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ABSTRACT 
r 

1 6 

Mitochondrial ribosomal RNAs have been isolated from • 

viable whteat embryos^, germinated for 24 hr in the presence.of 

32 ' "" 

large amount of I P]orthophosphate. The two high-molecular-

height mitochondrial [ P]rRNAs ("26S" and "18S") were t 

separated by sedimentation in sucrose density gradients, char-
3 

acterized m terms of size and nucleotide composition/-and 
shown to be distinct in these respects from, their cytosol 

• * 

homologues 11,21 . T., ribonuclease "fingerprints" of the ind-5 

ividual, purified mitochondrial and cytosol 26 S and 18 S 

32 I P]rRNA species have confirmed these results 13]. 'T, ribo--

nuclease dlxgonucleotide "catalogues" of the cytosol and mito­

chondrial 18" S rRNA species have been compiled and^shown to be 

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

with those existing for several bacterial and blue-green algal 

16 S rRNAs has demonstrated the prokaryotic nature of' the wheat 

mitochondrial 18/13 RNA 14,5],-the first time that such infor­

mation has been obtained. Oligonucleotide "catalogues*" • (both 

T. and pancreatic) hav«<also been obtained for wheat embryo 

mitochondrial and cytosol 5 S RNAs, and have demonstrated that 
» 

these species are distinct 13], the- first time that a distinct 

5 S RNA species has been localized in the mitochondrion.' 
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SECTION I: GENERAL INTRODUCTION 

INTRODUCTORY PARAGRAPHS , o 
i i t ' 

The mitochondrion has beefr recognized as an obligate 

constituent of all eukaryotic cells (those cells containing 

a membrane-bound nucleus) for nearly a century (Lehnmger, 

1965) and'its role in cellular energy metabolism was 

established by Lehninger "and coworkers three decades ago 

1 c 

(Kennedy and Lehninger, 1948). However, a new surge of 

interest in these organelles followed the tdiscovery by 

Nass m 1962 tha,t mitochondria contain DNA.v Subsequent 

investigations established that the mitochondrion contains 

all the components of a functional protein-synthesizing 

system, including ribosomes, transfer RNA, presumptive 

messenger RNA, ammoacyl-tRNA synthetases, initiation, 

elongation and termination factors, as well as distinct 

DNA and RNA polymerases. These observations led to the 

concept of the mitochondrion^as a semi-automonous " 

organelle within the eukaryotic cell, and this in turn 

raised novel questions concerning the degree bf indepen­

dence and types of interactions of this organelle with 

the nucleus (and vrith other intracellular organelles, such 

o L 
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^ 

*» 

as the chloroplasts of higher plants). In addition, the 
. ^~ 

new evidence of the partial genetic autonomy of 'the 

mitochondrion reawakened the relatively dormant controversy 

pver its evolutionary origin. This latter topic will be 

k discussed in depth xn the 4ntroduction*to SECTION III. 

Numerous excellent reviews on the mitochondrial f\ 

V̂  nucleic acids/ mitochondrial protein synthesis, and mito­

chondrial biogenesis have been published in recent years 

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

Paoleti and Riou, 1973? Avadhani, Lewis, and Rutman, 1976? 

Sa.ccone and Kroon, 1976) and it is not the purpose of this 

General Introduction to attempt to cover all the data that 

has been analyzed in these articles. I will, however, 

survey what is known of()the mitochondrial nucleic acids, 

emphasizing the latest developments. ' One section of this 

introduction1 will be devoted to pro/tein biosynthesis in 

4̂ he mitochondrion and another to mitochondrial biogenesis. 

These^chapters will of necessity be brief, since these , 

topics are not the main concern of this thesis. In ( 

addition, a discussion of several relevant topics such 
St 

as plant mitochonQrial rRNAs, 5 S rRNAs, and the pro­

karyotic features of the mitochondrion will be reserved 
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rfor later sections of this thesis where they relate 
t 

directly to the experimental work./ 

\ *.' 

,1 
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0 
B. MITOCHONDRIAL NUCLEIC ACIDS 

4 ' P 

(l) Mitochondrial-DNA 

As early as 1924 the kmetoplasts of the parasitic 

flagella.te Trypanosoma and related genera were recognized 

as Feulgen-positive, DNA-containmg cytoplasmic organelles 

(Bresslau and Scremm, 1924) . However, although we now 

recognize that the kinetoplast is a specialized mitochon­

drion it was then considered a distinct organelle found 

only m the trypanosomids 'and bodonids (Pitejlka, 1963) . 

Chevrement and his co-workers were the first to present 

evidence that "true" mitochondria contained DNA 

(Chsvrement et al., 1959; Oftevrement, 1963). They 

demonstrated that chick embryo fibroblasts exposed to 

certain conditions which 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

igators unconvinced and it was not until the exacting 

analytical-morphological studies of Nass and Nass 

(Nass, 1962; Nass and Hass, 1963 a,b), also with chick 
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efibryo tissues, tfcfat >the idea of a mitochondrial-

specific DNa jgamed general acceptance. Since these early 

studies^, m£DNA has- been found in all eukaryotic organisms 

\ 
examined and is considered an indispensable component 

of this1 organelle. . 

Mitochondrial DNA exists in the form of a closed 

circular duplex, the contour length of which vanes from 

5 U (in animals)^ to 30 V (in plants) (TABLE I) . In some 

^organisms mtaot circular mtDNA has not yet been isolated 

but these results are considered artifactual due to 

mechanical damage or enzyme degradation during the 

isolation procedure. For example, in Tetrahymena no 

circular mtDNA species has been detected, but circularity „ 

in vivo can be inferred from the fact that the nucleotide 

sequences of linear molecules (contour length.15 V) are 

vpermuted (Borst and Grivell, 1973). The molecular weights , 

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

(electron microscopy) and by studies of renaturation 

kinetics, range from 70 million daltons m pea down to 

10 million daltons in animal mitochondria, The close 

agreement of values calculated by these two methods suggests 

that there is no sequence heterogeneity in the mtDNA of» a 

given organism (Talen et al., 1975): > 
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TABLE I 

PHYSICAL PROPERTIES OF MITOCHONDRIAL J)NA 

Organism Length 
(lim) , 

Conformation Mol. Wt. 
(x 10~5) 

Buoyant Density G + C Ref. 
Cg/cc) (mol 7.) 

Animals 

Pea 

Potato 

5-6 

30 

28 

circular 

circular 

linear 

9-12 
(flatworm - man) 

Protozoa 

Tetrahymena 

Paramecium 

^Acanthamoeba 

Plasmodium 

Fungi 

Saccharomyces 

Neurospora 
< 

Kluyveromyces 

Plants 

15 

14 

12.8 

9 

25 

20 

10 

» 

linear 

linear 

circular 

circular 

-

circular 

- circular 

circular 

30-36 

30-35 

26 

18 

50 

41 

22 

-

70 
(74)* 
60 
(100)* 

1.686-1.711 40-43 1,2 

1.684 

1.699 

1.690 

1.679 

1.701 

1.706 

1.706 

31 

18 

40 

• 

47 

2,9 

3 

4 

2 

5 

6 

2 

7 

8 

I 

* The bracketed values were obtained through renaturation kinetic experiments 
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The G + C content (and' hence the buoyant density) 

of mtDNA varies considerably from organism to organism , 

(TABLE I), from a low of 18o in yeast (Bernardi et al., 

1974) to a high of 47£ m both potato and HeLa cells 

t (Vedel and Quetier, 1974; Clayton»and Vinograd, 1967). 

An increase in G + C content and a decrease in size of 
\ / » x ' mtDNA appears to be a general phenomenon as one ascends 
\ 7 

the evolutionary ladder. The notable exception is higher 

plant mtDNA, which has both the^nighest G + C content" 

(47a) and the largest size yf30 U) . Hoxvever, since higher 

plants are neither the most highly-evolved nor the most 

primitive organisms (as is quite evident from classical 

taxonomic studies), considerable caution must be exercised 

when interpreting the significance of such data (G + 6 

content and size) m evolutionary terms. 

Borst (1970) has suggested that the»information 

content of mtDNA is 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 considerably from the 5 y molecules in 

animals to the 30 y molecules in plants. The smallest 

mtDNAs are-of sufficient size to code for the large 
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and-small mitochondrial rRNAs, at least two dozen tRNAs, 
« > 

and a limited number of mitochondrial probeins. By 

simple extrapolation, the mtDNAs of lower fungi and higher 

plants could encode 6 - 7 times this amount of genetic 

information. However, it is believed that much of the 

mtDNA of these latter organisms consists of spacer and 

regulatory regions arid does not contain structural genes. 

The amount of AT-rich regions found in yeast (> 50°; 

Prunell, J974) and Neurospora (Bernard et al., 1975) 

mtDNA demonstrates the possibility of a large excess of 

spacer regions m these molecules. Since there is no 
I 

evidence of such regionp-an higher plant mtDNA, Leaver 

and Pope (1976) suggestiphat these latter molecules may 

code for additional plan^mitochondrial-specif IC trans­

lation products. Fhile the upper limit of genetic 

information encoded in mtDNA is unknown, it is believed 

(Borst, 1972) that the mmimuin amount needed for a 

functional mitochondrial genetic system is 10 million 

daltons. 

HNA/DNA. Hybridization studies have demonstrated the 

presence of r^NA and tBNA genes on all mtDNAs examined. 

In addition, genetic analyses have indicated that hydro­

phobic subunits of certain inner mitochondrial membrane 



-9-

enzyme complexes (cytochrome c oxidase, cytochrome be.., 

and oligomycm-sensitive ATPase) are alfco coded for by 

mtDNA. Recently, poly(A)-containing mtRNAs which are 

likely to be mitochondrial mRNAs were shown to hybridize 

, specifically to mtDNA of HeLa cells (Attardi et al., 1976) , 

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

et al., 1975) . However, it has only been recently that 

the possibility of constructing a "map" of"mtDNA hasrJ 

become feasible.- Mitochondrial genetics has offered 

a powerful experimental approach in the past but is 

limited to those organisms amenable to genetic manipu­

lation, and the map produced from such techniques does 

not give the actual physical distances ®f the various 

markers from one another. The refinement of electron 

microscopic techniques has allowed visualization of 

hybrids between labelled RNAs and sinqle-stranded mtDNA 

and subsequent mapping of the rRNAs and tRNAs of HeLa 

cellsfWu et al., 1972; Attardi et al. , 1976) . 

*r "Denatulration mapping" gives information on the locali­

zation of the AT-rich regions m the mtDNA (Bernard et al., 

1975) . However, the most powerful technique developed 

to date of mapping mtDNA is that using restriction endo-

nuclease\. By cleaving the mtDNA molecule with two or 
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more of these site-specific endonucleases, a number of 

fragments can be produced which can be ̂ orientated with 

respect to one anotKer to produce' a physical map. The 

location of the various transcription products (e.g., rRNA, 

tRNA, mRNA), can be ascertained by direct hybridization 

with individual fragments. The use of this technique has 

allowed the positioning of rPNA and tRNA genes on a number 

' of different mitochondrial DNAs and will eventually lead 

to a map locating all of the structural and regulatory 

genes, as well as the spacer regions. One bit of infor-

mation that has already been obtained is that the gene 

arrangement of rffelA 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 diametrically opposed on the circular 

mtDNA while m HeLa cells (Attardi et al., 1976) and 

, Neurosyora (Bernard et al., 1976) they are ad3acent, 

separated by only small "spacer" regions. The location 

of the tRNA genes also varies depending upon the organism 

examined. In yeast, they are grouped together and are 

probably transcribed m a single precursor, as is the case 

in bacteria. In HeLi cells, however, they are distributed 

throughout the entire mitochondrial genome. It thus 
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appears that the initial belief in the constancy of the 

arrangement and polarity of -mtRNA genes (Dawid, 1976) is 

unfounded and" that in the future we will find additional 

variation's in structural organisation and possibly also 

m mtDNA function. Additional studies are also required 
t 

tq clarify the role of"the extra sequences in plant and 

fungal mtDNAs., 

(n) Mitochondrial Ribosomes and Ribosomal RNA 
— ' — ' ' * • i 

a. Physical Properties and' Composition of Mitoribosomes 

, Mitochondrial ribosomes (mitoribosomes) were first ' 

discovered in rat liver by Rabmowitz 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-direc;ted polyphenol- Jt 

alanine synthesis m 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 

protein synthesis. 
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Organism 

Animals 

Human (HeLa) 

Rat Liver 

Protozoa 

Euglena 

Tetrahymena 

Fungi 

Saccharomyces 

Neurospora 

Plants 

Maize 

Turnip * 

Wheat 

TABLE II 

PHYSICAL PROPERTIES OF MITOCHONDRIAL AND CYTOSOL RIBOSOMES AND RIBOSOMAL RNA 

Ribosomes 
(S value*) 
cyto 

80 

80 

87 — 

80 

80 

77 
77 

80 

80 

• 

mito 

60 

55-

71 

80 

74 

73 
80 

78 

78 

Ribosomal RNAs ^ 
S value 
cyto 

28, 18 

28, 18 

24, 20 

26, 17 

a 28, 18 
25, 18 

« 

mito 

16, 12 

16, 13 

21, 16 

21, 14 

23, 16 

25, 19 
*24, 17 

| G' + C (mol %) 
cyto 

65 

64 

51_ 

46 

48 

48 

52 

mi to 

45 

47 

« " 

31 

29 

23 

35 

-

44 

55.8 54.8 
1 

Mol. Ut. (x 10-B) 
cyto 

1.38, 0.64 

1.26, 0.70 

1.30, 0.70 

1.3 , 0.70 

mxto 

0.56, 0.36 

0.50, 0.30 

0.93, 0.43 _ 

•~ 

1.30, 0.70 

1.28, 0.72 

1.26, 0.7*5 

1.15, 0.70 

X±3 , 0.79 

Ref. 

-

1, 2 

3, 4, 5 

_ 

6 

7 

' 

8.« 9 ^ 

10 
11, 12 

13 

14 

15 

r 
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Mitoribosomes have been characterised according to 

several parameters, including size and sedimentation 

coefficient, protein and RNA composition, and suscept-

ihility to changes in cation concentration and to 

inhibitors Of'protein synthesis. They differ 40k all 

these respects, ifrom their cytosol .homologues./ The 

sedimentation coefficients vary among mitoribosomes, but 

in general they are lower than those of the homologous 

cytoribosomes (TABLE II). The mitoribosomes have been 

classified into two groups based on size differences 

(Dawid, 1972). In the first group are the animal 

mitoribosomes which sediment between 55 S and 60 S, 

while in the second group are the 72 - 75 S mitoribosomes 

of several fungi. However, as with most arbitrary 

classifications based'upon limited information, further 

,examination of additional organisms has demonstrated 

some anomalies and even long-accepted sizes have recently 

been disputed. The protozoan Tetrahymena pyriformis 

contains mitoribosomes with a sedimentation coefficient 

of 80 S, identical to "th^t of the cyt&ribosomes (Curgy 

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

marginally slower than their cytosol counterparts 



-14-

(Leaver and Harmey, 1973; Pring, 1974). Also, recent 

studies in Meurospora by Kroon and co-workers,' (Datema et 

al., 1974; Agsterribbe et al., 1974) suggest that the 

mitoribosomes of this organism are even.larger than the 

corresponding cytoribosomes (80 S compared to 77 S) and 

that the "reported value of 73 S (Kuriyama and Luck, 1974) 

is an artifact of the preparation procedure. The dispute 

over thi^issue remains to be resolved. 

Direct measurement of ribosome size has been made 

using electron microscopy. Klemow et aJL (1974) have 

demonstrated that in the locust thoracic muscle the 
o o o , 

mitoribosomes are smaller (270A X 210A X 215A) than the 
o o o , 

cytoribosomes (295A X 210A X 255A). 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 
o o o o 

(275A X 230A, cytoribosomes; 370A X 240A, mitoribosomes, 

Curgy et al., 1974), sedimentation data indicate identical 

sizes. In electron micrographs the 55 S mitoribosomes of 

rat liver appear smaller (169A x(l99AX and less elongated 
o\ jo , 

than 80 S cytosol ribosomes (194A X 247A) (Aai] et al., 

•1972). However, hydrodynamic studies (DeVries and Van 

der Koogh-Schurring, 1973) have suggested that the 
/ 
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physicochemical properties of the rat liver mitoribosome 

are determined by a very low charge/mass ratio and high 

protein content, and that the volume of the 55 S particle 

is actually larger than, and its molecular weight equal 

to, that of the E. coli 70 S ribosome. Obviously, 

artifacts m sedimentation velocities and in electron 

micrograph preparation make a determination of actual and 

relative ribosome sizes difficult. 

Mitoribosomes consist of two subunits, as do thê ir 

cytosol counterparts, but the former ribosomes vary , 

considerably more m size than do the latter. This"reflects 

the variation in the subunit sizes. Animal mitoribosomes 

have subunit sedimentation coefficients of, 30 S and 40 S 

(Borst, 1972), fungi 30 - 40 S and 50 S (Avadhani et al., 

1976) , and higher plants 40 - 44 S and 60 S (Leaver cjnd 

Harmey, 1973; Prmg, 1974). Tetrahymena mitoribosomes 

are unique in having identically-sized subunits of 55 S. 

Cytoribosome subunit sizes vary to a lesser degree, from 

52 - 66 S and 37 - 46 S for the large and small subunits, 

2+ 
respectively. Mitoribosomes require a higher Mg 

<, 
concentration in order to prevent dissociation into 

», 

subunits and in this respect, and in their sensitivity to 
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various antibiotics, they resemble bacterial ribosomes 

more closely than they do their cytosol homologues (cf. 

SECTION III for- further discussion). - x 

Mitoribosome composition both in terms/of protein 
•j * 

and KNA is distinct and differs from that of cytoribosomes. 

Van den Bogert and de Vries (1976) have resolved mito-

chondrial and cytosol ribosomal proteins from Neurospora \_ 

using two-dimensional gel electrophoresis 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 mitoribosortie contains 39 and 30 proteins (from 
— - " " — — — — — — — — j. 

the large and small subunits, respectively) while the 

cytoribosomes have 31 and 21 protein components in the 

corresponding subunits. Leister and!Dawid (1974) have 

resolved 84 proteins from Xenopus mitoribosomes and 71 

components from the cytosol counterpart, most migrating 
* 

distinctively on two-dimensionalfgels. Additional strong 

evidence of the uniqueness of mitoribosomal proteins hprs 

been presented by Hallermayer and Neupert (1974) , who 

demonstrates that antibodies prepared against Neurospora 

mitoribosomal proteins would precipitate only Neurospora 
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mitoribosomes and not the cytosol counterparts, whereas 

antibodies to Neurospora cytoribosomal proteins would 

precipitate Neurospora cytoribosomes but not mitoribosomes. 

Some dispute,still exists as to what constitutes a ribo­

somal protein but it appears that although most, if not 

all, mitoribosomal proteins are coded for by nuclear DNA 

and synthesized m the cytoplasm, these proteins are 

distinct from their cytosol counterparts. 

r 
b. Physical Properties and Composition of Mitochondrial 

Ribosomal RNA 

" * - « ' 

Mitoribosomes contain large and small subunit RNAs, 

both of which also differ from their cytosol homologues,* 

As with the mitoribosomes themselves, sizes and base 

compositions of their constituent RNAs differ considerably 

among eukaryotes (TABLE II) . Sedimentation velocities 

of animal mitochondrial rRNAs range from 12 - 13 S (small 

subunit rRNA) and 16 - 17 S (large subunit rRNA), those 

of fungal rRNAs rmge from 14 - 16 S and 21 - 24 S, and 

those of plant rRNAs from ,18 - IS.5 S and 24 - 26 S. The 

dytosol rRNA components, on the other hand, are more 

conservative in size and vary only between 25 S and 28 S 
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for,the large species and 17 S and 18 S for the small species. 

It is interesting t°d"note rhac the variation in size of mito-

chondrial rRNA corresponds to the variation in size of the „ 

respective mtDNAs:'that is, an increase or decrease in size 

.of the mtDNA is coupled to a similar change in the size of 

the rRNAs for which it codes. > 

The G + C content of all mitochondrial rRNAs examined 

so^far (excepting possibly those of higher plants) is T'ower 

tnan that of the cytosol counterparts (TABLE II). ' For 

example, the G +• C content of yeast mitochondrial rRNA is 

23o, the lowest vaiue known for a ribosomal RNA, while " 

that of Ye&st cytosol rRNA is 48%. A similar difference 

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

ytents of 45% and 65% for the mitochondrial and cytosol 

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

of many mitochondrial JrRNAS may be the cause of the extreme -

sensitivity of the conformation of these rRNAs to changes 

in temperature and-ionic-"conditions (Griyell et al., 1971; 

Dawid and Chase, 1972). This results in an'anomalous 
i * 

behavior of these molecules during sedimentation and poly­

acrylamide gel» electrophoresis and stresses caution in 

accepting the assessed molecular weights determined by 

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

the question of how mitoribosoifies can function at 
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|:emp"eratures optimum for the function of their cytosol '• 

homologues.' Freeman et "jal. (1973) suggest "that mito--

-chondrial ribosomal proteins-and membranes as well as a 

possibly higher cation concentration might stabilize 

the rRNA and ribosomes.• However, this does not explain' 

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

mitochondrial rRNA. 
> '. * 

Mitochondrial ribosomes„do not contain a 5.8 S 

"satellite" rRNA which is non-covalently bound.to the 

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 
\ . 

molecule and' this will be discussed in detail m 

SECTION IV. 

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

, is coded for on mtDNAcand thepe is only one copy of each 

• rRNA species per genome,'' The physical location of the two 

-rRNA genes relative1to each other on the DNA molecule 

depends upon the-organism. For example, on yeast mtDNA 

rthe two rRNA geneslare'well separated from one another 
/ A 

"while in Neurospora they are adjacent. This difference could 

explain why a precursor molecule containing both rRNAs 
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has not yet been detected in yeast but has been found in 

Nenrospora. In the latter "study Kuriyama and Luck (1973) 

demonstrated that an initial' transcript of 32 S (2.4 

million daltons) is cleaved into pieces 1.6 and 0.9 

million daltons in size, which are further processed into 

the mature 25 S and 19 S species (1.28 and 0.72 million 

daltons,.respectively). As in the case of the mature 

mitochondrial ribosomal RNAs, the mitochondrial precursor 

rRNA has a low G + C content. " \ 

The mitochondrial ribosomes are the products of two 

distinct and separate genetic systems, as are several of 

the oligomeric enzyme complexes found m the inner 

mitochondrial membrane (these will be discussed briefly 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 mitochondrion to form the functional mito-

ribosome. 

« 4-
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c. Modification of Mitochondrial Ribosomal RNA 

Prokaryotic and eukaryotic cytosol ribosomal RNAs 

have been examined extensively for the presence of 

minor constituents. It has been demonstrated that these 

RNA molecules contain a small number of modified nUCleO-
1 i i ' 

sides (base-methylated, sugar-methylated, and pseudour­

idme) and' that the modifications are added post-trans-

c'riptional'ly and occur at specific sites within the r 

•molecule (i.e., modification is non-random) (Maden, 1971). 

In addition, the type and extent of the modification 

appears to reflect the evolutionary position of the 

i 

organism. Eukaryotic cytosol rRNA is more highly-

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

Klootwijk and Planta!, 1973a; Maden and Salim, 1974) 

than bacterial rRNA (0.7 methyl groups per 100 nucleotides? 

Dubm and Gunalp, 1967; Fellner, 1969) . Also, the content 

of psexidouridine is higher in cytosoi rRNA, ranging from 

0.25 residues per 100 nucleotides in bacterial rRNA 

(Dubm and Gunalp, 1967) to 0.8 in yeast (Klootwijk and 

j» 
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Planta, 1973b) and 1.2 in HeLa cell rRNA (Jeanteur 

et al., 1968). Eukaryotic cytosol rRNA contains a pre-
—— — f 

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 preferentially 

contains base methylations (those where a methyl group 

substitutes a hydrogen on the purine or pyrimidme 

heterocyclic rings). 

Much less is known about the type and extent of methyl-
/ ation in the mitochondrial rRNAs. This has not been due/to 

lack of interest but because of the technical difficulties* 

of (1) isolating mitochondrial RNA free from any contamin­

ating, more highly-modified cytosol RNAs and (2) quanti-

tatmg the extremely loxv levels of, modified nucleosides in 

mt-RNA with existing detection techniques (either ultraviolet 

absorption or radioisotope incorporation). As a result, 

considerable controversy still exists. For example, Vesco 

and Penman (1969) reported that human mitochondrial rRNA 

was unmethylated, but the analyses of Attardi and Attardi 

(1971) suggest that it contains one methyl group per 100 

nucleotides. 
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However, several recent reports suggest that mitochondrial 

rRNA is indeed methylated, albeit to a very low degree. 
1 a 

Lambowitz and Luck (1975) demonstrated that when Neurospora 

3 
RNA is labelled with .[methyl*- H] methionine in the presence 

of sodium formate (.to prevent randomization of the methyl 

label throughout the purine skeletons), the mitochondrial < 

rRNA contains 0.05 - Q.16 methyl groups'per1 10Q nucleotides, 

compared to a value of 1.5 for the cytosol rRNA. Dubm (1974) 

analyzed hamster cell mitochondrial rRNA and,found low levels 

of methylation m the 17 £ (0.13 methyl groups per 100 

nucleotides) and in the 13 S (0.37 methyl groups per 100 

nucleotides) rRNA species. This is equivalent to two 

residues per *17 g molecule (one ribose-methylated residue, 

O -methyluridme (Um), in the sequence Um-Up; one unident-

xfiea rescue) and (our „,*,.. per 13 5 moiecuis (one ' ' 

N , N -dimethyladenosine (m2A) residue; one 5-methyluridme 
5 

(m U) residue; one base-methylated cytidine; a fourth residue 

unidentified) . KlootwiDk et al. (1975) also demonstrated 

low levels of methylation in yeast mitochondrial rRNA. They 

could detect no methylation in the small subunit rRNA C15 S) 

and only two methylations in the large subunit RNA (21 3), 

which they suggested are on the ribose moiety. -(An identical 

conclusion has been reached by Lambowitz and Luck (1976) in 
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a more recent study of Neurospora mt-rRNA). In addition, 

Klootwijk et al. (1975) found no more than one pseudouridme 

per molecule of 15 S or 21 S mt-rRNA. It is interesting 

to note that although ><the methylation of mitochondrial rRNA 

is lower than that of eukaryotic cytosol rRNA, the 
I 

predominant type of methylation is the same in both cases 

(i.e., sugar 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. Dubm (1974) cites this in support of 

his belief that, at best, the idea that mitochondria evolved 

from bacterial endosymbionts is a gross oversimplification. 

Mention should be made of a recent report suggesting a 

two- to three-fold higher level of methylation m mouse 

liver mitochondrial rRNA than m the corresponding cytosol 

rRNA species (Dierich et al., 1975). However, in contrast ' 

to most other work with mammalian mt-RNAs (including mouse 

liver), this study indicated that the mitochdndrial rRNA 

being analyzed had sedimentation properties and base ratios 

very similar to those of the cytosol homologues. Therefore, 

these results need confirmation. 

The biological significance of modified nucleosides m 

ribosomal RNA is still obscure. Ribose methylation is an 
i' 
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early event in eukaryotic ribosome biosynthesis (Salim 

•and Maden, 1973) and may be necessary for the proper | 

processing of tke 45 g rRNA precursor into the mature 

28 S and 18 S species (Vaughan et al., 1967). Some 

base methylation appears to occur later, during the 

maturation or" the small subunit rRNA (Klootwi^k ejt al., 

'1972; galim and Maden, 1973) in both bacterial and 

eukaryotic rRNAs, and nay play an important role in ribo­

some assembly or ribosome function (Dubin, 1974). The 

dmucleotide sequence m2A-m2Ap is particularly interesting 

since it is present in the smaller rRNA (16 S or 18 S) 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 

6 6* and Jakes (1975) ] that'the sequence G-m A-m A-Cp, which 

is positioned approximately 25 nucleotides from-the 3'-

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

involved in mRNA recognition. 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-
t 

leotide sequence. 
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The role of methylation in the functioning of mitochon-

- drial rRNA is even less clear. Indeed, in at 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 universal requirement for 

the proper assembly and functioning of a mitoribosome. 

Additional analyses will help to answer a number of questions. 

Firstly, the degree, type, position, andltime of introduction 

into the molecule of mitochondrial RNA modifications may tell 

us something of their function within the ribosome both 

during and after its formation. Since modified sequences are 

strongly conserved among the rRNAs of the different prokaryotes 
* 

(Sogin et al., 1972), suggesting they are of functional 

importance, identification of modified sequences within mt-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 

containing methyl groups. This has been shown to be the case 

in bacterial mutants in which resistance to certain anti-
i 

biotics1 results from changes in rRNA methylation (Lai and 

Weisblum, 1971; Helser et al., 1971). 

r 
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Secondly, a study of mitochondrial rRNA modification 

might help to establish the degree of similarity among ' 

bacterial, mitochondrial, and eukaryotic cytosol protem-

synthesizmg systems. This idea will be pursued further 

in the introduction to SECTION IV, but one example here 

will suffice to illustrate the point. As mentioned above, 

6 6 the dinucleotide sequence m?A-m2Ap is present in several 

prokaryotic and eukaryotic small subunit rRNAs and denotes 

a region of conservation m these molecules. The modified 

6 . > 

nucleoside m„A as also present in hamster cell 13 S rRNA 

(Dubm, 1974) and although it apparently occurs in only 

one copy per molecule, it possibly designates an homologous 

conserved region. Further analyses 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 required 

"to process a mitochondrial rRNA whose primary sequence is 

coded for "on mitochondrial DNA. 

•j 

V 
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(111) Mitochondrial tRNA 
( 

There is now ample evidence that mitochondria contain 

specific transfer RNAs which are coded for by the mtDNA 

and which participate in mitochondrial protein synthesis 

(Borst, 1972; Rabmowitz and Swift, 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 (Reijnders 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 Xenopus mtDNA 

to be 15, but in a more recent study (Dawid „et al., 1976) 

employing improved detection techniques, he suggests a 

value of 22. Similarly, Wu et al. (1972) initially reported 

12 mtDNA-specific tRNAs in HeLa cells but have since revised 

that figure upwards to 19 (Attardi et al., 1976) . There­

fore, it is conceivable that at least some mtDNAs will 

eventually be shown to code for a full complement of tRNAs 

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

if some ammo acids are not utilized in the synthesis 

of mtramitochondnal proteins) . Attardi and co-workers 

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

are coded for byrboth ("heavy" and "light" strands) of mtDNA. 

Some conflict exists as to whether or not all mitochon­

drial tRNAs are of organelle origin. Lynch'and Attardi 

(1976) hake shown that all of the HeLa cell mt-tRNA hybrid­

izes to mtMJA but Suyama and Hamada (1976) have demonstrated 

the presence \m Tetrahymena of "imported", or nuclear-coded, 

tRNAs, which are distinct from their cytosol counterparts. 

They suggested a mechanism whereby the tRNA synthetase may 

be involved in the transport of its specific tRNA into the 

mitocjiondria. Clarification of this question awaits further 

study. 

Mitochondrial tRNAs differ from their cytosol counter-

parts in a number of respects. Altho.ugh Dawid' and Chase 

(1972) concluded from polyacrylamide gel electrophoresis 

studies that Xenopus mt-tRNA has sizes 

comparable to the cytosol tRNA, Dubm and Friend (1972) 

reported that hamster cell mt-tRNA migrates more slowly than 

cyt-tRNA during gel electrophoreses at high temperatures, 

suggesting a greater tendency for the former tRNA to 
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unfold under such conditions. Base .composition analyses 
i 

have demonstrated a lower G ,+ C content for mt-tRNA when 
1 

compared to the cytosol tRNA of the same>organism (Chial 

et al., 1976; Martin et al., 1976). The G^+ C consent 

of locust mt-tRNA has recently been reported to be 3Q.1% 

(Vs. 55,.5° for locust cytosol tRNA) , the lowest G + C 

content found yet for any tRNA [Feldmann and Klemow (1976) ] 

In addition, the kind and degree of modification differ 

between the trNA of 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 value of 8.7% for the cytosol'species 
1 

(Davenport et al„, 1976) . Randerath et al.(1974) suggested 

a slightly higher ratio of methylation (mt-tRNA/cyt-tRNA) 

but this could have been dud to contaminating cyt-tRNA 

present m their mt-̂ tRNA preparation. Both the eukaryotic-

specific, fluorescent nucleoside wyosme (W)* (or a 

derivative) and the prokaryotic-specific nucleoside 4-
4 ( thiouridme (s U) are absent from yeast mt-tRNA 

(Schneller et al., 1975). Klagsbrun (1973) reported the 

presence of a 2-methyladenme-tRNA methylase activity in-

HeLa cell mitochondria but none m the cytosol. 2-Methyl-

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

A. -" 
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present in the tRNA of prokaryotic organisms '(Hall, 1971). 

However, Davenport et al. (L976) did not find any 2-

.methyladenine in «Hei,a. cell mt-tRNA and attribute Klagsbrun's 

resuljts to an artifact in the assay technique. 

The significance of the low G + C content and the 

methylation pattern of mt-tRNA «LS not yet understood. 

(• 

(iv) Mitochondrial Messenger RNA 

/^Mitochondrial 'messenger-like RNAs from s£?veral 

mammalian, insect and fungal systems hav,e recently been 

isolated' and characterized. ^Penman and co-workers 

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

(O^ala and Attardi, 1974 a, b; Attardi et' al., 1976) have' 

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

from total mtRNA or from mitochondrial polysomes is sensi­

tive' to ethidium bromide and that this poly .(A) , RNA 

hybridizes specifically to mtDNA. The presumptive mRNA 

contains polyadenylate ̂ stretches of 50 - 70 nucleotides at 

"the 3'-terminus, smaller than the 100 - 150 poly (A) stretch 

in eukaryotic cytosol mRNA (Brawerman, 1974; however, cf. 

the values of 50 - 60 nucleotides for, yeast cytocol mRNA 

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

* 

V 
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cytogol mRNA (Vournakiji et al., 1974)). Devlin (1976) 

* ° + 

reported the presence of eight distinct poly(A) species 

ranying in size from 9 S to 22 S in RNA isolated from 

sea urchin mitochondrial polysomes, iand showedjj&at these 49r discrete components were transcribed from, H H H P * Poly (A) 

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

and Trichoderma (Rosen and Edelman, 1976)'mitochondria. 

In these two-organisms, the poly (A) segment was. only 20 -

30 nucleotides long, wfiich may explain earlier̂  work reporting 

the absence of poly(A) RNA from yeast mitochondria (Groot 

et ai*., 1974). (RNA containing such short poly (A) stretches 

is not efficiently retained on an oligo(dT) affinity 

column, such as that employed by the latter investigators). 

As with mammalian poly(A) RNA, the synthesis of the yeast 

poly (A) RNA was also sensitive to ethidium bromide and it 

hybridized preferentially to yeast mtDNA (Hendler et al., 

1975) . However, the conflict over the sensitivity of mt-

poly (A) RNA synthesis to ethidium bromide and the hybridr 

ization studies with mtDNA and nDNA (for discussion see 

Avadhani et al_., 1976) have, raised the question of whether 

or not mtramitochondrial processes are the sole *source of 

mfc-poly(A) RNA, or whether some nuclear-coded mRNA is 

\ 



-33-

transported into the mitochondria for translation on mito­

ribosomes. ChemicatL analyses of hamster cell mt-poly(A) 

" SNA (Taylor and Dubm, 1975) have shown that it is less 

methylated than the cytosol counterpart (if at all), and 

that it lacks the "blocked" 5'-methylated terminus char­

acteristic of eukaryotic cytosol mRNA (Adams and Cory, 

1975). In this latter respect, the presumptive mt-mRNA, 

resembles bacterial mRNAs, although all three types of mRNA 

(prokaryotic, mitochondrial, and eukaryotic cytosol) contain 

poly(A) (Nakazoto et al., 1975; Ohta et al., 1975). 

Although it is evident that mtDNA codes for several 

mitochdndrial-specific proteins [cf. sections on mtDNA " 

(I.B.(i)) and mitochondrial protein biosynthesis (I.D,)] 

and that the mitochpndria contain some poly(A) RNA coded 

for by the mtDNA, this in itself does not prove that the 

latter is mt-mRNA. It is necessary to demonstrate 

unequivocally that this RNA not only hybridizes specifically 
o 

to mtDNA but also that 'it codes for definable mitochondrial 

proteins. In preliminary experiments, Padnanabam et al. 

(1975) h.ave shown that this is the case with poly (A)+ RNA 

isolated from yeast mitochondria. This RNA, in an E. coli 

cell-free system, directs the synthesis of polypeptides 
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which can be ^becifieally precipitated with antibody to 

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

indicates that mt-poly(A) RNA is indeed messenger RNA. 

( 
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C. MITOCHONDRIAL PROTEIN BIOSYNTHESIS 

As early as 1958 ammo acid incorporation into mito­

chondria was detected (McLean et al., 1950) and these 

observations were subsequently confirmed by other workers. 

However, it was only through the use of Gpecific inhibitors 

of protein synthesis that the notion of a distinct protein 

synthesis system within the mitochondrion gained general 

acceptance. Several groups (Kroon, 1963; Roodyn, 1965? 

Wheeldon and Lehninger, 1966; Beattie et al., 1971) 

demonstrated that ammo acid incorporation into mitochondria 

x?as not an artifact due to cytoribosome contamination, 

since it was sensitive to low concentrations of chloram- ' 

phenicol and insensitive to cycloheximide (a specific 

inhibitor of cytosol protein synthesis). Since those 

initial studies it has been shown that mitochondria contain 

all the components of a functional protein-synthesizing 

system, components [including mRNAs, tRNAs and ribosomes; 

(cf. section I.E.), as well as initiation, 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 

formylmethionmyl-tRNA as initiator, mitochondrial protein 

/ 
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synthesis is remarkably similar to the same process in , 

prokaryotes. However, recent analyses of mt-rRNAs indicate 

that this functional similarity may not be reflected in ad 

great a degree of structural similarity 'as previously 

assumed (refer to SECTION IV). 

Attempts to identify and characterize the product's of. 

mitochondrial protein biosynthesis have involved numerous 

approaches. In addition to inhibitor studies in vivo, 

these include labelling in vitro of isolated mitochondria 

(Poyton and Groot, 1975) ,' genetic analyses of cytoplasmic „ 

mutants (Griffith, 1975), coupled transcription - trans-
T 

lation systems (Scragg1 and Thomas, 1977), incorporation of 

mtDNA into bacterial plasmids (Clayton, 1976), and the 

translation in vitro of poly (A) mt-RNA (Padmanaban et al., 

1975). All these approaches suggest that from 5 - 15 

polypeptides are synthesized in -mitochondria (Michel and 

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

cases these are hydrophobic proteins which are components of 

certain inner mitochondrial membrane complexes (e.g., 

cytochrome c oxidase, cytochrome be, , and oligomycin-

sensitive ATPase). These mitochondrially-synthesized 

proteins represent only a small portion of the total 
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mitochondnal protein complement (< 10%, Schats and Mason, 

1974), mqst of which'is coded for on nuclear DNA^ synthe­

sized on cytoribosomes, and transported into the mito-

chondrion. There is little evidence to date that the 

larger mtDNAs (e,.g., those of lower fungi and higher plants) 

code for additional translation products. However, 68% 

of" the potential coding capacity of plant mtDNA has no 

A ' • 
known function and it is interesting to speculate that 

these mtDNAs contain cistrons for as-yet-uhidentified 

translation products (Leaver and pope, 1976). 

•f 
\A 

i 

£ 

/v. 
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D. MITOCHONDRIAL BIOGENESIS 

Mitochondria, it appears, are not synthesized de novo but 
o 

originate from pre-existing organelles in a manner remin­

iscent of the growth and division of bacterial cells 

(Attardi et al,, 1975? Luck, 1965). This mitochondrial 

biogenesis, resulting in the formation of a functional 

respiratory chain and protein-synthesizing apparatus, 

involves the co-ordination of two distinct genetic systems, 

one cytoplasmic and the other mitochondrial (Schatz and 

Mason, 1975; Tzagoloff et al., 1973). The interplay 

between "these two systems is not well understood but some 

information has been obtained through study of the [inner 

mitochondrial membrane complexes, specifically cytochrome 

c oxidase. These are hybrids of cytosol- and mitochond-

rially-synthesized components. , 

It appears that mitochondrial translation products are I 

not needed for the synthesis of mitochondrial proteins of 

cytoplasmic origin (Ebner et al,, 1973; Poyton and Schatz, 

1975)* In contrast, protein synthesis on mitochondrial 

ribosomes, measured both"in vivo and in vitro, may be 

controlled by proteins synthesized in the cytoplasm (Schatz 

and"Mason, 1974), Poyton and,Kavanagh (1976) have recently 



^ 

suggested that the cytoplasmic "stimulatory proteins" in 

yeast act specifically to stimulate the synthesis of 

certain distinct mitochondrial translation products^ They 

presented evidence which indicates that it is ±ae 

cytoplasmically-synthesised subunits of cytochrome c 

oxidase which exert a positive effect on the synthesis 

of the mitochondrial-specific 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. 

* 
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SECTION II: WHEAT EMBKEO MITOCHONDRIAL RNA; 

ISOLATION, CHARACTERIZATION, AND ISQTOPIC LABELLING 

1. INTRODUCTION 

A. MITOCHONDRIAL RIBOSOMES AND RIBOSOMAL RNA IN HIGHER 

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 

have been devoted specifically to an analysis of the 

higher-plant mitochondrial protein-synthesizing system 

and its components, and the information obtained has Jgeen 

much less detailed. In part this is du'e to the fact that 

green plants possess yet another send/autonomous 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 
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of mitochondrial ribosomes, the isolation and definitive 

characterization of mitoribosomes from green plants has 

not been §n easy task,. In addition, however, lack of 

interest in plant mitochondrial nucleic acids may be 

attributable "to a general negative bias which many 

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 number 

of unique problems associated with embryonic development 

and intracellular interactions. Thus, embryogenesis in 

higher plants passes from a period of rapid cell growth 

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 

germmationK Well-documented functional and structural 

changes in the mitochondrial population occur during 

germination in higher plants (Solomos et al., 1972'? 

Malhotra and Spencer, 1973) but the control mechanisms 

underlying these changes, as well as their biochemical 

basis, remain poorly understood. In such a context, the 

germinating plant seed becomes a model system in which to 

examine some unique aspects of mitochondrial biogenesis. 
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In addition, the presence of a third genetic system (in 

the chloroplast) in higher plants allows a study'of the 

interaction of three distinct genomes within the same cell. 

In particular, the opportunity to examine the regulation 

of function of two complementary, semi-autonomous, energy-

transducmg organelles is not provided by any other 

eukaryotic system. 

Initially, mitochondria were isolated from plant 

material for studies of their energy-generating capacities 

(Stafford, 1951? Johnston-~et al., 1957; Honda et al., 1966; 

Bonner, 1967). The isolation methods involved the 

differential centrifugation of cellular homogenates, a 

procedure developed by Palade and coworkers (Hogeboom et 

aj., 1948) which allowed the preparation of'struct­

urally-intact mitochondria. In these preparations, the 

monitoring of parameters such as P:0 and respiratory 

control ratios (indicators of the degree of coupling of 

oxidative phosphorylation) was sufficient to ensure the ̂  

biochemical integrity of the mitochondria. Contamination 

of these crude mitochondrial preparations by other cell 

components (e.g., nuclear fragments, plastids, microsomes) 

was high but could be tolerated as it did not affect the 

results of the analyses, in addition, plant tissues 
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containing a low content of these organelles could be 

used as a starting material and low yields could be 

accepted because relatively -few mitochondria were needed 

for such studies. 

However, analyses of mitochondrial nucleic acids 

and protein\biosynthesis require considerably purer mito-

chondrial preparations since the crude mitochondrial 

fractions contain numerous nucleic acid contaminants. 

The presence of minor amounts of such material (nuclear 

fragments, endoplasmic reticulum, plastids and micro­

organisms) could significantly affect the results of 
i 

such analyses, due to the inherently-low content of mito­

chondrial nucleic acids present in all organisms examined 

to date (less than 1 ug DNA per mg mitochondrial protein;, 

Suyama and Bonner, 1966? Leffler et al., 1970? 3 - 20 ug 

Rim per mg mitochondrial protein; Pring, 1974). The RNA 

content of microsomes, on the other hand, is much higher 

and in the order of 200 yg/mg (O'Brien and Kalf, 1967). 

The traditional methods of assessing the purity of mito­

chondrial preparations used for nucleic acid studies are 

insufficient and may lead to erroneous conclusions. 

Electron microscopy of purified mitochondria may aid in' 

I 
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determining the physicalrTtnfcegrity^of the organelles but 

is incapablegdpHjuantitating any extramitochondrial 

contamination that may exist (De Duve, 1967). ^Assay of 

marker enzymes such as glucose 6-phosphatase (whose 

activity in mitochondrial fractions has been taken as an 

indication of contaminating-fragments of endoplasmic 

reticulum; De Duve gt al., 1955) does-not always offer 
•> 

sufficient evidence for the purity of a mitochondrial 

preparation (Pollard et al., 1966). Therefore an analysis 

of the mitochondrial nucleic acids, demonstrating that 

f 
they arei/distmct and different from any possible contain 

inants, is necessary, ' 

A number of methods have been developed in an attempt 

to remove contaminating nucleic acids from crude** mito­

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 

differential densities? (2) deoxyribonuclease treatment 

(Suyama and Bonner, 1966? Tewari, 1971? Kolodner and 

Tewari, 1972), which selectively removes extrk-mitochon-

drial (nuclear) DNA? (3/ EDTA treatment (Sabatmi et al., 
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1 
1966? Attardi et al., 1969), which dissociates contam-

inatmg cytosol ribosomes in microsomes or bound to the 

outer mitochondrial meiitbrane? (4) ribonuclease treatment 

(Leaver and Pope, ,1976") ,• which degrades contaminating * 

cytosol RNA? (5) dig^tonin treatment- (Malkin, 1971), 

which selectively solubilizes microsomes and the outer 

mitochondrial membrane, thus eliminating contamination by 
t 

extra-mitochondrial ribosomes? and (6)' preferential 

suppression of cytosol RNA synthesis with actinqmycin D, 

an inhibitor of nuclear DNA transcription (Vesco and 

Penman, 1969? Dubin and Montenecourt, 1970). In the 

present study a modification of the medium employed by 

Guderian etfal. (1972) for the preparation of tobacco 

leaf mitochondria was used for the isolation (byv differ-

- ential centrifugation) of a crude fraction of wheat embryo 

mitochondria. Inclusion of relatively high concentrations 

of EDTA during subsequent buoyant density centrifugation 

facilitated removal of contaminating nucleic acids, 
f\ " x Early analyses of higher plant mitochondrial ribosomes 

t 

date from 1965 when Kislev and coworkers observed ribosome-

like particles in Swiss chard (Beta vulgaris var. cicla) 

mitochondria »by 'electron microscopy. Wilson et al. (1968) 
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also observed such particles in intact maize mitochondria 

and in addition found particles in mitochondrial lysates 

with a sedimentation coefficient of 66 S. However, these i 

structures!were not characterized,,and shown to be ribosomes. 

It is possible that the particles were 60 S ribosomal 

subunits,"since maize mit6riboso»es have since been shown 

to be sensitive to the K /Mg ratio in the isolation 

medium and the 60 S subunit often represents the ma^or 

species in maize mitochondrial ribosome preparations 

"(prmg, 1974). 

The first characterization of plant mt-RNAs was. that 

'reported by PoJLlard et al. in 1966. They isolated high*-

moleeular-weight RNA .from mitochondrial fractions of 
o 

a 

Brassica oleracea (cauliflower), analyzed it by sucrose 

density gradient centrifugation, and examined its nucleo 

tide composition. The RNA sedimented at rates characteristic 

'" of ribpsomal RNA, although precise sedimentation coeffic-

ients and molecular weights were not determined. 'The 

individual ("18 S" and "28 S") mt-RNA species had a\ ' / 

relatively high G +. C content and their overall nucleotide 

compositions were similar, although not identical, tOj 

those determined for the corresponding cytosol rRNA 

* components. Since these mitochondria were isolated jin the 
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2+ presence of a high concentration of Mg (10 mSl), it is 

probable that the mt-RNA species analyzed were, in fact, 

cytoso] gontammants. Gray (unpublished data) has shown 

that when mitochondria are^prepared from commercial wheat 

-germ using the procedure of Pollard et al. (1966), the RNA 

subsequently extracted consists largely of contaminating 

cytosol RNA, even wh,en the crude mitochondrial fraction is 

further purified by buoyant density centrifugation. In' 

1968 Baxter and Bishop examined soybean mitochondrial RNA 

and observed two species with electrophoretic mobilities 

mteraiediate between those of the two^ cytosol rRNAs. They 

also reported that the large mJtRNA species had a relatively 

,low G + C content. However, the G + C content of this 

species is actually 52.4o (Baxter, personal communication), 

winch is close to the G +0 C contents of the two cytosol 

rRî As (57.4%, 25 S? 53.4?., 18 S) and high for mitochondrial 

rRNAs (2,2% to 47%? TABLE II) . The RNA preparation analysed 

by these authors was degraded and the possibility of plastid 

contamination was not excluded. Thus, not much confidence 

can be placed on the reporte'd sizes and nucleotide comp­

ositions of their mtRNA species. Vasconcelos and Bogorad 

(1971) reported'the isolation of 70 S ribosomes from mung 

bean mitochondria, whereas 80 S ribosomes were obtained 



-48-

i | 

from tne cytosol. The molecular weights of the presumed 

mitochondrial rRNAs were stated to bo 1.1 and 0,58 million 

daltons, However, no stipporting data on the character-
a 

ization were given and subsequent work by Leaver and 

Harmey (1973) has demonstrated these'results to be incor-

rect. Vasconcelos and Bogorad possibly were dealing with 

plastid contaminants, siyjee mung bean chloroplasts contain 

70 S ribosomes and their rRNA components have molecular 

weights of, 1,1 and 0.58 million daltons. 

" The first; systematic study of plant mitoribosomes and 

mt-RNA was undertaken by Leaver and Harmey m' 1973. These 

investigators analyzed five dicotyledonous plant species 

(turnip, mung bean, potato, cauli'flotyer, and pea) , and 

.went to great lengths to ensure that their mitdchohdria 

were pure and mtact, monitoring their preparations with 

the aid of electron microscopy, oxygen-electrode polar©-
5 

graphy and spectrophotometry. They also demonstrated 

(by buoyant density centrifugation) that contaminating 

nuclear DNA represented less than 5% of the DNA isolated 

from thev,mitochondrial fractions., The yield of mito­

chondrial protein was 35 to 45 ug/g mung bean hypocotyl or 

turnip root, and the yield of mitochondrial RNA was 10 -
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20 jig/rag mitochondrial protein. The use of non-green ' 

plant materials (etiolated seedlings, storage tissues) 

, for loolation of mitochondrial! fractions minimized any 

problem with plastid contamination. 

Characterization of the total plant mt-RNA by poly-

acryl amide gel electrophoresis in an EDTA-contaming buffer 

(Leaver and Harmey, 1973) revealed two nurjor components, 

tne larger 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 species. The 

cytosol homologues had molecular weights of 3.30 - 1.36 and 

0.65 - 0.70 millipn daltons. Leaver' and Harmey found that 

degradation of the \.15 million dalton mt-RNA,, component 

occurred durmgj electrophoresis in EDTA medium but that this 

breakdown could be prevented if "the RNA was prepared in the 

2+ 2+ *M 1 

presence of Mg and fractionated m a "Mg -containing! 

buffer. They also characterized the mt-RNA by sucrose «\ 

density gradient centrifugation using B. coli rRNA 

markers. The two mitochondrial rRNAs sedimented faster 

than "their bacterial homologues but between the two 

cytosol species. The sedimentation coefficients of the 

mt-RNA components were calculated to be 24 S and 18.5 S «' 
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(compared with 25 S and 18 S for rneir eytObol counterparts). 

Preliminary analysis of turnip rRNA nucleotide composition 

revealed G + C contents of 44a and 52o for the mitochondrial 

and cytosol species, respectively. 

No 5.8 S "satellite" rRNA, a specific marker of 

eukaryotic cytosol ribosomes (Payno and Dyor, 1972), was 

present in total mt-RNA preparations. This provided 

additional evidence of the purity of the_mitochondrial 

fractions. However, plant mitocnondria did contain 5 S 

rRNA (in contrast to other systems; cf. SECTION IV) and 

presumptive transfer RNA (4 S). 

Plant mitoribosomes were prepared by ly&ing the 

mitochondrial fraction with Triton X-100 and purifying 

the ribosomes by sedimentation m a linear sucrose density 

gradient. The mitoribosomes sedimented faster than E. coli 

ribosomes (70 S) but more slowly than the plant cytosol 

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 rRNA com-

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

subunit, while"the 0.70 million dalton component was 



confined to the antal!jf or 40 S, stihunxt. 

The conclusions of Leaver and Harmey regarding the 

properties of higher plant mitoribosomes and mt-RNA were 

confirmed in a subsequent study carried out by. Pring (1974) 

in maiae. The mitoribosomes of this higher plant (a 

monocotyledon) also had a sedimentation coofCicient of 78 S 

and dissociated into 60 S and 44 S subunits. The two 

major mt-RNA species had molecular weights (as determined 

by polyacrylamide gel electrophoresis, using E. coli rRNA 

as a standard) of 0.74 - 0.75 and 1.26 million daltons both 

before and after denaturation in formaldehyde. The cytosol 
i 

rRNAs had apparent molecular weights of 0.70 and 1.26 i 

million daltons, as determined by electrophoresis m 

non-denaturing gels, but 0.68 and 1.15 million daltons in 

formaldehyde gels* suggesting a preferential reaction of the 

larger cytosol rRNA component with formaldehyde. The UV 

aosorbance ratio of heavy to light mt-rRNA was 1.5 although 

a value of 1.68 (based on molecular weight assignments of 

0.75 and 1.26 million daltons) was expected. However, some 
* i 

preferential degradation of the large mt-rRNA species could 

have resulted from use of an EDTA-contaming buffer during 

polyacrylamide gel electrophoresis. Pring extended his 

a 

> * 
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analysos of mdise mt-rRNAs by examining thoir mobilities 

under several denaturing and non-donaLuring conditions of 
i 

gel electrophoresis (Priny and Thonbury, 1975). ifc 

confirmed his previous results by demonstrating a dependence^^ 

of olectrophoretic mobility and honco apparent molecular 

weight of plant RNAs upon the electrophoresis conditions 

employed. The difference m sizes between the mai2o mt-

i » 

rRNAs, and those of the five dicotyledonous species studied 

by Leaver and Harmey was attributed to either differences , 

m the conditions of non-denaturing ge& electrophoresis 

employed m the two studios or to a genuine difference 

between the two groups (mono- and dicotyledons) of plants 
%. 

(Pring and Thonbury, 1975). Such diversity is found among 

the fungal and animal mt-rRNAs and might also be expected 

among the higher plants. 

Concurrent with the above studies of Leaver and Pring, 

an independent investigation of the mitochondrial RNA species 

of wheat was undertaken by Gray (1974a). 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 m these organelles. Preshly-milledi 



! -53-

whoufc germ was available locally at low cost and in un­

limited quantity, and could easily bo stored for extended 

periods without obvious deterioration. Selection of the 

wheat embryo system for comparative studies of higher 

plant cytosol and mitochondrial RNA was dictated m no 

small measure <py the exterfsive information already avail­

able on tho physical and chemical properties of wheat 

cytosol ribosomal and transfer RNA, generated largely 

through tho efforts of B. G. Lane and his colleagues 

(Lane and Allen, 1961? Singh and Lane, 1964? Lane, 1965? 

Hudson et al., 1965? Kay and Oikawa, 1966; Wolfe and 

Kay, 1967? Wolfe et al., 1968; Wolfe and Kay, 1969? 

Dudock et al., 1969). Moreover, since viable embryos 

can be isolated m quantity in the laboratory and wall 

germinate and develop normally for a considerable period 

of time, this system seemed well-suited for studies of 

the role of mitochondrial transcription and translation in 

the activation of pre-existing mitochondria and in the 

formation of new mitochondria during seed germination. 

Although it is a metabolical-ly-dormant tissue, wheat 

embryo was known to hatre a high content of mitochondria, 

displaying at least some aspects of functional competence 

# 
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(o.g., the presence of active cytochrome oxidase; 

Johnston et al., 1957; Setterfield et al., 1959). However,_ 

initial attempts to isolate mitochondrial fractions from 

commercial wheat germ met with failure, even though the 
v 

methods employed had been used successfully with numerous 

other plant tissues (e.g., Bonner, 1967). These negative 

results have since been attributed to the unique physio­

logical state of the tissue. The structurally-immature 

membranes of nuclei and mitochondria m dormant embryos 

tappear 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 
24- 2+ 

replacmg EDTA with divalent cations (Mg , Ca ) , with 
1 

the aim of stabilizing membranes during isolation 

(Johnston et al., 1957), led to massive contamination of 

the mitochondrial fraction with membrane-bound cytosol 

ribosomes. In the end, an homogenizing medium containing 

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

"isolation of a crude mitochondrial fraction which could 
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then largely be freed of cytoribosomo contamination by 

buoyant, density centrifugation in, EDTA-contaming sucrose 

gradients. By this method, yields of 600 )iq mitochondrial 

protom/g of embryos and about 20 \ig RNA/mg mitochondrial 

protein were obtained. The specific activity^of cytochrome 

oxidase in the gradient-purified mitochondrial preparations 

compared favorably with values reported for highly-purified 

mitochondria from other plant tissues;(Stafford, 1951; 

Smillie, 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 found in maize (another monocoty­

ledon) (Pring, 1974) . The largest mt-RNA species (which 

was also present m greatest amount) co-migrated with the 

cytosol large subunit rRNA (26 S, 1.3 million daltons), 

while the second largest (and second most prominent) mt-RNA 

species migrated slightly but distinctly more slowly than 

the cytosol smal£ subunit rRNA (18 S, 0:7 million daltons). 

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

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

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

ribosomal RNA, and Gray (1974a) suggested that they represented 
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the I constituent high-molecular-weight RNAs of wheat 

embryo mitoribosomes. The total mt-RNA also "contained 

5 S and 4 S RNAs, but unlike the situation with the 

cytosol total RNA, little 5.8 S "satellite" RNA was 
o' 

produced upon heat denaturation of mitochondrial total 

RNA. This indicated the absence -of -major contamination of < 

mitochondrial rRNA with cytosol rRNA. 

Two other, minor RNA species (0.70 and 0.44 millitm 

daltons) were reproducibly detected in wheat mitochondrial 

total and NaCl-msoluble RNA. The origin of these two 

components has not been resolved? however, since the 

larger species co-migrated with the cytosol 18 S rRNA,„ 

it is tempting to suggest that it was derived from contam- „ 

mating cytosol ribosomes (the 0.44 million dalton com­

ponent had no cytosol counterpart). Gray discounts this 

possibility on the basis that extensive treatment of tne 

mitochondrial fraction with EDTA during its preparation 

would be expected to largely remove any contaminating 

cytoribosomes. The conspicuous absence in wheat mt-RNA of 

a 5.8 S RNA component, which is a specific marker of the 
4 

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 (Sabatim et al., 1966? 

Attardi et al,, 1969) makes it even more unlikely that 

IUL-RNA depleted of S.8 S (and hence of 26 S) cytosol rRNA 

could contain any significant quantity of cytosol 18 S 

rRtfA. Since the molar ratio of the two largest (1.3 : 

0.79) wheat mt-RNAs was always observed to be less than the 

theoretical value for equal numbers of the two species ,v xt 

is "possible that the 0.7 and 0.44 million dalton RNA species 

represented discrete breakdown products of the 1.3 million 

dalton mt-RNA component (cf. Leaver and Harmey, 1973) . 

The ability to isolate relatively large quantities 

of mt-RNA from commercial wheat germ allowed Gray to 

carry out nucleoside composition analysis-of the iRNA 

fraction, the first such analyses conducted in a higher 

plant system. Wheat mt-iRNA was found to have a high 

G + C content (54.8%), similar to the G + C content of 

wheat cytosol iRNA (55.8%) . On the other hand, a prelim-

2' 

mary search for pseudouridme and 0 -methylnucleosides 

m the mt-rRNA indicated that levels of both were markedly 

lower than in the cytosol rRNA (Gray, unpublished). This 

latter observation is m agreement with the results obtained 
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in fungal and mammalian mitochondrial systems (Section 

I.B. (ii).a) , whereas the similarity in nucleoside compo­

sition between wheat mitochondrial and cytosol rRNA stands 

in marked contrast to results obtained m other eukaryotic 

systems (TABLE II). 

It was against this background of knowledge about 

the pfoperties of the mitochondrial RNA of higher plants 

in general, and of whea't embryo in particular, that the 
i * 

present investigation was begun. 

J 

X 
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B. SCOPE AND. SPECIFIC AIMS OF THE PRESENT INVESTIGATION 

\ 
Although commercial wheat germ has proven to be an 

ideal source material for the isolation of relatively large 

" 1 
quantities of plant mitochondria and mitochondrial! nucleic 

acixls, its non-viability limits the types of analyses which 

can be undertaken. ||or example, studies of mt-RNA imotab-

olism [biosynthesis (including post-transcriptional modi­

fication and processing), degradation, and the regulation of 

these two processes] and the involvement of mitochondrial 

transcription and translation m plant development (W.g., 

the onset, regulation and role of mitochondrial protein 

synthesis in the ackivation of mitochondrial functions 

during germination and the part such activation plays 

in the initial development of the plant) are obviously 

impossible to do in such a system. Thus, it was necessary 

to establish the germinating wheat embryo as a modei system 

m which to be able to study the above phenomena ̂/ In the 

context of the present i n v a s i o n , it *aS of partLjp 

interest ,to determine whether this system could provide the 

isotopically-labeled RNAs required for more exacting ' 

^ characterization studies than can be carried out with 

unlabeled RNAs. 
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Tho specific aims of this investigation were: 

(1) to isolate viable, dormant wheat embryos and, using 
* 

the procedures developed for commercial embryos, confirm 

the previous conplusions about the properties of wheat * 

mt-RNA. The methodology for mass isolation Of viable 

wheat embryos existed (Johnston* and Stern, 1958) and had 

been used successfully by other workers (e.g., Lau, 1973) . 

(2) to establish conditions for isotopic labeling of mt-RNAs 

in germinating wheat'embryos, using the labeling protocols 

previously developed by Lane and co-workers (Lau et â L., 

1974) for bulk cellular RNA. 

' 32 
(3) to isolate [ P]-labeled mitochondrial and cytosql ' 

s 

rRNAs, demonstrate that the individual RNA species could be 

purified free of appreciable cross-contamination, and prove 

that sucn labeled RNAs indeed originated m the embryos 

and were not contributed by contaminating organisms. 
32 

(4) to characterize the [ P]-labeled rRNAs and show that 
• L 

they had the same physical properties as the corresponding 
4 » 

species from dormant embryos, and to carry out detailed 
L 

analyses of ma^or and modified nucleotide composition, 

(5) to "fingerprint" thê  26 S, 18 S, and 5 S cytosol and 

mitochondrial rRNA species (with the aim. of obtaining 
i 
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evidenco as to the uniqueness^ of each of these molecules) . 

32 

(6) to prepare [ P]-labeled mitochondrial and cytosol ' 

rRNA of sufficiently-high specific activity to be able to * ' 

carry out detailed sequence analyses ("T, oligonucleotide 

cataloguing") of the 18 S species of the two subcellular 

compartments, with the aim of gaining insight ipto their 
\ 1 

evolutionary relatedness to each other and to prokaryotic 

(bacterial, blue-green algal) and chloroplast 16 S rRNAs. 

This study was made possible1 through a close collaboration , 

with other members of the Department of Biochemistry 
(Dr. W. F. Doolittle, 'L. Bonen) who possessed the necessary 
expertise in the area of T, oligonucleotide cataloguing. 

k 
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-2. MITOCHONDRIAL AND CYTOSOL RNA FROM DORMANT, VIABLE' 
•p 0 

WHEAT EMBRYOS/ - ' ' 
O v , 

« 1 1 - ' 
/ v , ° 1 I * > 

A. 'lIATERXAL§ * ;J 

i 

Pedigree wheat seed (Triticum vulĝ are var. Thatcher) 

was obtained from Earlv Seed and Feed Ltd., Saskatoon, 

Acrylamide and bigacrylamide were purchased from Eastern 

Kodak (Co, and Canalcorrespectively. The former was re-

crystallized from acetone and the latter recrystallized 

from 95% ethanol. All chemicals and solvents were reagent 

grade. " , 

f 
c * 

\> 4 

B. METHODS , " 

(i) Preparation of Viable wheat Embryps > 
a, 

A modification O-P the method of, Johnston and Stern 

(1957) was used to prepare viable embyos from pedigree, , 

Xtfheat seed. Portions of seed (250 g) were ground in an 

aluminum Warmg blender (commercial) for 12 seconds at low 

speed with a powerstat (Type 116B, Superior Electric Co., 

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

The mixture was then transferred to the uppermost Of a set 
1 ' . , 

of Endecott test sieves arranged from bottom to top in 

ascending order of pore size (10-, 14-, and 28-mesh* Can­

adian Standard Sieve, W.3, Tyler Co.) and shaken by hand 

j ' • 
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for approximately 30 Seconds. Tho freed emhrvos passed 

through the010- and 14-mosh sieves and were deposited on 

the 28-mesh •sieve along with small •Cragments oil endosperia 

and bran* This^ portion was retained for further processing, 

Thdi material stopped by'the 14-mesh sieve, mostly fragmented 

endosperm, was discarded. The intact wheat seed and large 

endosperm fragments remaining on the 10-mesh sieve were 

reground for a further 10 seconds as described above. The 

cructe embryos were saved and^the portion remaining on tho 

10-mesh* sieve was rei>rocessed a third time (8 seconds). 

The yield -From 5 kg of wheat seed was" approximately 

< ^ , 

160 g of crude embyos. To remove the bran, a hair dryer 
* i 

tv-as fixed 3 feet abOye the table and the bran wa's blown 

from tlie mixture as it was shaken by hand in the 2 8-mesh 

sieve. The embryos were then separated from the fragmented 

endosperm by suspending'tho material in a mixture of 

cyclohexane/carb6n tetrachloride tlO/25, v/v), allowing 

the endosperm fragments to settle, and removing the embryos 

from the surface by vacuum*suction. This procedure was8 

Repeated 4 - 6 times to remove all contaminating endosperm** 

fragments.' .The purified embryos were air dried and stored 

atr 0 - 4" in the presence of anhydrous CaCl„, A final 

.-. 

•i 

\ 
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yiold',o£ approximately 25 g of largely intact and viable 

Gmbryos wao obtained from ^ kg wheat seed. \ 

((n) Isolation „of Mitochondria , 

Mitochondria 'vbre, prepared •Prom dormant v viable wheat 

ombrvos using a modification of a procedure, developed' by 

M.W, Gray (manuscript in preparation) for the large-scale 

I 
preparation of a mitochondrial fraction from commercial 

.wheat germ. Viable wheat embryos were suspended in 
i " s * \ 

homogenising medium (0.25 H-sucrose - 10 mM MgCl0/ 10 mM . 

EDTA, 10 mM NaCl,' 4 mM C-mercaptoothanol, 0.,05 M Tris.HCl, 
t Q * ° 

pll 7.8 at 4°; 10 ral/g of embryos) and ground (by hand for 

10 rain in a chilled mortar. The homogenate was centrifuged 

at 1000 X g for 6 min in an IEC International Refrigerated" 

-Centrifuge and the pellets (P,<J , containing whole embryos 

and intact cells, were' discarded, Supernatants (S,) were 

filtered through cheeseqloth and centrifuged at 2000 x g 

for 10 mm." 'Pellets (P?) were resuspended in,'fresh homo-

geniaing medium for cytochrome c oxidase assays, while •, 

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

SorvallRC2-B centrifuge,for 20 min. Supernatants (S_) were 

saved for cytochrome c oxidase assays and Cytosol RNA ' 4 
A, > ' 

tfV 
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oxtraction, while .pellets were! resuspended in fresh 

homogenizing medium and the mitochondria ag^in sedimented 

at .18,000 x q for 20 min, ' She crude washed- mitochondrial 

fraction (P,) was resuspended in 24 ml homogenizing medium 

and" further purified by isopyonic centrifugation m three 

discontinuous gradients, each consisting of 8VJ 1,2 1! and 

1.5 M sucrose in 10 mM EDTA (pH 7,4). The crude mitochon­

drial fraction was layered on the gradients, which were 

then centrifuged m a Beckman Model L ultracentrifuge in a 

' Spmco SW 25.1 rotor for 60 min at 25,000 rpm. The bulk of 

the material above the 1.2 M - 1.5 M interface was removed 

by aspiration and the purified mitochondria (M ) were 

carefully removed using a syringe fitted with a needle 

containing,- a right-angle bend (to avoid turbulence) . The 

three pooled mitochondrial bands were slowly diluted (pver 

a 20 min period) i?ith 2 vol. 10 mM EDTA (pH 7.5) and 

centrifuged at 18,000 X g for 20 min. A schematic repre­

sentation >of the mitochondrial isolation procedure is shown 

in Figure 1. ' . 

Jt 

I 
o 

I 
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FIGURE 1 

PROTOCOL FOR THE ISOLATION OF A PURIFIED MITOCHONDRIAL FRACTION 

FROM A WHEAT EMBRYO HOMOGENATE 

t 
Intact Viable Wheat Embryos + Homogenizing Medium 

Hand-Ground in chilled 
mortar, ea. 10 imn 

Wheat embryo homogenate 

1000 X g, 6 tain, 4C 

' 'Supernatant (S,) 

I 
Pellet,(P„)s discard 

Pellet (P„) : discard 
0 z 

2000v X g, 10 mm, 4'° 

Supernatant (s,() 

3 3.000 S | ; , 2) ma, 4°j 

Pe l l e t (Pj) 

Resuspend in 
homogenizing indium; 
18,000 X g 

Supernatant ( S , ) : =save 
for oytofrol RNA 
extract ion 

Pe l le t (P„) 

Resuspend in homogenizing medno 
and fractionate by buoyant densityj 
centrifugation, Spmco SW 2*5.1 rotor, 
2!>,000 rev/min, 60 mm, 4° 

Remove Band 2, dbitute with 2 vol. 
10 mil EDTA (pH 7.4); 18,000 X g 

PURIFIED 

S*^2jS 
i IM ) 

MITOCHONDRIA 

.«* 
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( m ) Cytochrome c Oxidase' Assays 

The purification of the mitochondrial fraction was 

monitored by determining the specific activity of cytochrome 

c oxidase (cytochrome <| 'â , EC 1.9,3.1), the terminal 

barrier in the electron transport chain and a marker 

enzyme ot the inner mitochondrial membrane. Cytochrome,c 

oxidase activity was measured' by the method pf Cooperstein 

and Lazarow (1951) , in whlch\ the rate o£ oxxdation of 

ferrocytochrome c is monitored by following the decrease 

m absorbance at 550 nm. Protein was assayed bV thejnethod 

of Lowry et al. (1951). First-orcter velocity constants and 

specific activities wjere_determined as described by Wharton 

and Tzagoloff (1967). Specific activity was expressed as 

nmoles ferrocytochrome c oxidized per minute per mg protein. 

(iv) Isolation of Mitochondrial and Cytosol RNA 

a-" ̂ Isolation of Total Cytosol RNA . ' 

Fifteen ml cytosol s'upernatant (S3) were transferred to 

a glass centrifuge tube containing 100 mg NaCl, 1.5 ml 

bentonite (0.5 mg/ml) 'and 1.7 ml 20% SLS. Ten ml 90% 

phenol (fequeous) were added and the mixture was shaken for 
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10 min at room temperature on a horizontal shaker. The 

organic and aqueous phases were-then separated by centri­

fugation at 1000 X g (2000 X rpm, IEC International 

Refrigerated Centrifuge, model'PR-6, rotor 263) for 10 rain 

at 5°. The upper aqueous phase was removed with a Pasteur 
V 

^ pipette and re-extracted for 10 min with an additional 8 ml 

90% phenol. The phases were again separated as described 

above and the aqueous phase- removed, combined with 2 vol. 

95% ethanol, and stored at -20°. 

I 
b« Isolation of Total Mitochondrial RNA 

The purified mitochondrial pellet (Mp) was suspended 

in 15 ml extraction buffer (0.05' M Tris. HCl (pH 7.5) , 10 mM 

MgCl0). Sodium chloride (100 mg), bentonite (1.5 ml of,a 
M * 

6.5 mg/ml suspension) and 20% SLS (1.7 ml) were addled to the 

suspension and the RNA was extracted with phenol as des­

cribed above for the cytosol RNA, The ethanol-precipitated 

mitochondrial RNA was stored at -20°. 

1 - / 
s * 

. * \ i 

i 
i 

I 

w 
t 

I 
I 
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c. Isolation of Mitochondrial and Cytosol NaCl-soluble 

and NaCl-insoluble RNA 

In order to selectively precipitate ribosomal-type 

RNA, total nucleic acids (cytosol or mitochondrial) were 

dissolved in water (at a concentration of 1 - 4 mg/ml) and 

made.3 M with respect to NaCl by addition of solid salt. 

After 8 hr at 4°, the NaCl-msoluble RNA (iRNA) was recov­

ered by centrifugation at 13,000 X g (20 m m , 0°), The 

NaqL-soluble RNA (sRNA) was ̂ precipitated from the super-
si 

natant by addition of 2 vol, of 95% ethanol. The iRNA 
» 

was subjected to two additional precipitations from 3 M 

NaCl. The bulk of the residual NaCl was removed by 

dissolving the final pellet in 0.1 11 NaCl and reprecip-

ltat-mq the RNA with ethanol. All RNA was stored at -20° 

as an ethanol precipitate. * -

(v) Polyacrylamide Gel Electrophoresis 

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% 
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acrylamide, recrystallized from acetone, and 0.75% bis-

acrylamide, recrystallized from 95% ethanol (Acrylamide I). 

For 2.4% gels, Acrylamide I (3,6 ml) was added to a side-

arm Erlenmeyer flask (125 ml) along with 11,2 ml distilled 

water and 7.5 ml of the 3E buffer [0.12 M Tris - 0.06 M 

sodium acetate - 0̂ 003 II EDTA (pH 7.2)] of Bishop et_ al. 

(1967). The mixture was degassed under vacuum for approx-

imately 30 seconds. With constant agitation, 50 ul TEMED 

(H'E'E' fK'-tetramethylethylenediamine) were added, followed 

by 0.375 ml 10% ammonium persulphate. The mixture was then 

pipetted into 6 "plexiglass tubes (0.7 cm diameter, 7 cm 

length), each,having dialysis tubing wrapped arouii§$the 

^bottom to retain" the gels during polymerization. Absorbent 

tissue"was used to*remove any solution clinging to the 

sides above the gel meniscus and the gels" were left to 

polymerize for 30 min. If'the gels were not used immediately, 

distilled water was • layered on top and the tube covered with 

Parafilm. In this manner the gels could be 'stored for sev­

eral days without altering their resolution properties. The 

2.8% gels were prepared .in the sequenbe described above 

but from a mixture containing different proportions of 

ingredients (4.2 ml Acrylamide I, 7.5 ml 3E buffer, 10.4 
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ml water, 50 fill TEMED, and 0.375 ml 10% ammonium persulphate)> 

The mixture used to prepare 5% gel^contained 7.5 ml 

Acrylamide "ll solution [15% recrystallized acrylamide, 

0.375% recrystallized bisacrylamide], 7.5 ml 3E buffer, 

7.35 ml distilled water, 50 ul 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 mA/gel. The electro­

phoresis buffer^was E buffer containing 0,2% SLS. Samples of 

RNA (10-20 yg) in < 50 ul E buffer containing 10-20% 

sucrose were layered on the gels with a micropipette and 

electrophoresis was carried out for either 2.5 - 3 hr (2.8% 

and 5% gels) or 3.5 - 4 hr (2.4% gels). The gels were then 

removed from the Plexiglass tubing and scanned in a Joyce 

Loebl UV scanner attached to a Sargent Model SRLG recorder. 

The relative proportions of the individual DNA and 

RNA species resolved on polyacrylamide gels were determined 

by cutting out and weighing/the areas under the peaks on 

the scanning paper. 
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C. RESULTS AND DISCUSSION 

(i) Cytochrome c Oxidase Activities of Isolated Mitochondria 

Cytochrome c oxidase activities in the various subcell­

ular fractions produced during the isolation of mitochondria 

from dormant viable wheat embryos are given in TABLE III. 

These results are comparable to those obtained wi£h non­

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

An analysis of this data in relation to th.at obtained 

with 24 hr-germinated wheat embryos is given in SECTION II. 

2.C.(ii).B. 

(ii) Characteritation of Mitochondrial and Cvtosol RNAs 

r\ by Polyacrylamide Gel Electrophoresis 

When cytosol total, NaCl-insoluble, and NaCl-soluble 

RNA fractions from dormant (unimbibed), viable wheat embryos 

were resolved by polyacrylamide gel electrophoresis, the 

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

20*) was qualitatively similar to that of the corresponding 

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

* 
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LEGEND OF FIGURE 2 

Polyacrylamide gel (2.8 %) electrophoresis of total nucleic acid 

fractions isolated from the cytosol [(A), ca. 0.3 A„-„ *units] and 
— 2o(J , 

mito'chondria [(B), ca. 0.5 A?fif) 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-absorbmg components which were reproducibly observed in the 

gel elec'trophoretic profiles of wheat mitochondrial total nucleic acids. 
Panel (C) shows the profile obtained after mixing cytosol (ca. 0.2 , • 

• « 
A„,„ units) and mitochondrial (ca. 0.4iA„,n units) nuc3eic acids. 
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D I S T A N C E MIGRATED ( c m ) 

Polyacrylamide/gel (2.8%) electrophoresis of NaCl- insoluble 
RNA (iRNA) fractions from the cytosol [(A) ca. 0.2 A 2c 0 units] and 
mitochondria [(B) ca. 0.4 A ^ Q 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-absorbing components which were reproducibly 
observed in the gel profiles of wheat m»tochondrial IRNA. 
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RNA fractions prepared from commercial wheat germ (Gray, 

manuscript in preparation), with the two pajor speoies'in 

the iRNA fraction representing the 26 S and 18 S RNA 

components of cytoribosomes. The polyacrylamide gel 

electrophoretic profiles of mitochondrial total NaCl-

insoluble, and NaCl-soluble RNA from dormant viable 

embryos (cf. FIGURES 2B, 3B)* were also essentially 

identical to those observed "for the same RNA fractions 

from",commercial wheat germ (Gray, manuscript in preparation) 

In addition to the peaks migrating in the positions of 

the 4 S/and "5 S RNAs, the mitochondrial total RNA gel 

profiles contained two ma^or 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 

electrophoretic mobilities on polyacrylamide gels of the 

respective large- and small-subunit RNAs of higher plant 

cyto- and mitoribosomes (Leaver and Harmey, 1973; Pring 

and Thornbury, 1975), the wheat mitochondrial large and 

sma^i~rRNA^pecies are here designated 26 S and 18 S, 

respectively. It should be emphasized that these assign­

ments are made for the sake of convenience and are not 

\ 
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meant to imply .thaat actual measurements of sedimentation 

coefficients have been carried fc^ut]. . . » 

. In addibion to the"two major mt-RNA speciesf presumed 

*to be the high-molecular-weight 'components of x!?heat mito-
t < « 

ribosomes, the gel profiles .reproducibly contained several 

minor components having distinctive electrophoretic mobilities 
<• <j » 

(cf. FIGURES 2B and 3B, arrows*). 'jThe larger of these 

components migrated as a shoulder on the leading edge of 

the mitochondrial 18 s RNA,- in>a position identical to that 

Occupied by the 'cytosol 18 S rRNA (as evidenced by' the • 

mixing experiment, FIGURE 2C*). Th"e possibility that this 

component represents residual cytosol r̂ RNA contamination 
* 

will be discussed in the following chapter ("SECTION 11.3*0!* 
<* v 

(iv).b,). DNA was also present in the wheat mitochondrial ) t 

- total RNA fraction (cf. FIGURE 2B*) and was removed (as 

expected, into the soluble phase; cf. FIGURE 20*) during j 
«. •• 

.precipitation of the iRNA with 3 M NaCl (cf. FIGURE 3B*). 
The relative proportion of DNA in the total .mitochondrial 

* V 
nucleic acid fraction often varied considerably and much ^~<^ 

I ' ' ' 

of it was undoubtedly of nuclear origin, "The reason for . 

this conclusion is that in other plant mitochondi 

examined, DNA represents less' than 5% of the p©tal"mito-
T tXOTxr — 1 

~> 
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chondrial nucleic acids (e.g., Leaver "and Harmey, 1973), 

whereas in the wheat system, it can amount to as much 

as 351 (cf: TABLE<,VIII). As mentioned above, the mito- , 

chondrial RNA contained both 4 9 ancl 5 s components, 

consistent 'with the results obtained with the commercial j 

wheat germl ". ' 

The yields of mt-RNA and mitochondrial protein from, 

dormant viable embryos as .well as the RNA/protem ratios 

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

section along with the results obtained for the germinating 

wheat embryos. In addition, an analysis of the mass 

ratios of the cytosol and mitochondrial high-molecular-weight 

RNAs ("TABLE VIII) and an assessment of the degree of con­

tamination (in dprmant tissue) of the mitochondrial RNA 

fraction with cytosol RNA (TABLE VII)" is also reserved 

for the yfqllowing section. '• 

* The results presented here demonstrate that the mito-

chondrial nucleic acids isolated from the dormant,* viable 

wheat embryos are essentially identical\to those obtained 
-4 

from the nonviable, commercial wheat germ. Therefore any < 

damag'e that may possibly occur during the isolation and\ 

. storage of the commercial germ does not seem to affect the 
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types and proportions, of RNA components subsequently v 

isolated from purified mitochondria. These results 

also sugSgPtet that at least some of the components of an' 

organellar protein-svnthesiKing system are present in at 

least a certain proportion of the mitochondria 'of dormant. 

wheat embryos.^ 

' r 
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3. ISOTOPIC-LABELING OF MITOCHONDRIAL AND CYTOSOL RNA 

IN GFJ&INATING WHEAT EMBRYOS ' , • , { • * 
. . . 

» - i 

A. MATERIALS ' 

-i32 * 3 
I P]orthophosphate (carrier-free), [methyl- H]methionine, 

3 * ' 

[ H>] uridine andj&eruasor were all obtained from New England 

Nuclear (Boston,%Mass,). Actinomycin D and ethidium bro-

mide .were purchased from Calbiochem (Los Angeles, Calif.).* 

All other"-chemicals and solvents were reagent grade. 

B. METHODS * 

(i) Germination and Labeling 

Viable wheat embyyos were prepared as described in 
4 

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

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

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) containing 
32 0.1 - 1.6 mCi/ml [ P]orthophosphate was added to each 

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

room temperature for 24 hr. 

J 
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Three additional experiments were performed using 

different germination and labeling protocols. IR. the first 

experiment, wheat embryos were germinated*in the presence . 

of both [ Hp\orthQphQsphate and [mdthyl- H]methionine 

#in order to label methyl groups in the RNA. chains as well 

as the phosphate backbone.* The second experiment 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 Actmomycin D. 

Th£ third experiment was an attempt to ascertain the pres-

ence or absence of a mitochondrial ribosomal RNA precursor 

by pulse-labeling germinating embryos in a medium containing 

[ Hjuridme. All incubations were done at room temperature* 

in the dark. 

In the double-labeling experiment, 2 g viable wheat ^ 

embryos were distributed among 8 Petri dishes on a layer 

of Whatman No, 1, filter paper. Five, ml 1% glucose solution 

32 * v 3 
containing 0.3 mCi [ !f|orthophosphate, 0.2 mCi tmethyJL- H]-

methionme (5 Ci/itimole), 1 ymole adenosine and 1 ymole 
* 

guanosine were added to each dish and the embryos were 

incubated for 24 hr. In Part A of the second experiment, 

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

% 
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dishes* (on filter paper) followed by 2.5-ml of a 1% 

glucose solution containing ii<Ktwo case's 65 yg Actinomycin 

D,'in two cases 125, ug ActmpmyOin D, and'in the final 

two cases no antibiotic (control]). The embryos were ^ 

incubated for 4 hrs followed by the addition of the same, 

solutions given above but this time also containing 0.8 mGi 
32 • ° * 1 . J 

,[ pjorthophosphate in jeach case. ^Incubation was continued 

for a further 13 hr. ° In Part-B_ of the second experiment, 

the effect of ethidium bromide on* RNA transcription was 
•determined. Three -g viaole wheat embryos were distributed 

among 12 Petri dishes and 3 ml of a 1% glucose solution 

were added to eaGh dish. After preliminary incubation for 

8 hr, ethidium bromide (IS ug in 3 ml 1% glucose) was 

added to each of 6 dishes and l%fglucose (3 ml) to the 

remaining 6 dishes. Following a further 2" hr incubation, 
t 

2 ml of a 1% glucose solution containing both ethidium 
32 bromide".(10 ug) and [ p]orthophosphate (0.10 mCi) were 

added to those samples already containing ethidium bromide. 

The 6 control dishes received 2 ml of 1% glucose containing 
<32 * 

only the v[ P]orthophosphate. The embryos were incubated 

for a final 6 hr. In the third experiment total cellular, 

cytosol, and mitochondrial RNAs were pulse-labeled in the 
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presence, of [ H]uridine. Viable wheat"Embryos (1 g\ • 

were distributed on filter paper in one Petri dish along" 
- ,< > • , , v ••„ ' - v .' .; 
with 4 ml-of a 1% glucose solution. In a second dish 
< 

50'mg (ca. 100) wheat embryos w^re added followed*By 2,5 ml . 
— • , 

glucose solution'. Both "samples were incubated for 6 hr.( * 

After incubation the 1 g embryo sample was transferred 

, to a 15 ml test tube and 1.5 ml 1%- glucose containing 1.5 

mCi [H]uridine (40»Gi/mmole) was added.* The embrvos were 
V (I -

distributed uniformly along the length of the tube such 
that they were all partially immersed in -the solution. 

i 

The ê mbryos were then incubated for 60 min with the tube 

held in a horizontal position. The 50 mjg sample was trans­

ferred to a 5 ml test tube. A l % gligpose solution (0.075 ml) 

was added along with 80 pCi [H}uridine (80 ill),and the 

embryos were distributed evenly on the tube bottom. The 

embryos were incubated a further 60 min. 

(ii)„ Purity of the" Mitochondria 

\ 
a. Electron Microscopy 

. The final purified mitochondrial pellet [Mp] was fixed 

in 2% paraformaldehyde - 2.5% glutaraldehyde - 2% sucrose -

J 
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i 

i * \ " \ tf 

0.2 M sodium cacodylate, (pH 7.4> -for lfhr at 4°. The 
i * . / " * - ' « 

peliet was then washed, post-osmicated fo^ 1 hr at" 4° „ 

(1% osmium tetroxide - 2% sucrose - 0.2 II sodium cacodylate), 

washed and stamped with uranyl acetate (aqueous) for 8 hr 

at 4°. The material was then dehydrated through a graded 

series of alcohols, solvent-exchanged in propylene oxidê , 

and embedded -in Durcupran resin. The fixed, stained mi to- _, 
* o 

chondria were sectioned (600 "A in thickness) and scanned, 

at a magnification of'22,000 X in a Zeiss EM 10 electron 

microscope. 

b. Cytochrome c Oxidase Assays 

The cytochrome c oxidase assays of the subcellular 

fractions from imbibed viable wheat embryos were determined 

as described in SECTION II.2.B.(iii). 

37 

(iii) isolation of r JPJ-Labeled Mitochondrial and cytosol iRNA 

Mitochondria'were purified as described in SECTION II. 

2.B.(ii) except that the first centrifugation (1Q00 X g, 

6 min) was omitted and the second centrifugation (2000 X g) 

was increased to 12 mm. The isolation of labeled mitochon-
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V ' 
drial and cytosol RNA (tdtal, NaCl-insoluble, and NaCl* 

J 
soluble) was carried out asNdejscribed previouslv for 

unlabeled RNA. ,Ultraviolet absorbance was measured in a 

geiss PM Ql.I spectrophotometer and the radioactivity was 

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

Aquasol and counting in a Nuclear-Chisago "Unilux" liquid 

scintillation spectrometer. 
i Total cellular pulse-labeled RNA was isolated directly 

"*• * 

from germinated wheat embryos. The 50 mg wheat embryo 

sample was ground in a small mortar with approximately 

10 ml homogenizing medium (50 mM NaCl - 0."5% naphthalene 

1,5-disulphonate - 10 jtiM Tris-HCl, .pH 7.6). The mixture 

was t#en transferred t© a centrifuge tube and diluted to • m 

20 ml with\homogenizing medium. Sodium tri-isopropylnaph-

thalene sulptaonate (to 1%) and^sodium 4-aminosalicylate 

(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-cresol - 0.1 g 8-„ 

hydroxyquinoline) was added and the suspension was Shaken 

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£fe£&nd discarded. The aqueous phase 

* *• 
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and interphase were made 0.5 M in NaCl and» the mixture 

* re-extracted for 15 min with an^equal volume of the phenol 

mixture. The aqueous phase was removed (the phenol phase 

• and interphase Vere discarded) and re-extracted 2 X with 

an equal volume of 'the phenol mixture. -The total nucleic , 

acids were then precipitated from the final aqueous, phase 

by adding 2 volumes 95% ethanol. The precipitated RNA was 

stored at -20°. , 

(iv) Fractionation and Characterization of the Cytosol° 
y„- . — 

and Mitochondrial RNA \ 

' . \ • • ' 
a. Separation of the individual 26 S and 18 S rRNA Species 
* - — - . — 

by Sucrose Density Gradient Centnfugation 

'Due to technical#Hfifficulties, the large and small 

ribosomal RNA species could not be isolated in sufficient' 

yield from polyacrylamide gels as had been .jdone previously 

when preparing bacterial, blu*e green algal, andfchloro-

plast 16 S ribosomal RNA for nucleptide sequence analyses 

(DoolittJ.e and Pace, 1971). In addition,ythe RNA isolated 

from polyacrylamide gels was contaminated with material 

which caused streaking during subsequent electrophoresis 
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*f 

of T^RNase digests on DEAE-cellulose, and this material * 

(acrylamide byproducts) could not be removed.. In-order 

to overcome this problem', cyto'sol and mitochondrial NaCl-

insoluble RNAs were,fractionated by sedimentation in sucrose 

density, gradients (5 *• 25%). Samples of RNA (200 - 250 ug) 

in 60 ]il E buffer (electrophoresis buffer) .containing 

0.5% SLS were layered on|:o 12 ml gradients, which were 

then centrifuged for; 18 hr at .24,000 rpm and 5° in the 
f 

Spinco SW41 rotor. Alternatively, 0.5 - 1.5 mg samples 

of RNA in 0.5 ml E buffer were applied to 31 ml gradients 

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 

nucleotide composition analyses, cytosol iRNA was heated 

a£~>60° for 5 min prior to centrifugation. This procedure 

liberates the 5.8 S rRNA from/its noncovalent asspciation 
i 

with the ,26 S rRNA (Azad and Lane, 1973). 
Fractions were collected by puncturing the bottoms -
r 

of the gradient tubes with a 20 gauge hypodermic needle 

and collecting the drops (approx. 250 ul/fraction, 12 ml • 

gradients; approx, 450 yl/fraction, 31 ml gradients). 

All operations were done at 4°. An aliquot (200 yl) of 

each fraction was diluted to 1 ml with water and the UV * 

absorbance measured. Radioactivity was determined as 

m 
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described m SECTION II.3.B.(iii). The fractions con­

taining the separated species of 26 S and 18 S rRNA were 

pooled 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°. 

b. Polyacrylamide Gel Electrophoresis 
( > 

Polyacrylamide gel electrophoresis of RNA samples 

and subsequent scanning at 260 nm was carried out as 

described in SECTION II.2.B.(iv). In order to determine 

the distribution of radioactivity in the gels, they were 

first frozen on dry ice and sliced (0.8 - 1 mm,"Mickle 

Gel 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 Aquasol and the radio­

activity measured in either a Nuclear-Chicago "Unilux" 

(single label experiments) or a Philips four channel 

(double label .experiments) liquid scintillation counter. 

/ 

^ 
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c. Nucleotide Composition Analysis * 

The nucleotide composition was determined for both 

32 purified mitochondrial and cytosol 26 S and 18 S [ P]-

32 
labeled RNA species. Hydrolysis of [ P]RNA (2 - 10 A2g0 

„units, 100 - 500 ug; sp. act. 1 X 10 cpm/A2g0 unit, 2 X 

10 cpm/yg) with purified Vipera russelli phosphodiesterase 

(Lane et al., 1963) and fractionation of the resulting 

5'-nucleotides by two-dimensional paper chromatography 

(Smgh and Lane, 1964) were carried out using the conditions 

described by Hudson et al. (1965) for unlabeled RNA. 

6 
Hydrolysates we're supplemented with markers of N -methyl-

6 2' adenosine 5'-phosphate (pm A) and 0 -methylpseudouridme 

5'-phosphate (pfm) befdre being applied to paper chromat-

ograms. After chromatography, the major 5'-nucleotides 

(pA, pC, pG, pU) were located under ultraviolet light and 

were excised, along with corresponding areas of a blank 

chromatogram. Specific activities of the individual 5'-

nucleotides were determined as described in TABLE IX . 

For detection of modified nucleotides, the remainder of 

each chromatogram was submitted to autoradiography (Fuji 

medical X-ray film; approximately 1 week exposure). Minor 


