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ABSTRACT 

Ribosomal RNA sequence comparisons can be used to determine 

phyl ogenetic relationships among organisms and should also be useful 

in evaluating hypotheses concerning the evolutionary origin of 

organelles. However, no compelling support for either an 

endosymbiotic or autogenous origin of mitochondria has come from 

analysis of animal, fungal, and protozoan mitochondrial rRNA 

sequences. I have therefore utilized newly-developed,-rapid RNA 

sequencing procedures to determine primary structure at the ends of 

the mitochondrial and cytosol 18S and 26S rRNAs of wheat (a higher 

plant). These results, along with the results of experiments 

exam>mng heterologous hybridization between wheat mitochondrial DNA 

and Escherichia coli 16S and 23S rRNAs, provide strong 'evidence in 

support of an endosymbiotic, specifically eubacterial, evolutionary 

origin o*£)wheat mitochondria. 

"there is great diversity in both size and base composition of 

homaflogous high molecular weight rRNA species from various sources, 

while certain small-rRNAs that are present in some organisms are 

'absent in others. It is hypothesized that much of this diversity may 

be attributable to differences in the distribution of coding and 

spacer sequences in rRNA genes, as well as differences in 

post-transcriptional processing. I have determined the primary 

sequences of the 5.8S rRNA and four novel small rRNAs from Crithidia 

fasciculata with the goal of precisely defining spacer sequences in 

Crithidia rDNA. Knowledge of these rRNA sequences and spacer 

sequences should be valuable in testing the foregoing hypothesis. 

Sequence comparisons are also valuable in defining evolutionanly 

conserved regions of primary and secondary structure, which presumably 

represent conserved functional domains of the rRNA molecule. I have 

determined the 3'-termmal sequence of Crithidia 18S rRNA and, in the 

• light of these new cfata, I have re-examined certain base-paired 

interactions that have previously been proposed to be involved in 

ribosomal subunit association and initiation of translation "in 

eukaryotes: 
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INTRODUCTION 
4 . . . ; 

* - ~ 

1. The Ribosome: A Macromolecular Complex of Central Biological 

Importance, 

Messenger RNA-directed protein"synthesis is a very important and 

extremely complicated process that occurs in all- living cells. Since 

the translation of mRNA (protein biosynthesis) occurs on ribosomes, we 

cannot fully understand the mechanism of protein synthesis until the 

structure,,of the ribosome has been elucidated completely. 

'Ribosomes from all sources have a small subunit and a large 

subunit, both of which contain RNA and bjotein components (51). We 

have undertaken a study of the RNA*components of various ribosomes 

with a long term goal of understanding 'the biosynthesis of ribosomes 

' and their constituent rRNAs. Since ribosomes perform essentially the 

same function in all living things, it follows that rRNA genes must 

have been established early in evolution and that functionally 
a 

important regions of rRNA have been evolutionarily conserved. 

Therefore, comparisons of rRNA genes from different sources should 

allow us to define these conserved regions, which presumably represent 

important functional domains of the molecule. Determination of the 

primary sequence of a rRNA or a rRNA gene is a useful first step in 

detecting possible base-paired interactions that may be involved in 

ribosome assembly, mRNA binding,, tRNA binding and subunit association. 

Primary sequence analysis of a rRNA and of the gene encoding t 

4 it is valuable in delineating the ends of the gene and spacer 
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sequences, and should also provide clues about signals for initiation 
s •* * 

and termination of transcription and for processing of the primary 

transcript. Comparisons of rRNA sequences are also useful in 

establishing secondary structure models "and in determining 

evolutionary relationships amting organisms (2-50). 

s 1,2°. Structure of Ribosomes and their RNA Components 

t 2.1. Diversity in Ribosome«and Ribosomal RNA Structure . ' 

\ ' Although ribosomes from all sources perform a similar function in 

' protein synthesis, they differ radically in size, RNA to protein ratio 

and in the number and size of rRNA components (51, Table 1; see also 

"-> INTRODUCTION, section 3). It can be seen from Table 1 that SSU RNA 

ranges in size from about 950 nucleotides in animal mitochondria to • 

1955 nucleotides in wheat mitochondria while LSU RNA ranges in size 

from about 1560 nucleotides in animal mitochondria to 4718 nucleotides 

in rat cytoplasm." The typical value for~G+C content of rRNA genes is 

about 55%. This value drops to about 35-45% in animal and ciliate 

mitochondria and to about 21% in yeast mitochondria. 

This great diversity in both size and base composition of 

homologous rRNA species from different organisms has been useful in 

defining a universal structural core (323) that is probably / 

responsible for many of the conserved processes in which SSU RNA is 

involved. However, this same diversity in rRNA structure complicates 

sequence comparisons that are used to deduce phylogenetic ' 

relationships (sdHilSCUSSION, section 1). 
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v : Table 1. High Molecular Weight Ribosomal RNAs of Known Sequence 
(a) Sedimentation'coeff icient, (b) Length (nucleotides), {c) G+C contertt(i,) 

r*~^-^ 

Prokaryotes 
(/OS ribosome) 
E. coli (39,41,49) 
'A nldulans (192,337) 
P. vulgaris (48) 
H volcami (139) 

'Eukaryotic Cytoplasm 
180S ribosome) « 
X*. laevfs (286,361) 
S. cerevisiae (283,111) 
Rat (53,54,329) 
P polycephalum (256), 
S. carlsbergensls (354) 
P. discoideum (230) , 

Mouse (273) 

Chloroplasts 
l/OS ribosome) 
Z. mays (97,298) 
Jf. tabacum (330,335) • 
E. graeills (120) 
C. reinhardii (91) 

Mitochondria 
,. animal . 

(55-6US ribosome) 
* Mouse (352) 
Rat (177,284) 
Human (98) 
Bovine (7) 

fungal 
(70-75S- ribosome) 
Yeast (204,310,311) 
Aspergillus (179,180) 

cillate 
(80S ribosome) * 
Paramecium (300) 

Slant S rlboseme) 
T. apstfvum (314) , « 

30S subunit 
a b 

16S 1542 
16S 1487 
16S 1544 
16S 1472 

c 
54 

« 5 S 

52 
57 

40S subunit 
a b • 
18S 1825 
18S 1789 
18S 1869 

17S 1875 
J8S 1869 

c 
54 
45" 
56 

42 
56 

30S Subunit 
a "b 
16S 1491 
16S 1486 
16S 1491 
16S 1475 

c 
56 0 

54" 
47 
54 

25-35S Subunit 
a b< 
12S 956 
12S 952 
12S 954 
12S 955 

c < 
35 
39 
45 
40 

30-40S Subunit 
a b 

15S 1686 
15S 1437 

c 
22 
35 

55S Subunit 
a b c 

40S Subunit 
a b 

IRS 1955 
e 
53 * 

SOS subun'it 
a b 

23S 2904 
23S 2869 

60S subun 
a b 

28S 4110 
25S 3392 
,28S M 7 1 8 
26S * 3788 
26S 3393 

1 505 Subun 

c 
54 
58 

it 
c 
66 
48 
67 
53 
48 

n 
a 
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212. Secondary Structure of LSU and SSU RNAs 

Secondary structure models have been proposed for E. coli 16S 

- (224,324,379;380,388) and 23S (37,114,249) rRNAs. Basically, three 

techniques have been utilized i<n determination of the secondary * 
r * 

stru'cture\.of rRNA molecules- (38). The f i r s t involves analysis of 
* r * 

single-stranded regions that are access-ible to .chemical and enzymatic 

attack, while a second involves* analysis of the small base-paired* 

fragments that are produced by part ia l nuclease digestion of intact 

rRNAs. " Secondary structures developed on the basis of these two 

'methods can be refined by the th i rd method, comparative sequence ^ 

analysis. This approach assumes that a funct ional ly important element 

of secondary structure is l i ke l y to be.conserved between.two 

homologous rRNAs, even where extensive primary sequence divergence^as 

occurred. 

The SSU RNA sequences from mammalian t{225,323,324,388) and fungal 

(323,324) mitochondria, the sequences of eukaryotic nuclear-encoded 

18S rRNAs (53,252,323,324,388), chloroplast 16S .rRNA sequences \ 

. (323,324,388) and an archaebacterial 16S rRNA sequence (139) can a l l 

be drawn to f i t secondary structure rwntels that have many"features in « 

common with those proposed for E_. col i 16S rRNA. Comparison of these 

models reveals a smaller secondary structure core that, is- common to 

a l l SSU RNAs (323), Simi lar ly, the LSU RNA sequences from 

chloroplasts^ (37,114,2"49), yeast cytoplasm (354) and mitochondria 

(180,311,323,324,388) can> a l l be accommodated by secondly 'structure 

models tha t j j l ose ly resemble those proposed for E. col i 23S rRNA. 

c/ 



N. 

'This conservation of a basic secondary structural core in 

homologous rRNA species from different sources, which is quite 

remarkable in view of the great diversity in size *and base composition -
* y 

of thesae molecules (Table 1), implies that secondary structural 

elements as well as primary sequence are functionally important in 

protein biosynthesis. 

2.3. Modified Nucleoside Components of'Ribosomal RNA 

In addition to the four major nucleosides present in rRNA 

populations, minor amounts of modified nucleosides are also present. 

In rRNA these minor components are usually ribose (02 ') o r base 

methylated derivatives of the four major nucleosides. Pseudouridine 

(¥), a modified nucleoside in which uracil is linked through its C5 

rather than i ts N1 position to the ribose .moiety (144), is also found 

in rRNA, as are N^-acetylcytidme and l-methyl-3-(3-amino-3-carboxy-

propyl)*. Examination of Ti oligonucleotides that contain modified 

nucleosides has revealed that rRNAs are homogenous with respect to 

methylated sequences and that methylation is a highly specific process 

(103,144). Although the function of modified nucleosides in rRNA is 

uncertain," there ,are a few reports which suggest that rRNA methylation 

may be required for maturation of eukaryotic rRNAs (43,381). 

Studies of the modified nucleoside composition of hamster 

,(93,301), human (285,301), mouse (147,301), chicken (301), Xenopus 

(219,301), Drosophila (220), yeast (176), wheat (196,307) and 

Crithidia (122) cytosol rRNAs have revealed that most of the modified 

nucleosides in eukaryotic rRNA are ribose methylated and that many of 

( 

\ .»• 
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the methylated sequences are evblut ionari ly conserved within the , ' 

gukaryotic kingdom. Analysis of the methylated sequences in IE. col i 

16S and 23S rRNAs (103) has indicated that most of the modified . 

components are methyTated bases and that there is a very low level of 

, £ -methylnucleosides re lat ive to the level observed in eukaryotic, 

rRNAs. The methylation pattern observed inJE. col i- 16S rRNA is highly 

conserved within the eubacterial kingdom (378) and is d is t inc t from 

that found in the archaebacteria (17). The base methyl atidns observed' 

in E. co l i 23S rRNA (103) are missing in the 23S rRNAs from Mycoplasma 

capricolum and Achol'epl asma la id lawi i (153). However, these two 

organisms display typ ica l ly eubacterial 16S rRNA methylation patterns 

m 

(153). " . 

Hamster mitochondrial LSU RNA contains four ribose methylated 

nucleosides (16,92), whi lKthe SSU RNA contains fiv_e base methy\ate~d 

nucleosides (16,93). Yeast (175) and Neurospora (192) mitochondrial 

LSU RNAs each contain two ribose met)>yl ated nucleosides, while the 

mitochondrial SSU RNAs from these" two fungi are coil|bletely 

unmethyl ated. 

3. Evolutionary Origin of Low Molifl̂ t-1 a,r. Weight Ribosomal RNAs 

3.1 . Ribosomal RNA Gene'Qrganizat»T(Figures l ^ n d €f 

3.1.(a) Eubacterial rRNA Genes 

In the eubacteria E_. col i (40,212,238), Bacil lus sub't i l is 
1 

(322,387), Bac i l l i s thuri'ngiensis (174) and Anacystis nidulans 

(336,373), the rRNA gene order is 16S-23S-5S with spacers of variable 

f 



length's separating the three rRNA genes. The rRNA genes in E. col i 

are co-transcribed in the order 5'-16S-23S-5S-3' from a single 

promoter at the 16S end (87) and there is evidence for a similar 

co-transcription of rRNA genes in Bacillus subt i l is (387). 

There are seven rRNA transcript ional units in jE. co 1 i (238), one 

of which (rrnD) contains two 5S rRNA gejes (94). Four of these units 

have tRNAG1u while three have tRNAAla and tRNAITs genes in the 

transcribed spacer separating the 16S and 23S rRNA genes (238). The' 

complete sequence of the rrnB operon from E. col i has been determined 

recently (40). There are two rRNA gerfe clusters in Anacystis mdulans 

(33F,373) and sequence'analysis of the 16S-23S spacer of one of these 

has revealed the presence"of both tRNAITe#and tRNAA1a genes 

(373), Two of the ten rRNA«53perons in B t t i l l u s subti l is contfaqn 

tRNA^a an f j tRNA I le genes hetween the 16S and 23S rRNA genes' 

(211). No tRNA genes are found in the 16S-23S rRNA spacer m rRNA 

gene clusters from Bacillus thurmgiensis (174). * 

3.1.(b) Archaebacfrerial rRNA GeneS) 
t 

There is a single copy of the rRNA genes arranged in the, order 

5'-16S-23S-5S-3' in Haloja&cterium halobium (152,244?), Sulfolobus 

acidocaldarius (244), Thermoproteus tenax (244), Thermococcus celer 

(244), Thermophilum pendens, Desulfurococcus mobilis (244) and 

Desulfurococcus mucpsus (244). Methanobacterium thermoautotrophicum 

(244) and Methanococcus van ie l i i (160) contain two and four sets of 

rRNA genes, respectively, arranged in the order 5'-16S-23,S-5S-3'.r\J 

Sulfolobus acidocaldarius (244), Thermococcus celer (244) and 



Methanococcus- vamel i i (160) each contain an extra 5SV rRNA gene. The 

primary sequence has been determined for the spacer separating the 16S 

and 23S rRNA genes in two of the four rRNA operons in Methanococcus 

v a n i e l i i . One of these spacers contains a gene for tRNA^la^ whi le -

no tRNA structure could be found itr l ff ie other spacer (161). There is 

also a single copy of each rRNA gene in Thermoplasma acidophil urn 
t-

(341). However, these genes appear to be physically and 

transcriptionally unlinked, with a distance between the 16S and 23S 

rRNA genes of at least 7.5 kb. The 23S and 5S rRNA genes are at least 

6 kb apart and the 16S and 5S rRNA genes are separated by at least 1.5 

kb (341). 

3.1.(c) Chloroplast rRNA Genes 

( i ) Euglena g rac i l i s 

Genes coding for 16S, 23S andt5S rRNAs are found on each of three 

tandemly repeated 5.6 kb segments of Euglena chloropla~st DNA 

(134,135,253). The gene order is 5'-16S-23S-5S-3' and the spacer 

separating the 16S and 23S rRN̂A genes contains a tRNA1^ and a 

tRNAAla gene (119,253,254). 

( i i ) Chiamydomonas reinhardi i * 

In addition to 16S; 23S and 5S rRNA, Chiamydomonas chloroplast 

DNA also codes for a 3S and a 7S rRNA (277,278). The genes for these 
T 

rRNAs,are physically (277,278) and probably t ranscr ipt ional ly 

(277,326) linked in the order 5'-16S-7S-3S-23S-5S-3'. These genes are 

separated by spacer DNA (277,278) and there is at least one tRNA gene 

4n the 16S-7S rRNA spacer region (223). There are two copies of th is 

\ 
t 

/ 
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• « 

rRNA gene*cluster, found in an inverted repeat arrangement in 

Chiamydomonas chloroplast DNA (278), and both of the 23S rRNA genes 

contain an intervening sequence near the 3'-terminus (2,278). 

(iii) Higher Plants 

Two copies of the rRNA genes are located within inverted repeats 

on the chloroplast DNA of most of the plants that have been examined 

to date (22,104,166,171,258,259,316,36/). However, brqad bean T.181), 

.and.pea (260) chloroplasts contain only one set of rRNA genes. Plant 

c&^oroplasts do not contain 7S and 3S rRNAs but they do have a4.5S 

rRNA component (33,368) that maps between the 23S and 5S rRNA genes 

- (328). Plant chloroplast rRN\genes are arranged in the order 

5'-16S-23S-4.5S-5S-3' (22,96,104,166,328,367) and an 8.2 kb transcript 

that represents a common precursor of the 16S, 23S and 4.5S rRNAs has 

been isolated from spinach (145,146) and tobacco (331) chloroplasts. 

The nucleotide sequence of a complete rRNA gene cluster has been 

determined in the case of Zea mays (96,97,178,298,299) and Nicotiana 

tabacurn (329-331,334,335). chloroplast DNAs. Both DNAs contain a 

tRNA^e and a tRNAA^ a gene in the spacer region separating the 16S. • 

• and 23S rRNA genes and these spacer-encoded tRNA genes are interrupted 

by long intervening sequences (178,331). 

3.1.(d) Eukaryotic Nuclear rRNA Genes 

Typical eukaryotic ribosomes contain four Rlto components, 

designated 25-28S, 17-19S, 5.8S and 5S rRNA (64). Investigation of 

the high molecular weight r&NAs of various eukaryotes by gel 

electrophoresis has revealed that these rRNAs have not maintained a 
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constant* size throughout evolutionary history\ However, there is no 

obvious relationship between rRNA size and phyipgenetic position 

(46,20&). Eukaryotic rRNA genes are arranged in the order 

5'-18S-5.8S-28S-3' in all eukaryotes that have been examined 

(23,47,63,76,138,209,226,268,274,356), dnd these genes are" 

co-transcribed from a single promoter to yield a 37S-45S precursor 

molecule that is processed to produce the mature rRNAs 

(23,76,102,209,274,267). The 5S rRNA gene is 1.3 kb from the 3'-end 
p. 

of the 25S rRNA gene in yeast (Saccharomyces cerevisiae) (23) and 

within 7 kb of the 3'-end of the 25S rRNA gene in Dictyostelium 

discoideum (222). The 5S rRNA gene of Euglena gracilis also maps near 

the 3'-end of the 25S rRNA gene (73). The Saccharomyces* (189,347), 

Euglena (73) and Dictyostelium (20,121) 5S rR'NA genes are not " i 

transcriptionally linked to the other rRNA genes, and the 5S.rRNA gene 

of yeast is known to be in the opposite orientation relative to the 

other rRNA genes (189,347). In all other eukar-yotes examined the 5S N * 

rRNA genes are not physically or transcriptionally linked.to the other 

rRNA genes (102,209,267). Primary sequence analysis within the rRNA 

transcriptional units of Saccharomyces cerevisiae (308,309), 

Saccharomyces carlsbergensis (353,359), Xenopus laevis (143), Xenopus 

boreal is (108), rat (325), mouse (117,234), sea urchin (151) and 

Physarum polycephalum (256) indicate that there are no tRNA genes in 

the internal transcribed spacer separating the 18S and 5.8S rRNA genes ' 

(ITS1), or'm the internal transcribed spacer separating the 5.8S and 

26S rRNA genes (ITS2), 
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• The 25S-28S rRNA of many eukaryotes contains a median or nearly 

median break that is masked by hydrogen bonds between the two halves 

of*the molecule (46). R-Loop mapping of the rDNA reveals a gap 

(«100-600 nucleotides long) separating the regions encoding the two 

halves of the 28S rDNA in Drosoohila melanogaster (266,363), Sciara 

coprophila (276), Acanthamoeba caste!1anii (74) and Leishmania 

donovam (203).. S imi la r i l y , in the <Jipteran insects, Drosophila 

melanogaster J(262) and Spiara coprophila (165), the 5.8S rRNA 

homologue is present as two non-covalently associated smaller ("5S" 

and "2S") rRNAs, and the genes encoding these small rRNAs are 

separated by short transcribed spacers. 

Intervening sequences have been'detected in many but not a l l of 

the 28S rRNA genes in Drosophila melanogaster (115,363,366), / 

Drosophila v i r i l t s . (19), other closely related species of Drosophila 

(209), and in another; insect, Cal11phora erythrocephala (21). At 

least in the case of JJ. melanogaster, the 28S TRNA. genes that contain 

intervening sequences dor not appear to be tr-anscnbed at a s igni f icant 

level and,these genes probably do not give r ise to mature, functional 

28S rRNA molecules'(210). 

Two intervening sequences have been found in most i f not a l l of 

the 26S rRNA genes fin Physarum polycephalurn (47,138), and there is a 

single intervening sequence in a l l of the 26S rRNA genes in some 

strain's of several species*1 of "Tetrahymena (82,370). There appear to 

""be two introns in the 25S rRNA genes anxf one intron in the 17S rRNA 

genes of Plasmodium lophurae (343). 



-13-

The excision of the intron sequence and subsequent ligation of 

the two exon sequences of Tetrahymena thermophila 26S rRNA occurs at 
u 

, the RNA transcript letel in the absence of enzymes or other proteins 

, and does not require ATP or GTP hydrolysis (f^l). This self-splicing 

ability appears to be an intrinsic property of the-intervening 

^ sequence and has not yet been observed in other systems. , 

3.1.(e) Mitochondrial rRNA Genes (Figure 2) 

(i) Animals • -
* II II I I II L. * * 

In human (98), bovine (7) and mouse (352) mitochondrial DNA, the" 

4, rRNA genes and immediately adjacent tRNA genes are located on the same 

strand, in the order 5'-tRNAPne-small(12S)rRNA-tRNAVa1-large(16S) ' 

rRNA-tRNA^U-S'. Physical mapping of rat (190), Xenopus (272) and 

avian (113) mitochondrial DNA also suggests a close linkage of the two. 

rRNA genes.1 In Drosophila yakuba (61) the rRNA gene order is also 

5'-12S-tRNAVal-16S-3'; however, in this case tRNAPhe and tRNALeu ' 

genes are not found flanking the rRNA genes. No intervening sequences 

have been found in animal mitochondrial rRNA (or any other) genes, 

(ii) Fungi . 

In strains of the yeast Saccharomyces, the mitochondrial genes 

for the LSU and SSU RNAs are far apart, separated by at 1'east 25,000 

bp (31,288,289), and these two genes are transcribed from independent 

promoters (255). The mitochondrial LSU and SSU RNA genes of most other 

yeasts (58-60,137,364), Neurospora crassa (80,136,150), and 

Aspergillus nidulans (198) are also separated by large distances on 

the mitochondrial genome. The mitochondrial DNA of the water mold 
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Figure 2. Arrangement of the rRNA genes in diverse mitochondrial 

genomes. The genomes and thei^contained rRNA genes are drawr/in*^^ 

proportion, except that only a small section of the maize 

mitochondrial genome is shown. SSU RNA genes (stippled boxes),"LSU 

RNA genes (solid boxes), and introns in the Ŝ . 'cerevisiae 21S and N_. 

crassa 25S rRNA genes (open boxes) are indicated. The continuous 

arrows show' the direction of transcription of the rRNA genes (where 

known); the dashed arrows indicate -the relative orientations of the 

rRNA genes in Tetrahymena mitochoridrial DNA. See the text for 

references. Reprinted with pflniussion, from M.W. Gray (125). 
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Achlya has an inverted repeat containing the LSU and SSU rRNA genes 

(155), an organization reminiscent of the situation in higher plant 

and Chiamydomonas chloroplasts'(see INTRODUCTION^ section 3.1.c). 

A single intervening sequence has been detected near the 3'-end 

of the LSU RNA gene in Saccharomyces (32,101), Al1omyces macrogynus 

£30)> Nelirospora (80,136,142,150) and Aspergillus (198) mitochondria. 

The LSU RNA gene from Podospora.anserina mitochondria contains two 

intervening sequences (383). > . * 
•» • 

(n'l) Ciliates ' " 

The mitochondrial genomes of Paramecium aurelia (69) and 

Tetrahymena piriformis (116) exist as linear DNA molecules (14 p.m and 

15 nm, respectively), in contrast to the circular genomes that are 

characteristic of animal (7) and fungal (31) mitochondria. The 

Paramecium mitochondrial DNA cdntains a single copy of the LSU and SSU 

RNA genes, with the large (21S) rRNA gene near one end of the genome 

and the small (14S)'rRNA gene near the center (69). Tetrahymena 

mitochondrial DNA also has a 14S rRNA gene near the center of the 

molecule; however,.this genome contains two copies of the 21S rRNA 

gene that are found in an inverted arrangement, at opposite ends of 

the linear mitochondrial DNA molecule (116). 

(iv)a Plants 

Plant mitochondrial DNA not only contains a 26S and an 18S rRNA 

gene, but a 5S rRNA gene as well, which has not been found in animal 

or fungal mitochondria (200)'. The 18S and 26S rRNA genes are widely 

separated on the plant mitochondrial genome (28,156) (15-16 kb in 

s 
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maize (157,320)), while the 16S and 5S rRNA genes are c j j j s e l ^ l 1 nked 

(28,156,320). In wheat and maize the mitochondrial 18S and 5S rRNA *" 

genes are on the same strand (55,128), -with the 5S rRNA gene near the 

3'-end of the 18S rRNA gene (55,128,295" and th is thesis) . 

3.2. Structural Homology between Low Molecular Weight rRNAs and the 

Ends of E. co l i 23S rRNA 

From the preceeding section it* is obvious that there are sma\l 

rRNAs present in ribosomes from some sources (e .g . , 5.8S rRNA in 

eukaryotes, 4.5S rRNA in higher plant chloroplasts, 3S and 7S rRNA in 

Chiamydomonas chloroplasts) that are absent in ribosomes from other 

sources. I t has been only recently, with nucleotide sequence analysis 
IK 

of these small rRNAs and of E_. coli 23S rRNA, that the structural 

relationship between these small rRNAs and eubacterial 23S rRNA has 

become apparent. 

The gene coding for the 5.8S rRNA (160 nucleotides) of eukaryotes 

is separated by a transcribed spacer (ITS2) from the 5'-end of the 

25-28S RNA gene and extensive identity has been observed between 5.8S 

rRNA and the 5'-end of eubacterial 23S rRNA. Interestingly, sequence 

identity has also been found between the 5'-terminus of eukaryotic 

25-28S rRNA and the region beginning about 160 nucleotides in from the 

5*-end of eubacterial 23S rRNA. Sequence comparisons of this sort 

have^ prompted Nazar (240,241), Jacq (159), Clark and Gerbi (57) and 

Walker (357) to propose that the 5'-end of ,23S rRNA is the structural 

analog\e_Jji4i£Qicaryotes of 5.8S rRNA. The 7S and 3S rRNAs of 

Chiamydomonas chloroplasts also show similarity to sequences at the 
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5'-termini of eubacterial and other chloroplast 23S rRNAs (277). 

Even within the eukaryotes there are examples where excision of 

spacer sequences results in the production of small rRNAs that are 

homologous "to sections of larger rRNAs. For example, the split 5.8S 

rRNA in J3. melanogaster appears after excision of a short, A-U rich, 

transcribed spacer,1' and the split 28S rRNA of some eukaryotes could 

also possibly be the result of spacer excision (see INTRODUCTION, 

section 3.1.d). - [ / 

Comparisons of plant chloroplast and eubacterial rRNA gene 
\ sequences have implied that trae counterpart of the 3'-end of E. coli 

23S rRNA is found as a discrete 4.5S rRNA in chloroplasts (96,215) and 

is separated from the rest of the 2J&-rRNA„gene by a transcribed 

spacer (97,330). 

The 3'-terminus of animal (7,98,284,352), fungal (180,311), and 

protozoan (300) mitochondrial LSU RNA genes does not seem to have any 

obvious sequence similarity to the 3'-end of bacterial 23S rRNA or to 

chloroplast 4.5S rRNA. We were interested in determining whether the 

wheat mitochondrial 26S rRNA follows other mitochondrial LSU RNAs in 

this respect, or whether i t contains a 4.5S rRNA homologue at i ts 

3'-terrmnus. If i t does, knowledge of the sequence pf this region of 

the mitochondrial 26S rRNA could shed light on the evolutionary origin 

of the separate 4.5S rRNA in chloroplasts. 

With these objectives in mind, the sequences at the 3'-terminus 

of wheat mitochondrial and wheat cytosol 26S rRNAs were determined and 

compared to published sequences of their chloroplast and eubacterial 

homologues. * 
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3.3 Transcribed Spacers and Variable'Regions in rRNA.Genes 

It has been proposed (57,$5) that plant chloroplast 4.5S rRNA and' 

eukaryotic 5.8S rRNA were originally part of a 23S rRNA ancestral gene , 

and that the transcribed spacers became inserted into the 23S rRNA 

gene dur'mg evolution. Subsequently, a mechanism developed which 

allowed these seq'uences to be processed out at the level of the 

primary transcript, to yield a separate 5.8S rRNA or 4.5S rRNA. It' 

has also been suggested that the spacer separating the 23S and 4.5S 

rRNA genes in plant chloroplasts is related to bacterial insertion 

sequences (97) or that the spacer may be homologous to an intron and 

that the two RNA molecules (23S and 4.5S) remain unligated due to 

incomplete splicing (330). 

Heterologous hybridization experiments between the rDNAs of 

Xenopus and yeast (118) and between the rDNAs of ftenopus and 

Neurospor.a (67) have revealed a pattern in which regions of highly 
i n - -.H-...1 • • • . n i •• i w - ^ 

conserved primary structure in eukaryotic rDNA are separated by 

regions that are highly variable in length^nd primary structure. 

These variable regions largely account for the d ivers i ty in length and 

base composition of mature eukaryotic LSU and SSU RNAs (s,ee Table 1). 

I t is also possible that some of the differences in length observed, 

between rRNAs of various organisms are a resul t of small duplications 

within the rRNA genes (256). v 

Comparisons of- internal transcribed spacer sequences and mature 

rRNA sequences in vertebrates (108,117,143,234,325), yeast 

(308,309,353,355), Sciara coprophila (165) and Drosophila (164,262) 

t-
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have revealed that while the mature rRNA sequences are highly 

conserved, there has been rapid sequence divergence within the spacers 

and that the base composition of the variable regions in rRNA genes is 

similar to that of the transcribed-"and excised spacer regions. The*£ 

observations led Cox and Kelly (65,66) to propose that spacer 

sequences, introns, and variable regions of rRNA genes may all be 

evolutionarily related and that they all represent insertions into an 

ancestral gene. 

An alternativesnterpretation is that the ancient pattern of rRNA 

gene structure was one of "genes in pieces", as has been suggested in 

the case of protein coding genes (86). This theory implies that small 

rRNAs became part of larger rRNA,molecules in the course of 

evolution. It should be noted that acceptance of this theory does not 

exclude the possibility that some spacers and/or introns are the 

result of insertions. In either cdse,* it'follows that some spacers 

could be degenerate introns and that some variable regions could be 

degenerate spacers or introns that are no longer excised. 

' 3,4> The Ribosomal RNAs of Crithidia fasciculata 

We have chosen C. fasciculata as a model system for examining the 

evolution of rDNA spacer sequences and the origin of small rRNAs. The 

cytoplasmic ri'bosome of this organism, a trypanosomatid protozoan, is 

unusual in that the -large subunit contains six small rRNAs (designated 

£» £» J!> il> 1 and J.) (122,123), whereas typical eukaryotic ribosomes 

contain only two low molecular weight rRNA species (5S and 5.8S) 

(64). Data from other laboratories suggest a very similar or 

a 

tit. 
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ident ical spectrum of rRNA components in Leishmama tarentole (305), 
t • • •' •'-'•--

Trypanosoma brucei (62) and Euglena gracilis (79). The ribosome of 

"£• fasciculata also contains a split LSU RNA (122,123). 

Primary sequence analysis has shown that Crithidia species h_ is 

homologous to the 5S rRNA of other eukaryotes (217). As a first step 

towards gaining an understanding of the biosynthetic and evolutionary 

origin of Crithidia species e, jF, g_, j_ and j_, the complete primary 

structures of these rRNAs have been determined and are presented here. 

4. Phylogenetic Relationships and Small Subunit Ribosomal RNAs 

^•1. Phylogenetic Classifications 

In classifications of organisms into primary groups, the most 

obvious division is between the Prokaryota, or prokaryotes (bacteria, 

including cyanobacteria), and Eukaryota, or~etikaryotes (all other 

organisms, -unicellular and multicellular) (56,88). The most important 

A t i net ion between these two groups is that prolcaryotic cells lack 

the nuclear membranes, plastids, and mitochondria that are present in 

eukaryotic cells r(83). 

More recently, the eukaryotes have been subdivided into four * 

major kingdoms (369), based primarily on morphological organization 

' and on means of nutritiony(photosynthesis, absorption, or ingestion). 

These kingdoms are Protista (unicellular eukaryotic organisms), 

Plantae (multicellular green plants and hl̂ Prer algae), Fungi 

(multinucleate higher fungi), and Arpmalia (multicellular animals). 

Until 1977, theories concerning the evolution of organisms 

i * 
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st art ed with the assumption that pr"okaryotes evolved first and that 

eukaryotes evolved directly from a branch of the prokaryotic 

phyl ogenetic tree (83,227,228,369). In 1977, *a revolutionary new A 

phylogeny, basea on Ti oligonucleotide catalogue analysis of SSU RNA, 

was, proposed by Woese and Fox (377). They showed that the 16S rRNA of 

one group of prokaryotes, the methanogenic bacteria, is no more 

closely related to the 16S rRNA of true bacteria (eubacteria) than to 

the 18S rRNA encoded'by the eukaryotic nuclear genome. The 

halobacteria and thermoacidophiles (106) were also found to be members 

of this third group, the archaebacteria. 

These three primary kingdoms (Eukaryota, Eubacteria and 

Archaebacteria) appear to be evolutiqnarijy distinct from one another, 

based not only on rRNA sequence data but on other biochemical features 

as well (375)". The, existence of three primary kingdoms, representing 

discrete and ancient evolutionary lineages, implies not only that 

archaebacteria!, eubacterial and eukaryotic nuclear, genomes must have 

diverged from a common ances'tral "genome (the "progenote", ref. 376) 

yery early in evolutionary history, but that the eukaryotic nuclear 

genome must have evolved from a separate lineage (the "urkaryotes", 

ref. 377), rather than directly from the eubacterial lineage. > 

4.2 Evolutionary Origin of Mitochondria 

. The molecular biology of the mitochondrial compartment of 

eukaryotic cells has been studied quite extensively since Nass and 

Nass discovered in 1963 that chick embryo mitochondria contain their 

own complement of nucleic acids (239). Because the appearance of 



y 

-22-

mitochondria in the-eukaryotic cytoplasm was obviously a major event 

in the evolution of the eukaryotic cell, there has been much debate 

about the evolutionary origin of these organelles (107). 

There are basically two kinds of theories that attempt to explain 

the origin of the separate, compartmentalized genomes of eukaryotic 

organelles. Autogenous origin (direct filiation) hypotheses 
/ 

(24,50,172,271,275,345) propose that nuclear and organelle genomes 

became physically compartmentalized and functionally^specialized 

within a single cell. Xenogenous origin hypotheses (4,83,227,228,374)^ 

propose that nuclear genomes -and mitochondrial .genomes were originally 

in different sorts of cells. Specifically, the endosymbiont 

hypothesis suggests that mitochondria originated from prokaryotes that 

invaded (or were engulfed by) a primitive proto-eukaryote that 

contaiped the ancestral eukaryotic genome. 

S^nce many rrntpchondrial proteins are encoded by the nuclear 

genome (c.f. ref. 50,127,358), the endosymbiont hypothesis requires 
* 

gene transfer from the endosynbiont to the nuclear genome*. This 

seemingly difficult concept is not essential to the autogenous origin 

hypothesis, and this has been used as an argument against the 

endosymbiont hypothesis (271,275,345,346). However, evidence of gene 

transfer from the mitochondrial to the nuclear genome has recently 

been" obtained in the case of a fungus, Podospora anserina (384), and 

sequences homologous to mitochondrial genes have been found in the 

nuclear genomes of Neurospora (351), rat (140), human (340), yeast 

(100), sea urchin (158), maize (169) and in the insect, Locusta 

«rf 
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migratoria (110). - . 

The direct filiation theory implies that the, eukaryotic nuclear 

^and mitochondrial genomes shared a common ancestor imore recently than 

either of these did with eubacterial or archaebacterial genomes. In 

contrast, the endosymbiont hypothesis suggests that organellar and 

eubacterial genomes' shared a common ancestor more recently tnan did 

eubacterial and either.archaebacterial or eukaryotic nuclear genomes. 

As data accumulate, it should-therefore be possible to distinguish 

between these two -opposing theories. 

The endosymbiotic theory of mitochondrial origin has drawn 

support from analysis of mitochondrial protein components 

(83,127,162,358,365). Strong homologies have been observed between 

electron transport components of mitochondria and the aerobic 

bacteria, Paracoccus denitrificans and Rhodopseudomonas spheroides 

(162,365). However, the validity of phylogenies based on protein 
«• 

sequence data relating eubacteria and organelles has been brought into 

question (5,6,346). The problem with this approach is that 

phylogenies based on cytochrome c sequences do not agree with 

A:lassical (morphologically based) relationships (5,6), and do not 

[always agree with phylogenetic relationships deduced from other 

protein.sequences (6). 

/ Nuclear, organellar and eubacterial comparisons based on protein 

7 
f sequence data are. complicated by the fact that most mitochondrial 

proteins are encoded by the nuclear genome (112), and by the fact that 

there are no known nuclear-encoded cytosol homologues for many 

> 
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bacterial and organellar proteins. In contrast, rRNA molecules appear 

w 
to be good candidates for phylogenetic comparisons because rRNAJfcan' be « 

isolated readily in high*yields and because rRNA function in 

mRNA-directed protein synthesis has been universally conserved. 

Ribosomal RNA genes are found in the ge'n^mes of all self-replicating 

organisms, as well as mitochondria and chloroplasts," and appear to be 

evolving at a rate slow enough to allow detection of ancient as we'll 

as recent evolutionary events (106,375,377;378). 

Ribosomal RNA sequence data have been instrumental in solidifying 

the view that chloroplasts are of endosymbiotic, specifically 

eubacterial, origin (91,97^120,127,298,330,335). Because of the great 

diversity in the size aria base, composition of homologous rRNA species 

from different mitochondria (124,127,358, Table 1) , no comparably 

compelling evidence for an endosymbiotic origin of mitochondria has 

emerged from recently published primary sequence data for 

mitochondrial LSU and SSU RNAs from animals p,15,61,98,154,177,284^ 

352), fungi (179,180,204,310,311) and protozoa (300) and mitochondrial 

5S rRNA from plants (132,313). Seemingly strong support for an 

endosymbiotic origin of mitochondria has come from comparisons of 

Tj oligonucleotide catalogues that demonstrate the eubacterial nature 

of wheat (Triticum aestivum) mitochondrial 18S rRNA (27,72). H6wever, 

even these data have been given an alternative interpretation (346), 

one consistent with either an endosymbiotic or autogenous evolutionary 

origin. 

One of the major goals of the research presented in this thesis 
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was to provide further information on both the primary sequence and 

modified nucleoside, content of-the wheat mitochondrial rRNAs. 

Analysis of the data presented" here has provided an additional basis 

for distinguishing between an endosymbfotic or- autogenous or igin of 

wheat mitochondria. The results strongly reinforce the idea that 

wheat mitochondria had an endosymbiotic, speci f ical ly eubacterial, 

evolutionary or ig in. • ' 

4.3. Structure, Evolution^ and Functioa of the 3'-Termmal Sequence of 

SSU R N A , v* • 

Unti l recently i t Was technical ly d i f f i c u l t to determine the 

primary structure'of long RNA molecules, and cprfeiequently'sequence 

information did not extend beyond the 3'-term>nail 20-30 nucleotides o'f 

SSU RNA (78,141,302,303). However, the api l f i cat ion of rapid 

sequencing techniques to cloned rDNA (7,41,61,91,98,108,117,121,139, 

143,151,161,1-64,170,177,179,204,211,225,*23t>,233,273>283,286,287,2(98, 

308,310,335,337-339,352,353) and to SSU RNA i t s e l f (11,15,48,49,75, 

^90,154,168,205,349) has now-made i t possible to determine much" longer" 

(> 50 nucleotide) 3'-terminal sequences .for SSU RNA. Even so, at the 

time th is research was begun, such sequence information was l imited to 

a few representatives of the eukaryotic animal (11,164,287), plant 

(11,75), and fungal (308) kingdoms, as well as to a single prokaryote 

(41,49); as such, i t did not encompass a broad range of existing 
•t 

organfsms. In part icular, no primary sequence information existed for 

theflfcSU RNA of any member of the kingdom Prot ista, which of a l l the 

eukaryotic kingdoms appears to be evolut ionanly the most ancient, and 
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phylogenetically the most diverse (369). 

In order to gain a more comprehensive view of the function and 

evolution of the 3'-terminal region of SSU RNA, I have determined the 

sequence of the f i r s t 100 nucleotides at the 3'-end of SSU RNA from 

the p r o t i s t , Cr i th id ia .fasciculata, a trypanosomatid protozoan. 

Comparisons of eukaryotic and prokaryetic SSU RNA sequences have 

indicated that th is portion of the molecule is a good phylogenetic 

- indicator, and therefore I have also undertaken an analysis of the 

3'-terminal sequences of SSU RNA from wheat mitochondria, wheat 

cytosol and E_. col i in the context of mitochondrial evolution (see 

INTRODUCTION, section 4 .2) . 

The primary^serjuence at the immediate-3'-end of SSU RNA i s , i n 

fac t , highly conserved*-™ both prokaryotes and eukaryotes 

(11,141,350). In a l l cases a stable, hairpin stnjucture can be formed 

by intramolecular base-pairing star t ing about 10-15 residues from the 

3'-terminus (11,350). The single-strand loop of th is hairpin almost 

always contains two adjacent N^N^-dimethyl adenosine (mfA) residues, 

situated at an identical posit ion in both prokaryotic and eukaryotic 

SSU RNA (1,78,291). This remarkable preservation of primary sequence, 

secondary structure, and post-transcript ional modification aisgues that 

the 3'-end of "SSU RNA plays a universal ro le in protein biosynthesis. 

Functional interact ions, by way of-complementary base-pairing, 
* 

have .been postul ated. between the 3'-end of SSU RNA and both mRNA and 

5S rRNA. It-has been suggested that interact ion between SSU RNA and 

mRNA may serve in posit ioning the la t te r correct ly for i n i t i a t i o n of 
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translation (302), as well as in determining the intrinsic capacity of 

ribosomes to translate a particular cistron (303), while interaction 

between SSU RNA and 5S rRNA may be involved in the association of 

large and small ribosomal subunits during protein synthesis (9,13). * 

In fact, specific complexes between prokaryotic 16S rRNA and mR^A 

(318,319), eukaryotic 18S rRNA and mRNA (10), and eukaryotic 18S rRNA 

and 5S T R N A (13,14) have been observed, and possible sites of 

"interaction in these complexes have been inferred from sequence data 

(9-11,141,302,303,318,319,386). However, with the exception of the 

mRNA binding site in E_. coli 16S rRNA (95,332), the 18S rRNA binding 

site in wheat (246) and Neurospora (168) 5S rRNAs, and the 5S rRNA 

binding site in Neurospora 18S rRNA (168), there is as yet little • 

'direct evidence supporting the particular sequences which are supposed 

to interact in the various proposed complexes between SSU RNA and 

other RNAs. In the absence of such'information, comparative sequence 

analysis of SSU RNA may be helpful in evaluating how generally*-

applicable the proposed interactions between it and other RNAs may be 

(11),- / . 

\ 

% ' 
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METHODS 

1. Preparation of Viable Wheat Embryos * 

Viable wheat embryos were prepared from pedigree wheat seed 

(Triticum aestivum var. Thatcher) by a modificai/fbn of the method of 

Johnston and Stern (163). 

One kg lots of wheat seed were ground in a commercial, blender for 
* 

10 sec at low speed with a Powerstat (Type 116B, Superior Electric 

Co.,v Bristol, Conn., U.S.A.) setting of 85. The ground wheat seed was 

then transferred to a series of Endecott test sieves (Canadian 

Standard Sieve, W.S. Tyler Co.), arranged from top to bottom in the 

order #12-, 16-, and 30-mesh, and shaken by hand for 30 sec. The 

crude embryos found on the #30-mesh sieve were saved for further 

processing. The intact seeds and large endosperm fragments remaining 

on the #12-mesh sieve were re-ground for 15 sec and again the crude 

embryo fraction was collected. " * 

The crude embryos obtained from 10 kg of wheat seed were gently t 

shaken in the #30-mesh sieve while the bran was blown from the mixture 

with a hair dryer. The wheat embryos were then separated from 

A- .endosperm fragments by stirring in 1800 ml of a mixture of 

eye lohexane/carbon tetrachloride (10/25, v/v). Tire embryos floated to 

" the surface and were recovered by aspiration followed by filtration 

through Whatman #1 f i l ter paper. This flotation procedure was, 

repeated six times and then the embryos were spread on a glass tray 

and allowed to dry overnight. The organic solvents could be filtered 
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/ 

/ 

through glas-s wool followed by Whatman #1 paper and then re-used. 

However, fresh solvent mixtures were always used for the fipal two 

.flotations. ' „ 

-I After blowing off residual bran, the embryos were sieved through 
•* ' „ & 

a #20-mesh sieve, leaving behind large endosperm fragments,^ Broken 

embryos and small endosperm fragments,were subsequently removed by -

sieving through a #24 mesh sieve. The purified embryos,^approximately 

30.-35g, were.again blown free of residual bran and stored over 

Drierite at 4°C. - : 

v • , " * ' ; 

2. Germination of Wheat Embryos l _ ~~ 

Wheat embryos were aj lowed to germinate in 24 g or 48 g batches 

at room temperature for 24 hr in the dark. The "embryos were placed in 

plastic Petri dishes (13.5 cm dimeter, 2.4 g/di_sh) on Whatman 3MM • 

fi l ter paper in the presence of 16 ml of 1% dextrose.. * 

i 

" " " * • . " 

3. Isolation of Wheat Mitochondrial and Wheat Cytosol Total RNA 
— • ! • • — " • • ' m • • • • • • I I —mwi^.an,! w w n i - i i • iwnpioipw m:im-m--mi<mi—•% w — • • I - I W I I W " • — •—•—»i i • tpWinin>m » n — »*t— '»I»»II W I I ^ « ^ , . » - » f 

Wheat mitochondria and cytosol were prepared from germinating 

wheat embryos by a modification of the subcellular fractionation 

procedure of Cunningham and Gray (71). The sucrose solutions were 

prepared1 on the day before use; however, 2-mercaptoethanol and BSA 

were not added to these solutions until 30 m m prior to use. 

Operations were carried out below 5°C using chilled buffers and 

glassware for all RNA isolation procedures. 

Embryos germinated for 24 hr (starting weight, 24 g) were ground 
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with 100 ml of homogenizing medium [0.44 M sucrose, 50 mM Tris-HCl (pH 

8.0), 3 mM EDTA, 1 mM 2-mercaptoethanol, 0.1% BSA ( fa t ty acid f ree) , 

re f . 182] in a ch i l led mortar for 5 min and then squeezed through four 

layers of cheesecloth. This grinding procedure was repeated twice 

with fresh homogenizing medium (100 ml each t ime). The combined 

f i l t r a t e was centrifuged for 6 min at 1,000 x g and the suplrfnatant 

was re-centrifuged for 6 min at 2,000 x g "in an IEC centrifuge, model 

PR-6. This supernatant was centrifuged for 20 min at 24,000 x g in a 

i.Sorvall RC2-B centrifuge. 

For preparation of cytosol RNA, 10 ml of th is post-mitochondrial 

'supernatant ("cytosol") were'transferred to a test tube containing 10 

ml of '2x detergent mix [Z% tri-isopropylnaphthalene sulfonate, 12% 

sodium 4-aminosalicylate, 0.1 M NaCl, 20 mM Tris-HCl (pH 7.4); re f . 

261] and 20 ml of phenol-cresol mix [phenol:m-cresol:H20:8-hydroxy-

quinoline, 500;70:55:0.5 (w:v:v:w), saturated with 10 mM Tris-HCl (pH 

7.4); re f . 173]. The sample was vortexed and held on ice. 

The crude mitochondrial pel let was suspended in 80 ml of 

homogenizing medium and the two sequential low speed centri fugation 

steps were repeated.0 The crude mitochondria were pelleted by 

centrifugation for 20 min at 18,000 x g. This mitochondrial *pel let 

was resuspended in homogenizing medium to a f i na l volume of 9 ml and 

layered on 3 sucrose step gradients (3 ml/gradient containing 7.5 ml 

of 1.55 M sucrose and 15 ml of 1.15 M sucrose in homogenizing medium) 

and centrifuged in an SW25.1 rotor at 22,500 rpm for 1 hr in a Beckman , 

model L/HVultracentri fuge. Most of the upper part of each gradient 
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was siphoned of f and the mitochondrial band was removed from the 

1.15-1.55 M sucrose interface using a syringe with a needle having a 

r i gh t angle bend. The pur i f ied mitochondrial f ract ion was slowly 

di luted with two volumes of 50 mM Tris-HCl (pH 8.0), 3 mM EDTA and 

recovered by centr i fugation for 20 mm at 18,000 x g. 

The purified*mitochondrial pel let was resuspended in 9 ml of 

extraction buffer [10 mM Tris-HCl (pH 8.5) , 50 mM KC1, 10 mM MgCl2, . 

ref . 202] and 1 ml of 20% Triton X-100 in extraction buffer was 

added. The sample was vortexed for 30 sec and then held on ice for 30 

sec. This vor tex /ch i l l step was repeated f i ve times and then the 

lysate was- c l a r i f i e d by centrifugation for 10 min at 10,000 x g. The 

supernatant was transferred to a test tube containing 10 ml of 2x 

detergent mix and 20 ml of phenol-cresol mix as described above for 

the cytosol f rac t ion . 

Both the mitochondrial and cytosol extracts were shaken for 5 mm 

and the phases were separated by centri fugation for 5 min at 2,000xg. 

Solid NaCl was dissolved in the aqueous phases to a f i na l 

concentration of 0.5 M (0.6 g/20 ml) and these aqueous phases were 

re-extracted twice with an equal volume of phenol-cresol. Two volumes 

of 95% Et0H„were added to the f i na l aqueous phases and the pur i f ied 

wheat mitochondrial and wheat cytosol RNA was precipitated overnight 

at -2d°C. 

The RNA samples were pelleted by centr i fugation for 10 min at 

12,000 x g, washed with 5 ml of 80% EtOH, dried and dissolved,in 0.5 

ml H20. . 



-32-

Aliquots (5 p.1) were di luted to 1.0 ml with H2CKand the y ie ld of RNA 

was determined by measuring the absorbance at '260 nm with a Zeiss 

spectrophotometer. F i f t y nl of 3 M NaOAc were added to the remaining 

495 p.1 of sample and th is solution was extracted with an equal volume 

of phenol-cresol and precipitated with two volumes of 95% EtOH at 

-70°C. Yields ranged from 30-35 A26Q units of mitochondrial RNA from 

24 g of germinating wheat embryos and 150-160 A26,o units of cytosol 

RNA from 10 ml of the post-mitochondrial supernatant. The A26o/A28o 

rat io of the RNA samples was usually 1.9-2.0. 

4. Isolation of Total RNA from Cr i th id ia fasciculata 

The strain of Cr i th id ia fasciculata used a's an RNA source in th i s 

laboratory originated from Dr. G.E. Kidder, Aitlherst College. Cultures 

of C. fasciculata were grown at 25°C in a l iqu id medium (257) ^ 

containing 20 g/1 Proteose-Peptone (Difco B-120), 10 g/1 dextrose,*1.0 

rng/1 f o l i c ^ a c i d , and 25 mg/1 hemin. A stock solution of f o l i c acid 

(200 p-g/ml) was prepared by suspending 120 mg of f o l i c acid in 500 ml -

of H20 and adding-5 M NaOH dropwise unt i l the acid just dissolved 

(pH<7), after which the solution was di luted to 600 ml with H20. This 

solution was stable at 5"C for two months. A stock solution of hemin 

(5 mg/ml) was prepared by dissolving 2.5 g of hemin (Sigma equine 

hemin type I I I ) in 500 ml of 50% (w/v) tr iethanolimine in'H20. 

Cultures were "maintained by weekly transfers to 6 ml of. fresh medium 

by S., Gray or R. Breckon in F.B.St.C. Palmer's lab in th is , department. 

A 3 1. Fernbach f lask containing 1 1. of autoclaved medium was 

**> 
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inoculated with 0.25 ml of a*4 day maintenance culture.and mcu&ated -

with shaking at 25°C for 3 days. Cells were harvested by 

centrifugation for 15 min at 800 x g. The cel l pel let was resuspended 

three times in 40 ml of cold 0.85% NaCl and pelleted by centrifugation 

for 10 min at 2,000 x g. The cel ls were resuspended in 50 ml of 0.05 

M Tris-HCl (pH'8.0) and to ta l RNA was prepared by extracting four 

times with an equal volume* of phenol-cresol. The aqueous phase was 

made 0.5 M with respect to NaCl after the f i r s t extraction and RNA was 

precipitated from the f ina l aqueous phase at "20<'C after addition of 

two volumes of 95% EtOH. The y ie ld of RNA was about 300 A26o units 

from a l l . cul ture. 

Cr i th id ia RNA, uniformly 32P-labelled ( I x 105 cpm/ng) in v ivo, 

was prepared from a 50 ml culture containing 5 mCi ofi>-[32P]P^ (217). 

5. Salt Fractionation of Total RNA 

Total RNA was dissolved in H20 to a concentration of 4-5 mg/ml. 

Solid NaCl was added to a f i na l concentration of 1 M and the solution 

was held at 4"C for at least 8 hr. -The NaCl-insoluble RNA (iRNA) was 

collected by centrifugation for 10 mirr at 3,000 x g and reprecipitated 

from 1 M NaCl. The combined NaCl-soluble (sRNA) fract ions were 

precipitated with two volumes of 95% EtOH at "20SG and collected by 

centri fugation for 10 mm at 12,000 x g. The iRNA and sRNA pel lets 

were washed twice with 80% EtOH and dissolved in 0.5 ml H20 for .A260 

measurements. After addition of 50 nl of 3 M NaOAc, the solution was 

ext^c ted with phenol-cresol and precipitated at "70"C with 1 ml of 
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95% EtOH. , 

During high sal t fract ionation of the wheat mitochondrial and 

wheat cytosol to ta l RNA preparations, 5S rRNA and tRNA selectively 

remained in the soluble f rac t ion. In the case of £ . fasciculata, the 

NaCl-soluble f ract ion contained ( in addition to tRNA) small rRNA 

species f_, _g_, and h (= 5S rRNA), while three other small rRNAs 

(species e, _j_ (= 5.8S rRNA) and j j were found in the iRNA fract ion. 

Therefore, high sal t fract ionation of C_. faciculata tota l RNA provided 

a means of preparing species j [ (72-73 nucleotides) free of 

contamination by tRNA. 

6- Isolat ion of Wheat Cytosol Ribosomal Subunits 

Ten g of viable, ungerminated wheat embryos were ground in 50 ml 

* o f solution A [60 mM KC1, 5 mM Mg(0Ac)2, 50 mM Tris-HCl (pH 7.6); 

ref. 68]. The homogenate was f i l t e r e d through four layers of 

cheesecloth and one layer of Miracloth. The f i l t r a t e was centrifuged 

Je for 10 min- at 37,000 x g and 20% Tr i ton X-100 in solution A was 

i to the recovered supernatant to. a f i na l concentration of 2%. 

After vortexing, the Tri ton X-100 lysate was centrifuged for 90 min at 

134,000 x g. The pel let was resuspended in 40 ml of solution A and 

centrifuged for 10 min at 27,000 x g, and the result ing supernatant 

then centrifuged for 90 mm at 134,000 x g. 

The ribosome pel let was resuspended in 2.0 ml of solution C [60 

mM KC1, 0.1 mM Mg(0Ac)2, 50 mM Tris-HCl (pH 7.6); re f . 68] and 

c la r i f i ed by centrifugation for 10 min at 12,000 x g. The supernata'nt 
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was diluted with solutjtfn C to a ribosome concentration of 40 A260 

units/ml and 0.5 ml-/was layered over each of three discontinuous 

sucro.se gradients (4 ml steps of 34, 29, 24, 19, 14 and 10% sucrose; 

ref. 263) m solution C. Gradients were centrifuged in a Spinco 

SW25.1 rotor at 20,000 rpff for 16 hr at 5°C and were fractionated by 

puncturing the bottom of the tubes and manually collecting 30 drop 

(0.5 ml) fractions. Fractions were diluted with 0.5 ml of solution C 

and A 2 6 0 measurements were taken. Appropriate fractions were pooled 

and RNA was extracted from the purified large and small ribosomal 

subunits by the detergent/phenol-cresol method. 

7. Isolation of Wheat Mitochondrial Ribosomal Sybunits 
• • m i — — wi i» . Mi i • • iM i fc iB MiiMina.^i • • mi l l • — M M • K i m i i • •• in li mi — — • — • •! • • • w f c i » i « n » — Hum —i • 

'Mitochondria were pur i f ied from germinating wheat embryos (48 g 

star t ing weight) and the c la r i f i ed Tr i ton X-100-lysate was made 0.3%, 

with respect to Br i j 58 (40 ml f i n a l volume) and centrifuged fo r 90 

min at 134,000 rpm. The ribosome pel le t was resuspended in 2.0 ml of 

dissociation buffer [0.3 M KCl, 3 mM MgCl2, 10 mM Tris-HCl (pH 7.5); 

re f . 201] and the solution was c l a r i f i ed by centrifugation for 10 min 

at 27,000 x g. The supernatant (25-30 A2go units) was layered on a 

discontinuous sucrose gradient containing dissociation buffer. 

' Ribosomal subunits were separated and the rRNA extracted as described 

for cytosol ribosomal subunits. 

8. Isolat ion of Cr i th id ia fasciculata Ribosomal Subunits 

Th'e ce l l pe l le t recovered from 6 1. of growth medium was washed 

http://sucro.se
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three times with 80 ml of cold 0.85% NaCl and collected by <> 
• -

centrifugation for 10 min at 2,000 x g. The cel l pellet"was 

resuspended in 40 ml of solution A and centrifuged for 10 min at 2,000 

x g. The cel ls were resuspended in 50 ml of solution A, f i l t e red 
* ' •> u 

through glass wool, and passed through a French pressure cel l at 2,000 

lb i n - 2 . The lysate was centrifuged twice for 15 mm at 15,000 x g 

and 0.1 volume of 20% Tri ton X-100 i n solution A was added to the 

f i na l supernatant. . - ^ 

This solution was,1ayered over discontinuous sucrose 

gradients consisting of^2 ml of 1.85 M sucrose and 2 ml of 9.7 M 

sucrose in solution A,, and centrifuged for 20 hr .a t 134,00*0 x g. The 

supernatants were careful ly removed by aspiration down to the 0.7 M 

sucrose step, the,tubes were f i l l e d up with solution A/and t h * # > a l l o f 

the l iqu id was removed. The sides of each- tube were washed with 1.0 

ml of solution A, taking care not to disturb the ribosome pel lets. 

The pur i f ied ribosomes were dissociated to y ie ld large and small 

subunits. The subunits were separated and the rRNA extracted as 

described for wheat cytosol ribosomal subunits. 

9. Analyt ical Polyacrylamide Gel Electrophoresis 

As a check of the i r composition and in tegr i t y , isolated* RNA * 

samples were subjected to electrophoresis either before or after heat 

denaturation (60"C for 5 min followed by quick cooling on ice) in 
• *. » 

•> 
*» 

polyacrylamide tube gels using a modification of thejmethod of Loening 

(206). \ 
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Plexiglass tubes (0.6 cm internal diameter x 11.5 cm long) were 

covered at one end with dialysis tubing held in place by a s t r ip of 

Parafilm. The tubing was covered with Parafilm while the gels were 

bei^g cast and th is Parafilm was removed just pr ior to 

electrophoresis. The gel mixture was pipetted into each tube, using a 

wide-bore pipette, to a height of 10 cm. A level loading surface was 

obtained by layering H20 over the acrylamide solution before the gel 

_had polymerized. 

2.4% Gels were prepared by mixing 3.6 ml of'Acrylamide I solution 

(15% acrylamide, recrystal l ized from acetone, 0.75% bis-acryl amide, 

rec rys ta l i i zed from 95% EtOH, f i l t e r e d through Whatman #1 paper), 7.5 

tml of 3 x El buffer (199) and l O v m l H20. This solution was 

de-gassed and polymerization was in i t i a ted by addition of 18 \i\ of 

TEMED and 180 p.1 of f reshly prepared 10% ammonium persulfate. 

lt)% Gels were prepared by mixing 7.5 ml of Acrylamide I I I ' 

solution (30% acrylamide, 0.75% bis-acryl amide), 7.5 ml of 3X El * 

buffer and 7.1 ml H20. The mixture was de-gassed and 37 u.1 of TEMED 

and 370 ji l of 10% ammonium persulfate were added. 

The 10% and 2.4% gels were pre-run at 5 mA/'gel for 30-min at 4*C 

in El buffer containing 0.05% SDS, in a CanaTco electrophoresis 

apparatus (Canalco Industries Corp., Rockvi l le, Md). RNA samples 

(0.1-0.2 A26o units) were applied to the gels in 10-70 nl of El buffer 

containing 5-10% RNase-free sucrose. * 

Electrophoresis of iRNA was in 2.4% gels at 3 mA/gel for 3.5 hr 

at 4"C,%hi1e sRNA was electrophoresed in 10% gels at 5- mA/gel for 5 

/ 
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hr. After electrophoresis the gels were removed from the tubes, 

soaked in distilled H20 for 1-3 hr and then scanned in a Joype Loebl 
i 

U.V. scanner attached to a Sargent Model SRLG recorder. 

10. Purification of Individual Ribosomal RNAs 

10.1. Polyacrylamide Gel Electrophoresis 

Preparative ge-ls (20 x 20 x 0.3 cm) were prepared using two glass 

plates (20 x 20 x 0.4 cm), three spacers (20 x 20 x 0.3 cm) and either 

a 4 ^ r 6-tooth slot former made from Delrm (Dan-Kar Plastic 

Products, Reading, Mass.). The two side spacers were shortened to 19 

cm and a third 20 cm spacer was used to seal the bottom of the gel. 

The contacts between the bottom and side spacers and between the glass 

plates and spacers were sealed with Vaseline. The gel molds were held 

together with Foldback 1412 binder clamps. 

The acrylamide solution in TBE buffer [50 mM Tris, 50 mM boric 

acid, 1/fliM EDTA (final pH 8.3); ref. 85] containing 7 M urea 

(dissolved by heating under hot tap water) was filtered and de-gassed 

and_ after addition of TEMED and ammonium persulfate, was poured 

between the glass plates (amounts of catalysts used to polymerize 100 

ml of acrylamide solution were 0.65 ml (2.5-10%) or 0.5 ml (20%) of 

10% ammonium persulfate (freshly prepared) and 20 u-1 (2.5%) or 10 (il 

(5-20%) of,TEMED). The slot former was inserted and then clamped 

tightly in place with three size 35 ball and socket clamps. If the 

top of the gel was not clamped in this way, a thin layer of acrylamide 

would polymerize between the glass plates,and the slot former. When 

» 
* 
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\ this occurredit was very difficult to remove the $lot former after 

polymerization and the samples did not run evenly fnto the gel. The 

gel was usually allowed to polymerife overnight and then the slot 

former and the bottom spacer were removed. The bottom of the gel was 

wiped free of Vaseline and the wells were rinsed with TBE^buffer. 

Gels were pre-run at 500 V with TBE buffer in a home-made gel 

support similar to those sold by Dan-Kâ r Plastic Products. A 500 V 

power supply (Gelman Instruments Co., Ann Arbor, Michigan) was used. 

The wells of the gel were filled wdth TBE buffer and a wick 

(Eaton-Dikemaa chromatography and electrophoresis paper, grade 301-85) 

was wetted with TBE buffer and used to make the connection between the 

top of the gel and the top buffer chamber. Wicks were always covered 

with Handi-Wrap to minimize evaporation. Gels were normally pre-run 

unt.il the current dropped and remained constant (approx. 50% of the 

starting current). 

(a) Electrophoretic Separation of Lew Molecular Weight Ribosomal RNAs 

sRNA was electrophoresed in 10% acrylamide gels, while iRNA was 

electrophoresed in 10% gels that contained a 2.5% stacker gel. These 

2.5%/10% composite gels were made by pouring the 10% acrylamide 
. - - s 

solution (acrylamide:bis-acrylamide, 19:1) down one edge of the gel 

mold to a height of 15 cm. A flat gel surface was obtained by 

carefully layering H20 over the acrylamide solution. After an hour 

the H20 was removed and the remainder of the gel mold was filled with 

the 2.5% acrylamide solution (acrylamide:bis-acrylamide, 9:1). 

iRNA and sRNA were dissolved to a concentration of 20 mg/ml in 

http://unt.il
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i 

H2O, diluted with an equal volume of the loading buffer of Peattie' 

(264) [20 mM Tris-HCl (pH 7.4), 1 mM„EDTAt, 8 M urea containing 0.05% 

xylene cyanol (XC) and 0.05% bromophenol blue (BB)], heated to 5t)-60oC 

for 5 min, quickly cooled and then loaded on the gel (1.0 mg of RNA 

(100 |il) was loaded per well). The gels were run in fresh TBE buffer 

sat 500 V until the XC dye migrated to the-bottom of the gel. The 

separated RNAs were visualized by U.V. shadowing (148), and the bands 

were cut out and stored at "70*C. 

(b) Electrophoretic Separation of *High Molecular Weight Ribosomal 

RNAs 

High M.W. (16S-28S) rRNAs were separated in 2.5% polyacryl amide 

gels containing 7 M urea. Gels 1.5 mm thick were used since thicker 

C3\mm) gels often overheated, and gave poor.results. 

Samples of iRNA, prepared as described in this thesis, or E, coli 
I ^ mmm I . . . 

23S /l6S rRNA (Miles Laboratories) were dissolved in H20 to a 

concentration of 50 A 2 6 0 units/ml and then diluted with an equal 

volume of loading buffer. Aliquots (50 ul) of this RNA solution were 

heated to 60°C for 5 min, quickly cooled and then loaded in each well 

of a 4 well, 1.5 mm thick.2.5% gel. Electrophoresis was carried out 

for 5 hr at 500 V. 

10.2. Electrophoretic Elution 

RNA was eluted from the gel slices by a modification of the 

electrophoretic procedure described by Allmgton et al. (3). New 

sample cups (ISC0)* were boiled for 10 min in 0.5 M Na2EDTA. If this 

procedure was omitted, subsequent chemical sequencing of labelled RNA 
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> 

did not produce a good yield of small digestion products. It was not 

necessary to repeat this boiling procedure when the cups were re-used. 

Prior to each use, the sample cups, acrylic rings, and membranes 

(Spectrapor 3, M.W. cutoff 3,500) were boiled for 10 min in 10% sodium^ J 

carbonate and then rinsed thoroughly with distilled H20. The elution 

was carried out at 4°C with the external buffer chambers containing 

TBE and the elution cups ̂ containing a 10-fold dilution of this' 
> 

buffer. Electrophoresis was from 45 min to 2 hr at 110 V for RNA 
*• * ' 

sizes ranging from 72-212 nucleotides. After this time the buffer was 

carefully removed from compartments 1-3 of each elution cup and 

discarded, while the solution,in compartment 4 (200 ui) was collected 

in a 1.5 ml eppendorf tube, along with a 200 u.1 rinsing of this 

y ' ' * 
'compartment with d i s t i l l e d H20. The meabrane was then removed**from 

this, compartment using) non-wettmg Fisherbrand poly gloves, and SNA 

bound to th is membrane was recovered bWsqueezing i t against the edge 

of the 1.5ml eppen'dorf tube., forcing the last>dropTof l iqu id out of 

the membrane. • \ -

Sodium acetate (3 M, 40 u.1) was added to the eluted^ concentrated 
i . „ / 

RNA, ,and th is solution was extracted with phenol-cresol. The RNA was 

recovered by prec ip i ta t ion with two volumes of 95% EtOH at "70PC. The 

RNA was pelleted (10 min in an eppendorf' centrifuge) and washed with 

80% EtOH. After drying, the precipi tate was dissolved in 0.5 ml H20 

and A2eo/A280 measurements w6ere taken. After addition of 50 jil of 3 M 

NaOAc, the solution was re-ex^racted with phe"nol-cresol. The RNA 

sample was stored at ~20eC after addition of 1.0 ml of 95% EtOH. 
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This electrophoretic elut ion procedure yielded RNA suitable for 

rapid sequence analysis, with no carry-over of polyacrylamide. 

^However, the y ie ld decreased as the RNA size- increased. * ** 

10.3. Homogemzation of Gel Slices 

An al ternat ive method of recovering RNA from gel sl ices' invblved • 

a s l ight modification of the procedure of Rubin (282). The gel s l ice 

was homogenized at 0-5"C in a 14 ml glass homogenizing tube containing 

2.0 ml o f 'h igh sal t buffer [0.5 M, NaCl, 0.1 M Tris-HCl (pH 9.1), 10 mM 

EDTA] and 2.0 ml of phenol-cresolt. After shaking for 20 mm the 

homogenizing tube was centrifuged for 10 mm at 2,000 x g ( in a 15 ml 
" •• > , 

*** 

tube adapter). The aqueous p îase was removed and the phenol-cresol 

phase was re-extracted with the high sal t bufferv(S min). After phase 

separation, the combined aqueous phases were extracted twice more with 

pheaol-cresol# The RNA was precipitated by addition of two volumes^of 

95% EtOH, pel leted, washed with 80% EtOH, dr ied, and dissolved in 0.5 

ml of d i s t i l l e d H20 for A260 measurements, as above. After addition 

of 50 u-1 of 3 M NaOAc, 2-3 additional phenol-cresol extractions were 

performed to.remove any remaining acrylamide. One ml of 953» EtOH was 

added to the f i na l aqueous phase and the RNA was stored at "20*0. 

This homogenization procedure was not as dependent asthe 

• electrophoretic^procedure on the size of the RNA. Although there 

seemed to be*some acrylamide carry-over, RNA eluted by th is method was 

suitable for rapid chemical or enzymatic sequence analysis. * -

* 
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1 1 . • Preparation of Puri f ied End-Labelled Ribosomal RNAs 
• I , . . .— l j l l i p . 1 •——'•^'• — — • — • I I*!——I l » l l l » l . . l » . ~ l — — I I - — . ^ • • — . • f - H W I I B I — • • > • • . - • • — • I I W — . ^ t l . Illl. I I U ' - I — 

11.1. 5'-End-Labelling (Donis-Keller et . a l . \85)) 

A 5 |ig pel le t of low M.W. rRNA or 25 pg pel let of high M.W. rRNA 

was washed with 80% EtOH, dr ied, and dissolved in 20/ji"1 H20. After 

addition of 40 j i l of 50 mM Tris-HCl (pH 8.2)"the RNA was -

dephosphorylated with 0.02 units of calf intest inal alkal ine 

phosphatase (Sigma Chemical Co.) for 30 min at 37*C. Six u.1 of 3 M 

NaOAc were then added and the solution was extracted twice with 

phenol-cresol and precipitated with 200 u-1 of 95% EtOH at ~70*C for -

1 hr. The pe l le t was washed with 80% EtOH, dr ied, and dissolved'in 70 

Hi of 10 mM Tris-HCl (pH 7.4), 1.0 mM spermidine, 0.1 mM EDTA, heated 

to 50°C for 3 min*and ch i l led on ice. Ten u-1 of 500 mM Tris-HC*l (pH . 

9.5), 100 mM MgCl2, 0.05 M DTT and 4 units of polynucleotide kinase 

(P.L. Biochemicals) were added. This mixture was transferred to a 

tube containing 125 pmoles of [y-32P]ATP that had been lyophil ized 

and dissolved in 20 u.1 H20. After 30 mm at-37*C, 100 |il of 4 M 

NhVQAc, 1.0 mM EDTA and 600 p.1 of 95% EtOH were added and the labelled 

RNA was precipitated at "70°C. 

11.2. 3'-End-LabeHing (Peattie (264)) 

A 5 ug pe l le t of low M.W. rRNA or 25 ng pel let of highM.W. rRNA 

was washed with 80% EtOH, dr ied, and dissplved in 4. /3 v-\ H20. An 

aliquot (11.5 p,l) of reaction mix [25 p.1 of 2x par t ia l mix (100 mM, 

HEPES (pH 7.5), 30 mM MgCl2, 20% DMS0), 3.3 u-1 50 mM DTT, 0.5 ^1 BSA 

(1.0 mg/ml)] and 0.75 ^1 of 2 mM ATP were added and th is solution 

JSHBt-
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was used to dissolve 125 pmoles [5'-32P]pCp that had been 

lyophi l ized. Nuclease-free RNA- ligase (3 j r l , approx. .7.5 un i ts ; 

P.L. Biochemicals) was added and the reaction was allowed.to proceed 

at 4°C overnight. At the end of the reaction, 160 nl of 10 mM 

Tris-HCT (pH 7.4), 1.0 mM EDTA, 20 nl of 3 M NaOAc, and 600 (il of 95% 

EtOH were added and the RNA was precipitated at ~70*C. 

The 2x par t ia l mix used for 3'-end-label l ing was stored at 4"C, 

while a l l other solutions used for 3 ' - or 5'-end-label l ing were stored 

frozen at "20'C. Two additional EtOH precipitat ions of the 

end-labelled RNA were usually suf f ic ient to remove most of^the 

remaining unincorporated rad ioact iv i ty . I f eukaryotic cytosol iRNA 

was to be end-labelled, the 5.8S rRNA was f i r s t released from 26S rRNA 

by a heat denaturation step. 

[Y-32p]ATP was synthesized (usually by J. Hofman in W.F. 

Dool i t t le 's Lab in th is department), to a spec i f i c ' ac t i v i t y of 5000 

Ci/mmol at a concentration of 20 mCi/ml, as described by Walseth and 

Johnston (360), and stored i n 50% EtOH at -20°C. Three mCi of 

[y-32P]ATP were lyophil ized and used to synthesize [5'-32P]pCp in a 

f ina l volume of 50 nl in the presence of 10 units of polynucleotide 

kinase (360). After heating to 90'C for 3 min, the [5'-'32P]pCp was 

stored at "20°C. 

11.3. Pur i f icat ion of End-Labelled RNA 
' » ' " I" '•' 

f 

End-labelled RNAs were pur i f ied from breakdown products that 

aceumulatedcduring label l ing by electrophoresis on 2.5% or 10% 

polyacryl amide gels (20 x 20 x 0.15 cm) containing 7 M urea. Spacers 
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and either 8- or 10-tooth slot formers were obtained from Dan-Kar | 

Plastic Products. Samples were loaded (20 jil/well) with drawn-out 

capillary tubes (1.5-1.8 x 100 mm, Kimax-51). The radioactive RNA was 

detected by autoradiography and eluted as described previously. 

Alternatively, 33 x 40 x 0.05 cm sequencing gels werejised to 

purify end-labelled low M.W. rRNAs. Spacers and slot formers (18 

tooth, 1.35 cm each) were made from sheets, of Delrin (Dan-Kar Plastic 

Products).' Whatman #1 filter paper wicks were used with these thin 

gels. Teflon could not be used for spacers, since it was found to <•-

inhibit "polymerization. Not more than 5 ^g of RNA was loaded per well 

in 5 <il of loading buffer. Polyacryl amide gels (6% or 10%) were 

pre-run at 1200 V and then run at 1700 V (Dan-Kar high voltage power 

supply) until the labelled RNA (which was detected by autoradiography) 

was 5-10 cm from the -bottom of the gel. * ' v 

r Use of these thin preparative gels had two advantages. First, 

RNA that had 3'- or 5'-terminal length heterogeneity was separated 

into several discrete species, each suitable for sequencing. Second, 

when multiple samples had to be eluted from gel slices, the methods 

presented above 'became impractical, whereas concentration of RNA in 

these^very thin gel slices allowed the following RNA extraction method 

to be used. „ 

11.4. Elution of RNA from Sequencing Gels 

/ 

1 A modification of the elution procedure of Maxam and "Gilbert 

(229) was used to elute RNA from thin (0.05 cm) gel slices. Gel 

slices were.shaken overnight pt 4*C in a 1.5 ml eppendorf tube 

•r 
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containing 400 ul of buffer (0.5 M NHijOAc, 10"mM Mg(OAc)2, 1.0 mM ' 

EDTA) and 400 (il of phenol-cresol. I f less than 4-5 p.g of RNA was to 

be eluted, 5 p,g of JE. col i carr ier tRNA was added. After phase 

separation in an eppendorf centrifuge, 1.0 ml of 95% EtOH was added to 

the aqueous phase and the RNA was precipitated at "70°C. There was no 

acrylamide'carry-over since there was no need to crush these th in gel 

s l ices. 

12. Analysis of Terminal Nucleoside Residues 

5*-End-labelled RNA (5 (ig or less) was completely digested to 

nucleoside 5'-monophosphates (pN) with snake venom phosphodiesterase 

(0.25 mg/ml) m 20 (il of 0.125 M ammonium formate (pH 9.2) for 16-24 

hr at 37"C. 3'-End-labelled RNA was coaltetely hydrolyzed to 

nucleoside 2',(3')-monophosphates (Np) in 10 pi of 1.0 M NaOH for 90 

hr at room temperature, then neutralized with 1 p.1 of glacial acetic 

acid. 

The 32P-labelled terminal nucleotides and appropriate unlabelled 

marker nucleotides were subjected to two dimensional th in layer 

chromatography ( t i c ) on cellulose-coated plast ic plates (Eastman* 

Ghromagram) containing fluorescent indicator. The t i c plates were * 

dipped through a 10% saturated ammonium sulfate solution and 

thoroughly dried pr ior to use. Developing solvent in the f i r s t 

dimension was' 95% EtOH:H20, 4:1 (195), while saturated ammonium 

sill f a te : prop an-2-ol, 40:1 (306) was used in the second dimension. 

Marker nucleotides were visualized under U.V. l i gh t and 32P-labelled 
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terminal nucleotides were detected by autoradiography. Areas of 

' i n te res t were cut from the t i c plate, placed in sc in t i l l a t i on v ia ls 

and soaked in 1.0 ml of 0.6 M NĤOH for 30 min at room temperature. 

Ten ml of Aquasol 2 were added and radioactivity"was counted in a 

Nuclear-Chicago, model 6850 sc i n t i l l a t i on counter. 
* , ' 

13. Rapid Sequencing of End-Labelled Ribosomal RNA 

13.1. Chemical Sequencing Reactions (264,265,296) 

The chemical digestions used to produce random cleavage in RNA 

sequencing have been developed for use with RNA molecules that have 

been 3'-end labelled with [5'-32P]pCp (264); they give poor results 

with 5 '- label led RNA. The protocol described here does not correspond 

exactly to that used during the i n i t i a l stages of th is research; 

however, the conditions to be described are those that now give the 

best and most consistent resul ts. 
. i. 

v 

A suitable aliquot of 3'-end-labelled RNA was pel leted, washed 

With 80% EtOH and dried. The sample was dissolved m 30 p.1 H20 and 6 

V l of E_. col i carr ier tRNA (phenol-extracted, 5 mgYml in H20) were 

added. The sample was then distr ibuted evenly among six 1.5 ml 

eppendorf tubes labelled G, A, U, C, a l ka l i , and control . The A and G 

reactions were performed d i rect ly on these 6 (il samples, while the 

remaining 4 samples were frozen and lyophi l ized. 

(a) G Reaction 

After addition of 300 (il of 50 mM sodium cacodylate-HCl (pH 5.5), 

the sample was mixed with the pipette t i p and ch i l led on ice. One (il 
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of dimethyl sul fate (DMS, 50 ( i l , equi l ibrated immediately before use 

against two volumes of the above buffer at pH 7.0; see below) was 

added and mixed in with the pipette t i p . The sample was incubated at 

80*C for 1 min, then' ch i l led to 0°C, and 75 u.1 of 1.0 M Tris-HOAc (pH 

7.5), 1.0 M 2-mercaptoethanol, 1.5 M NaOAc, 0.1 mM EDTA and 900"(i1 of 

95% EtOH were added. The RNA was precipitated at -70°C (30-60 min), ^ 

pel leted, dissolved in 200 (il of 0.3 M NaOAc, 0.1 mM EDTA, and 

re-precipi tated with 600 (il of 95% EtOH at "70*0. The pel let was 

washed w i * i 80% EtOH, dr ied, and dissolved in I d ( i l of 1.0 M Tris-HCl 

(pH 8.2). Ten (il of 0.2 M NaBHî  (7.57 mg/ml, f reshly prepared) was 

added and the borohydride reduction was allowed to proceed at 0"C for 

30 min in the dark. The reaction was stopped by addition of 200 (il of 

0.6 M NaOAc, 0.6 M HOAc and 600 u j of 95% Et0H% and the RNA was 

precipitated at ~70"C. 
# 

When commercially available DMS was used in the published 

sequencing procedure, the G-reaction (performed at pH 5.5) was not 

ent i re ly reproducible and sometimes generated non-specific cleavage 

products, usually after C residues. These poor results were 

correlated with the presence'of an ultraviolet-absorbing contaminant 

(xmax = 281 nm) in the DMS used. The u l t rav io le t absorbance 

disappeared when the DMS was equil ibrated against 50 mM sodium 

cacodylate buffer at pH 7.0, but not when i t was equil ibrated against 

the same buffer at pH 5.5. The G-reaction was much more specif ic and 

highly reproducible when the reaction was performed at pH 7.0 or when 

DMS pre-equil ibrated at pH 7.0 was used for reactjon at pH 5.5. 



* -49-

No additional carrier RNA was added after the borohydride 

reduction step, since it was not necessary for precipitation of the 

labelled RNA and would sometimes result in overloading in the G-lane 

of sequencing gels. 

(b) A > G Reaction 

Labelled RNA (6.u1) was mixed into 200 u-1 of 50*mM NaOAc (pH 4.5) 

and chilled to O'C. One u-1 of diethylpyrocarbonate was mixed in and 

the reaction was allowed to proceed at 80*C for 4 m m . The solution 

was then chilled on ice, 50 (il of 1,5 M* NaOAc and 750 (il of 95% EtOH -

were added and the RNA was precipitated at ~70*C. The pellet was 

dissolved in 200 (il of 0.3 M NaOAc, 0.1 mM EDTA and re-precipitated 

with 600 |il of 95% EtOH at ~70*C. 

(c) U Reaction 

The dry RNA pellet was dissolved in 10 u.1 of 50% hydrazine in H20 

and allowed*to sit on ice for 8 min. An aliquot (200 (il) of 0.3 M 

NaOAc, 0.1 mM EDTA was added, followed by 750 ul of 95% EtOH, and the 

RNA was precipitated at "70*C. The pellet was dissolved in 200 (il of 

0.3 M NaOAc,.0.1 mM EDTA and re-precipitated with 600 ul of 95% EtOH 

at -70°C. 

(d) C Reaction 

The dry RNA pellet was dissolved in 10 u-1 of 3 M NaCl m 

hydrazine (freshly prepared by dissolving 17.5 mg of oven-dried NaCl 

in 100 (il of hydrazine). After 20 min at 0*C, 0.5 ml of 80% EtOH 

(~20"C) was added and the RNA was precipitated at -70*C. The pellet 
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was dissolved in 200 (il of 0.3 M NaOAc, 0.1 mM EDTA and 

re-precipi tated with 600 |i l of 95% EtOH at _70oC. ' 

I t was important that both the RNA pe l le t and the 

NaCl/hydrazine solution be cooled on ice for 10 min before mixing the 

two, and that the 80% EtOH be kept at "20°C un t i l immediately before 

use. I f these precautions were not taken, a non-specific background 

ladder would appear in the C-lane of sequencing.gels (see Figs. 

'6 and 10C). Sometimes NaCl precipitated out of solution when the 

NaCl/hydrazine solution was cooled on ice; however, the reaction 

worked well as long as the hydrazine remained saturated with NaCl. I f 

anhydrous hydrazine was not ifted, a U > C or a U + C reaction 

resulted. * 

(e) Alternate. C Reaction • , 

3-Methyluridine was found to be so highly susceptible to the 

above C reaction that cleavage at th is base was v i r t ua l l y 

quant i tat ive. An al ternat ive C reaction was therefore necessary #b 

determine C residues beyond th is modified nucleoside. 

Six (il of 3'-end-labelled RNA were mixed into 300 (il of 50 , 

mM sodium cacodyl ate-HCl (pH 7.0), 1.0 |il of DMS'was added and the 

sample was incubated at 80*C for 5 min. After two ethanol -

precipi tat ions and an 80% EtOH wash, the dried RNA was subjected to 

the U reaction for 4 min at 0"C and precipitated twice as described. 

3-Methylcytosine residues generated by the DMS reaction were more 

susceptible to the U reaction than were uridine residues, and 

therefore a C or a CXJ 1 ane was generated. 

ft 
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(f) Strand Scission Reaction 

Pellets of chemically modified RNA were washed with 80% EtOH, 

dried,'and dissolved* in a freshly prepared aniline acetate solution 

{redistilled aniline:glacial acetic acid:H20, 3.:3:7). Afteii20 mm at 

55~65*C in the dark, the samples were frozen and lyophilized, then 

dissolved in 20 JJ.1 H20 and lyophilized again (2X). 

(g) Parti al Alkali Pigestion (D.F. Spencer, personal "communication) 

A sample of end-labelled-low "6r" high M.W. rRN*A containing 5 (ig of 

I - coli carrier'tRNA was dissolved in 20 R! of 0.15 M NHitOH, heated to 

90QC for 1 or 3 min respectively, and chilled on ice. The sample was 

frozen at _70*C and lyophilized, dissolved in 20 (il of H20, and 

lyophilized again. If*the carrier tRNA was omitted the digestion 

times were reduced to 30 sec and 2.5 min, respectively. This 

procedure offers two advantages over that of'Donis-Keller et al. 

(85). Since the digestion time is very short, i t is not necessary to 

db the reaction in a sealed capillary, and-since the NĤOH can be, 

removed by lyophilization, the sample can be loaded on a sequencing 

gel in the same loading buffer as the^other samples. ^ 

. * The chemically digested RNA, the alkali-digested RNA, and the 

control-were dissolved in 8-10 (il of Peattie's loading- buffer and 

stored at "70*C. All of the reaction buffers and precipitation 

solutions used in the chemical sequencing reactions were stored at 

4*C. Sodium borohydride and oven-dried NaCl were stored under vacuum 
* • . # 

at room temperature while aniline was stored at "70*C. 

f-
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13.2. Partial Enzymatic Digestions (84sJ5r-3$C~" 

The enzymatic sequencing--procedure worked best with RNA labelled 

at the 5'-j>nWrt1f[Y-32P]ATP. Although RNA labelled at the 3'-end 

"with [5'-32P]pCp could be sequenced using the partial enzymatic 

digestion method, the gels were harder to interpret,-for reasons to be 

discussed later. y 

A suitable amount of 3'- or 5'-end-label led RNA was pelleted, 

washed with 80% EtOH and dried. The sample was dissolved in 11 ul of 

H20, 2 (il were removed and used for partial alkali digestion and the 

remaining 9 |il sample was lyophilized. The end-labelled RNA was then 

dissolved in 45 ul of freshly prepared reaction mixture [70 u-1 10 M 

urea, 2 (il 1.0 M sodium citrate (pH 5.0), l.G3ul 0.1 M Na2EDTA (pH 

7.0), 2.5 (il marker dye (2% XC + 2% BB), 3 (il carrier RNA (5 mg/ml), 

21.5 ul H20]. The RNA solution was distributed into nine 0.5 ml 

,eppendorf tubes labelled T ^ , Tib, U2a, U2b, Ma, Mb, Aa, Ab and 

control (6 ul in the tubes labelled a and 4 ^1- in the tubes labelled 

b, leaving 5 jil as the control). 

One (il of RNase lx (0.01 u/pl) was mixed into the solution in the 

^ a tube, and with a fresh pipette t i p , 1.5 (il of the contents of the 

T^a tube were diluted into the lib tube. The same procedure was 

followed with the other RNases used: RNase U2 (0.05 u/ul), pancreatic 

RNase (RNase A, 0.01 u/u-1), and RNase.Phy M (a 5-fold 

dilution of a stock solutjon, obtained from H. Donis-Keller), The 

amounts of enzyme used for each digestion were-not always as described 

above. The exact, amounts usually depended on the results of the 
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previous experiment. The control and the RNase digestions were 

incubated at 50*C for 30 min and then the samples were frozen at 

"70°C. The lyophi l ized alkal i-digested RNA. was dissolved in 11 (il of 

the above reaction mixture and stored frozen at "70*0. 
•* 

Under the reaction conditions described (6-7 M urea), RNase Tj. 

was very re l iab le for defining G residues. RNase U2 was quite 

re l iab le for defining A residues, except that some A residues were cut 

very faint ly."" RNase Phy M had-an-A-MJ spec i f i c i t y ; however, 

overcutting resulted in G and C cleavage. RNase A did not cut after 

every pyrtaridine, although i t c lear ly defined pyrimidfnes wherever i t 

did cut. 

13.3. Sequencing Gels 

(a) Electrophoresis 

Sequencing gels (33 x 40 x 0.05 cm) were prepared using 

Delr in sp^Wfers and s lo t formers (32-, 40- or 56-tooth). End-labelled 

par t ia l enzymatic or chemical degradation products were resolved on * 

6%, 10% or 20% polyacrylamide gels (19:1, w:w, acrylamide:bis-

acrylamide) containing TBE buffer and 7 M urea. The gels were pre-run 

at 1200 V and run at 1700 V. Samples were heated to 60*C for 3 min , 

and then loaded in adjacent wells of the sequencing gel in aliquots of 

2 (il or less, using drawn capi l lary tubes. ^ 

When short electrophoresis runs in 10% gels were used to obtain 

the sequence of the f i r s t 25-40 nucleotides, i t was found that band 

» d is tor t ion occurred within a region 10-15 basi&n^om the end of a 

labelled RNA molecule. I t was also observed that with enzymatic 

•V 

) 
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•V 

digestions of 3'-end-labelled RNA, the bands* corresponding to the 

first 6-8 positions did not separate-in 10% sequencing gels. These 

problems were not observed in 20% gels that were run until the BB 

marker dye had migrated 15 cm. [5'-32P]pCp was run as a marker in 

these 20% gels to ensure that the radioactive band corresponding to 

the first base was not lost. The order of migration of the pNps was 

pUp > pCp £ pAp > pGp. Jt 

The sequence from positions * 40 to * 120 could be read from two 
# 

loadings of a 10% gel, one loading run 4 hr, the other 6 hr. If the 

RNA was longer than = 120 bases, three loadings of a 6% gel were used 

(first loading, XC = 40 cm, second loading, XC *= 30 cm,'third'loading", 

XC = 20 cm)** For some RNA molecules (> 170 nucleotides) it proved 

useful to run 60 cm long, 6% gels until the XC marker dye had migrated 

60 cm. 

(b) Autoradiography 

After electrophoresis, one glass plate was removed from the ge l , 

a used (fixed) X-ray f i l m (35 x 43 cm) was placed over the gel and £ i r 
# 

bubbles were ro l led out from between the f i l m and the gel . Since 

these acrylamide gels stick to used X^ray ' f i lm, the gel was removed 

from the second glass plate by slowly l i f t i n g the X-ray f i l m . The gel 

was covered with Alcoa-Film (Fisher Sc ien t i f i c ) , placed in a metal 

cassette (Du Pont) and subjected to autoradiography.at "70*C using 

Kotiak XAR-5 or 3M T r i L i t e X^ray f i l m with Dupont Cronex Lightning-Plus 

intensifying screens. The 3M f i l m was about f i v e times slower than 

the Kodak f i l m , but gave better resolution of bands. 
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"Pick-up films" were used because the glass plates would not f i t 

into the metal cassettes. Labelled RNA from the sequencing gels 

remained on these "pick-up films" even after the gel was removed, and 

for this reason they could not be re-used until the 32P had decayed. 

"Pick-up films" were not used with preparative gels, since RNA could 

not be recovered from gels treated in this way. Gels that contained 

7 M urea could be thawed and re-exposed to X-ray film. However, 

preparative gels that did not contain urea co.uld only be frozen once, 

since they could not withstand thawing, 

(c) Interpretation of Gels 

These rapid sequencing procedures rely on the fact that only one 

discrete end of the RNA molecule is 32P-labelled and that the* 

radioactive digestion products observed on the autoradiogram are 

separated on the basis of size, so that the position of a radioactive 

band on the autoradiogram is directly related to the distance of the 

cleaved base from the labelled end. Thus, by knowing the 

specificities of the reactions used to produce the adjacent ladders, 

the sequence can be read directly from the autoradiogram. 

Chemical Sequencing Gels - Since the end-labelled digestion 

products produced by chemical cleavage have 5'-P while those produced 

by alkali cleavage have 5'-0H, their mobilities are different*and so 

the first = 15-20 fragments produced by chemical cleavage of 
1 

3'-end-labelled material do not align with the alkali digestion 

products on the sequencing gels. For this reason, if any of the 

chemical sequencing reactions produces an alkali1-type breakdown f 
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product wi th in the 3'-terminal - 20 nucleotides,\this w i l l appear as 

an a r t i f ac tua l , extra nucleotide. Analysis of both a lka l i and enzyme 

tracks of 3'-end-labelled RNA is therefore e s s A i ' a l in detecting 

these artifacts.^ Pseudouridine (¥) residues are not dleayed by the 

chemical reactions used and appear as" btfcfftks in chemical sequencing 

gels. The alkal i band for * residues is^usually fa in ter than normal 

on gels of 3'-end-labelled RNA. 02 '-Methylnucleoside (Nm) residues 

are cleaved by the chemical sequencing reactions. 

The band spacings between alkat*i digestion products are seldom as * 

uniform as those between bands representing chemical digestion 

products. ^ possible explanation fo r * th is is that secondary structure 

interactions in the a lka l i digestion products are reduced in the 

chemically digested RNA by production in the la t te r of modified bases 

that are not capable of base pairing but that do not result in strand 

scission during the ani l ine reaction. For example, m3C residues 

produced in the G reaction are not cleaved by the strand scission 

reaction and do not form stable Watson-Crick base pairs. 

Enzyme Sequencing Gels - Regions of very stable secondary 

structure are not cleaved appreciably by the RNases used, even in the 

presence of 6-7 M urea. Pseudouridine residues are cleaved, but Nm 

residues are not. 

RNA labelled at the 3'-end with [5'-32P]pCp gave very complicated 

patterns on enzymatic sequencing. Since enzymatic digestion products 

have 5'-OH, 3'-P termin i , cleavage after the f i r s t base releases an 

unlabel led Cp, and therefore a band corresponding to the f i r s t 
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nKleotide is not normally observed. Since the digestion conditions | 

occasionally generate more than one hit per molecule, it, is also 

possible tu, cleave off the terminal Cp in a proportion of the 

molecules and to cleave after other residues as well. If the 

^'-terminal nucleotide's an A, for example, this results in double, 

bands in botri the U2 and Phy M lanes of the sequencing gel. The fact 

that'PhyM cleaves after both A and U makes gels of this sort almost " 

impossible to interpret. 

Ambiguities,,observ.ed i*i seque^ting gels were always reproducible, 

but could usually be resolv.ed by irunning the gels at higher , 
'' ' - k 

temperatures ( i .e . j - increased current), by using higher percen^ge 
gels or by sequencing from the5other end of the molecule. 

* » t " J 

i *» r *# o 

14. Modified Nucleoskle''Analvsi*s -. % , t 

14.U .Unlabel!ed Marker Nucleotides * ' > * , 

pm3U and m3Up were'-prepared "by a modification of the procedure of 

Pochon and Michelson (270). Four mg" of poly U (Miles Laboratories) 

were shaken overnight at 4*C in a 1.5 ml eppendorf tube containing-630 

(il of H20, 168 til of tributyl amine and 52*.5 (il of dimethyTsulfate. k 

The mixture was divided in half and after addition of 40 \il of 3 M s -

NaOAc and 1.0 ml of 95% EtOH, the two samples were "precipitated at , . 

-7b*C. The pellets were re-precipitated (from 200 pl H20, 20 Rl 3 M 

•NaOAc, 600-ul 95% EtOH) once at -20*0-overnight and again* at -70°C for 

2 hr. One pellet was digested with snake venorn phosphodiesterase (to 

produce pm3U) and stored at -20*C. The second pellet was'incubated 
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* for 16 hr at 37"C in 230 u l of 1.0 M HC1 (to produce m3Up) .and the 
/ « 

result ing solution was lyophi l ized, dissolved in 600 (il of H20 and 

stored at -20°C. 

The spectral properties of the two products (as determined using 

a Beckman DU-8 Spectrophotometer) at various *p\i values were as ' 

expected for m3U\monophosphates (144). The two products could be 

distinguished by tHjn layer chromatography (as described for terminal 

nucleoside analysisXaruL each migrated as a single U.V.-absorbing 

spot. After treatment wivth calf intest inal alkaline phosphatase, the 

t mobil i t ies of both products wei^ altered and the resultant nucleosides 

comigrated with authentic m3U. 

Al l other marker H', Np, pNp, Nro-Np and Nm-N used during th is 

research were obtained from commercial suppliers'or wen$-prepared as 

previously described^ from wheat embryo iRNA (307) or sRNA (133). 

14.2. Analysis of Uniform!y-32P-Labelled Small rRNAs * 

1 The Np + Nm-Np .+ pNp products of alkaline (10 (il of 1.0.M NaOH, 

room,temperature1, 90'hr) or RNase T2 (Sankyo; 0.5 uni t in 10 u.1 of 10 

mM NĤ OAc (pH 4.5), 37"C, 16 hr) hydrolysis and the pN -t pNm products 

of snake venom phosphodiesterase hydrolysis of uniformly--32P-l abel led 

,C. fasciculata small rRNAs were subjected, together with ualabelled 

markers, to th in 1 ayer, chromatography ("Merck glass-backed^cellulose 

t i c plates containing f luorescent ' indicator). Developing solvents 

- were isobutyf>Cacid:conc. NHitOH:H20, 49.4:2:27.6, in t he v f i r s t 

dimension, and propan-2-ol:conc. HC1:H20, 70:15:15, in the second 

(248). ' r 
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In some experiments, an Nm-Np fract ion was isolated from alkaline, 

or T2 hydrolysates by chromatography on small columns of 

DEAE-cellulose (196,307). This f ract ion was subjected to two 

dimensional t i c either d i rect ly or following dephqsphorylation (1.0 

unit of calf in test inal alkaline phosphatase in 10 (il of 100 mM 

ammonium formate (pH 9.2), 37eC, 30 min). In the la t ter case, the 

f i r s t dimension solvent was butan-i-ol : isobutyr ic acid:conc*.NHttOH:H20 

75:37.5K2.5:25 (279), 3X, followed in the second dimension by 

propan-2-ol:conc.HCl:H20, 70:15:15, IX. Individual Nm-N's were eluted 

' from the t i c plate in 200 p.1 of 0.6 M NH^OH, lyophil ized and 

hydrolyzed.with snake venom phosphodiesterase. The result ing 

[3"2P]pN's were ident i f ied by two dimensional t i c as. described fpr 

terminal nucleoside analysis. 
9 

1 ____ In the tic system described above, pUp cannot be detected because 

> 2 p l D . . •* ; . .it co-migrates with [3 2P]P^; however, the system used for terminal 

nucleoside analysis (3X i n t h e , f i r s t dimension, IX in the second 

dimension) gives good separation of a l l pNp and the four standard pN 

derivatives. 

Modified nucleosides ident i f ied in th is manner can usually be 

localized in the primary sequence of small rRNA molecules as a result 

of the i r abnormal react iv i t ies in the sequencing reactions. 

v 14.3. Modified Nucleosides Near the 3'-Terminus of SSU RNA 
, i » . i . • I, in i . . • , . i . i . . i . . . , . . . ii i 

In an e f fo r t to establish de f in i t i ve ly the ident i t ies and 

positions of modified nucleosides in the 3'-terminal "region of wheat 

: mitochondrial and E. col i small subunit,rRNAs, I have performed 
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* preliminary experiments of the following design. 

Five (ig of 16S/18S rRNA were pa r t i a l l y digested with a lkal i (0.15 

M NHi,0H, 90°C, 3 mm), after which the result ing fragments were 

5'-end-labelled using 1.0 mCi [y-32P]ATP and polynucleotide kinase. 

Specific 3'-terminal fragments were then isolated on a"boronate column 

(which binds c is-dio ls) and fractionated on a 10% polyacrylamide -
i 

sequencing gel. The 5'-end-labelled, 3'-terminal fragments we^e 

eluted from the gel and digested with snake venom phosphodiesterase. 

The radioactive mononucleotides were ident i f ied by t i c in the system 
* i t 

7 ^ 

•> used for terminal nucleoside analysis. , 

N-[N'-(m-dihydroxyborylphenyl)succinamyl]-aminoethyl cellulose 

(DBAE-cellulose) was prepared essential ly as described by Weith et 

a l . (362), except that 3 g of ammoethyl cellulose (0.32 meq/g, Sigma) 

were used. DBAE-cellulose chromatography (0.6-0.7 ml bed volume in a 

1.0,ml tuberculin syringe) was earned^out essential ly as described by 

Rosenberg'(281), except that the eluted RNA fragments were recovered 

by ethanol precip i tat ion. 

>. 

%5. ' Preparation and Detection of Intermolecular RNA:RNA 

Complexes' 

Complexes between wheat cytosol 5S and 18S rRNA and between wheat 

cytosol 5.8S and 26S rRNA were*prepared as described by Azad and Lane 

(14). Wheat cytosol iRNA (26S + 18S + 5.8S) was heat denatured (60"C, 
s • * . 

5 min),,. and an equimolar amount of unlabelled wheat cytosol 5S rRNA 

V 1 
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was added. The RNA was recovered by ethanol precipitation and the 

pellet was washed with 80% EtOH. A small amount (6.5 jag) of this RNA 

sample and'20,000 c.p.m. of either 5'-end-labelled wheat 5S or 5.8S 

rRNA (approx. 1 x 10' c.p.m./(ig) was dissolved in 15 p.! of H20, and 5 

ill of 1.2 M NaCl were added. The RNA solutions in 0.3 M NaCl were 

heated to 60*C for 3 mm and quickly cooled to 0°t. 

£• fasciculata 18S rRNA (2.5 p.g, isolated from purified small 

ribosomal subunits) was incubated with equimolar amounts (20,000 

c.p.m.) of either C. fascicul ata RNA species £, f_, £, h or i_, in 20 (il 

of 0.3 M NaCl for 3 min at 60°C, then quickly cpoled to 0°C. 
f ^ 

i 

Heat-denatured £. fasciculata iRNA (7 (ig, depleted of 

species f_, _£, h_ and tRNA by repeated precipitation from 1.0 M NaCl) 

was supplemented with equimolar amounts of species f_, j£ and h; 20,000 

c.p.m. of species-e_, f_, j£, Jh or j . (approx. 1 x 106 c.p.m./iig) were 

added and these samples were also incubated in 0.3 M NaCl for 3 min at 

60*C, and quickly cooled to O'C. 

Three (il of 7X E2 buffer (251) containing 30% sucrose were added 

to each a ample, which was then electrophoresed at 4°C for 4 hr at 150 

V in 2.5% (20 x 20 x 0.15 cm, 10 well) polyacrylamide gels containing 

E2 buffer. These non-denaturing gels were subjected to 

autoradiography at "70*C to determine whether or not the radioactive 

low M.W. rRNfts had formed a complex with the high M.W. rRNAs. 

16. Preparation of Nitrocellulose Filters Containing Restriction 

Fragments of Wheat Mitochondrial DNA 
*? i 

Wheat mitochondrial DNA was prepared, digested with restriction 
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endonucleases and fragments were separated in agarose gels%as 

described (28). The res t r ic t ion fragments were transferred to 

ni t rocel lu lose f i l t e r s by the method of Southern (312) and stored 

under vacuum at 4*C. Al l of the ni trocel lulose f i l t e r s containing DNA 

res t r ic t ion fragments used in th is research were prepared by Dr. T.Y. 

Huh in this laboratory and the procedures for preparation of wheat 

mitochondrial DNA and Southern transfer to ni t rocel lu lose have been 

described in detai l by Bonen (26). 

17. RNA:DNA Southern Hybridization 

The DNA f i l t e r s t r ips were placed in ?i«p-Lock polyethylene 

bags and wetted with 2.0 ml of hybridization medium (2 x SSC:50% 

deionized formamide) containing 32P-end-labelled RNA. Formamide 

(Fisher) was deionized (269) by'mixing for 2 hr at 4°C with 2 g of 

ion-exchange mixed-bed resin (AG501-X8, 20-50 mesh, Bio-Rad, 

Analytical Grade). 

The bag was sealed inside a heavier p last ic bag and incubated in 

a 420C water^bath for 18-24 hr. The M i t e r s were rinsed at 42*C with 

"50 ml of hybridization medium. F i l te rs were washed in a shaHfig water 

bath at 42*C in 500 ml- of .hybridization medi-um (containing^ 

non-deionized, reagent grade formamide) for 45 min, followed by two 45 

min washes in 500 ml of-4 x SSC at 42*C andtwo additional wasties in 

500 ml of 4 x SSC at room temperature. The f i l t e r s were dried and 

subjected to autoradiography. 
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RESULTS 

1. Wheat'Mitochondrial and Cytosol RNA ^ 

Polyacrylamide gel profiles of wheat mitochondrial and wheat 

cytosol total RNA are presented in Figure 3. Both preparations show 

discrete peaks of 26S and 18S rRNA and an unresolved tRNA-5S rRNA 

peak. A 5.8S rRNA was released from the cytosol 26S .rRNA by heat 

denaturation, while there was no 5.8S rRNA in the mitochondrial 

preparation. Several minor U.V.-absorbing peaks were reproducibly 

observed in the mitochondrial RNA preparations (arrows, Figure 3) but 

were not present in the cytosol RNA preparations (71). The 

mitochondrial 26S and 5S <rRNAs (present in the large ribosomal 

subunit)' and 18S rRNA (small ribosomal subunit) have been shown by Ti 

oligonucleotide "fingerprinting" to be distinct in sequence from their 

cytosol counterparts (70). 

2. .Crithidia fasciculata Ribosomal RNA 

The large ribosomal subunit of C. fasciculata contains a 

component (designated species _a, Figure 4A) analogous to the 25S-28S 

rRNA of other eukaryotic ribosomes. However, Crithidia species £ is 

heat-labile, dissociating into two" high M.W. components (species £ and 

£, Figure 4B) and one low M.W. component (species^U. The small 

ribosomal subunit contains a single high M.W. RNW^gecies Jb, Figure 

4C) which appears to have a higher molecular mass (0;825 x 106) than 

typical eukaryotic 18S rRNAs (approx. 0.7 x 106) (122). 
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Figure 3. Polyacfytamide gel (2".4%) electrophoretic profiles of total 

RNA from wheat cytosol (cyto) and, wheat mitochondria (mito). 

i 

^ 
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The1 ribosome of C. fasciculata is unusual inlthat it contains Jf 

^V' - - - ' 

four novel small rRNAs (designated e, f_, £, and j i . see Figure 4D) in 

addition to th,e 5S (species _h) and 5.8S (species v) rRNA species found 

'*'*". V . ' in o ther eukaryotes.. Their lengths are 212 (e), 183 (f),. 135-136 (_gj, 

120 (h) , 171-172 (j_) and 72-73 ( j j (see RE-SULTS, section 10) 

nucleotides, with £ and. j ^ displaying 5'-terminal heterogeneity and J_ 

* , displaying 3'-terminal heterogeneity-(296). When ribosome^.were 

dissociated in high potassium (880 n|M) buffer, all of the small. rRNAs 

wer'e foufw in the large ribosomal subunit.. However, Iwhen subunits' 

were prepared in]ow magnesium (0.1 mM) buffer (see, METHODS), species 

e and g wer'e released as free #NAs (123). \ " 

-V In non-denaturing polyacryl amide gels (Figure 4D, lanes 1 and 2), 
" * tt • ' 

wheat 5.8S rRNA (lane 2, 163-164 nucleotides; ref. 218,372) migrates 
•* * \ \ 

as expected relative to, £. fasciturata species e-j_ (lan^ 1).',.-However, 

in»denaturing gels-containing 7 M ure4 (Figure 4,0, ^aneg 3 and 4), * -* 

wheat 5.8S rRNA (lane.3) migr-ates abnormally slowly compared,to 
the C/fasciculata'Small rRNAs' -(1 ane"4), with,an "apparent 

\ * ,*v - » 
(artifactu'al) length of 210 nucleotides. The 5\8S rRNA of 

?' * ' 
" Acanthafltoeba castellanii (162 nucleotides; ref. 216) migrates as 

I... < : . ., • 
§ "* expected relative to the Crithidia rRNAs in gels containing 7 M urea 

% • , • {not showrf}. ' - :* \* _ 

\ 

3. Interroqlecular RNA:RNA Complexes1 

Azad and Lane" (14) have* demonstrated that when radioactively 
* ' * \ - * 

* labelled wheat 5S rRNA 1s incubated with unlabeled wheat 18S rRNA in 
"•* J, f • * J ' -

jt X r - * *• 

»»)hl«W*"** J 
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' } 

filgure 4. Polyacrylamide gel "(2.4%) electrophoretic profiles of: (A) 

Crithidia 60S ribosomal subunit .RNA," unheated; (B) CHfrh,1dia 60S 

ribosomal Subun-it RNA, heat-dena£ured; .(C) Crithidia 40S ribosomal 

subunit RNA, unheated. (DJLftutoradloarams of 10% polyacryl amide gels 

of 5"-end labelled Crlthidismal!-rRNAs (lanes 1 and 4) and 

5'-end-labe1led wheat 5.8S rRNA (lanes 2an<f.3$. , Lanes! and 2." 

non-denaturing gel; lanes 3 and £, denaturing gel containing 7 M urea. 

-\i 

I 
J J v ' >f ' utmuMtkk 
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0.3 M NaCl at 60"C for 3 min, followed by quick cooling on ice, a 

specific base-paired complex is formed between the two molecules that 

can be detected by monitoring the transfer of radioactivity from the 
it 

5S to the 18S region of a non-denaturing gel. 

When 5'-end-labelled Crithidia rRNA species _e, |_, £ ,£ (5S) and j_ 

(5.8S) were incubated with Crithidia 18S (species b) rRNA under the 

conditions described above, no intermolecular complexes could be 

detected (Figure 5A) between Crithidia 18S rRNA and any of these small 

rRNAs. However, when the 5'-end-labelled Crithidia small rRNAs were' 

incubated in the presence of unlabelled Crithidia high M.W. rRNA 

(species £ and jd, the two discrete fragments of Crithidia 28S rRNA, as 

well„as rRNA species b_ (18S rRNA)), a complex was detected between the 

5.8S rRNA (species J.) and two of the high M.W. rRNAs (presumably 

I species £ and d), as evidenced by the appearance of two tvatlasof 

radioactivity migrating in the high M.W. region of the gel (Figure 

5B). \ 

In each of these experiments a control complex between 

5'-end-labelled wheat 5S (5.8S) rRNA and unlabelled wheat 18S (26S) 

rRNATras detected (not shown). Species _i was nt>t included in thes,e 

' experiments because it had not been characterized as a discrete rRNA 

component at the time these experiments were carried out. * 

4. 3J-Terminal Sequence of Crithidia fasciculata 18S rRNA 

Crithidia rRNA species £ and _d, the dissociation products of 

species _a, migrate close to species J) (18S rRNA) during polyacryl amide 
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A 
e f g h i 

B 
e f g h i 

I 

**. 

Figure 5. Detection of intermolecular „RNA:RNA complexes. 

5'-End-label1ed Crithidia species e_, J_, £ , _h and j _ were incubated for 

3'min in 0.3 M NaCl in the presence of Crithidia species _b (A) or 

species b_ + £ + d_ (B). Incubation mixtures were resolved in 

nqn-denatefrf ng 2.5% polyacryl amide gels, which were subjected*to 

autoradiography.. ' 

u-̂ -

' - - V * * 
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gel electrophoresis (sea Figure 4). Therefore to ensure that £ and d 

.did not contaminate bt it was necessary to isolate Crithidia 18S rRNA 

from purified small ribosomal-subunits. 

The sequence of the first = 100 residues at the 3'-end of 

Crithidia 18S rRNA can be read from the representative autoradiograms 

shown-in Figures 6 and 7. The identity of the 3.'-terminal U residue 

was confirmed by alkaline hydrolysis of [5'-32P]pCp-labelled 18S rRNA, 

which released most (96%) of the radioactivity as Up. 

The band spacings in Figure 6 and 7 provide evidence of modified 

residues at positions 3, 20, 21, 54 and 65. Residue 3 appears %o be a 

modified U, probably ¥, since this position was cleaved by RNase PhyM, 

v but was not cleaved strongly in any of the chemical sequencing 

\ reactions. 

Residues 20 and 21 did not give bands in* the chemical or 
* 

enzymaf.ic sequencing gels, suggesting that, as in the case of residue 

3, the 18S rRNA is not efficiently cleaved at these positions. .The 

analogous positions are'occupied by two adjacent Nf, <N
6-d.imethyl-

. adenosine (m|A) residues in other SSU RNAs (1,48,49,78,286,291) and by 

adjacent A'residues in the rDfto sequences "corresponding to the gene 

for* SSU RNW (41,151,16*4,233,283,287,325). N6-Dimethylation is 

expected to blpck the A-specific chemical cleavage reaction, and ' * 
7 blanks in-cfc blanks in-chemical'sequencing ge"fes have been observed for the same 

/residues in""other SSU RNAs (11,29,75,167,168,349). Since the ' 

** drfnuc^eotide mlA-mlAp^has in fact been isolated from Gr-ithidia rRNA 

,(125), the presence 0f m2A is inferred at positions, ZQ. and 21 of 

* 
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Figurte 6. Autoradiogram of 

2$$, polyacryl amide • 

sequencing gel showinj 

the resolution of part ia l 

chemical degradation products 

fljf o f 3'-end-labelled -Crithidia 

IRS rRNA. Numbering hpgins at 

the 3'-terminus. Asterisks 

•mark probable modified 

nucleoside consti tuent^, 

as described in the . text . 
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Figure 7. Autoradiograms of 10% polyacrylamide sequencing gels 

showing the resolution of partial chemical degradation products of 

3'-end-labelled Crithidia 18S rRNA. See also Figure 6. ** 
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the Crithidia 18S rRNA sequence. The absence of a band corresponding 

to position 21 in the alkali ladder is consistent with the known * i 

alkali resistance of the phosphodiesterase bond joining the m^A 

residues (245). 

Residues 54 and 65 appear as G and C, respectively, in chemical 

sequencing gels, but there are no corresponding bands 'ffl̂ the alkali or 

* enzyme ladders, suggesting that thes.ê  are alkali-stable, most likely 

0Z'--methylnucleosides (6m and Cm, respectively). . 

Figure 8 summarizes the data obtained for the 3'-terminal 
» 

." sequence of Crithidia 18S rRNA. As wtth other SSU RNA sequences, a 

stable (AG = "13.8 kcal/mol; ref. 333) m|A stem and loop structure can 
i 

be formed close to the 3'-terminus (residues 10-33). The existence of 

such a hairpin structure in Cr i th id ia 18S rRNA is supported by the 

fact that its^ constituent residues are resistant to RNase ^ and U2 

hydrolysis, even in the-presence of 6-7 M-urea (data not.shown).. 

5. 3'-Terminal Sequences of Wheat"Mitochondrial and Cytosol 18S 

rRNAs \ ' ^ ~ •». A 

5 .1 . Primary Sequences °* . 

- • • Partial chemica-l degradation of [5*-32PjpCp-lab*ened E. co l i 16S 

rRNA was ^special ly useful . for assessing the behavior of known 

modified nucleosides'in th is molecule .toward the various •* * 

residue-specif ic chemita.1 sequencing reactions. For example, residue 
* « • » i 

.. 45 (a modified'U;osee below) proved to be highly rfeactiye under the 

usual ponditions of C-specif1c chemical cleavage (3 M NaCl in • % * - . 
, • • * * * 

t * * * » ! 

V * * 

- V " ' ' "' - * ' ' A 

' „ . , ' • ' • . : . . . ^ 
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Figure 8. Sequence of the f i r s t 91 nucleotide residues at the 3'-end 

°f Cr i th id ia 18S rRNA, indicating the m2A hairpin structure 

encompassing residues -10-33. The sequence is divided into six 

sections, defined as fol lows: ( i ) extreme 3'-terminal sequence 

(residues 1-9"); ( i i ) , t he 3 ' -ha l f of the mjjJA stem (residues 10-11 

( i i i ) the single strand loop of the m̂ A fiairpin (residues;20-23/); ( iv ) 

the 5 ' -hal f of the'm|A stem (residues 24-33), ',Section',(v) (residue* 

34-47) is homologous to a single strand region' that connects the m|A 

h-elix to* the .liext double stranded regipn in secpp4ary strut ture models 

of SSU RNA (90), while section (v i ) (residues 48-.91); is homologous to 
m , > • 

the 3'-half of "this fatter helix." Asterisks denote the positions of 

probable modified residues, as noted in the text^ • , * .• 

• ' - • • • . I 

) 
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. hydrazine; re f . 264), as was residue 42 i n wheat mitochondrial 18S 

r rRNA; in both cas^s, cleavage at th is-posi t ion was v i r t u a l l y 

quantitative (Figure 9; arrows). This made i t necessary to use an 

alternate C reaction (265) to determine C residues beyond this 

posit ion in the two rRNAs (Figures 9 and 10, C t rack) . The result ing 

sequence for the 3'-end of E_. col i 16S rRNA is in complete agreement 

with published data (41,49). 

Although end group analysis showed that C was the exclusive 

3*-terminal residue of wheat mitochondrial 18S rRNA, length 

heterogeneity was suggested by the several 3'-terminal fragments 

produced by C-specific chemical cleavage (Figure 10A). 

Quantitatively, only,the 41- and 42-base fragments were s ign i f i cant , 

with the la t te r predominating 4 : 1 . The fragments yielded 91% (41 

base) and 88% (42 base) [32P}Cp on.end'group analysis. This confirms 

that the mitochondrial 18S rRNA .'(Figure 25) mostly ends in ...UCGgu 
J * . 

(80%) but also in . . .UCOH (20%). Enzymatic sequencing of the . 
I " * 

pur i f ied 42-base fragment of the.m}tochondria>/18S 'rRNA (Figure 9C) 

completely confirmed the chemical sequencing ^results (Figures 9A and 

1QA). . • 

Terminal heterogeneity of wheat cytosol 18S rRNA was also evident 

'from sequencing gels (appox. 10% o f the molecules lacked the ultimate 

G residue,) and 3'-end analysis (which gave 84%r G, 11.5% U). These 

- results are consistent with those of Azad and Lane (12) 'but not with 

those.of Darzynkiewicz-et a l . (75), who observed some 3'-terminal A 

residues in the i r preparations of wh*«at cytosol 18$ rRNA. 'Except.for • 

I . 
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C Figure 9. 

Autbradiografts of 20% 

sequencing gels showing 

the- reso lu t ion of 

d chemical digests of 

Ww 3'-end-labelled* wheat 

* * mitochondrial 18S (A) 

and E. c o l i 16S,(B) 

rRNAs and enzyme 

digests of the 4^-base 

3 ' - termina l fragment 

of 3 ' -end- labe l led 

— 18S rRNA (C) . 
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Figure 10. ' Autoradiograms of,10%.sequencing gels showing the 

resolution of l imi ted chemical digests of 3'-*end-labefled wheat 

mitochondrial 18S (A), E. col i 16S (8) , and wheat cytosol 18S (C) 

rRNA*. , > 
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th i s discrepancy, the primary sequence data obtained here (Figures 

IOC and 25) agree wi th , and considerably extend, the 3'-terminal 

sequence previously reported (75) for wheat cytosol 18S rRNA. The 

extent of 3'-terminal heterogeneity in wheat mitochondrial and cytosol 

. 18S rRNAs was similar whether they were isolated by d i ^ c t phenol 

extraction of intact mitochondria o,r whole embryos, respectively, or 

prepared from pur i f ied ribosomal subunits, making i t unl ikely that 

-this heterogeneity was a preparative a r t i f a c t . Positions 83 to 

approx. 120'in*the wheat cytosol 18S rRNA were "almost completely 

» resistant to RNase hydrolysis. This section corresponds to a stable 

base-paired region in secondary structure models of SSU RNA'(90,323). 

Figure 11 shows that residues 11-34 of the mitochondrial 18S rRNA 

sequence can be folded into the hairpin structure-character ist ic of 

this region of a l l SSU RNAs. The base-paired stem d i f fe rs from that 

of JE_. col i 16S rRNA at only three out of twenty posit ions, affecting 

two base pairs. Position 24 is,occupied by a G residue, as is ' the 

homologous posi t ion in SSU RNAs "from E_. col i , chloroplasts, and 

animal, fung-al and protozoan mitochondria. Eukaryotic cytosol 18S 

rRNA has aU in th is posit ion. 

* ^ .2 . Patterns of Post-Transcriptional Modification 

A. Anomalies in the chemical and enzymatic sequencing gels 

(at t r ibuted to .altered reac t iv i t ies of post- t ranscr ipt ional ly modified 

residues) allowed the fol lowing tentat ive assignments: 

(1) 3-Methyluridine (m3U). Residues 45 in E. col i 16S rRNA, the 

s i te of the unusualfy pronounced C-specif1c chemical cleavage (Figure 

• ^ 
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Figure 11. Potential secondary structure in the v i c in i t y of the -* -n v~ , 
mlA-mfA (A*-A*) "sequence in the indicated SSU RNAs-. Rectangles * 

enclose base pairs which d i f f e r from the corresponding ones in E. co l i 

16S rRNA. At the pasitmn or the circled residue, a l l known 

eubacterial and organellar ssil RNA sequences have a G, whereas a l l 

eukaryotic cytosol 18S rRNAs h*vp a II . *• 

\ 
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9B and 1QB-), is a methylated U* (49) tentat ively ident i f ied as m3U 

(93). , The ŝame anomalous C-specific cleavage occurs at position 42 in 

the wheat mitochondrial 18S rRNA "(Figure 9A and 10A), suggesting that 
* * * * 

(i) the same modified nucleoside (probably m3U) occupies an identical 

position in E. coli/16S rRNA and wheat mitochondrial'18S rRNA, and 

(ii) the modification greatly enhances reactivity in the C-specific 

chemical cleavage step. There was, no cleavage after this residue by 
° . . 2 

• RNases Phy M and A, consistent with the known RNase^resistance of nrU 
4 

v (327). In wheat cytosol- 18S rRNA, the same posit ion is occupied by 
->» 

unmodified,U, (Figure IOC). 
° *• ' 

A similarly-anomalous C-specific cleavage at th is position was 

reported for the 16S rRNA of the cyanobacterium, 'Anacystis nidulans 

• (29). In th is <?ase, cleavage spec i f i c i ty was attr ibuted to secondary 

structure in the 3'-terminal region, rather than to the presence of ,an 

unusually reactive modified residue at the s i te of cleavage. However, 

i t is unl ikely that much secondary structure would persist" in 3 M -
A 

NaCl/hydrazine, and indeed i t is for th is reason that an alternate C 

reaction was developed for chemical probing of RNA secondary structure 

* (265). Moreover, wheay Cr j th id ia and other (11,75,168) eukaryotic 

18S rRNAs and hamster mitochondrial SSU RNA (15) show no anomalous 

cleavage in the C-specific reaction at the position in question, 

consistent with the known,absence of m3U in hamster cytosol ano> 

mitochondrial SSU RNfAs (93). A strong C-specific cleavage at th is 

modified uridine has recently been reported for B_. stearothermophilus 

16S rRNA (90). 
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',Steege et'al. (317) have concluded that the modified uridine at 
r 

the analogous posit ion in Euglena grac i l is 'chloroplast 16S rRNA'is 

£ -methyluridine (Urn). Their conclusion was based on the fact that 

the corresponding nucleoside 3'-monophosphate migrated with Ump on t i c 

analysis." However, Ump and m3Up (prepared as described in METHODS) 

are indistinguishable in the t i c system used by these investigators 

(data not shown). * ' " % 
, - . i • r 

Chemical sequencing of 3'-end-labelled E. col i 16S (but not wheat 

mitochondrial 18S) rRNA reveaJed an unexpected, fa in ter band in both 

the C and U tracks at posit ion 77, above the very intense band 

corresponding to C-specific cleavage at posit ion 45 (Figures 9B and 

10B)v Although th is might suggest another.reactive modified 

nucleoside at posit ion 77 (Known from the gene'sequence to be a C 

(41)), oligonucleotide.cataloguing studies (378) have not indicated 

modification at th is posit ion in E. col i 16S rRNA. " ' 

( i i ) N6,N ̂ Dimethyladenosine (tnjJA) „ x . ' 

E_. coli 16S rRNjA contains two adjacent m|A residues at positions 

24 and'25 (49). .These positions in E. col i 16S>rRNA and'the * 
. ' — ' * • 

homologous positions in.wheat mitochondrial and cytosoft 18S rRNA 

appear as blanks in chemical and enzymatic sequencing gpls". Beca'use 

m2A residues have been ident i f ied in wheat .cytosol 18S rRNA (197), i n 

the'sequence ...m2Am5A... (122), and have bekn tentat ively ident i f ied 

in wheat mitochondrial 18S rRNA (71), thx presence of .m2A is inferred 

at-posit ions 21 and 22 i n wheat mitochondrial 18S rRNA and at 

positions 19 and 20 in wheat cytosol 18S rRNA. • . >* >' ' 

«» 
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% ' ( i i i ) N -Methylguanosine (m G). G2/ in _E. col i 16S rRNA was , 

» fqund to be resistant to both RNase.Tj (not shown) and dimethyl-

sulfate (Figure 9B) but tp react normally with diethylpyrocarbonat.e, 

consistent with published observations oil both E_. col i (348). and P. 

vulgaris (48) 16S rRNAs. This residue has beenMdentified as% m2G in 

_E. col i 16S rRNA (348). The analogous residue in wheat mitochondrial 
\ . » - ' ., ' N . 

y t18S rRNA (G2/+) 'wa% also resistant to dimethyl sulfate (Figure 9A)°but 

reacted normally witra diethylpyrocarbonate and RNase T1 (Figure.x9C). '• 

' ( i v ) 02 -Methyladenosine (Am). Jn wheat cytosol 18S rRNAe A51 

was resistant to cleavage by both a lka l i (Figure IOC) and by^ y 

ribonuoleases (not shown), suggesting the presence of -Am a t th is 

i posi t ion. No* Nm^esidues were detected in either E. 'co l i 16S rRNA.or 

wheat mitochondrial 18S rRNA within t h e f i r s t 100 nucleotides from the 

3'-end. 

B_. Altered reac t i v i t i es of modified nucleosides in the sequencing. 

^- reactions can be very useful in making tentat ive assignments of the 
* * * . ' 

ident i t ies of these residues. However, i f any s igni f icant conclusions 

are to be based on the modified nucleoside composition of an RNA 

^molecule, the ident i t ies"o f thes.e components must be established^ 

de f in i t i ve ly . * 

The methylated uridine at 'posi t ion 45 in _E. col i 16S rRNA has « 

only tentat ive ly been ident i f ied as m3U (93), tnd^ i t has not been 

formally demonstrated that the m3U found in complete digests of E. 

col i 16S rRNA (93)- is actually located at posit ion 45. In an e f fo r t 

to resolve th i s pointy 5'-end-label led 3'-terminal fragments of E. 

»> " 
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coli 16S rRNA were isolated by DBAE-cellulose chromatography and 

"* separated by. polyacryl amide gel electrophoresis (see'METHODS, section. 

14.3). The 5'-end-label led 45-base fragment was subjected to terminal 
* 

nucleotide analysis and the resultant autoradiogram, shown-in Figure"* 

12A, clearly demonstrates that the modified uridine at position 45 is 

m3U. However/ there appears to be considerable non-3'-specific 

binding to the DBAE-cellulose column, which would account for the 

• ^presence of. the four norma* [32P]pNs on the autoradiogram. < In the 

same experiment "the identtties of the m2A residues at position 24* and" 

25 and the m2G at position 27. were verified. * 

9 In a similar experiment is was>fou/id that wheat mitochondrial 18S 

rRNA does indeed have an m3U residue at position 42 (Figure 12B) and 
6 ^ ' 

m2P< residues aJtepositions 21 and 22. However, a modified G has not 

' been detected at position 24 in the mitochondrial 18S rRNA. 

, The non-3'-specific binding to the boronate columns is most 

likely due either to (a) non-specific attraction between the 

unreacted, positively charged amino groups on the DBAETcellulose arid 
1 * * - « / r ' 
the negatively charged phosphates of the RNA fragments, or (B) the 

K 

3''-phosphatase activity of. the polynucleotide kinase used during 

5'-end-labelling of the RNA fragments-(45). This problem.-could *\ 

probably be overcome or greatly minimized in future experiments by 

• using acetylated DBAE-cellulose (231) and by employing a mutant form 

of'polynucleotide kinase that lacks the 3'-phosphatase activity (44) 

•V 
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Figure 12. Aljtoradioarams of th in layer chromatography plates (20 x 

° 10 cm) which establish the presence ofpnrU at analogous positions in 

E. co l i 16S"(A) and wheat mitochondrial 18S (B) rRNAs. See the text 
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i 

^ 
\ 

; ; 

> 

i 

. /* 

/ 
\ 

r 



J . ( 
-84- * ' 

• 6. Heterologous rRNA-mtPNA Hybridization -
i 

Koncz. and Safn (183) demonstrated hybridization between C. coli* 

rRNAs (23S + 16S) and{restriction fragments of maize mitochondrial 

>4 -DNA, "*arlthough these experiments "did not djrectly show that the E. co>i 
' « - ~ 

7 ,rRNA probes were hyaribizing specifically to maize mitochondrial rRNA -
genes. -The hybridization of E. coli 16S and 23S rRNAs, individually, 

' m / . V 

to wheatTmtDNA restriction fragments known (£8) to encode iJie . » — ' *, ' ' • V - \ 
mitochondrial ".26S aad,18S rRNAs was therefore examined. ^L ' 

I.- C(?3_i 23S r,RNAa hybridized only to those .restriction"fragments 
* previausly reported (28) to contain mitochqpdHial 26S rRNA coding 

sequences, (Figure 1/3A), whereas"E. coli 16S rRNA hybridized to all of 

,' -the same fragments (Figure 13BJ as wheat mitochondrial,18S rRNA 

(Figure 13D) in each restriction digest. In addition to the known 
t V * « » 

(28) 18S rRNA-spe,cific Xhp_ I fragments, both IE. coli and-wheat , 

mitochondrial' SSU RNA hybridizedv.weakly to^a 5 kbp j(ho I fragment that 

,/was not spored previously. It"is known- (28) that there is no 
significant cross;-hybridization between wheat cytosql rRNAs and wheat 

' " * 
, * 'mijtottion'arial DNA. " • ' - < 

i i a 

It could be argued that the hybridization of E., coli 16S "rRNA to 

wheat mitochondrial 18S rRNA gene's was due largely or solely to the„ 

high .degree of homolpgy between the 3*'-ends of the two SSU RNAs 

' (-Figure-25; Table 4),* and that the two sequences are otherwise quite 
' \ 

• divergent. To test this p/Tssibility, restriction fragments of wheat 
mitochondrial DNA were probed with the 45-base, 3'-terminal fragment 

« 

. of E.'gJH 16S rRNA (prepared hy C-sp'e.cific chemical cleavage of . 
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Figure 13. Autoradiograms showing the''Southern (312) hybrrdizatVon 

patterns obtained with Eco RI (E) Xho I (X), and Sal k„(S) restr ic t ion" »,_ 

fragment? of wheat-mitochondria! DNA probed with intact E. co1i.23S 

rRNA (A), intact E. col i 16S rRMg{lJ), the 45-base, 3'-termmal 

fragment of the 16S rRNA (C), intact wheat mitochondrial 18S rRNA (D), 
r1' i - • Jk . 

and the 42 base, 3'-terminal fragment of thftjRJS rRNA(E). Sal I 
v * ' \ . <• 

res t r ic t ion fragments of E. col i DNA (lane 1) and wheat mitochondrial 1 

DNA (lane 2) were probed with the 45-base, 3',-termina> fragment/ of E. 

col i 16S rRNA (F). ' A l l RNA probes, were„ labelled a t ^ e 3,J-end,with 
C5'-32P]pCrST ' **, , ^ ' 

U 
' \ 
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i 3'-end-labelled 16S rRNA). "However there was no detectable, 

hybridization-(Figure 13C). under conditions in which hybridization of-
, ' * ^ • * ' . - ' • • 

the 42-base, 3'-terminal fragment of"wheat mitochondrial 18S1 rRNA 
Ok . . 

readi ly occurred (Figure 13E) and where tjje 45-base, 3'-termin'al 

, fragment of E. cq l i 16S rRNA readily hybridized to Sal I - restr ic ted 

E_. col i DNA (Figure 13F).. This-indicates that the thermodynamic 

s t a b i l i t y of the heterologous'hybrid must be greatly reduced, compared 

t to the homologous one, by the nrismatcb.es within th,e m2A stem and in 
J , « ?' 

the region of the Shirfe-Dalgarno sequence (302,303) in wheat 
mitochondrial 18S rRNA genes. 

f. 

-7. Number and Orientation of Wheat Mitochondrial 18S and 5S , ". 
j ' J ' ' •••' - * 

Ribosomal RNA Genes f , . - • . -

^ Genes for wheat mitochondrial 18S and 5S rRNAs are closely linked 
- ' • "'" ' " 

in the wheat mitochondrial genome (28). In addition, both 18S and 5S 

rRNAs hybridize with multiple fragments 'in various restriction digests" 

J. 
(2'8 and Figure 13). Th.e ava i l ab i l i t y of a probe encompassing only the 

. /" * 

, 3'-terminal 41 residues of wheat mitochondrial 18S rRNA has allowed**-

fur ther deductions abput the number and arrangement of 18S and 5S .rRNA 

genes in wheat mitochondrial DNA. • ' 

'Hybridization of- the 42-base, 3'-fragment (prepared by C-speciffc 

" - "Y 
chemical-cleavage.of 3'-end-labelled wheat mitochondrial 18S,rRNA) t o ' 

Eco RJ and Sal J res t r i c t i on fragments of wheat mitochondrial DNA gave 

at£ern as' intact 18S rRNA (Figure* 13D vs. 13E). This • 

suggests that each of these fragments (4"in the'case of Eco . ^ 4 . 

>• 

1 ' 

http://nrismatcb.es
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RI-restr icted mitochondrial DNA) contains an 18S.rRNA gê ne and 
* - / 

therefore that there are at least #o*ur copies -(or, four d i f ferent " 

arrangements)' of the "18S rRNA gene' i f l wheat mitochondrial DNA. 
* , I * • * * ' * • . * •? 

Hybridization, ojf thet 42-base, 3'-fragment to Xho I-restr ictSd 

mitochondrial DNA (Figure 1'3E) gave only one of the f i ve bands - v 

observed whert intact mitochondrial(18S rRNAv»was used as probe (Figure .* 

13D). This resul t , taken together with the observation that 

mitochondrial 5S rRNA also hybr.idizes exclusively to th is same band 

(1.7-1.8 Kb) in Xho I digests' of wheat mitochondrial DNA, but gives 
- \ _ ' ' " • " \ 

the same pattenr-as 18S rRNA when used as a probe'ag,ainst Sal I - an,d 

Eco RI-restr ic ted mitochondrial DNA-(28), sacjgests that ( i ) there are' 

Xho I sites within the 18S rRNA gene'; ( i i ) , the wheat,mitochondrial 5^ 

rRNA gerie is close, to the 3'-end of the 18S rRNA,rRNA gene; and (n ' i ) ° -

there, is a single*basic structural unit encoding the 5S and 18S rRNAs,* 

'but th is unit is found at di f ferent locations (at least four) within 
<• B « 1 ~ ^ 6 

the wheat mitochondrial genome. These conclusions have since been •* 

confirmed by mapping and sequencing of cloned restriction fragments 

containing the mitochondrial 18S and 5S rRNA. genes (99,126,128*^.32). 

* 

1 

8. 3.'-Terminal Sequences 

rRNAs 

is f Q h e a t Mi tochondrial and Cytosol 26S 

Representative, autoradiograms of gels showing the 3',-terminal 

sequences of wheat mitochondrial and cytosol ?6S rRNAs are presented** 

in Figures 14 and 15f The-identity of position 31 in the 
' e * 

'•»• 4 , 

.mitochondrial 26S rRNA sequence could not be determined unambigously 

c 
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Figure 14. Autoradiograms/ of 20% (A)'and 10% (B) and (C) sequencing 

gejs showing* the reso lu t ion of pa r t i a l chemical ( and enzyme digests of 

3V-end-label led wheat mitochondrial 26S rRNA. 
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*T< 

Figure 15. Autoradiograms of 20% (A) and 10% (B) and (C) sequencing 

gels showing, the! resolution o f p a r t i a l chemical digests of ) 

3'-end-labelled wheat cytosol 26S rRNA. Asterisks denote positions of 

probable mpdified nucleosides. 
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since no strong cleavage at this.positipn was observed with any of the 
i 

sequencing reactions employed. t ' 

' ' ' 

S'-Termina-^nucleoside analysis of the mitochondrial and cytosol m 

26S rRNAs ver i f ied the identif ies" of the 3'-terminal A and U, ,• 

respectively. However,, the presence of minor baads above each baad in 

sequencing gels of the mitochondrial 26S" rRNA implies that there is an 

additional nucleotide"(probably A) at the 3'-terminus of a small 

proportion of the molecules. . , . 

I t was observed reproducibly that the wheat cytosol 2,6S rRNA was 

l a rge l y resistant to cleavage by R„Nases Tx and U2 within the ^ 
3'-terminal 80 nucleotides, whereas RNase Phy M was found to cleave 

•normally. . Blanks in the af&ali ladder at positions Us/ and G96 in -

sequencing gels of the cytosol 26S rRflA suggest that these are 

alka^-stable (most-likely, O^'-methyl) nucleosides. Tne fa in t Ti 

. cJeavaxje at Gg6 suggests that th is nucleoside is only par t ia l l y 

O2'-methyl ated., " • . V " ' * 
/ 

9. 'Complete Nucleotide Sequence of Ctrithidia fasciculata 5.8S rRNA 

9.1 . End Groups *' * ' 

When 5'-end-labelled £. fasciculata 5.8S rRNA was hydrolyzed witf l 

snake venom^Jfcsphodiesterase, most (>95%) of the radioact iv i ty was 

released as pA, thereby establishing the 5'-terminal residue as A. \ 

When uniformly-32P-1abelled 5.8S rRNA was hydrolyzed with either 

alkal i "or T2 RNase, pAp was released (as the sole pNp der ivat ive), 

indicating that the 5'-terminus is, phosphorylated in vivo. 

•Vc 
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, - Alkaline hydrolysis of unresolved 3-'-end-labelled 5.8S/ rRNA * * 

„' released both [32P]Cp (63% of the toted' radioact iv i ty) and [32P]Apfe • ' 
•" * ' 

(34%), indicating"3'-terminal heterogeneity. Two species of 5..8S rRNA', 
* *• ". 

could- be resolved by electrophoresis in a 6% polyacryl amide gel, Snd -* h / 
^end group analysis of each of these showed that tfje longer species 

ended with C while the shorter species ended with A. 

9.2. Modified Nucleoside Constituents n 

- • m„> < - , > > _ _ ^ 

Various analysis indicated the presence" of"Am, Gm, Urn, and ¥, at-

.a level of 2, 1, 0.8, and 1 mol, respectively, per mol >of C../,*#'* • 
'' < .' *-* 

fasciculata 5.8S rRNA. The mononucleotide fp and the a lka l i -s tab le 

dinucleotides Am-Ap, Am-Gp, GirnCp, and-Um-'Cp were' identi f ied among the- r
A\. 

products of either T2 RNase hydrolysis- (Figure 16f or alkaline 
hydrolysis (not shown) of uniformly-labelled 5.8S rRNA. The Nm-Np'sj, .*"*" -

were also recovered as a separate.fraction eluding after ,the Np's,.on <« 

DEAE-cellulose; they were ident i f ied by co-chromatography with , 

authentic Nm-Np markers or with Nm-N markers following " - » •' 

dephosphojyl ation. Each Nm-N was furth'er'characterized by venom 

", phosphodiesterase hydrolysis and ident i f icat ion of the result ing 
y. 

*[32P]pN. Venom phosphodiesterase hydrolysis of uniformly-32P-labelled. 

5.8S rRNA yielded pAm, pUm, and p¥ ajnong the 32P-labelled 

5'-nucleotide products (pGm was not-detected but any that was p/es^ent 

would have migrated with pC in the t i c system used). 5 

9.3. j Primary Sequence ( 

» - The sequence of t. fasciculata 5.8S.rRNA derived from rapid-

chemical and enzymatic gel sequencing techniques is shown in Figure 

* 

"""-v 

* . 4 . * 
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• 1 ' ft 

* . 

^ ^ Unv-Cp 
• 

1 .^~ 

Vp 

«, 
«*-

v-
F.igure 16. Autoradifgram showing the resolution, by two-dimensional 

thin layer chromatography (248), of the products of T2 RNase 

hydrolysis of uniformly-32P-labelled Crithidia fasciculata 5.8S rRNA. 

Because i t comigrates with Um-Cp in this system, pAp (from the 
* 

5'-terminus) was removed by chromatography on DEAE-cellulose (196) 

before application of the sample (now containing Np and Hm-Np) to'the 

t i c plate. 
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10 20 30 40 50 
pAACGUGUmCGCGAUGGAUGACUUGGCUUCCUAUCUCGUUGAAGAmACGCAGUAAAGUGCG . . 

"60 * 70 80 90 100 110 
. , . AUAAGUGGUAyCAAU'JGmCAGAAUCAULiCAAUUACCGAAUCUUUGAACGCAAACGGCGCA . . , 

120 130 140 150 160 170 
. . . UGGGAGAAGCUCUUUUGAGUCAUCC£CGUGCAUGCCAUAUUCUCCAmGUGUCGAA4,C)OH 

Figure 17. Pnmary sequence of £. fasciculata 5.8S rRNA. The C ' 

residue in parentheses at the 3'-end denotes, heterogeneity at this 

terminus'(see text). 
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v \ 

Figure 18. Autoradiograms of sequencing gels of 5 ' - [32p]- label led 

C fasciculata 5.8S rRNA." The RNA was subjected to part ia l RNase 

hydrolysis and^frtte end-labelled products were separated in a 10% 

polyacryl amide gel . 
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17. Figure 18 presents a typical enzyme sequencing gel'of 
' * i 5'-end-labelled 5.8S rRNA, from which the first 58 nucleotides-of the 

' sequence can be read. Most of the' remaining sequence can be read from 
f- ' I 

•* the representative chemical sequencing gels of 3'-end-labelled 5.8S , 

rRNA shown în Figure 19.. Chemical sequencing revealed that the two 

separated end-labelled species were identical except that the si ewer
's ' • 

migrating one Ijad an extra.C residue at the 3'-end. Residues 70, 82, 
s ' 

86 and 107 appeared reproducibly as both C and G in chemical 

swfuencing gels; however, since these positions were all susceptible 

to cleavage by pancreatic RNase, they were all confirmed as C's. 
-*• 

Residue 161 could not be read from the gel shown in Figure 19 because 

of the presence .of a breakdown product at this position (see control 

lane). However, tkisjjes.idue was idej3t4f-ied as a C in other 

sequencing gels (not shown). A number of different chemical and 

enzymatic sequencing gels, using independent preparations of end-

labelled 5.8S rRNA, provided confirmation of the sequence presented in 

Figure 17. 

Anomalies in the chemical andValkaline ladders allowed 

localization of the modified nucleoside constituents identified in 

"hydrolysates of uniformly-32P-labelled 5.8S rRNA. Residue 69 appeared 

as a U in enzyme gels (not, shown) but gave a blank in chemical 

sequencing gels; also, the alkali band at this position was fainter 

than normal. These are all features diagnostic o f f residues, and 

therefore the single ¥ residue in C_. fasciculata 5.8S rRNA (see above) 

was placed at position 69. Residues 43, 75, and 163 had no 

/ 
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' \igure 19. Autoradiograms of sequencing gels of 

3Vr^ f -wo 3 q ^ p - ] p c p - l abel led C. fasc icula ta 5.8S rRNA. 

The RNA was subjected to pa r t i a l chemical 

hydrolysis and thp pnd-labellod products w e re 

separated in eiLher 20% (A) or 10% (B) 

polyacrylamide g e l s . 

«v. 



-97-

corresponding bands in the alkali ladder,-indicating the presence of# 

alkali-stable residues at these positions. Consideration -of the 

residues 3' to these positipns^and the1'results of Nm-Np analysis (see 

above) allowed placement of Am at positions 43 (Am-Ap). and 163 (Am-Gp) 

and Gm at position 75 (Gm-Cp). Residue U/ (.confirmed as such'by 

chemical sequencing gels of 3'-end-labelled material) g'ave a much 
n * 

weaker band iri the alkali ladder than any of the neighboring 

residues. Since phosphodiesterase'hydrolysis ©f uniformly-32P-
/ 

labelled 5.8S rRNA gave approximately 0.8 mol pUm/mol 5.8S rRNA, and 
1 ' 

RNase T2 digestion yielded approximately 0.8 mol Um-Cp/mol,. the* 
it -' * 

presence of Urn was inferred atjposition 7 and it'was concluded that 
£• fasciculata 5.8S rRNA is incompletely (8056) 02'-methylated at 
4 - U " ' - 4 . - 4 

this«-position. • . . 

10. Primary Structure of Four Novel Small rRNAs from Crithidia 

fasciculata 

The complete primary structures of C_. fasciculata rR*NA species e_, 

f, jj, and i (212, 183, 135-136sand 72-73 nucleotides, respectively) <* 

are shown in Figure 20. Autoradiograms of representative sequencing 

gels, selected to display the entire sequence of each RNA species, are 
* 

shown in Figures 21-24. - * 

10.1. Primary Sequence 

From chemical sequencing gels of 3'-end-labelled material, the 

nucleotide sequence of each RNA could be read to within one or two 

residues of Jthe 5'-terminus. ".Two independent analyses of this type 

, » -

x 
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20 30 40 50 6 0 " 70 80 90 100 

pUAGUGGAAAU GCGAAACACU UGCCAGGUGA CAAAUCAAUC CUCCCACGGU GAGCUUUCUU UUCACCAUAA UCCACAUCUC CGGCUUUGCU GGGCUUGGGC 

CUUUUUACUU CUCGCGUgGU UCGGVGCGGG GGCCCAAGAU UGAAAAAUGC AGCUCUCCCU ACGUACUGUC AUUGUUGUGA. GUUCUGCGCA, UUAAAGCAAA. 

AACCUGGGGU GUOH (212) 
\ 

f ' pGUGAGAUUGU GAXGGGAUCU CGCAGGCAUQ GUGAGGGAAG UAUGGGGUAG UA4GAGAGGA ACUCCCAUGC CGUGCCUCUA GUUUCUGGGG UUUGUCGAAC 

GGCAAGUGCC CCGAAGCCAU CGCACGGUGG UUCUCGGCUG AACGCCUCUA AGCCAGAA*GC CAAUCCCAAG ACCAGAUGCC CCCO H * (183) 

't- p(A)CAACGUCCCU CUCCAAACGA GAGAAUAUGC AUGGGCUG6C AUGAGCGGCA UGCUgCACUC CGGUGGGGCU CGAGGGGCAC UUACGUCCCG AGGCGCUGAA 

CCUUGAGGCC UGAAAUUUCA UGCUCUGGGA CUAAA0 H (135-136) 

j p(U)CAUCGAAUCG.CCACCukcAC GACUGGAGCU UGCUCCCUCG UCGGCCUCUA GUAUAUUCAU GAUCACAAGG UA Q H / (72-73) 

K 

^« 

Figure 20. Primary structures of Crithidia rRNA species e, f_, £, and 

j_. The residues in parentheses at the 5'-termmi of _g_ and j_ are 

absent in a proportion of the molecules (see Table 2). 
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Figure 21. Autoradiograms of polyacrylamide sequencing gels showing 

the resolution of part ial hydrolysis products of end-labelled 

Cr i th id ia rRNA species e_. (A) Enzyme hydrolysis of 5'- label led RNA, 

20%, gel ; (B) enzymic hydrolysis of 5'-labe,lled RNA, 6% gel; (C) 

chemical hydrolys*1sJbf3'-labelled RNA, 6% gel (60 cnj long); (D) 

chemi&a'l hydrolysis of 3'- label led RNA, 20% gel . 
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Figure 22. Autoradiograms- of polyacrylam.ide sequencing gels showing 

the resolution.of part ial hydrolysis products of end-labelled ' 

Cri.thidfa rRNA species f . (A) Enzymic hydrolysis of 5'-labelled-RNA, 

20% gel; (8) enzymic hydrolysis of 5'- label led RNA, 6% gel; (C) 

chemical hydrolysis of 3'-end-labelled RNA, 6% gel (60 cm long); (0) 

chemical hydrolysis of 3^1abelled RNA, 10% gel; (E,F) chemical 

hydrolysis,of 34-labelled RNA, 20% gels. 
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Figure 23. Autoradiograms of polyacrylamide sequencing gels showing 

the reso lu t ion o f pa r t i a l hydrolys is products of end- label led , 

C r i t h i d i a rRNA species j . (A) Enzymic hydrolys is of 5 ' - l a b e l l e d RNA, 

20% gels ; (B) enzymic hydro lys is ,o f 5 ' - l abe l l ed RNA, 6% ge l ; (C,D ) 

chemical hyddblysis ,of 3'-lahe11ed RNA, 20% ge ls . 
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Figure 24„ Autoradiograms of polyacrylamide sequencing gels showing 

the resolutipn of part ia l hydrolysis products of end-labelled 

Cr i th id ia rRNA species j _ . (A) Enzymic hydrolysi-s of 5 ' - label led RNA, 

20% gel ; (B,C) chemical hydrolysis of 3 ' - label led RNA, 20% gels. 
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were carried out for each RNA. In addition, each sequence was 

0 

determined in its entirety from enzyme sequencing gels of both 5'- and 
» 

3'-end-labelled material. These analyses provided substantial ly 

overlapping sequence information, in addition to confirming the 

results of chemical sequence analysis. In t h i s way, a l l positions in 

the consensus sequences l i s ted- in Figure 20 were mult ip ly ve r i f i ed , 

with the fol lowing exceptions: 

species e. At positions 91-93 and 123-124, the number of G 

residues was ambiguous in both chemical and enzyme gels of 

3'-end-labelled mater ial . Gels of 5'-end-labelled material read GGG 

and GG, respectively. At positions 77-81, 3 C's and 2 U's were 

evident in 3'-chemical gels, but the order was unclear; 5'-enzyme gels 

showed UCUCC. Positions 116 and 119 gave strong Ti bands but also 

consistently gave weak bands in the U2 track. I t is uncertain whether 

th is is a sequencing a r t i f ac t or is indicat ive of -c is t ron 

heterogeneities. There was no evidence of heterogeneity at these 

ions in chemical g-els. 

species f . The order of nucleotides at positions 100-103 and 

135-138 was ambiguous in 6% chemical gels of 3'-end-labelled material, 

but good band separation was obtained in 10% and 20% gels. These 

la t te r gels gave the sequence CGGC, as did 6% enzyme gel 

5'-end-labelled materia-!. 

species g'. At positions 65-68 and 74-77, the numbe 

residues was ambiguous in 10% chemical and enzyme' gels of 

3'-end-label Ted RNA. However, four G's appeared clear ly in 20% 

q* 
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chemical gels of the same materval, as well as' in 6% enzyme gels of 1 ' 

5'-end-labelled RNA. U26 (ambiguous owing to the presence of a 

breakdown product at th is position)>was confirmed by chemical 

sequencing of 3'-end-labelled material, while Cng (which in chemical 
m. > ' • " 

sequencing geTs also showed a prominent band in the G track) was 

confirmed by i t s suscept ib i l i ty to pancreatic,RNase-in the enzyme 

sequencing procedure. Mâ fy positions ident i f ied as G also gave bands 

in the C track during chemical sequencing; these were confirmed as G ' - "* 

by suscept ib i l i ty to diethylpyrocarbonate cleavage ( i . e . , by a band 

also appearing in the A track) in chemical sequencing and to RNase-Tl 

cleavage in enzyme sequencing. 

species" j . -The 3'-end-labelled fragment xorresponding to U2t* ran 

abnormally f as t in 10% chemical and enzyme gels, migrating to the same 
f 

position,as that corresponding to G26; however, it did run properly in 

20% gels or when electrophoresis was carried out in 10% gels* at a 
1
 A 9 

higher'temperature. Proper migration, was also observed in 10% gels of 

5'-end-labelled material. At position 55, there wafc cleavage by RNase 
1 t 

U2 but there"was also a minor band in the Tx track. ft 
10.2. End Groups 

Sequence analysis confirmed thjrt the "length heterogeneity 

observed during pur i f icat ion of spe^fe _g_ and j _ w^s du*»«to the-

presence of an extra nucleotide aft the 5'-erfd in a proportion of the ^-S 

molecules (see Figure 20 and Table-2). Alkaline hydrolysis of rRNAs 

uniformly-32P-labelled in-vivo yielded easi ly ident i f iab le pNp 

derivatives, which in each case were those predicted by 5'-end group 

V 

/ 
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<*"*» 

* 
Table 2. End group analysis of Crithidia, fasciculata small rRNAs 

5'-End analysis 

* * radioactivity releaseda as: 

3'-End analysis 

It radioactivity released18 as-

Species pG pU *P CpC 

S*> h 

Gp 

a By phosphodiesterase hydrolysls.of r5'-J2P]-1abe11e<» RNA. 

b By alkaline hydrolysis of C5'-32P]pCp-labelled RNA. 

' ,i c Corrected for 6.3% domination of.C residues occurrlna indtr the conditions 

alkaline hydrolysis (129). * 

UpC 

- e 

f 

9 

h 
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j 

• * 4.5 

2.3 

14.5 
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88.1 

5.0 
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3.5 
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3.1 5.6 
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analysis (Table.2). These results indicate that each of the four 

jiovel small rRNAs from C_. fasciculata is 5'-monophosphorylated in 

vivo. • In contrast to species j _ (5.8S) but l i ke species j i (5S), 

species e_, / , _g_, and j_ were fodnd to have hbmogenous 3'-termim (Table, 

2) . A l l ttres^small RNAs were readily-tabelled to high specif ic 

ac t i v i t y with [5-3?P]pCp in the RNA ligase reaction, without pr ior 

phosphatase treatment, indicating the presence of an unphosphorylated 

3'-end in each case. 

10.3. Modified Nucleosides 

a. Submolar amounts of radioact iv i ty migrating as Yp (0.4-0.5 

mol/mol RNA) were detected in alkaline hydrolysates of species _f, £ , 

and j _ , whereas close to a unimolar quantity (0.93 mol/mal) of ¥p was 

measured in the case of species e_. Position 125 ki^species e appeared 

as a U in enzyme sequencing gels, bu^gave a blfcrik in chemical \^J 

sequencing gels. Since ¥ is known to be refractory to the U-specific 

chemical cleavage reaction, i t appears that there is' a single ¥ 

residue at posit ion 125 of £ . fasciculata species je. There was no 

evidence of similarly-behaving residues in sequencing gels of species 

L> SL and 2- I t is not clear whether the " [ 3 2 P] ip " detected in these 

cases is at tr ibutable to par t ia l U*¥ modification at part icular 

positions in these RflAs, or whether i t represents spurious 

radioact iv i ty co-migrating with marker (unlabelled) Yp in these 

analyses. I t was previously concluded that Cr i th id ia 5S (217) and 

5.8S rRNAs contain 0 and one Y residue/molecule, respectively. These 

RNAs yielded 0.48 (5S; species j i ) and 0.99 (5.8S; species j . ) molar 
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equivalent of pY upon phosphodiesterase hydrolysis of umformly-32P-

labelled material. 

As in the case of Crithidia 5S rRNA (217), but in contrast to 

5.8S rRNA, no alkali-stable dinucleotides (Nm-Np) were detected in the 

four small rRNAs analyzed here. 
^ > 

> «• 

^f* 

i 
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! • Evolutionary Relationships Based on Ribosomal RNA Sequence 

Comparisons' 

For the purpose of determining phylpgenetic relationships among 

4 " * 

eukaryotes,' eubacteria, archaebacteria and organelles (speci f ica l ly 

mitochondria), we have chosen the approach of comparative analysis of 

rRNA sequences. A complete rRNA sequence can be obtained by cloning 

the relevant rRNA gene followed by subsequent sequencing of, the cloned 

DNA either by the chemical-method of Maxam and_Gilbert (229) or by the 

dideoxy-chain termination method of Sanger (232,290). However, - -

determination of complete rRNA genelsequences is not very practical i n 

*"termsVf surveying a wide range of organisms, since considerable tim.e 

is required to clone and analyze any part icular rRNA gene*. 
! 

Although the gene cloning step can be avoided by direct 

sequencing of the rRNA itself, there are as yet no convenient methods, 

for direct determination of complete sequences of large (16S-28S) 

rRNAs. Partial rRNA sequence data can be obtained by Tl 

oligonucleotide cataloguing of rRNA molecules uniformly labelled with 

[32PjPi in vivo (342). The problem with this approach, especially in 

the case of organelles, is that it is often difficult to obtain 

adequate amounts of rRNAs, labelled to sufficiently high specific 

activity. For example-, a starting amount of 125 mCi of [32P]Pi was 

required to produce the quantities of wheat mitochondrial 18S 

[32P]rRNA needed to generate a Tj.'oligonucleotide catalogue of tl-iis 

V 

X*" 
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molecule. Even then, the sequence of certain oligomers could not be . 

completely elucidated (27). 
* 

. More recently, techniques have been developed' (84,85,264,304) 

which, after end-labelling of the RNA in v i t r o , allow direct 

determination of the sequence of\ about 100-200 nucleotides from the 

labelled end. Since RNA uniformly labelled j n vivo is not required 

for these new rapid RNA sequencing techniques, organelle rRNAs can be 

analyzed as rapidly and as accurately as eukaryotic or prokaryotic 

rRNAs. For these reasons we have chosen to use the part ia l chegrfcal , 

degradation method of Peattie (264) and the part ia l enzymatic 

hydrolysis methods" of Donis-Kellfer et aK (84,85)*and Simoncsits et 

a l . (304) in'determining rRNA sequences from a variety of sources. 

While the enzymatic sequencing procedure works well, with both 3 ' r 

and 5'-end-labelled'rRNA, the chemical sequencing procedure is only * 

applicable to 3'-/end-labelled RNA. A sequence cannot be determined 

with complete confidence using the enzymatic method aflone, and we are 

therefore l imited in the finarl analysis to comparisons of tbe conplete 

sequences of small (e .g . , 5S) rRNA sequences or 3'-terminal sequences 

of large rRNAs. 

Although 5S rRNA sequences have been widely used for constructing 
i 

phylogenetic trees, this RNA species has been detected only in the 

mitochondria of plants (200), but not those of animals, fungi, or 

protozoa', and therefore these latter organelles cannot be included in 

ph-ylogenies based on 5S rRNA sequences. -In the case of LSU RNA, the 

sequence at the 3'-end has diverged to such an extent that it is not 
\ * 

JK^F 

*w 
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possible to align^the 3''-terminal sequences of mitochondrial LSU RNAs 

with each other or with those of eukaryotes and prokaryotes. Indeed, 

the 3'-terminal' sequence of eukaryotic LSU RNA has diverged to such"an ' 

extent that the rat and,yeast sequences appear^to be no more closely 

related than would be expected by chance (52). For these reasons, the 
i * 

3'-terminus of LSU RNA is not a good phylogenetic indicator. 
•> ' 

In contrast,, the primary sequence (11,141,350) and secondary 

structure (90) at the 3'-end of SSU RNA.is highly conserved, and 

post-transcriptional base methyl ations appear to be'clustered near the ' 

3'-end,of th is molecule (219). I t therefore seems l i ke l y that this 

region of SSU RNA has a crucial (probably universal) function in 

protein synthesis. Primary sequence analysis of the 3'-ends of SSU 

RNAs.should therefore ffe very useful in phylogenetic comparisons among 

eu.karyotes, prokaryotes and organelles. Such analyses should also 

give information about post-transcriptional modification, which is ' 

valuable since an RNA modification conserved between two organisms 

would imply that the genes encoding .proteins involved in rRNA 

modification have also been conserved. In order to obtain a more 

diverse col lect ion of eukaryetic cytosol sequences, 'I have determined 

/ 1 
the sequence af^the 3'-end of the SSU RNA from the pro t is t 6r,ithidia 

fasciculata, a trypanosomatid protozoan. I Have also determined the 

3'-terminal sequences of wheat'mitochondria! and wheat cytosol SSU 

RNAs. Since th is work was completed, I have sequenced the 3'-ends of 

Acanthamoeba caste11 anii cytosol SSU RNA and Tetrahymena pyriformis ? t 

mitochondrial SSU RNA and these sequences afe .also included in the 

r 
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comparisons presented below., 4 

The available 3'-terminal SSU RNA sequences are presented in the 

alignment shown in Figure 25. Numbering from the 3'-end, all of the 
•* 

* 
sequences can be aligned without any insertions or deletions from E. 

cofi positions 9 to 60. The section of SSU RNA immediately following 

this region (corresponding to E. coli positions 61-124) is highly 

variable in both length and primary sequence (323) and has been almost 

completely deleted in the SSU RNA of Drosophila and mogquito 

mitochondria (61,154). An alignment of the other animal, fungal and 

protozoan mitochondrial -^sequences past this point would be uncertain 

at best, and therefore useless m phyl ogenetic comparisons. 

All of the eukaryotic sequences are obviously homologous up to 

%.' co^? position 85, and an alignment based on complete SSU RNA 

sequences (139) shows that eukaryotic, eubacterial and archaebacterial 
j 

sequences can all be aligned up to this point wi.thout any additions or, 

deletions, except for the Shine-Dalgarno sequence. Therefore, the 

tables of homology (Tables 3 ,and 4) comparing eubacterial, eukaryotic, 
% • / ew 

archaebacterial, chloroplast, and plant mitochondrial SSU RNA*are - *"i***' 
/ 

based on this 77 nucleotide (E. coli positions 9-85) sequence 

alignment. Comparisons which include animal fungal and protozoan , 

mitochondrial sequences (Table 5) are necessarily based' on the 

shorter, 52 nucleotide (E. coli positions 9-6\)) alignment (Figure 25). 

The Neurospora crassa 3'-terminal 18S rRNA sequence was 

determined by Kelly and Cox (168), using the chemical sequencing 

method of Peattie (264). The sequence they report has an extra G 

V 



& /" 

I 
CVJ 

V 80 70 V 40 50 
*AAGUUCACCSAUAUUUCUUCAACAGAGGAAGCAA 
AAGUUf --"AAUCutAUUGUyUAGAGGAAGGAG 

JAACCUUACCAUUUAGAGGAAGGAG 

'. AACCUUAUCAUUUAGAGGAAfiGAG 
AAACUC6GUCAUUUAGAGGAAGUAA 
AAACUUGGUCAUUUGGAGGAACUAA 

• AACUUGACUAUCUAGAGGAAGUAA 
AAACUUGAniAUCUAGAGGAAGUAA 

AAGUCI--
AAGUCl -. 
AAGCUf 
AAUUUf : 
AAGACl ' 
AAGACC 
AAGUUf/ 
AAGUUl." 
CACGGI 
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CRI H (293 and th is thesis) 
DIC H (230) 
ACA N (H.N. Schnare, unpublished) 
WHT N (295 and t h i s thesis) 
NCR H (168) 
SCE N (283) 
HAH N {53 ,75 ,1W,205 ,273 ,339) 
XEN N (108,286) -~ 
DRO N (164) 
BHO N (287) 
HVO N (139) 
ECO, PVU E (41 ,48 ,49) 
BSU E (211) 
B3R E (C R. Woese, unpublished,see 211) 
BST E (90), 
ANI E (89,337) 
EGR C (121) 
CRE C (91) 
MAI C (298) 
WHT M (295 and th is thesis) 
HOS H (154) 
DRO M (61) 
HAM H (16) 
HUM M (9S) 
80V-H (7) 
RAT.HOU H (177,352) 
SCE M (204) * 
ALS M (179) 
TPf H (H.H. Schnare, unpublished) 

Figure 25 Alignment of 3'-terminal SSlf RNA sequences. To facilitate comparison, the sequences have been divided into 6 sections [ ( i ) - (v i ) ] , 
as defined in Figure 8. N, eukaryotic nuclear-encoded, E, eubacterial; A, archaebacterial; C, plastid, H, mitochondrial. The sequences are ? 

from Crithidia fasciculata, CRl, Dictyostelium discoideum, DIC; Acanthainoeba castellani, ACA, Triticum aestiyum (wheat), WHT, Neurospora 
crassa, NCR, Saccharomyces cerevisiTe, SCE,- rat, rabbit.and mouse, HAH, Xenopus laevis and Xenopus boreal i s . XEN, Drosophila melanoaaster, 
DRO, Bombyx mori, BMP, Haloliactenum yolcann, HVO, Escherichia coli, ECO; Proteus vulgaris, PVU, B"acillus subtilis, BSU, Bacillus brevis, BBR; Bacillus 
stearotnernopKiTus, BSi; Anacystis mdulans, ANIs .Euglena gracilis. EGR; ChIamydomonas reinhardn. cut, lea mays,"HAI; mosquito^ MOS, hamster, HAM, hunan, 
HUM, bovine, BOV, rat, RAT, mouse, MOD; Asperigillusnidulans, ALS; Tetrahymena pyritormis, IPT. 
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% 
between positions 7 and 10 relative to other, eukaryotic SSU RNA 

sequences. The presence of an "artifactual" extra G at this position 

on chemical sequencing gels of E. coli 16S rRNA (350) and other 
a> 

eukaryotic 18S rRNAs (11) has been reported and I have assumed that 

this extra G in the Neurospora sequence is also an artifact. 

The Bombyx mori 3'-terminal 18S rRNA sequence (287) was 

determined at the DNA level and has a one nucleotide deletion 

(position 22) relative to all other SSU RNAs. Due to the highly 

conserved nature of the 3'-terminus of SSU RNA; this deletion is most 

likely a sequencing error, and so the presence of the U residue 

characteristic of eukaryotic SSU RNAs has been assumed for the 

sequence alignment of Figure 25. Van Charldorp and Van Knippenberg 

(350) also assume the presence of a U in this position of _B. mori 18S 

rRNA. 

The 3'-terminal sequence of rat 18S rRNA, determined at the DNA 

level by Subrahmanyam et al_. (325), has two deletions compared to the 

same sequence reported by Torzynski et-_al_. (338,339) and Chan et al. 

(53). In their sequence alignment, Subrahmanyam et ^1_. (325) 

mistakenly leave out the same two nucleotides in all of the other "• 

•sequences. I have chosen to use the sequence reported by Torczynski 

e_t al_. (338,339) and Chan et _al_. (53), which is identical to the mouse 

sequence (117,233). 

Tme 3'-terminal sequence of rabbit 18S rRNA reported by Lockard 

et jal_. (20b; diffe>Svfrom that reported by Darzynkiewicz et al_. (75) 

in one position. The nucleotide in question (position 37) is in a 
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region that is highly conserved in eukaryotes and prokaryotes and 

therefore the sequence of Darzynkiewicz et jtK (75), which has a C 

instead of a G in the position, is most likely correct. 

Azad and Deacon (11) have reoorted the 3'-terminal sequences of 

'rat, mouse, rabbit, chicken and barley 18S rRNA. Their sequences of 

rat, mouse, and rabbit 18S rRNA, based on chemical sequencing of 

3'-end-label led "RNA, do not agree with the sequences shown in Figure 

25. Most of the errors probably lie in their interpretation of the 

data, since the correct sequence can be read from the sequencing gels 

shown in their paper (11). ] 

The DNA sequence correspond!rtg to the 3'-end of Anacystis 

nidulans 15S rRNA reported by Williamson and Doolittle (373) does not 

agree with that reported by Tomioka and Sugiura (337). Williamson 

(89) has since revised the original sequence, so that it now agrees 

with that of Tomioka and Sugiura (337). 

The 3'-terminal sequence of the yeast mitochondrial 15S rRNA gene 

reported by Sor" and Fgkuhara (310) differs from that of Li and 

Tzagaloff (204). The sequence reported by Li and Tzagaloff has been 

used in Figure 25 since they have confirmed their DNA sequence by 

chemical sequence analysis of 3'-end-labelled rRNA (2j04). 

2. Structure and Evolution of the 3'-Terminus of Eukaryotic SSU RNA 

Table 3 shows the extent of sequence identity between the 

3'-terminal*sequences of Crithidia and wheat 18S rRNAs and the 

3'-terminal sequences of other eukaryotic 18S rRNAs, as well as 
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SCE 
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95.3 

WHT 
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86 

95.3 

90.7 

90.7 

scv 
70.1 

77.9 

7 9- Z„ 

81.8 

84.4 

SCE 

86 

95.3 

95.3 

100 

90.7 ' 

HAM 

72.7 

79.2 

85.7 

85.7 

80 5 

85.7 

HAH 

86 

95.3 

95.3 

100 

90.7 

100 

XEN 

72.7 

80; 5 

85.7 

85.7 

81.8 

85 7 

97.4 

XEN 

86 

95.3 

95.3 

100 

90.7 

100 

100 

DRO 

79.2 

83.1 

85.7 

87 

87 

89.6 

92.2 

92.2 

DRO 

86 

^5.3 

95.3 

100 ' 

90.7 

100 

100 

100 

BHO 

76.6 

83.1 

85.7 

88.3 

88.3 

92.2 

89.6 

92 2 

97 

BHO 

86 

95.3 

95.3 

100 

90.7 

100 

100 

100 

100 

EUB 

60 ' 

-59.7 

58 2 

59.5 

57.4 

57.1 

60 

57.9 

58,7 

57.1 

82.5 

EU8 

83.3 

83.6 

81.4 

81.4 

81.4 

81.4 

81.4 

81.4 

81.4 

81.4 

91.4 

HVO 

62.3 

61 

61 

61 

62 3 

61 

61 

59.7 

59.7 

59.7 

65.2 

.HVO 

90.7 _ 

90.7 

86 

86 

86 

86 

86 

86 

86 

86 

89.8 

CRl 

DIC 

ACA 

WHT 

NrR 

SCE 

HAH 

XEN 

DRO 

BMO 

EUR 

DIC 

52.9 

K 

-
-

ACA 

59.2 

73.5 

* * 

WHT 

58.8 

76.5 

94.1 

• 

NCR 

55.9 

64.7 

58.8 

61.8 

-

a 

SCE 

50 

55.9 

58.8 

58.8 

76.5 

HAH 

55.9 

58.8 

73.5 

67.6 

67.6 

67.6 

XEN 

55.9 

61.8 

73.5 

67.6 

70.6 

67.6 

94.1 

V 

DRO 

70.6 

6¥ 
73.5 

70.6 

82.3 

76.5 

82.3 

82.3 

BHO 

64.7 

67.6 

73.5 

73.5 

85.3 

82.3 

76.5, 

82.3 

94.1 

EUB 

30,6 

27.1 

28.8 

31.8 

27.1 

26.5 

32.9 

34.1 

30 

Z6.5 

71.2 

HVO 

32.2 

23.5 

29.4 

29.4 

32.3 

29.4 

29.4 

26.5 

26.5 

26.5 

21.8 

Table 3. Percentage identity between the 3'-terminal sequences of eukaryotic SSU 
RflAs. Calculations are based on. (A) 77 positions, E. coli positions 9-85, SSU RNA 
sections (1-vi) , (B) 43 positions, E. coli positions 9-'5T7~SSU RNA sections ( i -v ) , (c) 
34 positions, I. coli positions 52-8"5,~55iT RNA section (v i ) . EUB, average % Identity 
with the eubacterial sequences HstetLin Figure 25. See Figure 25 for other 
abbreviations. \ 
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prokaryotic 16S rRNAs. To facilitate this comparison, each SSU RNA 

sequence has been divided into six sections, as defined in Figure 8. 

Crithidia and wheat 18S rRNAs are typicallj» eukaryotic in that thê y , 

specifically lack the polypyrimidine sequence (CCUCC in E. coli 16S 

rRNA; positions 4-8) which in eubacteria-is postulated to interact 

with the 5'-leader sequence in mRNA (302,303). In addition, both 

wheat and Crithidia 18S rRNAs have a U at the same position (22 in 

wheat, 23 in Crithidia) as in all other eukaryotic 18S rRNAs so far 

sequenced. Prokaryotic 15S rRNAs have a G at the analogous position. 

However, Crithidia 18S rRNA differs from wheat 18S rRNA at 6 of 20 
• •^• iaa*™—nawiwi mm ^ 

C 

positions that constitute the n̂ A stem. It is striking that the three 

substitutions in section "(ii) af the Crithidia sequence are 

accompanied by reciprocal changes in section (iv) so that base pairing 

(and therefore overall secondary structure) is strictly conserved 

throughout the m̂A stem (Figure 8) in sprite of the divergence in 

primary sequence. It is interesting that reciprocal changes in the 

ni2A stem also occur in several of the other SSU RNA sequences 

presented in Figure 25. 

the immediate 3'-terminal sequence of eukaryotic SSU RNA is 

...UUGQH in wheat, barley (11), and Euglena (317), ...UUUUOH in 

Crithidia and Dictyostelium (230), and .1..UUAQH in £ll other 

eukaryotes so far examined, as well as in E. coli 16S rRNA (Figure 

25). A ¥ residue has been tentatively identified at position 2 in 

Acanthamoeba 18S rRNA (M.N. Schnare, unpublished) and at position 3 in 

Crithidia 18S rRNA (293; see'RESULTS, section 4). Euglena 

\ 

1 



-117-- ' ' 

18S rRNA is known to have a ¥ at the same position (317). 

It is evident from Figure 25 and Table 3 that the primary 

sequence of sections (i)-(v) at the 3'-end of SSU RNA is highly 

conserved, not only among eukaryotes but between eukaryotes and 

prokaryotes as well. Particularly notable is the absolute 

conservation of primary sequence of section (v),in all of the % 

eukaryotic and prokaryotic SSU RNAs, which according to secondary 

structure models (90,«323) is a single-stranded region connecting two 

base-paired helices in SSU RNA. This suggests' that in this region, 

primary structure per se participates in and is crucial for the same 

specific function(s),in both eukaryotic and prokaryotic SSU RNAs. 

•However, primary structure in this region is not absolutely conserved 

in, the mitochondrial SSU RNAs of animals, fungi and protozoa (Figure 

25). * \ 

Figure 25 presents clear evidence for retention of a 

eukatpotic-like pattern of sequence in section (vi) of Crithidia 18S 

rRNA, although quantitatively the data in Table 3 (whether based on 

the entire sequence (A) or on section (vi) alone (C)) suggest that 
a 

Crithidia 18S rRNA is not as closely related to other 18S rRNAs as 

these are1 to each other. The data presented in Table 3 suggest that 

Crithidia represents an early* branching from the eukaryotic line of 

descent. The high degree of divergence of the Crithidia sequence 

relative to those of other eukaryotes cannot be explained by a "fast 
* 

evolutionary clock" (230) in Crithidia, since the Crithidia sequence 

has diverged no further away from the prokaryotic sequences than have 

t 
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those of other eukaryotes (Table 3). 

McCarroll et al_. (230)«have constructed a phylogenetic tree based 

on SSU RNA sequences and have concluded that the*point of divergence^ 

of Dictyostelium from other eukaryotes was shortly after the point at 

# ^ 

which the mitochondrial line diverged from the rest of the 

eubacteria. They further concluded that "eukaryotes that represent 

substantially deeper branches than £. discoidium will not have 

mitochondria as we know them". With this in mind, it is interesting 

that Crithidia, which appears from these data (Table 3) to branch 

earlier than JJ. discoideum, contains--a kinetoplast instead of typical 

mitochondria'(359). 

As noted earlier, Crithi-dia 18S rRNA seems tjLbe unusually large: 

in polyacryl amide gels, for example, it migrates with an apparent, 

molecular weight of 0.<83-0.84 x 106 daltons (109,122,237,315), 

compared with a typical value of 0.7 x 106 daltons for other 

eukaryotic 18S rRNAs (8), The data presented here along with data for 

the 5'-terminal sequence of Crithidia 18S rRNA (M.N. Schnare, 

unpublished) indicate that this apparent size difference cannot be 

accounted for by extensions at either the 3'- or 5'-end of Crithidia 

18S rRNA. 

The SSU RNA of other kmetoplastidae (Leishmania, Trypanosoma) 

also appears to be atypically large (236), as does the SSU RNA of 

several other protists ('149,207,321). On the other hand, the SSU RNA * 

of the ciliated protozoa (Paramecium, Tetrahymena) has the typical • 

e.ukaryotic size of 0.7 x 106 daltons (8,207). In the context of 

/ 
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assessing the evolution of mul t ice l lu lar higher organisms from- -\ 

pr imit ive unicel lu lar organisms, i t i s ' i n t r i gumg that the 3 r-terminal 

sequences of wheat and Acanthamoeba 18S rRNA share such a high degree 

of homology (Figure 25; Table 3). 

3. Functions of the 3'-Terminus of Eukaryotic SSU RNA 

Knowledge of the 3'-terminal sequence of Cr i th id ia 18S rRNA 

allows us to ask whether th is molecule could part ic ipate in specif ic 

base-paired interactions that have been postulated to involve the 

3'-end of other eukaryotip 18S rRNAs. Like, other 18S rRNAs, Cr i th id ia 
tec 

18S rRNA lacks the prokaryotic polypyrimidine sequence that has been ' 

implicated in mRNA binding in bacteria (302,303,318). Hagenbuchle et 

a l . (141) have suggested a d i f ferent , although analogous, interaction 
* > 

between a conserved purine-rich sequence (GCGGAAGG) near the 

3'-terminus of eukaryotic 18S rRNA and a complementary sequence within 

the 5'-leader region of eukaryotic mRNA. However, th is suggestion has 

been c r i t i c i zed (18,81), and Kozak (184-187) has proposed an*. * 

alternative "scanning" model, in which the 5'-terminus per se, rather 

than a specif ic sequence of nucleotides in the 5'-leader region, is 

the primary determinant fqr binding eukkryoJtTc_j)RNAs to small 

ribosomal subunits. 7 "•* 

In. the posit ion of the putative mRNA binding s i te (141) in 18S 

rRNA» Cr i th id ia 18S rRNA has the sequence GCAGCUGG (residues'9 to 16): 

a difference of 3 out of 8 residues. The more recently determined 

sequences of Acanthamoeba (M.N. Schnare, unpublished) and 
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Dictyostelium (230) 18S rRNA each have a single base change, while 

Neurospora 18S rRNA (168).has two base changes in this conserved 

region. Divergence to this extent would not be expected if this 

sequence had a universal function in binding eukaryotic mRNAs. In 

fact, the base changes in the Crithidia sequence-either entirely 

preclude pairing between i t ami postulated 18S rRNA binding sites in 

eukaryotic mRNAs (18,141,188) or render such pairings much less 

likely, since the hybrid structures which can be written have 

substantially reduced thermodynamic stability. One<might argue that 

the 18S rRNA binding sites within the 5'-leader region of Crithidia 

mRNA have undergone compensating base changes that allow an analogous 

base-paired,interaction to occur. However, this seems unlikely, s*ince 

Crithidia mRNA is efficiently translated in a wheat germ cell-free 

system (280). Thus, the mRNA-18S rRNA binding model of Hagenbuchle et 

al. (141) does not appear to be applicable to_prithidia. More 

recently, Sargan et _al_. (292) have pp̂ tfposed a base-paired interaction 

between two non-contiguous sequences at the base of the m2A hairpin of 

eukaryotic 18S rRNA and the 5'-leader sequences of mRNA. This 

sea/fence (GGU...GGAU) is completely conserved in all of the available 

eMaryotic SSU RNA sequences (Figure 25, residues 7-10 and 33-35 in 

Crithidia 18S rRNA). 
/ •—J 

I It has also been postulated that interaction between 5S rRNA and 

thfe 3'-end of eukaryotic 18S rRNA-may p'lay a role in the association 

of large and small ribosoma*l subunits during initiation of protein . 

synthesis (9,13). However, i t should be noted that removal of 5S rRNA 

vV, 
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from rabbit reticulocyte Ribosomes does not induce subunit 

dissociation (168). Formation of a specific complex in vitro has beeji 

demonstrated between wheat 18S and 5S rRNAs (13,14), and the 1SS rRNA 

binding site in wheat 5S rRNA has been identified and sequenced 

(246). In Neurospora (168) an interaction has been detected between 

5S rRNA and a 3'-terminal fragment from 18S rRNA and between 18S rRNA 

and a specific 3'-terminal fragment from 5S rRNA. The base-paired 

structure that can be written (Figure 26) between the known binding 

s|tein 5S rRNA and the postulated one in'185 rRNA is 

theYtmrdyn ami call y very stable in the case of wheat, in agreement with 
7 . r 

the observed thermal stability of the complex formed in vitro (14). 
fc — — — — — — ~ • 

Azad and Deacon (11) have shown that the proposed 5S rRNA binding site 

is totally conserved in the 18S rRNA of various vertebrate animals and 

of barley embryos, as would be expected" if this sequence is generally 

important for interaction with a conserved sequence in 5S rRNA. „ 

Since the sequence of Crithidia 5S rRNA has been determined 

(217), we examined the relevant regions of Crithidia 5S and 18S rRNAs 

to ascertain whether a stable complex, analogous to that between wheat 

18S and 5S rRNAs, could be formed. As shown in Figure 26, base 

changes occur in both the 18S rRNA and 5S rRNA of Crithidia in the 

regions homologous to the proposed sites of interaction in wheat 18S 

and 5S rRNAs. These sequence changes are non-reciprocal in the sense 

that a change in the 18S sequence is not accompanied by a 
at 

corresponding change in the 5S sequence that would allow retention of 

base-paim'ng, and the same is true for the changes in the 5S rRNA 
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iFJgure 26. Potential base-paired compl|LW§( tfetween 18S and 5S rRNAs 

from wheat and,Crithidia. The 18S rRNA binding-site in wheat 5S rRNA • 

has been ident i f ied by sequence analysis ,(246,), whefre'as the 5S r̂ NA 

binding s i te in wheat'18S rRNA is inferred (9,11). / The wheat 5S rRNA 

sequence shown is the corrected versioVi determined/in our laboratory * 

(218), so that the wheat 5S-18S complex.as written is s l igh t ly , but 

not s ign i f icant ly , di f ferent from that postulated fin (9,11)., The 

Crithidia 5S-18S complex has been constructed usi 

strictly-homologous sections of Crithidia 5S rRNA 

hg the 

(217) and Crithidia 

18S rRNA (see Figure 25). Residups that d i f fe r between Crithidia and 

wheat are overlined (18S rRNA) and underlined (5S 

Cr^ni f l ia complex.^ 

rRNA) in the • 
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sequence. As*a result, the possibilities for base-pairing between 

Crithidia 18S and 5S rRNAs are greatly reduced in this region, and the 

complex which can be formed is much le$s stable'thermodynamically than 

;, the wheat' complex. In addition, base pairing cannot extend into 

region (iv) (Figure 8) of, Crithidia 18S rRNA, so that disruption of 

the m2A stem, an important feature of the Azad model (9,11), is not 

possible. In examining the,sequence of Crithidia 5S rRNA, we have 

noted another region (residues 57-74) that could potentially form a „ 

; stable duplex (A6="17.6 kcal; ref. 333) with" the 3'-end of Crithidia 

18S rRNA (residues 22-41), effectively disrupting the m2A stem in the 

process. However, since we have not been able,to observe a complex 

between Critjiidia 5S and 18S rRNAs in vitro (see RESULTS, section 3), 

, under conditions (14) in which a control complex between wheat 5S aVti 

18S rRNAs readily forms, the significance of this alternative 

potential interaction is'unclear. ' / 

In summary,,the sequence obtained for the 3'-end of Crithidia 18S 

.rRNA does not lend support'to functional models that involve 

complementary basg-pairing between eukaryotic 18S rRNA and either mRNA 

(141) or 5S rRNA (9). However, it should be remembered that the 
4 

ribosome of Crithidia has some unusual structural characteristics (see 

INTRODUCTION, section 3.4 and.RESULTS, section 2 ) , including tne fact 

that it possesses four novel, low molecular weight rRNAs (in addition 

to 5S and 5.8S rRNAs) (122,296), all localized in the large ribosomal 

subunif (123). This raises-the possibility that functional 

interactions between Crithidia 18S rRNA and other RNAs might differ in 

9 

\ 

•? 
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certain respects from those postulated for other eukaryotes. It is 

conceivable, for example, that one or more of the additional small 

rRNA species present in Crithidia large subunits has assumed the 

proposed role of 5S rRNA in binding to 18S rRNA in small subunits, 

although so far we'have not been successful in demonstrating complex 

formation between any of these and" 1»he 18S rRNA (see RESULTS, section 

3). 

4. The Evolutionary Origin, of Wheat Mitochondria 

4-1- Evidence Supporting a Eubacterial Origin 

(a) Evidence Prior to This Work 

The use of T1 oligonucleotide fingerprinting techniques allowed 

Cunningham et _aj_. (70) to conclude that the*26S, 18S and 5S rRNA 

species isolated from wheat mitochondria are distinct from their 
q 

cytosol counterparts. These rRNAs were later shown by Bonen and Gray 
4-

(28) to hybridize to specific fragments (generated by restriction 

endonuclease digestion) of wheat mitochondrial DNA under conditions 

in which the cytosol rRNAs did not hybrid/ze. 

The Ti oligonucleotide catalogue of wheat-mitochondria! 18S rRNA 

strongly resembles Ti oligonucleotide catalogues of eubacterial and 

chloroplast 16S rRNAs', but lacks detectable homology with the Ti 

oligonucleotide catalogue of wheat cytosol 18S rRNA (27). In 

addition, among those Ti oligonucleotides which the mitochondrial 18S 

rRNA shares with eubacterial and chloroplast 16S rRNAs, there is an 

especially high proportion of ones identified (378)' as conserved in 

a 

» fc. J* F « «r 
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the evolution of eubacterial 16S but not eukaryotic 18S rRNA species* 

(72).' Bonen et al. (27,72) therefore concluded that the mitochondrial 

18S rRNA is eubacterial in nature, a finding that supports an 

endosymbiotic, (77,227) origin of mitochondria. However, Uzzell and 

Spolsky (346) have interpreted these same data as being consistent 

with either an endosymbiotic or an autogenous (271,345) origin of 

mitochondria, <|̂ view which is also held by Mah]er'(221). 

(b) Evidence Presented in This Thesis 

Extensive primary sequence identity between JE, coli and. wheat 

mitochondrial rRNAs is indicated by the fact that the bactertal'16S 
* ' 

and 23S rRNAs hybridize speci f ical ly to those res t r ic t ion fragments ' 

containing wheat mitochondrial 18S and 26S rRNA. genes, respectively. 

Although attempts to hybridize _E. col i rRNAs to the mitochondrial DNA 

of other eukaryotes have not been reported, i t is notable that no 

hybridization was observed between spinach chloroplast rRNAs and. 

Acanthamoeba castel lani i mitochondrial DNA under conditions in which 

the former hybridized extensively to J,* col i rDNA (25). 

There is a substantially greater degree of primary sequence 

identity,between the 3'-termmal sequences of wheat mitochondrial 18S 

rRNA and IE. col i 16S rRNA (82%) than Between either wheat 

^rtfitochondrial and cytosol 18S rRNAs (58%) or wheat cytosol 18S and E^ 

col i IBS rRNAs (61%-) (see Figure 25, Tables 3 and 4). In fact the 
3'-terminal sequence of E. col i 16S rRNA is more closely related to 

r 
the wheat mitochondrial sequence than i t is -t< 

and chloroplast 16S rRNA sequences (Table 4) . 

r 
the wheat mitochondrial sequence than i t is -to other known eubacterial 
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ECO (E) 

BSU (E) 

BBR (E) 

BST (E) 

ANI (E1 

EGR (C) 

CRE (C) 

MAI (C) 

WHT (M) 

EUK (N) 

HVO (A) 

BSU 
It) 

71.4 

4 

-, f 

BBR 
(E) 

72.7 

92.2 

• 

BST 
(E) 

70.1 

93.5 

92.2 

& 

-

* 

ANI 
(E) 

72.7 

85.7 

87 

'87 , 

* 

' 

V 

EGR 
(C) 

70.1 

75.3 

76.6 

79.2 

84.4 

^ 

CRE 
(C) 

59,7 

68.8 

'70.1 

75.3-

81.8 

75.§ 

\ 

HAI 
(C)' 

70.1 

75.3 

76.6 

• 80.5 

84.4 

87 

79.2. 

WHT 
(M) 

81.8 

70.1 

70.1 

72.7 

75.3" 

70.1 

62.3 

72.7 

• 

EUK 
(H) 

61.7 

57.1 

59.9 

57.3 

56.9 

53 l 

49 

56.8 

57.9 

§3.5 

HVO 
(A) 

70.1 

63.6 

62.3 

66.2 

63.6 

62.3 

59.7 

67.5 

6jtf*.2 

60.9 

-

WHT 
W 

61.3 

58.4 

61.3 

58.4 

58.4 

53.2 

49\3 

58.4 

58.4 

84.7 

61.3 

Table 4. Percentage Identity between the 3'-terminal sequences of eub'acterlal and-

organellar SSU RNAs. Calculations are based on 77 positions, £. coli |$sittons 9-85. 
EUK, average i identity with the eukaryotic nuclear-encoded sequences listed in Figure 
25. See Figure 25 for other abbreviations. 

/ 
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At a position occupied by m3U in _E. coli 16S rRNA, the same 

modified nucleoside is present in wheat mitochondrial 18S rRNA but not 

in wheat cytosol 18S rRNA (see RESULTS, sections 5). Interestingly, 

m3U is present in a "universal" T1 oligonucleotide (U*AACAAGp of 
t 

(378).) in eubacterial 16S rRNA. Two other 16S universals, CCm7GCGp 

and m̂ CmCCGp, also appear in the wheat mitochondriafl 18S rRN|pTi 

catalogue (27,72). Therefore, in both primary sequence and 
t 

•post-transcriptional modification pattern,' wheat mitochondrial 18S 

rRNA is obviously much more closely related to i t s eubacterial 

homoltDgue than i t is to i t s counterpart fti the cytoplasmic compartment 

of the same celJU 
Based on the alignment presented in Figure 27, the 3'-terminal 

sequence of wheat mitochondrial 26S rRNA (posit ions 1-80) shows a 

clear relat ionship to the" E_. col i 23S rRNA sequence (58% primary 

sequence ident i ty) and to that of maize chloroplast 4.5S rRNA (48% 

iden t i t y ) , while i t is only d is tant ly related to the wheat cytosol 26S^/ 

rRNA sequence (29%). Note the three stretches of ident i ty between the 

mitochondrial" and bacterial sequences at mitochondrial positions 5-11, 

35-42, and 48-53. Using s t r i c t l y homologous posit ions, the wheat 
ft 

mitochondrial and chloroplast sequences can be folded to f i t the 

secondary structure model proposed for th is region of the bacterial 

23S rRNA (214) (see Figure 28). Evxen though there is considerable 

primary sequence divergence, secondary structure has been conserved 

through compensating base changes.' The wheat cytosol sequence cannot 

be f i t t e d to . t h i s -secondary structure model. These observations, 

3 
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..CU&4A!JCCUUtK£»MCGACUUM«J»C(raCGMaAUlK^ » e a t cytosol 265 rSHA 

I M , . M 7 t « « J . . . l « a e i . 

GTAGTAAGCCCACCCCAAGATGAGTGCTCT . spacer . . TAAMTAGCGGCCWGACtWKCGTTTAAATAGGTGTCAAGT&GAAGTGCMT̂ ^ Ifcize chloroplast 23S rDHA 

. GCGGGAAM1CCUUCUCUAUACMGUU—— -CUCtajMGAGGWWUGAACMwVttWe-GAUAWW^ * H t mitochondrial 26S rBW 

. GCACGAAACUUO£CCCGAGAUWG"UCLK:CCUGmCUUUAAfiGGKffl̂  E. « » 23S H1NA 
» • 1M 13. IN W« . . M 7t «« M 4* M *• 1. ^ ^ ^ ^ 

Arrows delineate the sequence of mai« chloroplast 4 5S rftHA (which has 5'-0H, 3--0H termini) 

I 
00 
CM 

Figure 27. Alignment of the 3'-terminal sequences of wheat cytosol 

and mitochondrial 26S rRNAs, E. col i 23S rRNA (39) and the 

corresponding region of maize chloroplast rDNA (97). 
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Figure 28. Potential secondary structure at the 3'-terminus"of wheat 

mitochondrial 26S rRNA, E. coli 23S rRNA (214) and wheat chloroplast 

4.5S rRNA (3.70)." , «i 
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along with the results of heterologous hybridization experiments (see 

above) suggest an endosymbiotic, eubacterial origin of wheat 

mitochondrial 26S rRNA genes, 

(c) Recent Evidence 

Restriction fragments of wheat mitochondrial DNA, which contain 

the genes encoding 18S and 26S rRNA, have been cloned in pBR322 by F. 

Quetier and B. Lejeune (Orsay,* France)€is^avid Spencer in our 

laboratory has now determined the complete sequences of both of these 

rRNA genes (314, and unpublished). Remarkable similarities in primary 

sequence and potential secondary structure between the wheat 

mitochondrial 18S/26S rRNA 'and E. coli 16S/23S rRNA provide7 compelling 

evidence in favor of an evolutionary origin of wneat mitochondria from 

eubacteria-!ike endosymbionts. The primary sequence of the wheat 

mitochondrial tRNAf^* gene (132) also displays a high degree of 

sequence similarity to its eubacterial counterpart. 

4.2. Non-Eubacterial Characteristics of Wheat Mitochondrial rRNA 
« i-ai • • • • ! • ! • — m • I 1 I H W I — . W ! . • • ! • • • ' - * •••amain. 11 • • • • — — n« ••—• • • • • • nil i • • • mn-.m-nlii • i i f n . i ,1 —i • • — — ••• m- i-n i f i i 

Genes ** 

(a) Ribosomal RNA Gene Organization 

The genes for wheat mitochondrial 26S' and 18S rRNAs are far apart 

on the mitochondrial genome, while the genes for 18S and 5S rRNA are 

closely linked (28). Experiments presented here (295; RESULTS, 

section 7) establish that the 5S rRNA gene is close to the S-'-end of 
* 

the 18S rRNA cjene. These observations are in contrast to the closely 

linked 5'-16S-23S-5S-3' rRNA gene arrangement found in eubacteria (see 

INTRODUCTION, sjactian 3.1). However, this rRNA gene organization is 
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equally non-eukaryotic and therefore supports neither the 

endosymbiotic nor autogenous theories of mitochondrial origin. 

(b) Wheat Mitochondrial 5S rRNA k 

Spencer et ̂ \. (313.) have determined the complete primary 

sequence of wheat mitochondrial 5S rRNA. In view of the striking 

primary sequence similarity detected between the wheat mitochondrial*"^ 

large rRNAs-and their eubacterial counterparts, it is rather sur

prising that the 5S rRNA sequence is neither obviously prokaryotic nor 

eukaryotic in nature,'but shows characteristics of both classes of 5S 

rRNA as well as some unique features (131,313). 

(c) I n i t i a t i on of Translation 

Although the 3'-terminal sequences of a l l SSU RNAs are highly 

similar (Figure 25, SSU RNA sections ( i ) - ( v ) ) , there appears to be an 

insertion of a f i ve nucleotide sequence (CCUCC) into eubacterial 16S 

rRNAs-relative to eukaryotic 18S rRNAs (or a deletion in the eukary

ot ic 18S rRNAs). This "Shine-Dalgarno" sequence, which functions dur-

ion of protein synthesis in eubacteria (302,303), is also 

archaebacterial (139,161,167), Chiamydomonas chloroplast 

(91), and plant chloroplast (170,298,335) 16S rRNAs. Euglena chloro-

plast 16S rRNA has a single nucleotide difference in th is region 

(119,254,317). There is no obvious "Shine-Dalgarno" sequence in 

animal mitochondrial SSU RNA, and at the position in fungal and 

protozoan mitochondrial SSU RNAs (Figure 25) corresponding to the 

position of the "Shine-Dalgarno" sequence in E. col i 16S rRNA, primary 

.sequence has not been evplut ionari ly conserved. . 

\ 
\ 

3 m u a t 
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ing mlyat 
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If one compares the immediate 3'-terminal sequence of £. coli 16S 

rRNA (...CCUCCUUAQH) with the immediate 3'-terminal sequence 

(RESULTS, section 5) and flanking region (D.F. Spencer, personal 

communication) of a wheat mitochondrial 18S rRNA gene 

(...AAUCCUUC...), it is obvious that the "Shine-Dalgarno" sequence has 

not been deleted in the wheat mitochondrial 18S rRNA gene. 'However, 

the fact that primary sequence has not been completely conserved (note v 

the two C to A substitutions), and that length heterogeneity results 

in the loss of the 3'-terminal C of the "Shine-Dalgarno" sequence in 

20% of the mitochondrial 18S rRNA molecules (RESULTS, section 5), 

suggests that this sequence is not involved in"initiation of protein 

synthesis itj^wheat mitochondria. It is important to note that there 

is as yet no evidence for-or^against a eukaryotic type of "scanning" 

mechanisn (see DISCUSSION, section 3) of initiation of protein syn- -

trnss.is for plant mitochondrial ribosomes. 

(d) Ribosomal'RNA Processing ; 

Wheat mitochondrial 26S rRNA lacks the sequences corresponding to 

the 3'-terminal 17 nucleotides (Figures 14 and 28) and 5'-terminal 11 

nucleotides (D.F. Spencer, M.N. Schnare and M.W. Gray, unpublished)"of 

E. col-i 23S rRNA. It has been proposed that these regions of _E. coli . 
/ r 

23S rRNA are base-paired with each other as part of a double-stranded 

structure necessary for processing of E_. coli rRNA precursors (36, 

385). The absence of these sequences at the ends of wheat mitochon

drial 26S rRNA implies that an .alternate rRNA processing mechanism 

operates in wheat mitochondria. .Processing in animal mitochondria 
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involves precise excision of tRNA «equencesa found immediately adjacent 

to the rRNA sequences in th(e precursor (98,352). In this*Vegard i t is 

^ interesting'that a tRNA gene is situated immediately adjacent to the 

5'-terminus of the wheat mitochondrial 18S rRNA gene (132^. However, 
1 ! 

sequence analysis of regions of wheat mitochondrial DNA that flank the 
*' * 

2J5S rRNA gene have not revealed any tRNA genes or other obvious 

processing signals (D.F. Spencer, personal communication). 

The mechanism of rRNA processing in eukaryotes, although ob— ^ 

viously different from th-atfound in E. *co1i, is not clearly undsr-

stood (34). We are therefore uncertain as to the relationsHip-between 

.wheat mitochondrial and eukaryotic mechanisms of rRNA processing. 

4.3 Conclusions About Mitochondrial Evolution" 
I • • I . . I . L i . il • . I l l» i« i i , . l l l . l • II I P ! . I I, I HI .1 II I.H.HWI 

In addressing the question, "Where did mitochondria come fpfcatf", 

there are essentially two possibilities. Mitochondria either arose 

autogenously within a single sort of cell or as a result of an 

endos^mbiosis between two different sorts of celTs (sfee INTRODUCTION,, 

section 4.2). 

Even though the wheat mitochondrial genome has some non-

eubacterial characteristics (DISCUSSION, section 4.2), i t is important 

to point out that these data do riot argue for or against either an 

endosymbiotic or autogenous origin of wheat mitochondria.* These 

characteristics-, which are not obviously prokaryotic or eukaryotic, 

can be t.aken as evidence that the mitochondrion of wheat has had a 
•V 

significant period of independent evolution, whether its origin was 

endosymbiotic or autogenous. In fact, there is evidence, presented 
- * 
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and discussed here (DISCUSSION, section 4.1), that strongly 'favors an 

endosymbiotic, specifically eubacterial origin of wheat mitochondria. 

Al«l theories concerning mitochondrial evolution must concede that 

organelle, eukaryotic and eubacterial genomes shared a single common 

ancestor 'at some point in evolution. , With this in mind, even with the 

knowledge that wheat mitochondrial 18S and 26S rRNAs are obviously 

eubacterial in nature, it is still possible to argue against an endo

symbiotic origin. The argument is as follows: (i) Mitochondria arose 

autogenously within the "protoeukaryotes" early in evolution, while 

these ancestral eukaryotes were still very similar to eubacteria. 

(ii) There was a slow rate of mutation fixation during the evolution 

of eubacteria and wheat mitochoridrqji, which would account for the high 

degree of rRNA sequence similarity evident between the two. Thus, the 

similarities between present day mitochondria and eubacteria-are a 

reflection of "retention of primitive traits" that were present in the>» 

last common ancestor of mitochondria, eukaryotes and eubacteria. The 

differences between mitochondria "and eubacteria represent "derived 

traits" that occurred during the separate evolution of the two 

genomes, (iii). After the event(s) that culminated in the autogenous 

origin of mitochondria, the eukaryotic nUclear genome underwent'rapid 

evolution away from the common ancestor of mitochondria, eukaryotes 

and eubacteria. The nuclear genome retained fewer "primitive traits", 

which accounts for the low level of similarity observed between wheat 

cytosol and either the wheat mitochondrial or eubacterial- rRNAs. 

/ 
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f 

If the above scenario is correct, we can make the following pre

dictions: (1) It follows from the assumption of a fast rate of 

mutation fixation in eukaryotes relative to eubacteria that the degree 

of rRNA sequence conservation among' eukaryotes should be much lower 

than among eubacteria. (2) If wheat mitochondria had an autogenous 

origin, its rRNAs should be related to eubacterial rRNAs, but. not 

specifically to the rRNAs of a particular subgroup of the eubacterial 

lineage. 

Tjje 3'-terminal SSU RNA sequences shown in Figure 25 represent a 
A 

broad range of both eukaryotes and eubacteria and therefore constitute 

a good data set for tesWng-^he above predictions. The data presented 

in Tables 3 and 4 show that the level of rRNA sequence conservation 

within the eukaryotes (average eukaryote vs. eukaryote = 83.5%, lowest 

= 70.1% identity) is as great as within the eubacteria (average 

eubacteriim vs. eubacterium - 82.5%, lowest = 70.1% identity) which is 

contrary tc/p\ediction (1), above. The 3'-terminal sequence of wheat 

mitochondrial 18S rRNA appears to be more closely related to the 16S 

rRNA of E. coli (a representative gram-negative bacterium) than to 

Anacystis nidulans (cyanobacterium) or Bacillus (gram-positive) 16S 

rRNAs. This finding is contrary to prediction (2), above. We are 
* 

therefore left with no alternative but to conclude that wheat 

mitochondria is of an endosymbiotic, specifically eubacterial, 

evolutionary origin. 

No firm support for an endosymbiotic, eubacterial origin of 

mitochondria in general has emerged from primary sequence data for 

****** ww*. fc*t£*i« k 
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mitochondrial rRNAs from animals (7,15;61,98,154,177,284,-352), fungi 
mr 

(179,180,204,310,311), and protozoa (300).' In these cases, even 

though the mitochondrial rRNAs may appear from sequence comparisons to v 

be somewhat more closely related to their eubacterial than to their 

eukaryotic cytosol homologues (see Table 5, ref. 125,130,180,193,230, 

314), the degree of\ identity is no greater (and usually less) than 

.betweeh homologous eubacterial and eukaryotic rRNAs. 

Nevertheless, there are striking structural and biochemical 

similarities in diverse mitochondria, and mitochondrial DNA encodes 

b.asically the same set of respiratory chain polypeptides in all 

eukaryotes (124). Therefore, in view of the essentially proven 

endosymbiotic, eubacterial evolutionary origin of wheat mitochondria 

(see above), and presumably other higher plant mitochondria (55,156), 

it would seem likely that animal, fungal and protozoan mitochondria 

have also had an endosymbiotic, eubacterial evolutionary origin. The 

very high rate of mutation fixation in mammalian mitochondrial DNA' 

(42,235) provides an explanation as to why their rRNA genes show a 

relatively low degree of sequence similarity to their eubacterial 

counterparts. ' * <• 

5. Low Molecular Weight rRNAs and Their Analogues 

5.1. The 3'-Terminus of LSU RNA 

Comparisons of the-sequences of plant chloroplast and eubacterial 

rRNA genes have strongly suggested that the chloroplast counterpart of 

the 3'-end of E. coli 23S rRNA is a discrete 4.5S rRNA (96,215), whose 
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X Identity 

MAI C 

WHT M 

MOS M 

DRO M 

HAH M 

HUH H 

BOV M 

RAT M , MOU H 

SCE N 

ALS H 

TPY H 

WHT N 

ECO E 

WHT N 

71.2 

75 

50 

53.8 

61.5 

59.S 

59.6 

61.5 

71.Z 

50 

61.5 

ECO E 

66.5 

90.4 

* 51.9 

53.8 

71.2 

B9.2 

71.2 

71.2 

73*1 

57.7 

71.2 

80.8 

HVO, A 

82.7 

84,6 

55.8 

61.5 

69.2 

65.4 

67.3 

4 67.3 

61.5 

55.8 

65.4 

79 

86.5 

Table 5. 3'-Ten«1nal sequences of mitochondrial SSU RNA compared to 
the 3--terminal sequences of wheat cytosol 18S rRNA, E. cpll 16S rRNA 
and H. volcanll 16S rRNA. Calculations are based on ?. coll positions 
9-60T See also Figure 25. "" 
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gene is separated from the res,t of the 23S rRNA gene by a spacer 

ranging from about 78 nucleotides in maize (97) to 101 nucleotides in 

tobacco (330). " 

The 3'-terminus of animal (7,98,284,352), fungal (180,311) and 

protozoan (300) mitochondrial LSU RNA does not seem to share any 

obvious sequence similarity with the 3'-end of bacterial 23S rRNA br 

with plant chloroplast 4.5S-rRNA. However, wheat mitochondrial 26S 

rRNA does contain a 4̂ 5S rRNA homologue as i t 3'-terminus (DISCUSSION, 

section 4.1, Figures 27-and 28). We therefore examined the sequence 

of this region of wheat mitochondrial 26S rRNA in the hope that i t 

would shed light on the evolutionary origin of the separate 4.5S rRNA 

in plant chloroplasts. * ' 

The region of _E. coli 23S rRNA corresponding to the position*of 

the transcribed spacer"separating the 23S and 4.5S rRNA genes in plant 
» \ 

chloroplast DNA has been shown by sequenc^( analysis (36,39,214) to i 

contain five .cistron heterogeneities,*while the wheat»mitochonodrial -

26S rRNA has a 21 nucleotide deletion relative-to IE. coli 23S rRNA\in 

this region (Figure 27)* These observations suggest that E.". coli 

positions 100-120 may be a transcribed but iinexoised relic of the 

chloroplast spacer, and that this spacer may1have been deleted 
altogether in the wheat mitochondrial 26S rRNA genes. 

» 
Alternatively, since i t has been suggested that the chloroplast 

spacer sequence may be analogoys to an intron and that the two RNA 

molecules (23S and ^.55) remain ttinligated due tb incomplete splicing 

(330), i t seemed possible that wheat mitochondrial 26S rRNA genes have 
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retained an intron at this position, which would imply that intron 

excision and splicing occur during the biosynthesis of wheat 

mitochondrial 26S rRNA. However, DNA sequence analysis (D.F. Spence>,' 
*-

' personal communication) has established that there is no intron in 

this region of wheat mitochondrial 26S rRNA genes. • ». * 

5.2. Crithidia fasciculata 5.8S rRNA 

Alignment with published 5.8S rpA sequences (Figure 29) clearly 

shows that Crithidia "species j _ is a 5.8SrRNA, despite its exceptional 

length (171-172 nucleotides). Excluding.the "G+C rich hairpin" (a-

feature of secondary structure models of 5:8S rRNA (105,213,243,282)), 

there is obvious primary sequence identity within the regions 

encompassing nucleotides 1-114 and 149-172 of the Crithidia sequence. 

Particularly notable are two moderately long stretches (residues 38-49 

and 102-108) that appear to be conserved in almost all 5.8S rRNAs; 

(344) the former contains the GAAC tetranucleotide that has been 

proposed to interact with the common GT¥C sequence in tRNA (247,382). 

The conserved GGAU sequence that may be involved in the interaction of 

5.8S rRNA with LSU RNA (242) is also present in Crithidia 5.8S rRNA 

(positions 14-17). 

• * Figure 30 illustrates the fact that neither length nor primary 
\ 

sequence is very highly conserved in the G+C rich hairpin region, 

^although the potential for a substantial degree of base-pairing is 

preserved. It is obvious from this figure, and'from the sequence 

alignment shown in Figure 29, that the extra nucleotides in Crithidia 

5.8S rRNA are located in this hairpin: its length is 34 nucleotides in 



1 10 20 30 40 50 6b 70 
l.*C. fasciculata . « AACGUGUCGCGAUGGAUGACUUGGCUUCCUAUCUCGUUGAAGAACGCAGUAAAGUGCGAUAAGUGGUAUCAAUU 
2. J, castellanii" (216) AACUCCUAACAACGGAUAUCUUGGUU-CUCGCGAGGAUGAAGAACGCAGCGAAAUGCGAUACGUAGUGUGAAUC 
3. _S. cerevisiae (282)' AAACUUUCAACAACGGAUCUCUUGGUU-CUCGCA.UCGAUGAAGAACGCAGCGAAAUGCGAUACGUAAUGUGAAUU 
4. D. melanogaster (262) AACUCUAAGCGGUGGAUCAUCCGGCU-CAUGGGUCGAUGAAGAACGCAGCAAACUGUGCGUCAUCGUGUGAACU 
5- I- aestivum (2T8) CACACGACUCUCGGCAACGGAUAUCUCGGCU-CUCGCAUCGAUGAAGAACGUAGCGAAAUGCGAUACCUGGUGUGAAUU 
6. X,. laevis (143) UCGCGACUCUUAGCGGUGGAUCACUCGGCU-CGUGCGUCGAUGAAGAACGCAGCUAG(?UGCGAGAAUUAGUGUGAAUU 
7. E. coli (39) ...ACUAAGCGUACACGGUGGAUGCCCUGGCAGUCAGAGGCGAUGAAGGACGUGCUAAUClJGCGAUAAGCGUCGGUAAGG 

80 90 TOO no 
"JUAi •"-• 1 . fiCAGAA-UCAUUCAAULTACCGAAUCUOO—GAACGCA-AACGGC 

2 . GCAGGGAUCAGUGAAUCAUCGAAIJCUUU—GAACGCA-AGUUGC 
3 . GCAGA/WUCCGUGAAUCAUCGAAUCUUU--GAACGCA-CAUUGC 
4 . GCAGGACA'CAU—GAACAUCGACAUUUU--GAACGCA-UAUCGC 
5 . GCAGAAUCCCGCGAACCAUCGAGUCUUU--GAACGCA-AGUUGC 
6 . GCAGGACACAU-UGAUCAUC.GACACUUC--GAACGCA-CCUUGC 
7 . UGAUAUGAACCGUUAUAA8CGGCGAUUUCCGAAUGGGGAAACCC 

" G + C - r i c h " 
hairpin 

150 160 no 
AUGCCAUAUUCUCCAGUGUCGAAC 
ACGUU-CGCUUG—AGUGCCGCUU 
AUGCC-UGUUUG—AGCGUCAUUU 
ACAUA-UGGUUG--AGGGUUGUA 
ACGCC-UGUCUG—AGGGUCGCUCC 
AUCAU-UAACUGAAUCCAUAGGUU 
ACGCC-UGCCUG--GGCGUCACGC.. .-

Figure 29. Alignment of representative 5.8S rRNA sequences 

(references as indicated in the f igure) , including that determined 

here for C. fasciculata. Sequences were arranged for maximal homology 

in pairwise comparisons, with a minimal number of assumed additions 

and deletions. The 5'-terminal sequence of E_. col i 23S rRNA (39) is 

also included in th is alignment. Note that the highly variable region 

of primary sequence encompassing the "G+C rich hairpin" (see Figure 

30) is not included in th is alignment. 

; 
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Figure 30. Potential secondary structure in the "G+C-rich hairpin" 

region of the 5.8S rRNA sequences listed in Figure 29, and in the 

analogous region of E. coli 23S rRNA. The arrows in the Drosophila 

5.8S'sequence indicate the cleavages that occur during 5.8S rRNA 

maturation and which result in the removal of the transcribed spacer 

region. In the case of wheat, initial uncertainties in the sequence 

of this region (218) have been resolved (372), and the revised version 

of the G+C-rich hairpin is shown. 

v_ 



-142-

Crithidia but only 22-27 nucleotides in other eukaryotes. In this 

regard, it is noteworthy that in D. melanogaster (262) and £. 

coprophila (165), tlfe 5.8S rRNA consists of two fragments*(5.8Sa and' 

5.8Sb) that are joined noncovalently at the "G+C rich" hairpin. This 

arrangement results from the excision (without subsequent splicing) of 

a short transcribed spacer that separates the 5.8Sa and 5.8Sb regions 

in the primary transcript, Pavlakis et aK„(262)i have suggested that 

either the spacer sequence was inserted into Drosophila 5.8S rDNA at a 

time following the divergence of the vertebrates and invertebrates, oc 

tfiat the spacer existed in ancestral 5.8S rRNA genes but was 

eliminated during evolution from species that do not now contain it. 

• Since the extra nucleotides in Crithidia 5.8S rRNA occur in the same 
i-

regton as the Drosophila and Sciara spacers,, it is plausible to 

suggest that C_. fasciculata has also retained a spacer in its 5.8S 

rRNAjgenes, but has lost (or not acquired) the mechanism to excise 

this spacer from the. 5.8S primary transcript. It should be noted, 

however, that the putative Crithidia spacer is not obviously 

homologous with either the Drosophila or Sciara spacer sequences, 

being neither as .long nor as A-U-nch. 

, Our alignment, of 5.8S rRNAs (Figure 29) also includes the 5'-end 

of E_. coli 23S rRNA, "which Nazar (240) has postulated is the 

structural analogue in prokaryotes of 5.8S rRNA. The alignment 

confirms that there is extensive similarity between the 5'-end of_E. 

coli 23S rRNA and a range of eukaryotic 5.8S rRNAs, although 

quantitatively the degree of similarity (58-66 identities in pairwise 
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comparisons) is significantly less than between any two 5.8S rRNAs 

(81-111 identities). Interestingly, a stable hairpin loop can be 

formed with that part of the ji. coli 23S rRNA sequence that is 

analogous to the "G+C rich" hairpin of 5.8S rRNA (Figure 30). 

However, this hairpin region "has been largely deleted in Anacystis 

nidulans and chlproplast 23S rRNAs (192). 

5.3 Novel Small rRNAs from Crithidia fasciculata 

Previous work from this laboratory (123) ruled out the 

possibility that the novel small rRNAs described in this thesis are 

generated by quantitative and highly specific (albeit artifactual) 

RNase cleavage of large rRNAs during isolation. The impllcationvwas, 
* * 

therefore, that these small RNAs are native components of the , . 

Crithidia ribosome. The primary structurjMtnalysis reported here 

supports this conclusion, since i t is higrrTy unlikely that spurious" 

degradation could account for the discrete nature of the 5 ' - and 

3'-termini represented in species e_, f_,"_g_ and j _ . Analysis of 

Uniformly-32P-labelled rRNAs has indicated that the four novel small 

-. rRNAs are each 5'-monophosphorylated in vivo, while the ability to 

label the RNAs to high specific activity with [5'-32P]pCp in the RNA 

ligase reaction suggests a nonphosphorylated 3'-terminus in each 

case. Such ends (5'-P, 3'-0H) are characteristic of biosynthetic 

termini, whereas degradation products (at least those produced by a 

cyclizing type RNase activity such as pancreatic RNase) would be 

expected to have 5'-OH and 3'-P ends. In their basic structural 

features, therefore, Crithidia species je, JF_, £ and j _ are 
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indistinguishable from"those RNAs (such as 5S and 5.8S) that are 
\ 

recbgmzed structural components of eukaryotic ribosomes. 

Although the data are entirely consistent with the view that et 

f, £ and j_ are bona fide constituents of the Crithidia ribosome, they 

do not at this point allow us to draw definitive conclusions aboiit the 

biosynthetic origin of these rRNAs. While preliminary experiments 

have indicated that genes for all the RNA species of the Crithidia 

ribosope are physically linked, it remains to be determined whether 

theref is complete transcriptional linkage as well, or whether some of 

the nav^l small rRNAs, like eukaryotic 5S rRNA, are products of a 

transefiptional pathway separate front that which gives rise to the 

18S, 5.8S and 28S rRNAs. If, in fact, species e_, f_, £ and j_ are 

derived from the same large.precursor rRNA as the 18S, 5.8S and 28S 

rRNA species, it must be established whether post-transcriptional 

processing involves removal of spacer sequences delineating the coding 

regions of the novel small rRNAs, asin the case of eukaryotic 5.8S 

rRNA, or whether the small rRNAs are generated by phosphodiester bond 

cleavages between completely contiguous coding sequences (not 

separated by spacers). The primary sequence information presented 

here, together with detailed restriction mapping and nucleotide 

sequence analysis of cloned Crithidia rDNA, should, clearly distinguish 

among these possibilities. 

6. Concluding Remarks and Future Prospects 

In the course of the work presented in this thesis I have touched 

on many aspects of rRNA research. The most important conclusion that 
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can be drawn from the data presented here (3'-terminal SSU RNA 

sequences, the results of heterologous hybridization experiments, and 

preliminary analysis of modified nucleoside composition near th*e 

3'-terminus of wheat mitochondrial 18S rRNA) is that plant 

mitochondria are of an endosymbiotic, specifically eubacterial, 

origi^i. Some of the supporting data have been published in scientific 

journals (295,314). For the sake of completion, I am planning to 

analyze the wheat mitochondrial 18S and 26S rRNAs in terms of content 

and position of modified nucleoside components. 

Since Meat mitochondrial and E. coli SSU RNAs share a very ^ 

similar methylation pattern, at least within the 3'-terminal 100 

nucleotides, it should be possible to clone the genes for specific E_. 

coli methylases (e.g., those responsible for production of m|A and 

nrU) and then to use these cloned genes to detect the genes , 

responsible for mitochc#lrial rRNA modification. It would be 

interesting, for example, to determine whether genes responsible for 

methylation of wheat mitochondrial 18S rRNA are encoded by the nuclear 

or mitochondrial genome. It would also be interesting to determine 

whether the same methyl ase is responsible for production of m|A in 

both wheat mitochondrial and wheat cytosol 18S rRNAs. 

Our published observations on the rRNAs of Crithidia fasciculata 

may be summarized as follows: (i) Within its 3'-terminal 100 

nucleotides, Crithidia 1*8S rRNA is the most divergent eukaryotic SSU 

RNA so far analyzed (Schnare and Gray, ref. 293). The sequence in 

this 3'-terminal region that has been proposed to be conserved in 

eukaryotic SSU RNA and to interact witK 5S rRNA and mRNA is not 
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J • 

conserved in Crithidia 18S RNA (293). (ii) The Crithidia 5.8S rRNA is" 

at least 10 nucleotides longer than typical eukaryotic 5.8S rRNAs and 

these extra nucleotides are in the same'region as the spacer 

separating the 5.8Sa and 5.8Sb genes in Drosophila rDNA (Schnare and 

Gray, ref. 294). (iii) The four extra small'rRNAs in _C. fasciculata 

contain 5'-P and 3'-0H and they each have a unique sequence (Schnare 

et al., ref 296). Knowledge of these rRNA sequences will be valuable 

in precisely defining spacer sequences in Crithidia rDNA, 

Many of the questions raised in this'thesis about the origin and 

subsequent evolution of small rRNAs still await a final answer. 

However, we have completed most of the preliminary work on the 

Crithidia rRNAs necessary to allow a resolution of most of these 

questionsin the near future. I will predict, based partially on 

subunit localization (123) and partially on preliminary sequence data 

for t'he ends of%the two 26S rRNA fragments in Crithidia (M.N. Schnare, 

unpublished), that the four novel small rRNAs will map either within 

the gap separating the two halves of Crithidia 26S rRNA or at the 

3'-end of the £6S rRNA gene. I would also predict that there will be 

spacer sequences separating these small rRNAs and neighboring large 

rRNAs and that these spacers will represent highly variable regions in 

other known 25S-28S rRNA sequences. Decisions about whether the 

appearance of spacer sequences (which result in the production of 

small rRNAs) was an ancient or relatively recent event in the 

evolution of eukaryotic rRNA genes will rest ultimately on any data we 

can obtain about the phylogenetic position of Crithidia: In this 

regard, I believe it will be necessary to sequence a complete 
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Crithidia 18S rRNA gene, which should verify that Crithidia represents 

one of the earliest branchings within the eukaryotes. 0 

9 
« T 
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