosynthesis Eavé involved numerous

approaches. In addition to inhibitor studies in vivo,

these include labelling in vitro of isolated mitochendria

(Poyton and Groot; 1975) , genetic analys;s of ¢ytoplasnic ,

mutants (Griffaith, 1975), coupled éranscription - trans-

lation systems (Scragg'and Thomas, 1977), incorporation of

mtDNA 1nto bacterial plasmids (Clayton, 1976), and the : .

translation 22‘25352 of poly(A)annnﬁa(Padmanaban et al.,

1975). All these approaches suggest that from 5 i\15

polypeptides are synthesi;ed in mitochondria (Michel and

Neupert, 1973; Lederman and Attardi, 1973), and that in all

cases these are hydrophobic proteins which are components of

certain inner mitochondrial membrane complexes (e.q.,

cytochrome ¢ oxidase, cytochrome bcl, and oligomycin-

Y

sensitive ATPase)., These pitochondrially-synthesized

1

proteins represent only a small portion of the total

o
1
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mitochondrial protein ccmélement (< 10%, Schatz and llason,
1974), most of which'is coded Ffor on nuclear DNA, synthe-
sized on cytoribosomes, and transported into the mito-

/

chondrion. There is little evidence to date that the
larger mtDNAs (g.g., those of lower fungi and hléher plants)
code'ﬁor additional translatio£ produéts. However, 68%
of’ the pzfent:al coding capacity of plant ﬁtDNA has no, ‘
known function and it 1s interesting to speculate that

these mtDNAs contain cistrons for as-yet-unidentified .

ﬁranslatiqn products (Leaver and Pope, 1976).

\
\ ‘ y «
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D, MITOCHONDRIAIL BIOGENESIS M
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Mitochondria, ltlappe5rs, are not synthesized de novo but
originace fr&mpra«existlng organelles in a manner remir-
iscent of the growth and division of bacterial cells

o (Attards et al,, 1975; Luck, 1965), This mitochondrial
biogenesis, resulting in the farmat%on of a functional
resplratory\chain and proteiﬁ~synthesizi@g appaiatus,
involves thelco-ordination of two distinct gegetic systens,
one cytoplasmic and the other mitochondrial (Schatz and
Mason, 1975; Tzagoloff et al., 1973), The 1nterplay/
between ‘these two systems is not well understood but some
information has been obtained through study of the |inner
qltoqhondrlal mémbrane complexes, specificdlly cytochrome
c’oxidase. These are hybrids of Eytosol- and mitochond- ﬂ
rially-synthesized components. .

- It appears that mitochondrial translation products are
not needed for the 'synthesis of mitochondrial proteins of
¢ytoplasmic origin (Ebner et al., 1973; Poyton and Schatz,
1975), In contrast, protein synthesis on mitochondrial

- ribosomes, measured both\ig vivo and in vitro, may be

controlled b¥ proteins synthesized in the cytoplasm (Schatz

an&‘Ma;on,‘1974). Poyton and Kavanagh (1976) have recently

7
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suggested that che cytoplasmic "stimulatory proteing® in
yeast act specifically to stimulate the synthesis of
certain distinct mitochondrial translation products., They
presented evidence which indicates that it is sthe
cytoplasmically-synthesized subunits of cytochrome c
oxidase which exert a positive cffect on the synthesis

of the mltéchmndrialnspec%flc subunits, Although these
results are preliminary, they offer an experimental
approach to the study of mitochondrial - nuclear inter-

actions, which is rapidly becoming the most interesting

area in mitochondrial research.



SECTION II: WHIEAT EMBRYO MITOCHOWDRIAIL RNA:

ISOLATION, CHARACTERIZATION, AND ISOTOPIC LABELLING

1. INTRODUCTION . ‘ ,

& '
A, MITOCHONDRIAIL RIBOSOMES AND RIBOSOMAL RNA IN II&GHER
PLANTS ! ‘

As indicated in the preceding General Introduction,

considerable information has been accumulated on the size
and composition of the mitochondrial ribosomes and rRNA in
animals and lower fungi. However, to date, few studies
havg been devoted specifically to an analysis of the
highetr-plant mitochondrial protein-synthesizing system

and its components, and the information obtained has jeen
much less detailed, In part this is dye to the fact that
green plants possess yet another sem%égutonomous subcellular
organelle, the chloroplast, which contains its own
distinctive protein-synthesizing system and which grossly
contaminates mitochondrial preparations during subcellular
fractionation., Since chloroplast ribosomes may constitute

as 'much as 20 - 30% of the total ribosome population in \ :

a higher plant cell, compared to less than 1% in the case

1
¢
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of mitochondrial ribosomes, the isolation and de?initiv&

o

~

characterization of mitoribosomes from grecn plants has
not been gn easy task. “In gddition, however, lack of
interest in plant mitochondrial nucleic acids may be
attributable “to a general negative bias wﬁich mény
investigators direct toward the plant kingdom.' Such an
attitude is not only unjustified but is unfortunate, since
the higher plant offers an opportunity to study a numb;l
of unigue problems associated with embryonic development
andﬁlntracellular interactions. Thus, embryogenesis in
highexr plqnts passes from a period of rapid cell gfowth
and division (in the developing seed) into a condition of
dormancy {(mature seed) which is subsequently followed by

a resumption of cell growth and differentiation (during
germination), Well-documented functional and structural
changes 1& the mitochondrial population occur durzng
germination in higher plants (Solomos et al., 1972}
Malhotra and Spencer, 1973) but the control mechanisms
underlying these changes, as well as their biochemical
bashis, remain poorly understood. In such a context, the

germinating plant seed becomes a model systeh in which to

examine some unigue aspects of mitochondrial biogenesis,

-
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Tn addition, the presence of a third genetic system (an
the chloroplast) in higher plants allows a study&of the
interaction of three dastinct genomes waithin the Same cell.‘
In particular, the opportunity to examine the regulation
of function of two complementary, semi-autonomocus, energy-
transducing organelles i1s not provided by any other
cukaryotic system.

Initially, mitochondria were isolated from plant
material for studies of their energy-generating capacities
(Stafford, 1951; J'ohnst'or{:éi:_ al., 1957; Honda et al., 1966;
Bonner, 1967). The asclation methods involved the
differential centrifugation of cellular homogenates, a
procedure developed by Palade and coworkers (Hogeboom et
al., 1948) which allowed the preparation of struct-
urally-intact mitochondria, In these preparations, the
monitoring of pargﬁeters such as P:0_and respiratory
control ratios (indicators of the degree of coupling of
oxidatave phosphorylation) was sufficient to ensure the
biochemical 1?fegr1ty of the mitochondria, Contamination
of these cruée mitochondrial preparations by other cell
components (e.g., nuclear fragmepts, plastids, microsomes) .
was Qigh but could be tolerated as it did ngt affect the

| . .
results of the analyses., In addition, plant tissues

v
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containing a low content of these organelles could be
used Qs a starting material and low yields could be
accepted because rclatively.few mitochondria were needed '
for such studies.

lHowever, analyses of mitochondrial nucleic acids
and protean biosynthesks require COnsiderably purer mito-
chondrial preparations since the crude mitoéhondrlal
fractions contain numerous nucle;c acid confaminants.
The presence of minor amounts of such‘material (nuclear -
fragments, endoplasmic re%iculum, plastids and micro-
organisms) could significantly affect the results of
such anélyses, due to the inherently-low content of mito~
chondrial pucleic acids present in all organisms examined
to date (less than 1 ug DNA per mg mitochondrial proteain;,
Suyama and Bonner, 1966; Leffler et al,, 1970; 3 - 20 ug
RNA per mg mitochondridl protein; Pring, 1974)., The RNA
content of microsomes, on the other hand, is much higher
and in the order of 200 ug/mg (O'Brien and Kalf, 1967).
The traditional methods of assessing the purity of mito-
chondrial preparations used for nucleic acid studies are

Lo

insufficient and may lead to erroneous conclusions.
L ] By

Electron microscopy of purified mitochondria may aid in’
L)
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determining the physieal “integrity .of the organelles but

is incapable quantitating any extramitochondrial

€ e
contamination that may exist (De Duve, 1967). “Assay of

marker emzymes such as glucose 6~phosphatase (whose

activity in mitochondrial fractions has been taken as an
indication of pontamlndflnq,fragments of endoplasmic
reticulum; De'Duve gt al., 1955) does-not alwa&s of fer
suffic1entvgvidence for the purity of a mitochondrial
preparation (Pollard et al., 1966). Therefore an analysis

of the mitochondrial nucleic acids, demonstrating that

-

they arngistinpt and different from any possible contam-

inants, i1s necessary, ’

4

A number of methods have been developed in an attempt

—

to remove ¢ontaminating nucleic acids from crude*mito-

P

" chondrial fractions. These include: (1) buoyant

density centrifugation (Guderian et al., 1972), which
will separate nuclei and nuclear fragments, mitochondria,
intact chloroplasts and microsomes on the basis of their

t

differential d§n51t1es; (2) deoxyribonuclease treatment

1
"(Suyama and Bonner, 1966; Tewari, 1971; Kolodner and

Tewari, 1972), which selectively removes extrfémitochon—

drial (nuclear) DNA; (3( EDTA treatment (Sabatlni et al.,
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1966; Attardi et al:; 1969), vhich disséciates contam-
. inating cvtosol rlbosomes in mlcrosomes or bound to the

outexr mltochondrlal membrane- (4) ribonuclease treatment

\

(Leaver and PoPe,,1976),'Whlch degrades contaminating '

’ cytosol RNA; (5) digitonin treatment.(Malkin, 1971),
' which selectively solﬁbilizes microscmes and the outer
mitochondrial membrane, thus elininating contamination by

]

extra-mitochondrial ribosomes; and (6)' preferential
subpression ofv;ytosol RNA synthesis with actingmycin D,
an inhibltor(ﬁf nuclear DNA transcription (Vesco and
Penman, 1969; Dubin and Montenecourt, 1970). In the

o present study a modification of the medium employed by
Guderian et’al, (1972) for the prgparation of tobacco
leaf mitochondria was used for the isolation {bw differ-
-ential centrlfugatién) of a crude fraction of wheat embryo

o mitochondria, Inclusion of relatively high concentrations

of EDTA during subsequent buoyant density centrifugation

i :
facilitated removal of contaminating nucleic acids.,

(‘7 1] R

\X Early analyses of higher plant mitochondrial ribosomes

date from 1965 when Kiglev and coworkers observed ribosome-~
!

+ like particles in swiss chard (Beta vilgaris var, cicla)

mitochondria by ‘electron microscopy. Wilson et al. (1968)

”



A

at

-4 6=

3

also observed such particles in intact maize mitochondria

o

and in addition found parLiéles in matochondrial lysates
with a sedimentation coefficient of 66 S: However, these .
structu;esjwere not charactérlzed“and shown to be ribosomes.,
It 15 possible that the particles were 60 S ribosomal
subunits, since maize mitoribosomes have since been shown
to be sensitive to the)K"'/Mgz+ ratio in the isolation
medaur and the 60\8 subunit often represents the major
ecies in maize mitochondrial ribosome preparations
(Prang, 1974), T

The first characterization of plant mt~RNAs was. that

‘reported by Pg lard et al. in 1966, They isolated high~

molecular-weight RNA from mitochondrial fractions of

4

Brassica oleracea (cauliflower), analyZea it by sucrose

density gradient centrifugation, ahd examined its nucleg-

tide composition. The RNA sedimented at rates characteristic

" of ribosomal RNA, although precise sedimentation coeffijc-

ients and molecular weights were not determined. 'The
individual ("18 S" and "28 8") mt-RNA species had a
: - *
relatively high G + C content and their overall nucleQtide

. | ‘A*\\’“r__/
compositions were similar, although not identical, toj
those determined for the corresponding cytosol rRNA ~

components, Since these mitochondria were isolated [in the

t b
» ’ /



P

A

o

Y N : 1

" -

prqsenceoof a hagh concentgation of M;2+ (10 mp), it 18
probable that the m£~RNA Spe&ies analyzed were, ih fact,
cytosol gantamlnénts. Gray (unpublished data) has shown
that when mitochondria éreuprepared from commercial wheat

~germ using the procedure of Pollaxd éE al. (1966), the RNA
§gbsequently extracted consists lardgely of contaminating
cytosol RNA, even when tlie crude mléochondrlai fraction is
further purified by buoyant density centrifugatlonf In'

' 1968 Baxter and Bishop examined soybean mitoclondrial RWA
and observed two specles with electrophofétlc mobilities
intermediate between those of the tw0=cytosolnrRNAs. ?hey
,Elso reported that the large mtRNA species had a relatively
Jow G + C content. However, the G + C content of thais

. species is actually 52.4% (Baxter, personal communication),
wialch 1s close to thé G + C contents of ﬁhe two cytosol
rRiéAs (57.4%, 25 S; 53.4%, 18 8) and high For mitochondrial
rRNAs (22% tg 47%; TABLE II). ‘The RNA preparation analysed
by these authors was degraded and the possibality of plastid
contamination was not excluded. %hus, not much confidence
can be placed on the reported sizes and nucleotide comp-
ositions of their mtRNA species. Vasconceios and Bogorad
(1971) reported’'the isolation of 70 S ribosomes from mung

+

bean mitochondria, whereas 80 S ribosomes were obtained



from tne cytosol. The molecular weights of thé bresum&d/
mitochondrial rRNAs were stated to be 1.1 and 0,58 million
daltons, However, ho supporting data on the charactoér-
ization were given and subsequent work by Leaver and
Hérmey (1973) has demonstrated these-results to be incor-

. rect. Vasconcelos and Bogorad possibly were dealing wiéh
plastid conﬁgminants, siyee mung bean chloroplasts contaan
70 S rabosomes and their rRNA components have molecular
weights of 1,1 and 0,58 million daltons. -

» 'The farst systematic study of plant mitoribosomes and
nt-RNA was undertaken by Leaver and Harmey in' 1973. Thesg
investigators analyzed five élcotyledonous plant species
{(turnip, mung bean, potato, cauliflower, and pcq), and

' Went to great lengths to ensure that tﬁelf matochondria
were pure and intact, mdnltorlng their preparations with
tge aid of electron microscopy, oxygen-electrode polaro-
graphy and spectrophptometry, They also demonstrate&

7

(by buoyant density centrifugation) that contaminating

>
’

nuclear DNA represented less than 5% of the DNA igolated

1

from thesmitochondrial fractions., The yield of mito-
, chondrial protein was 35 to 45 ug/g murg bean hypocotyl or

turnip root, and the yield of mltoghondfial RNA was 10 -

-
v »

[y
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20 pg/my matochondrial protein. The usc of non=greon '

plaht materials (cblolated seedlings, stdraqe tissues)
“iof 1solation of mitochgndrial] fractions minimized any

problem with  plastid  contamination. o
Chavacterization of the total plant mt—ﬁNA by poly-
ac?ylamlde gel electrobhore51s in an EDTA-COntHlnan buifer
(Leaver and Harmey, 1973) revealed two major components,
tne iarg@r having a molecular weight of 1.12 - 1.18 million
daltons and the smaller with a molecular weight of 0.69 -
0.78 million daltons, depending on tne plant spacies. The
gytosol homologues had ﬁolécﬁiar weights of 1.30 - 1,36 and
0.65 - 0.70 milllpT&f%ltons. Leaveg and Harﬁey found that

degradation of the .15 million dalton mt~RNA, component

o "~ 4 h . “0.)
. occurred during, electrophoresais in EDTA medium but that this

breakdown cduld be prevented if -the RNA was prepared in the

2+ p

presence of Mg and fractionated in a‘Mg2+—conta1nlng

\
buffer, They alsc characterized the mt-RNA by sucrose

. ‘H
density gradient centrifugation using E. coli rRNA

markers. The two mitochondrial rRNAs sedimented faster
than “their pacterlal homologugs but between the two

cytosol spécmes. The sedimentation coefficients of the .
. 3

-

mt-RNA components were calculated to be 24 S and 18.5 S -°
l -4

|
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(compared with 25 8 and 18 8§ for tneir cytosol countekparts) .

Preliminary analysis Of fturnip rRNA nucleotide conposition

-

revealed G + C contents ol 44% and 32% for the mitochondrial

and cytosol species, respccti<ély. l

No 5.8 8 "satellite" rRNA, a specific marker of
eukaryotic cytosol ribosomes (Payne and Dycr, 1972), was
present in total mb~RNA preparatlané. This provided .
addational evidence of the pur;ty of the_ mitochondrial
fractions. However, plant mitocnondria did contain 5 S
rRuA (1n contrast to other systems; ¢f. SECTION 'IV) and

-

presumptive transfer RNA (4 S). |

Plant mitorlbésomes were prepared by lysing the
nitochondrial fraction with Triton X-100 and purifying
the ribosomes by sedimentation in a linear sucrose density
gradﬁent. The mitoribosomes sedimented faster than E;ﬁggii
ribosomes (70 S) but more slowly than the plant cykosoi
ribosomes (80 S) and were tentatively assigned a sediment-
ation coefficient of 77 - 78 S. An analysis of the rRNA
obtained directly from the mitoribosomes confirmed the )
results found with the total mt-RNA. In the case of
turnip mitoribosomes, the 1.15 million dalton rrfk com-

ponent was shown to be restracted to the large, or 60 S,

N

subunit, while'the 0,70 million dalton component was
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confined to the smalll, or 40 8, subunat.

The conclusions of Leaver aﬂd Harmey regarding the
properties of higher plant mitoribosomes and mt-RNA were
confirmed in a subsequent study carried out by Praing (1974)
in maize. Thae mitorabosomes of thig haigher plant (n
monocotyledon) also had a sedimentation cocefficarent of 78 8
and dissociated into 60 8 and 44 S subunits. The twoy
major mt-~RNA species had melecular weights (as detormined

by polyacrylamide gel electrophoresis, using E. coil rRNA

as a standard)'of 0.54 - 0.75 and 1.26 million daltons both .

before and after denaturation in formaldehyde., The cytosol
rRNAs had apparent molecular weights of 0.70|and 1.26 1
million daltons, as determined by eléctrophoresis in
non-denaturing gels, but 0.68 and 1.15 million daltons in
formaldehyde gelaréuggestlng a preferential reaction of the
larger cytosol rRNA component with formaldehyde. The UV
énsorbance ratio of heavy to light mt-rRNA was 1.5 although
a value of 1.68 (based on molecular weight ass;gnments of
0.75 and 1.26 ﬁllllon ?altons) was expegted. However, some

v |
preferential degradation of the large mt-rRNA species could

] -

have resulted from use of an EDTA-containing buffer during

polyacrylami gel electrophoresis. Pring extended his
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analyses of maipe mt-rRNAs by cxamining their mobilities
e, v
under several denaturing and non-denaturing condations of
@ i
gl electrophoresis (Pring and Thonbury, 1975). He

1

confirmed his previous results by demopstrating a dependenggg,/’

1

of e]ectrgpﬁoretlc mobility and heﬁca apparent molegular
weight of plant RNAs upon the electﬁ?pﬁoresxs conditions
employed. The diffefence in sizes between the maize mb-
rRNAs and those of tﬂé fave dicotyledonous species studied
by Leave¥ and Harmey was attrabuted to either differences .
in the conditions of non-denaturing gé@ elegtrophoresis
employed in éhe two studies or to a genuine difference

between the two groups (mono- and dicotyledons) of plaits
(Prang and Thonbury, 1975). Such diversity is found gmong ’
the fungal and animal mt-rRNAs and might also be expecte?
among the higher plants.

Concurrent with the abave studies of Leaver and Pring,
an independent investigation of the mitochondrial RNA species
of wheat was undertaken by Gray (19745). Initial studies
were conducted,using commercial wheat germ, which, as a
naturally-dessicated tissue, seemed a particularly suitable
source material for the amounts of mitochondria required

for identification and characterization of the RNA species

which might be present in these organelles, Freshly-mllled\
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whaak gerﬁ was available locally at low cost and in un=-
linited quantity, and could easily be stored for coxtended
paeriods without obvious doterioration, Selectlo% of the
wheat cmbryo systiem for comparative studies of higher
plant cyvtosol and mitochondrial RNA was dictated in no
small measure by the exteifsive lnqumatlcn already avail-
able on the physical and chemical proﬁértmes of whea:tv
cytosol ribosomal and transfer RNA, generated largely
throdgh the efforts of B. G. Lane and has colleagues
(Lane and Allen, 196l; Singh and Lane, 1964; Lane, 1965;
Hudson et al., 1965; Kay and Oikawa, 1966; Wolfe and
Ray, 1967; Wolfe et al., 1968; Wolfe and Ray, 1969;
Dudock et al., 1969). Moreover, since viable embryos
can be isolated in quantity in the laboratory and will
germinate and develop normally for a considerable period
of time, this system seemed well-suirted for studies of
the role of mitochondrial transcription and translation in
the a?tivatlon of pre-existing mitochondria and in the
formation of new mitochondria during seed germination.
Although a1t 15 a metabolically-dormant tissue, wheat

embryo was known to have a hagh content of mitochondria,

displaying at least some aspects of functional competence

Sa
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(e.g., the presence of active cytochrome oxidase;

Jdohnston et al., 1957; Setterfield et al., 1959). Ilowever,_
initial attempts to isolate mitochondrial fractions from
commcdrcral wheat germ met with failure, aYen though the
methods employed had been used successfully with numerous
other plant tissues (e.g., Bonner, 1967). These negalive
results have since been attributed to the unigue physio-
logical state of the tissue. The stfucturally—lmmature
membranes of nuclei and mitochondria in dormant embryos
appeax to be exquisitely sensitive to preparative damage,.

|
so that these organelles are largely broken when the

tissue is disrupted‘in EDTA-containing medium. Thus, the
crude "mitochondrial" fraction isolated by differential
centrifugation of such homogenates consisted largely of
nuclear fragments. Attempts to counter this effect by
replacing E?TA with divalent cations (Mgz+, Ca2+), with
the aim of stabilizing membranes during 1sdlatlon*
(Johnston et al., 1957), led to massive contamination of
the mitochondrial fragtlon with membéane—bound cytosol
ribosomes. In the end, an homogenizing medium containing

both EDTA and Mg2+(Guder1an et al., 1972)allowed the

~ ~“isolation of a crude mitochondrial fraction which could
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then largely be freed of cytoribosome contamination by
buoyant density centrifugation in, EDTA-containing ;ucrose
gradients. By this method, yields of 600 pg mitochondrial
protein/g of embryos and about 20 ug RNi/mgApltochondrial
protein were obtained. The specific aativgly £ gytochrome
oxidase in the gr;dlent-purifled mitochondrial \reparatlons
comparced favorably with values reported for highly-purified
mitochondria from other plant tlsgues/(Staffdrd, 1951;
Smaillie, 1956; Solomos et al., 1972).

Resolution of wheat total mt-RNA by polyacrylamide .gel
electrophoresis under non-denaturing conditions revealed a
pattern similar to that foung in maige (another monocoty-~
ledon) (Praing, 1974). The largest mt-RNA species (which
was also present in greatest amount) co-migrated with the
cytosol large subunit rRNA (26 S, 1.3 million daltons),
while tﬂe second largest (ana second most prominent) mt-RNA
species migrated slightly but distinctly more slowly than
the cytosol sma subunit rRNA (18 S, 0:7 million daltons).

These two mt-KNA species (1.3 and 0.79 million daltons,

relative to the cytosol rRNA species) ‘had the size and

solubility characteristics (insoluble in 1 M NaCl at 0°) of

ribosomal RNA, and Gray (1974a) suggested that they represented

~,

Y

~ \Qﬁn
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the | constatuent hlgh—molecular—weiéht RNAs of wheat
embryo mitoribosomes, The Fotal mt=-RNA also ‘contained
5 8 and 4 S RNAs, but unlike the situation Wlth the
cytosol total RNA, little 5.8 S "saéelliﬁe" RNA was '
produced upon heat denatura%ion of mitochondrial total
RNA, This indicated the absence -of major contamination of «
mif&chondrlal rRNA with cytosol rRNA. ‘ V

Two other, minor RNA species (0.70 and 0.44 milllbﬁ
daltons) were reproducibly detected in wheat mitoch®ndrial
total and NaGl-insoluble RNA. The origin of these two
components has not been resolved; héwever, since the
larger species co-migrated with the cytosol 18 S xrRNA,,
it 1s jpempting to suggest that it was derived from contam~
inating cytosol ribosomes (the 0.44 million dalton com-
ponent had no cytosol counterpart). Gray discounts thas
possibility on the basas that extensive treatment of the
mitochondrial fraction with EDTA during 1its preparation
would be expected to largely remove any contaglnatlng
cytoribosomes. The conspicuous absence in wheat mt-RNA of
a 5.8 S RNA component, which 1s a specific marker of the

large subunit of wheat cytoribosomes (Azad and Lane, 1973),

lends support to this argument. The fact that small sub-
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units are more readily removed by EDTA from membrane-bound
ribosomes than are large subunits (Sabatina et al., 1966;
Attardi et al., 1969) makes it even more unlikely that
ni~RNA depleted of 5.8 S (and hence of 26 8) cytosol rRNA
could contain any s%gnlflcant quan£ity of cytosol 18 s
rRyA. Since the molar ratio of the two largest (1.3 : °
0.79) wheat mt—ﬁNAs was alﬁays observed to be less than the

theoretical value for equal numbers of the two species, 1t

1s ‘possible that the 0.7 and 0.44 million dalton RNA speclies

represented discrete breakdown products of the 1.3 million
dalton mk~RNA component (cf. Leaver and Harmey, 1973).

The ability to i1solate Felatlvely large quantities
of mt-RNA from commercial wheat germ allowed Gray to
carry out nucleoside composition analysis-of the i1iRNA
fraction, the first such analyses conducted 1in a higher
plant system. Wheat mt-i1RNA was found to have a haigh
g + C content (54.8%), similar to the G + C content of
wheat cﬁtosol 1RNA (55.8%). On the other hand, a prelim~
1hary search for pséudou;idlne and 92'—methylnucle051des
in the mt-rRNA indicated that levels of both were markedly
lower than in the cytosol rRNA (Gray, unpublished). Thas
latter observation 1s 1n agreement with the results obtained

¢ »
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in fungal and mammalian mitochondrial systems (Section
I.B.(ii).c), whereas the similarity in nucleoside compo-
sition bgtween wheat mitochondrial and cytosol rRNA stands
in marked contrast to results obtained in other eukaryotic
systems (TABLE II).

It was against this background of kno%ledge about
the properties of the mitochondrial RNA of higher plants
ih general, and of whedt embryo in particular, that the

present investigation was begun.

t

\

-
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B. SCOPE AND, SPECIFIC AIMS OF THE PRESENT INVES%&GATION
. » \

o \ h
Although commercial wheat germ has proven to be an
l

1deal source material for the isolation of relatlﬁely large

guantities of plant mitochondria and mitochondrial| nucleic
|

acifs, ats non~-viability limits the types of analyges which

-

can be undertaken. g&or example, studies of mt-RNA metab-
olism [biosynthesis (including post—transcrlptlonaf\modi-

fication and processing), degradation, and the regulbtion of

%

these two processes] and the involvement of nitochofidrial

transcraption and translation in plant development (e.g.,

4

the onset, regulation and role of mitochondrial protein

-

synéhesis in the ac%avation of mitochondrial functions
Qdurlng germination and the part stch activation play
in the initral development of the plant) are obviouslﬂ

iypossible to do in such a system. Thus, it was necesiary

to establish the germinating wheat embryo as a model system
. .

-

in which to be able %%;study the above phenomena the

t

context of the présent investigation, 1t yas of particujjar

-

interest to determine whether this system could provide the

-

isotopically-~labeled RNAs reguired for more exacting !

< I
=~ characterization studies than cdh be carried out with

unlabeled RNAS.
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The specific aims of this investigation were:
\

(1) to aisolate wviable, dormant wheat embryos and, using

*

”
the procedures developed for commercial embryos, confirm

9

the previous conglusions about the properties of wheat *

mt~RNA. The methodology for mass isolation of viable

.

'wheat embryos existed (Johnston and Stern, 1958) and had
™ AN 4 -

been used successfully by other workers (e.g., Lau, 1973).
(2) to establash condaitions for isotopic labeling of mt-RNAs
in germinating wheat embryos, using the iabellpg péotocols
previously developed by Lane and co-workers (Lau et al.,

1974) for bulk cellular RNA.‘ *

L} 4

(3) to isolate 132?]~1abeled mitochondrial and cytosql -

~

rRNAs, demonstrate that the individual RNA species could be

purified free of appreciable cross-contamination, and prove
that sucn labeled RNAs indeed originated in the enbryos h
and were not confrlbuted by contaminating organisms.

(4) té qharacterize the [32P]—labeled rRNAs and sh;w that

they had the same physical properties as the conrfépondlng

o °

species from dormant embryos, and to carry out detailed

analyses of major and modified nucleotide composition,

¢

(5) to "fingerpraint"” the 26 s, 18 5, and 5 85 cytosol and

4
mitochondrial rRNA species (with the aim of obtaining
‘ ¢

3 . o



evidence as to the unlquenes% of cach of these molecules).
{(6) to prepare [32?]-labeled mitochondrial aﬁd cytosol -
rRNA of sufficiently-high specific activity to be able to
carry out detalled‘sequence analyses (“Tl O}igoﬁhcleotlde
cataloguing") of the 18 8 35801es of the two subcellular
compartments, with the aim of galnlng insaight lnto their
evolutionary relakedness to each other and to prokaryotlc
(bacterial, blue-green algal? and chloroplast 16 S rRNAs.
Thls’sﬁudy waé made possible through a close collaboration .
with oth;x members of the Department of Biochemistry |

(Dr. W. F. Doolittle, L. Bonen) who possessed the necessary

expertise in the area of T, oligonucleotide cataloguing. '
1 g

o
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2. MITOCIONDRIAL AND (jYTOSOL RNA FROM DORMANT, V“IABLE'
N / . ’ . ‘ R
- v WHEAT EMBRYOS . ' ‘

N o \ -
/ , . - ' ~ >

A, [ATERIALS )

3
e
-

|

5
’ A

< Pedigree wheat seed (Triticum vulgare var., Thatcher)

A

€

_wvas obtaindd from Darlv Seed and Feed Ltd., Saskatoon.
, h

LY ]

p Acrylamide and bisacryiami&e were purchased from Easteérn

N
»

FKodak Co, and Canalcor respectively., The former was ré-

crystallized from acetone and the latter recrystallized

% 2 . 1

, fren 95% ethanol. All chemicals and golvents were reagent
grade, ) ' '

° v
4 \

B, METIODS

‘
\ 4 t
h ¢

©
v

. (1) Preparatlon/of Viabhle Wheat Embrvos - )

\ ' El '

, A modification of the method of, Johnston and Stern
!

— (195?% was used to prepare viable embyos from ;edigree‘:

wheat seed, Portions of seed (250 g) were éround in an

aluminum Waring blender (commercial) for 12 seconds at low

o

speed with a Powerstat (Type 1168, Superior Electric Co.,

Bristol, Conn., U.S.A:) setting of 85, No 'dry ice was used,

The mixture wag then transferred to the uppermest of a set

\ .

of Endecott test sieves arranged from bottom to top in
ascending order of pore gize (10-, 1l4-, and 28-mesh, Can~-
\edian Standard Sieve, W.3, Tyler Co.) and shaken by hand

¢ J | .

L3
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“or approximately 230 seconds, The freed embrvos passed

N ¥

° N - , f -
through the®l0=- and ld-mesh sieves and were deposited on

i . ‘ . ) . i
the 28-mesh sieve along with small fraqmgnts ol endosper
L8 ER
/ ’ 9 2 !
and bran. This/portion was retainced for further processang.

[y

Thé waterial stopped by:the ld4-mesh sieve, mostly fragmented
: )

i

{ ) | s
endospern, vas discarded, The intact wheat seed and‘large

v 7 )

Y a \ 3
endosperm f{ragments remaining on the lOTmesh sieve were
A

r
\ / [ ’

reground for a further 10 seconds as described above, The

Il ! »

" crude enbryos were saved and>the gcrticn Yemaining on the
s ? ' 4

10-mesh sieve wgs r&proceséed a third time (8 séconés).
v i ‘ , “‘
The yield from 5 kg of wheat seed was approximately
'Y .

150 g of crude embyos, To remove the braﬁﬁ a hair dryer
\ v Y

[

’

N Y / ‘,
was fized 3 feet abdve thg table and thg bran was blown

"

from the mixture as it was shaken by hand in the 28-mesh

’ N 4
51é§e. The embryos were then separated from the fragmented
endosperm by suspendanq the materlal in a mixture of ‘

cyclohewane/carbén tetrachiorlde (10/25, wv/v), allow1ng

ghg endosperm fragments to settle, and removing the embrvos

from the surface by vaeuum‘suction. This prccedure was,

*

gepeated 4 - 6 timeg to remove all contaminating endosPerm“

A (2

fragments: The purffied embrybs were air dried and stored

at, 0 ~ 4° in the presence of aﬂﬁ&drous CaClz. A final
N ? -

~ ¥ 4
&
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yield of ppproximately 25 g of largely 1ntaq§ and viable
/

; N o { v )
embryos was obtained from S kg wheat seed,

&

! A v
4 i

{z1) Isolation of Mitochondria

3

&

Y LY o
Mitochondria were, prepared from dormant = viable wheat

t .
embrvos using a modification of a procedure developed: by
| 1+

MW, Grav (manuscript in preﬁagation) for the large-scale
préparatlon of a mltochondrlai fraction fLom commercial .
wheat germ., Viable wheat embryos were suspended in "
homeéénizing medium (0.25 M sucrose - 10 mM MgCl;,‘lo\mM \
EDEA, L0 mt NaCl’ 4 mtl B~mercaptoethanol, 0. UJ‘M TrlsoHCl
PIL 7.8 at 4°; 10 nml/g of embr@@s) and qround by hand for
10 min in achillaimnrtar. The homoqenate was centrifuged
at 1000 X g for 6 win in an xhC Internatmcnal Refrlgerated
~Centrifuge and the pellets (Plé, ccntalnlpg whole embryOS
and intact quls, were’ discarded, Supernatants (Sl) were
filtered t?ro;gh cheesegloth and centrifuged ;t 2000rx g
for 10 mlnf ‘Pellets (P,) were resuspehded in, 'fresh homo-
genlzlﬁg medlum for cytochrome c oxmdase assays, while -

(4

supernatants (S ) were centrifuged at 18 000 x g, in a

bSorval%RCZ-Bﬂcentrlfuqa,for 20 min, Supernatants (S ) were

. @M ¢

saved for cytochrome ¢ oxi§asé assays and Cytoscl RNA
6 | °

¥ - /

%y

o
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Y
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extraction, while pellets werel resuspended in fresh \
homogenizing medium and the mitochondria againléedimented
at 18,000 X g for 20 min, Thé crude washed'mitochqndrial
Eraction (Dg) was resuspended in 24 ml homogenizing medium
and further purified by iscbycﬂié centrifugation in threeﬂ
diséontinuous gradients, each copsisting of 8 'ml 1.z“n and
1,5 » gucrose in 10 mM EDTA (pl 7.4). The crude mitochon-
 drial fraction was layereé on the gradients, which were
then centrifwged in a Beckman Model L ultracentrifuge in a
Spinco SW 25,1 rotor for 60 min at 25,000 rpm. The bulk of
the material above the 1,2 M - 1,5 M interLace was removed
by asPLratién and the purified mltochoﬁdrla (Mb) were .
carefully removed using a syrainge fitted with a needle /
containing, a right-angle bend (to avoid turbulence)., The
three pooled mitochéndr1al~£ands were %lpwly diluted (pver
a 20 min period) with 2 vol, 10 mM EDTA (pH 7.5) and
centrifuged at 18,000 X g for 20 min, A schematic reépre-
sentation of the mito?hondrial i1solation prodedure is shown

£

in Figure 1. '

4
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FIGURE 1
PROTOCOL, FOR TUE ISOLATION OF A PURIFIED MITOCHONDRIAL FRACTION

. FROM A WHEAT EMBRYO HOMOGENATE

Tntact Viable Wheat Embryos + Hamoéenizlng Medaum

i

Hand-gtound in chilled
mortiar, ca. 10 min

Wheat embryo homogeunate

-

W
. . 1000 X' g, 6 min, 4° -
g

¥

\ .

Supernatant (Sl)

[

n

Pellet (PZ): discard
l | 2000'% g, 10 mn, 4°

. Pellet,(Pz): discard \ Supernatant (gqf

[

18,000 X g, ) mua. 4°
‘ n . Do . ,
Peliet (Pj) Supernatant (§,): =ave
. for &ytosol RNA
. - . extraction !
R;Suspend i ) !
homogenizing medium; v
18,000 X g ,
- \Pellet (P3) ]
o ‘ » . B
' ‘Resuspend in homogeniZing mediun '
and fractiomate by buovant demsity.
centrifugation, Spinco 8W 25.1 rotor,
25,000 rev/win, 60 min, 4°
Lipid fil d )
P 1/ ' Remove Band 2, diltute with 2 vol., .
Band 1 | bzzoazgd . - 10 mIEDTA (pH 7.4): 18,000 X g
wl .
Band 2 prrzrza |
) N : o ) > PUP{FIED )
Pellet - ) » MITOCHONDRIA
) ’ ‘l 'ﬁt ! :
7 . . »
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(112) Cytochrome c Oxidase Assays \
' - |

. N
{

The-éuriflcatibn of the mitochondrial fraction was

monitored by determining the specific activity of cvtochrome

0

¢ oxidase (cytochrome iiéa, EC 1.9.3.1), the terminal

bafflgf’in the eléctron transport chain and a marker

enzyme of the inﬁer mlkocﬁonﬁkgal'membrane. ‘Cygochromelc
pxidage dctivity was measured by the method of Cooperstein

and Lazarow (1951), in which\tﬁe rate of oxadation of ;
ferrocytochrome ¢ is monitored by foilqwing the decrea#e L
in absorbance at 550 nm. Protein was ass%yed b&;pheumethod

of Lowry et al, (1951), First-order velocity congtants and
sPeCLEic activities were determined as described by Wharton .

and Tzagoloff (1967)., Specific actiyity was expressed as

nmoles ferrocytochrome ¢ oxidized per minute per mg protein.

1

o A |

(1v) Isolation of Mitochondrial and CytdéolﬂRNA

.
¢ i bl
-

a. ~Isolation of Total Cytosol RNA . ‘ '

Fifteen ml cytosol supernatant (83) were transferred to

)

4 glass centrifuge tube containing 100 mg NaCl, 1.5 ml

2

bentonite (6.5 mg/ml) ‘and 1.? ml 20% SILS. Ten ml 90%

phendl (aqueous) were added and the mixturéﬂwas shaken for
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v
N

10 min at room temperature on a horizontal shaker., The
organic and aqugfus ph&ses were-then separated by centri-
fugation at 1000 X g (2000 X rpm, IEC Intcrnational

Refrigerated Centrifuge, Model PR-G, rotor 269) for 10 min

t
-

x at 5°, The upper agueous phase was removed with a Pasteur
N pipette end re-extracted for 10 min with an additional 8 ml
90% phenél. The phases were again separated as described
above and the aqu?ous phase- removed, combined with 2 vol,
95% ethanol, and stored at -20°, ,

o : |

b. Isolation of Total Mitochondrial RNA '

¢

! ~__ The purified mitochondrial pellet (Mp) was suspended

in 15 ml extraction buffer (6.05‘ M Tris, HCl (pH 7.5), 10 mM
MgClz). Sodium chloride (100 mg), bentonite (1.5 ml of, a {
6.5 mg/ml suspension) and 20% SLS (1.7 ml) were adQed‘to the
suspension and tﬁe RNA was extracted with phenol as des-

cribed above for the cytosoi RNA, The ethanol-precipitated

'

mitochondrial RNA was stored at -20°, \
4 v

Yo



-5%-

c. Isolation of Mitochondrial and Cytosol NaCl-soluble

a

and MNMaCl-insoluble RNA

\

In order to selectively precipitate raibosomal-type
RNA, total/nucleic acids (cytosol or mitachﬁndrial) weret/
dissolved in water (at a concentration of 1 - 4 mg/ml) and
made .3 M with respect to NaCl by addition o§ solid salt.
Lfter 8 hr at 4°, the NaCl-ingoluble RNA (iRNA) was recov-
ered by centrifugation at 13,000 X g (20 min, 0°), The
Naéﬁ—soluble RNA (sRNA) waslprecipitated from the super-
natant bygaddition of 2 vol, of 95% ethanol.‘ The iRNA
was %ijected to two additional precipitations from 3 ﬁ
MaCl., The bulk of the residual NaCl was gzmoved by
dissolviné the final pellet in 0,1 ! NaCl and reprecip-

itatang the RNA waith ethanol, All RNA was stored at =20°

as an ethanol precipitate, ' s .

(v) Polyacrylamide Gel Electrophoresis
. 1 ¢

Electrophoresis of RNA samples was carried out in 2.4%,

2.8%, or 5% polyacrylamide 'gels by a modification of the
method described by Loening (1967). The 2.4% and 2.8% gels

were prepared from an aqueous stock solution containing 15%
b

i

£
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acrylamide, recrystallized from acetone, and 0,75% bis-
acrylamide, recrystallized from 95% ethanol (Acrylamide I),
For 2.4% gels, Acrylamade I (3,6 ml) was added to a side-
arm Erlenmeyer f{lask (1251ml; along with 11,2 ml distilled
water and 7.5 ml of the 3E buffer [0.12 M Tris - 0,06 M
sodiun acetate - 0,003 M EDTA (pH 7.2)] of Bishop et al.
(1967). The mlxturelwas degassed under vacuum for approx-—
imately 130 seconds. ‘With constant aqitatibn, 50 ul TEMED
(N,N,N',N'-tetramethylethylenediamine) were added, followed
by 0,375 ml 10% ammonium persulphate., The mixture was then
pipetted intolﬁ'%lexiglass tubes (0.7 cm diameter, 7 cm
length), each having dialysis tubing wrapped aroudagthe
Jbottom to retain’ the gels during polymerization, Absorbent
tissue was used to,tremove any soiution clinging to the
sides above the gel meniscus and the gels:were left to
polymerize for 30 hin, If the gels ;ere not used immediately,
‘ﬁistilled water was layered on top and the tube covered with
Parafilﬁ. In this mannerithe gels could berstored for sev-
ergl days without altering their resolution properties, The
2.8% gels weré“prepared,in the sequenée described above

but from a mixture containing different propo;tions of

a

ingredients (4.2 ml Acrylamide I, 7.5 ml 3E buffer, 10.4

1
!
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. .
nml water, 50 ul TEMED, and 0,375 ml 10% amm?nium persulphate) ™

The mixture used to prepare 5% gelgicontained 7.5 ml
Acrylamide LI golution [15% recrystallized acrylamide, .
0.375% recrystallized bisacrylamide], 7.5 ml 3E buffer,
7.35 ml distilled water, 50 pl TEMED, and 100 ul 10%
ammonium persulphate,

Prior to sample ,application, gels were run in a Canalco
electrophoresis’ apparatus (Canalco Industries Corp,,
Rockville, Maryland) for 1 hr at 5 md/gel. The electro-
phoresis buffesawas E buffer containing 0.2% SLS, Samples of
RNA (10=20 pg) xn < 50 ul E buffer containing 10-20%
sucrose were layered on the gels with a micropipette and
electrophofésis Q:; carried out for either 2.; - 3 hr (2.8%
and 5% gels) or 3,5 - 4 hr (2.4% gels). The gelg were then
removed from the Plexiglass tubing and scanned in a Joyce
Loebl UV scanner attached to a Sargent Model SRLG recorder.

The r?&atlve proportions of the individual DNA and

the scanning paper.
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C. RESULTS AND DISCUSSION

i

(i) Cytochrome C Oxidase Activities of Isolated Mitochondria

Cytochrome ¢ oxidase activitleé in the various subcell-
ular fractioné pr?duced during the isolation of mitochondria
from dormant viable wheat embryos are given in TAﬁLE III.

These results are comparable to those obtained with non-

viable, commercial wheat germ (M.¥. Gray, in preparation).

An analysis of this data in relation to that obtained '
with 24 hr-germinated wheat embryos is given in SECTION II,

ZDC‘ (ii)oBa »
, —— .
(ii) Characterigation of Mitochdndrial and Cytosol RNAs

q"by Polyacrylamide Gel Electrophoresis_
t" -

When cytosol total, NaCl-insoluble, and NaCl-soluble
RNA fractions from dormant (unimbibed), v1ab;e wheat embryos

were resolved by pclyacrylamiﬁe gel electrophoresis, the

distribution of UV-absorbing material (cf. FIGURE 2A, 3A,

20*) was qualitatively symilar to that of the corresponding

1
L3

*Since the polyacrylamide gel electrophoresis profiles of
cytosol and mitochondrial total, NaCl-ingoluble, and NaCl-
soluble RNAs were qualitatively ldentlcal whether isolated QEQ
from unimbibed (viable) or imbibed wheat embryos, only the
profiles for the latter system are shown (FIG. 2, 3, 20).

»

*

v
9 t
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LEGEND OF FIGURE 2

v
&

Polyacrylamide gel (2.8 %) eléctﬁopho}851s of total nucleirc acad
. e,
. fractions isolated from the cytosol [(A), ca. 0.3 A2604un1ts] and

mitochondria [(B), ca. 0.3 Ar60 units] of 24 hr - germinated wheat

embryos. Profiles were obtained by scanning the gels with ultra-

'

violet 1ighthas described in SECTION II.2.B.(v). Arrows in’ (B) indicate

minor UV—aEsorblng components which were reproducibly observed in the

1

,gel electrophoretic profiles of wheat mitochondrial total nuclelc acids.
AN
Panel (C) shows the.profile obtained after mixing cytosol (ca. 0.2 ,

» L]

A units) and mitochondrial (ca. 0.4;A260 units) nucleic acuids.

260

{ .
\

4

.
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FIGURE 3

( 260 nm )

185

ABSORBANCE
<
-

S

L : AJ/) AL

0 5 0 5
DISTANCE MIGRATED ~( ¢m )

Polyadrylamlde/gel (2.8%) electrophoresis of NaCl- inscluble
RNA (1RNA) fractions from the cytosol [(4) ca. 0.2 4, 0 units] and
mitochondria [(B) ca. 0.4 Aggp units] of 24 hr - germinated wheat
embryos, Profiles were obtained by scanning the gels with ultra-
violet light as described in SECTION II.2,B.(v). Arrows in (B)
indicate minor UV-abscrbing components which were reproducibly
observed in the gel profiles of wheat magtochondrial 1RNA.
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. RNA fractions prepared from comqercmal wheat germ (Gray,

- b manuscript in preparat;on), with the two'hajor speoies‘lh
the 1RNA fkaction representing the 26 & ?nd 18 8 RNA
cdmﬁbnents of cytoribosomes. The po}yacrylamlde gel
electrophoretic profiles of mitochondrial total, NaCl~ :
insoluble, and NaCl-soluble RNA from dormant viable )

, embryos (cf. PIGURES 2B, 3B)* were also essentially
identical to those observed for the same RNA fractions
from:cOmmercial wheat germ (Gray, manuscrlpt‘in‘preparation).
In addation to the peaks migrating in the positions of
the 4 S/andcg S RNAs, the mitochondrial total RNA gel
profiles contained two major components, one of which co-
migrated with the cytosol 26 S rRNA species and a second
which migrated slightly but distinctly more slowly than the
cytosol 18 S rRNA (cf., FIGURE 2C*)., [Due to the similar

’ v

electrophoretic mobilities on polyacrylamide gels of the

respeétive large- and small-subunit RNAS of higher plant

Y

cyto- and mitoribosomes (Leaver andogarmey, 1973; Priqg

, and Thornbury, 1975), the wheat mitochondrial iarge and
sma aEFNA/égggz:;j;;E\Qere designated 26 S and 18 §,
fespectively. It should be emphasized that these assign-

. 3
ments are made for the sake of convenience and are not

i

-
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meant to imply .that actual measuremepts of sedimentation
coefficients have been carried jut]. . coe

In addition to the two major mt-RNA species; presumed

*to be the high—moleculér—&eight’Eomponents of wheat mito-
) ribosomes, the gel profileéafepréducibly contained several

LN
minor componentsvhéving distinctive electrophoretic mobilities

. .
(cf. FIGURES 2B and 3B, agrows*). )The larger of these

components mi;rated ;s a shoulder on the leading édge of
the mitochohdélal 18 § RNA; in.a pésitioq identical to éhgt
docupied by the ‘cytosol 18 S8 rRNA (as ev%denéeé by the .
mixing experament, FIGURE 2C*), The poss%bility that this
component represents residual cytosol YRNA contamination ’
will be discussed in the follow1ng chapter GSECTQPN 1T, Ak

- 54

(iv).b,). DNA was also present in the wheat m;tochondrlal i

¢

Fota} RNA fraction (cf. FIGURE 2B*) and was removed (as
expected, into the soluble phase; cf. FIGURE 20%*) during I
.precipitation ;f the iRNA with 3 M NaCl (cf. FIGURE 3B*). N
The relative prp;ortlon of DNA in the %otal,ﬁ;togﬂondrial
nucleic acid fraction often varied éénsige:ably and mugh S
of i1t was undoubéedly of nuclear orlgin."The reason for

-

this conclusion is that in other plant mltoqhond

?

examined, DNA represents less’ than 5% of the tal m&to—

\ .

T arq Sag

o
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chondrial nucleic acids (e.g.y ﬁeaver”and Harmey, 1973),
whdreas in the wheat system, it can amount to as much (
as 35 (cf‘ TABLE VIII). As meﬁtloned above, the mito-
chondrlal RNA cont tained both 4 8 and 5 S components,

consgstent'w1th thé resulhs obtained with the commercial \
. >
wheat germ: v, .
h o 3
w ' :
The yields of mt-RNA and mitochonﬁrial protein erm\a
]

dormant viable embryos as well as the RNA/protein fatiqs
4 [y

‘

are given in TABLE IX and will be discussed in the following

A )

\ o, )
_ section along with the results obtained for the germinating

wheat embryos. In addiﬁion, an analysis of the mass

o

ratios of the cytosol and mitochondrial hlgh-molécular—weight

RNAs (TABLE VIII) and an assessment of the degree of con-
tamination (in dpormant tassue) of the mitochondrial RNA
fraction with cytosol RNA (TABLE VII) is also reserved
for the £ollowing section, V!

The results presented here demonstrate that the mito-

« “

chondrial nucleic acids isolated from the dormant, viable

wheat embryos are essentially identical.to those obtained

7’

A
from the non-viable, commercial wheat germ. Therefore any -

damade that may possibly occur during the isolation agé\

. storage of the commercial germ does not seem to affect the

1 - ° N ;
. P; -
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types and proportionsg of RNA componenté subsequently °

isolated from purified mitothondria. These results

>

also suggtbt that at least some of the comporents of an’

=

5

. organellar proteiﬂ-Synthesiz1ng system are present in at -
v . . \ . . !
- least a certain proportion of the mitochondria :of dormant .

i
4 ’ Iy

wheat embryos.. ’
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. 0.1 - 1.6 mCi/ml [32P]orthophosphate was added to each '

. . . <
3. ISOTOPIC LABELING OF MITOCHONDRIAL AND CYTOSQL RNA

IN GEAMINATING WHEAT EMBRYOS ' Coag
k

@ - A Y

A, MATERIiﬁS '

»

. 'ISQP]orthophOSPhate (carr1er—free»°[methyl~3H]me£hionine,

[3Hip£}d1ne and Aquasol were all obtained from New England

-

Nuclear (Boston, ‘Mass,). Actinomycin D and e%hiﬁ%um bro-

‘mide were pukchased from Calbiochem (Los Angeles, calif,).” '

+ & J
All other .chemicals and sblvents were reagent grade.

»

o W \ LY

B, METHODS ) *

(i) Germination and Labeling

Viable wheat embyyos were prepared as described in

SECTION II,2.B.(i). The labeling protocol was adapted from

that of Lau et al. (1974).0 Embryos (2 - 8 g) were uniformly

4

distributed among sterile Petri dishes (8.5 cm diameter;

0.5 g embryos/dish) on a layer of Whatman No. 1 filter

paper. A sterile solution of 1% glucose (4 ml) contdining

dish, iﬁter which the embryos were placed in the dark at

room temperature for 24 hr, '

o



i
Three additional pxperiments were performed using
ﬂifferentugermlnatlan and labeling protocolé.q Iﬂ.khe first
experiment, wheat embryos were germinated.in the presence .
of both [ 2$S§rth0phosphate and [méthyl— H]methlonlne
,lg order to label methyl groups in the RNA.chains as wellt
" as thé phoéphate backboné.t The second qﬁperihgnt examined

the effect of antibioties on both mitochondrial and cytosol

RNA transcription, and involved germinating the wheat

embryos in the presence of ethidium bromide or Actinomycin D,

Theé third eXperiment was an attempt to ascertain the pres-

&

ence or absence of a mitochondrial ribosomal RNA precursor

¢

by pulse-labeling germinating &mbryos in a medium containing

~7 ; . ‘ o . s

[3H]uridlne. All incubations were done at room temperatures
. 1Y / v *

in the dark, ’

In the doubléllabeling experiment, 2 g viable wheat
embryos were distributéd among 8 Petri dishes on a layer
of Whatman No, 1 filter paper. Five ml 1% glucose solution
containing 0,3 mCi [32%porthophosphate, 6.2 mCi TEEEQXif3H]‘
methionine (5 Ci/mmole), 1 umole adencsine and 1 umole
guanosine were added to each dish and the embf}os were

incubated for 24 hr, ¥n Part A of the second experiment,

1 g of viable wheat embryos was ‘added to each of 6 Petri

\ ¢

*

sy
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0
! A d o ®

" dishes: (on filter paper) followed by 2.5 ml of a 1%

‘glucose solution contaihing im~two cases 65 ug Actinomycin

' D, 1n two cases 125,ug Actinomy&in D, and’in the final .

two cases no aptibiotic (controlb. Theiig¥ryas Were

incﬁba%ed for 4 _hr:>followed by the addition of the same,
a . . " &

)

solutxons/g%ven above but this jire also contaihing 0.8 mCa

.[32P]orth0phosbbhte in each case. *Incubation was contlnéed

for a further 13 hr.’ In Part B of the second experiment,

-

the effect of ethidium bromide on’ RNA transcription was

[

(detérmined. Three g via le wheat emﬁryos wére dis%ribﬁ%ed

among 12 Petri dishes and 3 ml of a 1% glucose solution
were added to each dish, After preliminary incubatign for
8 hr, ethidium bromide (1% ug in 3 ml 1% glucose) was
added to each of 6 dishes and l%ﬁé%ﬁcose (3 ml) to the
rem?ining 6 dishes. Following a further 2 Pr incubation,
2Lm1 of a 1% glucose solution containing both ethidium
bromide (10 ug) andx[3zp]9rth09hos§hate (0,10 mCi) were

added to those samples already containing ethidium bromide.

The 6 control dishes”received 2 ml of 1£ gluco;e containing

;nly the i32P]ort§0phOSphate. The embryos were ind%batqd

for a f;nal 6 hr, In the third experiment total cellular,

cytosol, and mitochondrzalfﬂNAs were pulse-labeled in the’
.

§ oo

]

3

LN
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. » ¥ o
presence of [3H]ur1d1ﬁe. Viable wheat' émbryos (1 g\ .

[
v
\

were distributed gn kiltg; pgpér in'cn?vzgpri dish along’
w1£h 4 ml-of a 1%€giﬁcosev;olhtion. In a se;ondQéish
éofmg {ca. 100) wheat embryos were added folloWed By 2.5 ml .
glucose solution, Both‘sagﬁles were incubated for 6 hr, ¢
After incubation the 1 g\embryo éample was transferred
ntcwa }5 ml test tube and'l.s ml 1% quﬁése coﬂtaining 1.5 '
mci 13H]urld;n? (40: Gi/mmole) was addedy The embryos were |
distributed uniformly along the length of the tube such
.that they were all partially immersed in -the soluﬁlon.
The gubryos were then incubated for 60 min with the tube
held in a horlzon;al position. The 50 ﬂg sample was trans-
feéred to a 5 ml test tube, A 1% glgcose solution (0.07§iml)
was added along with 80 uCi [°H}uridine (80 {il).and the
embryos were distributed evenly on the tube bottom. The
embryos were incubated a further 60 min,

. < A

(i1), Purity of thé" Mitochondria

<@
13 i\ o
' .

a. \Electron Microscopy

- 2 !

’ .The final purified mitochondrial pellet [Mp] was fixed }

-

in 2% paraformaldehyde - 2,5% glutaraldehyde - 2% sucrose -

~

o ®
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0.2 M sodium cacodylata (pH 7.4) for l*hr at 4°, The

9

pellet was then washed, post-osmlcat d for l hr at’ 4°

9 H

(12 osmium tetroxidé - 2% sucrose - 0.2 1 sodlum cacodylate),
washed and stalqed with uranyl acetate (aqueous) for 8 hx

at 4°. The mdterial was t leéehydrated throu?h a gradea ’
series of alcohols; solvent-exchanged in propylene oxiqéi
and embedded in Durcupran resin, The fixed, stained mito-

@

o]
chondria were segtioned (600 A in thickness) and scanned,

¥

at a magnification 0£°22,000 X in a Zeiss EM 10 electron
microscope. ‘ .

*

b, Cytochrome c Oxidase Assays

The cytochrome c oxidase assays of the subcellular

. . * N
fractions from imbibed viable wheat embryos were determined

a

as described ain SECTION II.2.B. (iii),.

-

(iadi) Isciation ofIBZPELabelgd Mitochondrial and Cytosol iRNA

L
-

§

Matochondria were purified as described in SECTION II,
2.B. (i1) except that the first centrif?gation (1000 X g,
6 min) was omitted and the second centrifugation (2000 X g)

was anckeased to 12 min., The isolation of labeled mitochon-

}
4
.
' =

e

£
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drial ahd.cﬁtosol Rﬁ? (togal, NaCl-insoluble, and NéCl* Y.

cribed previously for

&

§olublg) was carried out as

unlabelea RNA. .Ultraviolet absorbance was measured in a

/‘m
0

.
Zeiss PM QII spectrophotometer and the radioactivity was N

%

determined by mixing RNA samples (< 200 ul) with 3 ml

Aquasol and counting in a Nuclear-Chicago "Unilux" liguid

.

scaintillation spectrometer. .
- " °

) & LS

'’ Total cellular pulse-labeled RNA was isolated directly
l‘ 3

from germinated wheat embryos. The 50 mg wheat embryo

a

sample was ground in a small mortar with approximately

-

10 ml homogeniélng medium (50 mM NaCl - 0:%% naphthalene
1,5-disulphonate - 10 mM Tris-HCl, .pH 7.6). The mixture
was tHen transferred te a gentrifuge tube and diluted to

20 ml wath \homogenizing med;g?. Sedium tri-isopropylnaph-

thalene sulpRonate (to 1%) and* sodium 4—aminosallcyléte
/ . ‘ * _,‘
(to 6%) were added and the mixture was shaken-for 5 min at

room temperature. An equal volume (20 ml) ‘of phenol mixture

(90 ml water-saturated phenol - 10 ml m}%resol - 0.1 g 8-,

hydroxyquinoliné) was added and the suspension was &haken

a further 15'min, After centrifugation of the mixture -

at 2000 X g (10 min), the lower phenol phase was removed

with a Pasteur pipet®™wahnd discarded, The aqueous phase
- i / *

v o
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and lnterphase were made 0.5 M in NaCl and- the mixture

. -

2 re—extracteg for 15 min with an”equal volume of the phenol
mixture, The aqueous phase was reroved (the phenol phase

- o

. and 1nterphase‘herg disearded) and re-extracted 2 X with
anbequal volume ef°tﬁébphenol mixture., -The total nucleic
acids were then precipitated from the final aqueoug phase
by adding 2 volumes 95% ethanol The prec1p%}ated RNA was .
stdfed at -20°, ’ ; -

1
a
- -
1

(iv) Fractlgggpion and Characterization of the Cytosol:

and Mltochonéfgal RNA \
i ‘ .

>

a, Separatlon of the Individual 26 S and 18 S rRNA Species

-~ s

by Sucrose Density Gradient Cenérlfugat;on

‘Due to technicaifficulties, the large and small

ribosomal RNA'SPecles éould not be isol;ted in sufficient’

yield from polyacrylamide gels as had been done previously

when preparing bactea}al, blue green algal, and chloro-

plast 16 S ribosomal RNA for nucleptide sequence analyses 0
(Dgolitt;e and Pace, 1971). 1In addition,ythe RNA‘lsolated o N

from polyacrylamlde gels was contaminated with material

which caused streaking during subsequent electrophoresis .
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of T, RNase digests on DEAE-cellulose, and this material Yon ,///
(acrylamide byproducts) could not be removed._ In*order
i . 4 .

- g i > b
to overcome this problem, cytosol and ‘mitochondrial NaCl-

© »

insoluble gﬁAs were.fractlénéted by sedimentation in sucrose
density, gradients (5 - 25%). Samples of RNA (200 - 250 ug)
in 60 ul E buffer (electrophoresis bqffer),containing
- 0.5% SLS were l§yer§d onFo 12 ml gfadients, which were
then centrifuged fof 18 hr at.24,000 rpmfand 5¢ inothe
Séippo SwW4l rotor, Al;étnatively, 0.5 - 1.5 mg samples
,Qof RNA in 0,5 ml E buffer’were applied to 31 ml grad;ents
for centrifugation in the Spinco SW 25.1 rotor (24,000 rpm,

18 hr, 5°). When tHe 26 'S rRNA species was to be used for

/ < 1,

&ﬁtnucleotide cémposition analyses, cytoscl iRNA was heated
at-60° for 5 min prior to centrifugation. This procedure
{i:erates the 5.8 S rRNA from/its noncoVvalent asSociation

¥ with the,éﬁ S rRNA (Azad and Lane, 1873), - \ \

Fractions were collected by puncturing the botéoms . ;
of th; gradient tubes with a 20 gauge hypodermic needle
and collecting the'drops (approx. 250 ul}fraction, 12 ml -
gradients; approx, gso ul/fraction, 31 ml gradients),
All operations were done et 4°, An aligquot (200 pl) of ©
each fraction was diluted to 1 ml with water and thg UV °

absorbance measured., Radioactivity was determined as
(2]
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described in SECTION IX.3,B.(ixi). The fractions con-

' taining the Separated species of 26 S and 18 S rRNA were
poé}ed as indicated in FIGURES 5A and 5B, made 0,2 M in
NaCl, and combined with 2 vol, 95% ethanol. The RNA

precipitate was stored at -20°.

»
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b, Polyadrylamide Gel Electrophoresis

t)

Polyacrylamide gel electrophore;is of RNA samples
: and shbsequent scanning at 260 nm was carried out as

VAN described in SECTION II,2.B.(iv). In order to determine
the distribution of radioactivity in the gels, the§ were
first frozen on dry ice and slicéd (6.8 - 1 mm,"Mickle
Gél Slicer, Gomshall, England), The gel slices were then
hydrolyzed overnight in a capped scintillation vial at
90° with 0.3 ml 30% hydrogen peroxide. The clear solution
in each vial was mixed with 3 ml Aéuasol and the radio-
activity measured in either a Nuclear-Chicago "Unilux"
(single label experaments) or a Phil}ps four channel

t

o i
(double label .experiments) liguid scintillation counter,

°

\_.






