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ABSTRACT )

Ribosomal RNA sequence comparisons can be used to determine
phylogenetic 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. [ have therefore utilized newly-developed,-rapid RNA
seauencing procedures to determine primary structure at the ends of
the mitochondrial and cytosol 185 and 26S rRNAs of wheat (a higher
plant). These results, along with the results of experiments
examning heterologous hybridization between wheat mitochondrial DNA
and Escherichia col1 16S and 235 rRNAs, provide strong ‘evidence in
support of an endosymbiot1ct specifically eubacterial, gvolutionary

origin of)wheat mitochondria.

ere 1s great diversity in beth size and base composition of
homg/logous high molecular weight rRNA species from various sources,

11e certain small-rRNAs that are present 1n some organisms are

absent in others. It is hypothesized that much of this diversity may
be attr1bufab]e to differences n the distribution of coding and

spacer sequences in rRNA genes, as well as differences 1n u
post-transcriptional pracess1n§. I have determined the primary
sequences of the 5.85 rRNA and four novel small rRNAs from Crithidia
fasciculata with the éoa] of precisely defining spacer sequences in

. Crathidia rDNA. Knowledge of these rRNA sequences and spacer
sequenceé should be valuable in testing the foregoing hypothesis.

‘ Sequence comparisons are also valuable in defining evolutionarily
conserved reg1ons of primary and secondary structure, which presumably
represent conserved functional domains of the rRNA molecule. I have
determined the 3'-terminal sequence of Crithidia 18S rRNA and, in the
-11ght of these new data, I have re-examined certain base-paired
interactions that have prev%ous]y been proposed to be involved 1n
ribosomal subunit association and initiation of trans1at1on ah
eukaryotes.

“
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1. The Ribosome: A Macromolecular Complex of Central B1o1og%ca1 v

.

Importance, ' ]

Messengé# RNA-directed proteinsynthesis 1; a very important aﬁd

extremely complicated procéss that occurs wn all living cells. Since
the translation of mRNA (protein biosynthesis) occurs on ribosomes, we =~ -
cannot fully understand the mechaniém of protein synthesis unti1l the .
structure, of the ribosome has begn elucidated comg]efe]y.
‘ Ribosbmes from all sources have a small subunit and a large
subunit, both of which contain RNA and protein compénegts (51). We
have undertaken a study of ‘the RNA- components of varjous ribosomes
with a long term goal of understanding the biosynthesis of ribosomes‘ - \\
* and their constituent rRNAs. §1nbe‘r1bosome§ perform essentially the -
same function in all living things, 1t foT]on that rRNA genes must

)

have been established early in evolution and that %unct10na11y
ﬂimportant regions of rRNA‘have been evolutionarily conserved.
Therefore, comparisons of rRNA genes from different sources shou]d
allow us to define these conserved regiohs, which presumably reBresent
mmportant 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.

Pr1mary sequence ana]ysig of a rRNA and of the gene encoding

"1t is valuable in delineating the ends of the gene and spacer

(]

!
L
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sequences, and should also provide clues about STgna1s for initiation

L

and termination of transcription and for process1ng of the pr1mary

%

transcript. Compar1sons of rRNA sequences are a1so useful 1n
establishing secondary structure models ‘and in determining

evo]utignary relationships among organisms (269).

. -

vy

2, Struq}yre of Ribosomes and their RNA CoﬁpOnents

2.1. Daiversity 1in Ribosome -and Ribosomal RNA Structure -

Altﬁough ribosomes from all sources perform a sim11an function 1n

* protein synthesi;, they a1ffer radically 1n size, RNA to protein ratio
and 1n the nunber and size of rRNA cdmponénts (51, Table 1; see also
INTRODUCTION, section 3). It can be seen f;om‘Table 1 that §SU RNA
ranges in size from about 950 nucleotides 1p animal mitochondria to
1955 nug]eotides 1n wheat mwtochonhriz,wh11e LSu RNA‘ranges in size
from about 1560 nucleotides in animal mitochondria to 4718 nucleotides
in rat cytoplasm. The typical value for‘G+Q conpént of rRNA genes is
about 55%. This value drops to about 55-45% 1n animal and ciliate
mitochondria and to“about 21% in yeas% mitochondria.

Th1s great)diverSJty in both size and base composition of
homologous rRNA species from different organisms has been useful 1n
defining a universal structural core (323) that is probably (
responsible for many of the conserveddprocesses 1n which SSU RNA is
invalved. ﬁowever this same diversity in rRNA structure complicates

sequence compar1sons that are used to deduce phylogenetic

relationships (SQISCUSSION, section 1). *

4
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Table 1,

(a) Sedimgntation 3

Prokaryotes )

r1bo
E. coli (35.41,49)
‘A nidulans (192 337)
P. vulgaris (48)
H volcami (139)

Eukaryotic Cytoplasm .
ribosome o

A, laevis (286,361)

S. cerevisiae (283,,111)
Rat (53,54,329)

P polycepha'luu {256),
S. carlsbergensis (354)
. discordeun {230)
Mouse (273)

Chloroplasts
{705 ribosome)

. mays (97,298)

~N

N tabacum {330,335) -

E. graecilis (120)
C. reinhardii (91)

Mitochondria N
anima

(Smribosome)

» Mouse (352)

Rat (177,284)
Human (98)
Bovine (7)

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

ciliate s

{805 Fibosome) *
Paramecium (300)

lant
(a’o’s—rrbome)

T. aa<tfvum (318) ,

a

t

°

B

30S subunit‘

a [4
165 1542 54
165 1487 _ 55
165 1544 " 52
165 1472 57

4035 subunit
a b ¢
188 1825 54
185 1789 45

185 1869 56

v
17 1875 42
186 1869 56

0S5 Subunit
]

a c
165 1491 56
165 1486 54"
165 1491 47
165 1475 54

. .
S

25-35S Subunit

2 ! o4
125 956 35
125 952 39
123 954 45

125 955 40
30-405_Subunit
a c

155 1686 22

- 158 1437 35
555 Subunit
a b [

405 Subunit
a ) t
18s 1955 &3

¢

High Molecular Wei ht R1bosoma1 RnAs of Known Sequence °
‘LWMMTWT%’WWCW (%,
r

content(%,)

505 subunit

a 4
235 2904 54
235 2869 58

.

'

4

60S subunit

a ¢
28 4110 66
258 3392 48
285 . 4718 67
265 *3788 53

265 3393 48

505 Subunrt
S =

a C
235, 2903 54
235 2804 55

2
\

40-455 Subunit
a

[3
165 1582 42

165 1559 38
16S 1559 35
188 1571 39
505 Subunit
a b c
215 32713 21
21s 2865 29

555 Subunit
) b ¢ ¢
205 2204 37

60S subunit
a b c

Note
(35,65 187)

"

-

Sedimentation coefficients for ribosomes and ribosomal subunits are from
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2.2. Seéondary Structure of LSU and SSU RNAs

A »

Secondary structure models have been proposed for E. col1 iGS

L (224,324, 379,380, 388) and 235 (37,114,249) rRNAs. Basically, three

techniques have been utilized ™ detéﬁhjnation of the secondary °

o

i structurenof rRNA moﬁecu]ékr(38). The first involves analysis of .

singlé—strandéd regions that are accessible to chemical and enzymatic

v

"+ attack, while a second involves analysis of the small base-paired.

y

frggménts that areoproduced by partial nuclease digestion of intact

rRNAs . Setondary structures developed on the bas1s of these two

5

‘methods can be refined by the third method, comparative sequence *+ °

2

analysis. This approach assumes that a functaonally important element

[

of secondary structure is likely to be.conserved between,two‘

homologous rRNAs, even where extensive primary sequence divergencg}yas .

*

3cc urred. .

The SSU RNA sequences from mammalian £225,323,324,388) and funga{
(323,324) mitochondria, the sequepcgs.of\eukaryotic nuc]ear-enQOded
185 rRNAs (53,252,323,324,388), ch1oroQ1ast 165 rRNA sequences \\
. (323,324,388) and an archaebacterial 165 rRNA squeﬁce (139) can all \\

be drawn to fit secondary structure models that have many-features in . '

common with those proposed for E. coli 16S vRNA. Comparison of these

Y

models reveals a smaller secondary structure core that. is common to
all SSU RNAs (323), Similarly, the LSU RNA sequences from y
ch]orop]asts{(37,114,249), yeast cytoplasm (354) and mitqchondr1a
(180,311,323,324,388) can:all bg'éccommodated by secoﬁdav&kgz;uctu e

models that g¥osely resemble those proposed for E. coli 235 rRNA.

D)

d

o



“This comservation of a basic secondary structural core in
homplogpus rRNA species from different sources, whiéh is quite
remarkable 1n view of the great diversity mn size andybase composition -
of these molecules (Table 1), 1mp1ies that secondary structural -
e1ementstés well as primary sequence are funét%ona]]y mportant n
pﬁbte1n biosynthesis.

2.3. Modified Nucleoside Components of Ribosomal RNA

In addiﬁ1on to the four major nucleosides present in rRNA
populations, minor amounts of modified nuclepsides afe also present.
In rRNAﬂ£hese minor components are usually ribose (QF}) or base
methyl ated der1;atives of the four major nucleosides. Pseudouridine
(¥), a modified nucleoside in which uracil 1s linked through 1ts C°
rather than )ts N! position to the ribose mofety (144), is also found
in rRNA, as are N“-acetylcytid1ne and l-methyl-3-(3-amino-3-carboxy-
propyl)¥. Examination of Ty oligonucleotides that contain modified
nucleosides has revealed that rRNAs are homogenous with respect to

v mefhyl ated sequences and that methylation 1s a hjgh1y specific process
(103,144). Althgpgh the function of modified nucleosides 1n rRNA 1s
uncertain,” there ,are a few reports which suggest that rRNA methylation
may be réqu1;ed for matu}at1on 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), %heat (196,307) and
Crithidia (122) cytosol rRNAs have revea#ga that most of the modified

nucleosides in eukaryotic rRNA are ribose methylated and that many of
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nuclear; pl, plastid; mt, mitochondrial. See the text for references.
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the methyl ated sequences are evblutionarily conserved within the?l . -7

[ ™~

eukaryotic kingdom. Analysis of the methylated sequences in E. col1

165 and 23S rRNAs (103) has indicated that most of tﬁe modified

-

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

,EF‘—methy*Qucleos1d§§ relativeyto the level observed in eukanﬁ%tiq ’
rRNAs. The methylétion pattern observed in E. coli 165 rRNA js highly
conserved within the_eubacter1a] kingdom (378).and is distinét from
that found 1n the archaebacteria (17). Thg base methy1a{idn§ observed’

n E. coli 23SﬂrRNA (103) are missing in the 255 rRNAs from Mycoplasma

capricolum andechoTeplasma Jaidlawit (153). However, these two

-

organisms display typically eubacterial 16S rRNA methylation patterns

(153). B i o
L. . Y
Hamster mitochondrial LSU RNA contains four ribose methylated

nucleostdes (16,92), whilk.the SSU RNA contains five base methy}gtéd
huc]aps1des (16,93). Yeast (175) and Neurospora (192) mito&hondrial
- LSU RNAs each contain twé ribose metpyl ated nucleosides, while the
mitochondrial SSU RNAs from thess two fung1 are completely

{ I
unmethyl ated.

-
.

3, Evolutionary Origin of Low'Mol ] n'We1ght Ribosomal RNAs v

3.1. Ribosomal RNA Gene Organizatqllk (Figures and %

3.1.(a) Eubacterial rRNA Génes *

® e
In the eubacteria E. coli (40,212,238), Bacillus subtilis

y
(322,387), Bacillis thuringiensis (174) and Anacystis nidulans

% -
(336,373), the rRNA gene order is 165-235-~5S with spacers of variable

¥

' .



n 1engtp§ separating the three rRNA genes. The rRNA genes in E. ¢ ol

are co-transcribed in the order 5'-165-235-5S-3' from a sing?e
promoter at the 165 end (87) and there is evidence for a similar

co-transcription of rRNA genes in Bacillus subtilis (387).

There are seven rRNA transcriptional units in E. coli (238), one

of which (rrnD) contains two 55 rRNA ggﬂss (94). Four of these units

have tRNAG]“ while three have tRNAA1@ and tgNAITR® genes 1n the

- tgenscr1bed spacer separagjng the 165 and 235 rRNA genes (238). The

complete sequence of thé rrnB operon from E. coli has been determined

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

‘(3§G{373) and sequenge‘ana]ygji of the 16S-23S spacer of one of these

has revealed the presencé of both tRNAITe[and tRNAAT A genes

us subtilis conﬁfgn

(373). Two of the ten rRNA<operons 1n B

. ¥
tRNAAT A and tRNAI]e genes between the 165 and 23S rRNA genes «

(211). No tRNA genes are found 1n the 165-235 rRNA spacer 1n rRNA

gene clusters from Bacilius thur1ng1ens1s‘(174).

3.1.(%) Archaebacterial rRNA Genés,’
There 1s a single copy of the rRNA genes arranged in the order

5'-165-235-55-3' 1n Halobacterium halobium (152,244), Sulfolobus

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

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

Desulfurococcus mucosus (244). Methanobacterium thermoautotrophicum

(244) and Methanococcus vanielii (160) contain twouand four sets o(

rRNA genes,“respective1y, arranged in ihe order 5'-165-235—55-3'.“J

N N
Sulfolobus acidocaldarius (244), Thé’ﬁococcus celer (244) and

» P “es
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Methanococcus-vanie]if)(160) each contain an extra 5S' rRNA gene. The

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

and 235 rRNA genes in two of the four rRNA operons in Methanococcus

'vanielii. One of these spacers contains a gene for tRNAA&a while -
—_— I~

no tRNA structure could be foynd irthe other spacer (161) There is

r also a single copy of each rRNA gene 1n Thermoplasma acidophilum

(341). However, these genes appear to be physica11§ and
transcriptighally unlinked, with a distance between the 16S and 23S .
rRNA genes of at least 7.5 kb. The 235 and 5S rRNA genes are at Teast
6 kb 4part and the 16S and 55 rRNA genes are separated by at least 1.5
kb (341).

1.(c) Ch]orqb1ast rRNA Genes

(1) Edg1ena gracilis

Genes cod1ng for 16S, 23S andISS rRNAs are found on each of three
tandemly repeated 5.6 kb segments of Eug]ena ch1orop1ast DNA :
(134,135,253). The gene order is 5'-165-235-55-3"' and the spacer
separating the 165 and 235 rRNA genes contains a tRNAIle and a

»
tRNAAI R gene (119,253,254).

(i1) Chlamydomonas reinhardii ¢« ]

In addition to 16S; 235 and 55 rRNA, Chlamydomonas chloroplast

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

rRNAs.are physically (27;,278) and probably transcriptionally
(277,326) linked in the order 5'-165-75-35-235-55-3'. These genes are
separated by spacer DNA (277,278) and there is at least one tRNA gene
dn the 165-75 rRNA spacer region (223). There are two copies of this
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rRNA gene' cluster, found in an inverted repeat arrangement in

Chlamydomonas ch]orﬁb]ast DNA (278), and both of the 235 rRNA genes

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

(111? H1gh%f Plants . | . e
Two copies of ‘the rRNA genes are located withlgﬁinverted repeats
on the chloroplast DNAvof most of }he plants that have bee; examined
to date (22,104,166,171,258,259,316,36y). However, broad bean {181),
ﬁnd_pea (260) chloroplasts contain only one set of rRNA genes. Plant
%ﬁ&orop]asts dq not contain 7S and 35 rRNAs but they do have a 4.5S
rRNA component (33,368) that maps between the 23S and 55 rRNA genes
(3285. Plant chloroplast rRNA genes are arranged in the order
5'-16S-235-4,55-55-3' (22,96,104,166,328,367) and an 8.2 kb traﬁscr1pt ‘
that reﬁ}esgnts a comwon precursor of the 16S, 235 and 4.5S rRNAs has J/”X\
been iso1atgd from spinach (145,146) and tobac%o (331) chloroplasts.
The nucleotide sequence of a complete rRNA gene c1us§er has been
determined 1n the case of Lea mays (96,97,178,298,299) and Nicotiana
tabacum (329-331,334,335). chloroplast DNAs. poth DNAs contain a
tRN{\ne and a tRNAA12 gene in the spacer region separating the 165, °
ana é3S rRNA genes and these spacer-encoded tRNA genes are 1nterrupted‘
by Tong 1ntervening sequences (178,331). . \ |

3.1.(d) Eukaryotic Nuclear rRNA Genes *

Typical eukaryotic ribosomes contain four RA components,
designated 25-285, 17-195, 5.85 and 55 rRNA (64). Investigation of
the high molecular weight rRNAs of various eukaryotes by gel -

electrophoresis has revealed that these rRNAs have not maintained

[ - '
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const;Lb size throughout evolutionary history) However, there is no
obvious re]atiohship betweep rRNA s1ze and phylpgenetic positien
(46,20@). Eukaryotic rRNA genes are arranged in thé order
5'-185-5,85-285-3! in all eukaryotes that have been examined
(23,47,63,76,138,209,226,268,274,356), dnd thése genes are s
co-transcribed from a single promoter to yield a 375-45S precursor
molecule that 1s processed to produce the mature rRNAs
(23,76,102,209,274,267). The 55 rRNA gene is 1.3 kb from the 3'—end

of ‘the 255 rRNA gene in yeast (Saccharomyces cerev1s1ae)"(23) and

within 7 kb of the 3'-end of the 255 rRNA gene 1n Dictyostelium

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

the 3'-end of the 255 rRNA gene (73). The Saccharomyce§~(189,347),

» Euglena (73) and Dictyostelium (20,121) 55 rRNA genes are not ~ |

4

transcriptionally 1inked to the other rRNA genes, and the 55 .rRNA gene

of yeast is known to be in the oppos1te or1entat1on relative to the ‘

other rRNA genes (189 347) In all other eukaryotes examined the 53 ‘\i
rRNA genes are not phys1ca11y or transcr1pt1ona11y 11nked, to the other

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

trénscript1ona] units of Saccharomyces cerevisiae (308,309),

Sac&haromyces carlsbergensis (353,359), Xenopus laevis (143), Xenopus

borealis (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 185 and 5.85 rRNA genes *
(1TS1), or'in the internal transcribed spacer separating the 5,85 and

265 rRNA genes (ITS2),

wh
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The 255-285 rRNA of ﬁany eukaryotes contains a median or nearly
median break that is masked by hydrogenlbonds between the two halves
of* the molecule (46). R-Loop mapping of the rDNA reveals a gap
inOO-GOO nucleotides long) separating the regions encéd1ng the two

halves of the 285 beA in Drogbph11a melanogaster (266,363), Sciara

coprophila (276), Acanthamoeba Laste11anii (74) and Leishmania

"donovani (203). Similarily, i‘ the dipteran insects, Drosophila
melanogaster {262) and Sgiara coprophila (165), the 5.85 rRNA

homologue 1s present as two non-covalently associateduﬂna11er ("5S™
and "25") rRNAs, and £he genes encoding these %n§11 rRNAs are

separated by short transcribed spacers.

N 1 i

¢ -

' Intervening sequences have been ‘detected 1n many but not all of

the éés rRNA genes in Drosqphiia melanogaster (115,363, 366), /

Drosophila virilis. (19), other.c1ose1y9re1atgd species of Drosophila

(269), and in J;;then;insect, Ca111phorh erythrocephala (21). At

least in the case of D. ﬁe]anogaster, the 285 /rRNA, genes that contain
1ntervening sequences do not dbpeér to be transcribed at a significant
Tevel and, these genes probably do not give rise to mature, functional

285 rRNA molecules’ (210).

u
LN

Two intervening sequences have been found ih most if not all of

- 8 .
the 265 rRNA genes, in Physarum polycephalum (47,138), and there is a

* single intervening sequeﬁce 1n all of the 26S rRNA genes 1n some

strains of sevéral species'of Tetrahymena (82,370), There appear to
“be two introns in the 255 rRNA genes and one intron in the 175 rRNA

genes of Plasmodium lophurae (343).
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The excision of the intron sequence and subsequent ligation of

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

‘the RNA transcript 1evel in the absence of enzymes or other protei?s '

., and does not require ATP or GTP hydrolysis (P91). This self-splicing

ability appgars 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)

s °

(i) Animals . S -
In human (§8), b?vine (7) and mouse (352) mitochondrial DNA, the
rRNA genes and immedtately adjacent tRNA genes are located on the same
strand, in the order 5'-tRNAPPC.smal1(125)rRNA-tRNAV31-Targe(16S)
rRNA—tRNAhe“—3'. Ph&sica]umapﬁing of rat (190), Xenopus (272) and
avian (113) mitochondrial DNA also suggests$ a c1ose Tinkagé of the two.

/

TRNA genes.' In Drosophila yakuba (61) the rRNA gene order 1s also

5'-125-tRNAVal-165-3'; however, 1n this case tRNAPM® and tRNALeU
genes are not found flanking the rRNA genes. No intervening sequences
have been found in animal mitochondrial rRNA (or any other) genes.
(11) Fungy

In strains}of the yeast Saccharomyces, the mi%ochondria1‘genes

for the LSU éﬁﬁ SSU RNAs are far apart, separated by at Teast 25,000

bp (31,288,289), and these two genes are t%anscribed 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

A\

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

" the mitochondrial genome.l The mitochondrial DNA of the water mold

N
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Figure 2. Arrangement of the rRNA genes in divér
genomes, The genomes and theircontained rRNA genes are dtaw

‘proportion, excépt that only a small section of the maize
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Homo sapiens

4
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-
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Saccharomyces cerevistae
. ‘Neurospora.crassa
*
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Tetrahymena pyriformis
185 5§ 268
”L LSV | N -_7//0‘
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Zea mays
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se mitochondrial

myivit:ﬁ

mitochondrial genome 1s shown, SSU RNA genes (stippled boxes),”LSU

S 3
RNA genes (sol1d boxes), and introns 1n fﬁe S. ‘cerevisiae 215 and N. -

crassa 255 rRNA genes (open boxes) are 1ndqcated. The continuous

'

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

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

rRNA genes 1n Tetrahymena mitochondrial DNA.

~ references. Réprinted with permkfsion, Trom M.W. Gray (125).

\
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See the text for
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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 Chlamydomonas chloroplasts (see INTRODUCTION, section 3.1.c).

A single 1ntervéning sequence has been detected near the 3'-end

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

~ . . e
(30), Neurospora (80,136,142,150) and Aspergillus (198) mitochondria.

“"The LSU RNA gene from Podospora anserina mitochondria contains two

<

intervening sequences (383). .

-

(11%) Ciliates o

The mitochondrial genomes Bf Paramecium aurelia (69) and

Tetrahymena pyriformis (116) exist as Tinear DNA molecules (14 pm and

15 um, respect1ve1y),k1n contrast to the circu]aé genames that are”
character1ét1c of animal (7)(§nd fungal (31) mitochondria. The
Paramec1um m1t0chondg1a1 DNA conta1ns a single copy of the LSU and SSU
RNA genes, with the large (218) rRNA gene near one end of the genq@g
and the small (14S) rRNA gene near the center (69). Tetrahymena
mitochondrial DNA also has a 145 rRNA gene near the center of the -
molecule; however, this genome contains two cop1es of the 21S rRNA
gene that are found in an inverted arrangement, at opposite ends of
the 11inear mitochondrial DNA molecule (116).
(), Plants '

Plant mitochondrial DNA'not only contains a 265 and an 185 rRNA
gene, but a 5S rRNA gene as well, which has not been found in animal
or fungal mitochondria (200): The 185 and 26S rRNA genes are widely

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

»
%

9
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maize (157,320)), whi]é the 185 and 55 rRNA genes are gipse1§\1inked
(28,156,320). In wheat and maize the mitochondrial 185 and 55 rRNA 7
genes are on the same strand (55,128), with the 55 rRNA gene near the
3'-end of the 185 rRNA gene (55,128,295" and this thesis).

3.2. Structural Homology between Low Molecular Weight rRNAs and the

Ends of E. coli 23S rRNA

i

From the preceeding section it is obvioys that there are small
rRNAs present in‘ribosomeé from some sources (e.g., 5.85 rRNA in
eukaryotes, 4.55 rRNA 1n higher plant chloroplasts, 3S and 7S rRNA 1in

Chlamydomonas chloroplasts) that are absent in ribosomes from other

sources., It has been only recently, with nucleotide sequence analysis
of these small rRNAs and of E. coli 23S rRNA, that the strLctural‘
relationship between these small rRNAs and eubacterial 23S rRNA has
become apparent. .

The gene coding for the 5.85 rRNA (160 nucleotides) of eukaryotes
1s separated by a transcribed spacer (ITS2) from the 5'-end of the
25-285 RNA gene and eftensivé ident1py has been observed between 5.8S
rRNA and the 5'-end of eubacterial 23S rRNA. Interestingly, sequence
1dent1ty has also been found between the 5'-terminus of eukaryotic
25-285 rRNA and the region beginning about 160 nucleotides in from the
5'-end of eubacterial 235 rRNA. Sequence comparisons of this sort
have prompted Nazar (240,241), Jacq (159), C1ark‘and Gerb1 (57) and
Walkar (352) to propose that the 5'-end of .23S rRNA is the structural

analoglie_in aryotes of 5.85 rRNA. The 7S and 3S rRNAs of

Chlamydomonas chloroplasts also show similarity to sequences at the

4

a
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5'-termini .of eubacterial and other- chloroplast 235 rRNAs (277). °

Even within the eukaryotes there are examples where excision of
spacer sequence§ results 1n the production of small rRNAs that are
homologous ‘to sections of larger rRNAs. For example, the split 5.8S
rRNA ip D. melanogaster appears after excision of a short, A-U rich,
traéscribed spacer,” and the split 285 rRNA of some eukar&otes could
also possibly Be the result of spacer excision (see INTRODUCTION,
section 3.1.d). i ‘ - ’

{Comgarisons of plant ch{z::p1ast and eubacterial rRNA'gené
sequences have implied that the couﬁterpart of the 3'-end of E. col1
23S.rRNA is found as a discrete 4,55 rRNA 1n chloroplasts (96,215) énd
1s separated from the rest of the 235-rRNA,gene by a transcribed
spacer (97,330).

The 3'-terminus of anwmmal (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 6r to
chloroplast 4.5S rRNA. weﬂyere interested 1n determining whether the
wheat mitochondrial 26S rRNA follows other mitochondrial LSU RNAs 1in
this respect, or whether 1t contains'q 4,55 rRNA homologue at its
3'-terminus. If 1t does, knowledge of the sequence of this region of
the mitochondrial 265 rRNA could shed 1ight on the evolutionary origin
of the separate 4.55 rRNA in chloroplasts.

With these objectives in mind, the sequences at the 3'-terminus
of wheatamitochondrial and wheat cytosol 265 rRNAs were determined and

compared to published sequences of their chloroplast and eubacterial

homologues. -
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3.3 Transcribed Spacers-and Yariabie-Regions in rRNA.Genes

*

It has been proposed (57,85) that plant chloroplast 4.55 rRNA and’
eukaryotic 5.85 rRNA were originally part of a 23S {RNA ancestral gene,
and that the transcribed spacers became inserted into the 235 rRNA
gene during evolution, Subsequently, a mechanism developed which
allowed these sequences to be processed out at the level of the

.

grimary transcript, to yield a separate 5.85 rRNA or 4.55 rRNA. It
has also been suggested thag the spacer separating the 23S and 4.5S
rRNA genes in plant chloroplasts is related to bacterial® insertion
sequencgs (97) or that the spacer may be homologous to an 1ntron and
that the two RNA molecutes (ZBS‘and 4.55) remain unligated due to
incomplete splicing (330).

Heterologous hybridization experiments between the rDNAs of
- Xenopus and yeast (118) §nd between the rDNAs of Xenopus and
Neurospora (67) have revealed a pattern in which regions of high1yﬂ
conserved primary structure in eukaryotic rDNA are separated by
regions that are highly variable in 1ength%3nd primé}y strq;ture.
These variable regions largely account for the diversity in Tength and
base composition of mature eukaryotic LSU and SSU RNAs (see Table 1).
It 1s also possible that some of the differences in length observed,
between r&NAs of various organisms are a result of small duplications
within the rRNA genes (256). Ve '

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)

-
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have.reveaIed that while fheAmature rRNA sequences are highly
conserved, there has been rapid sequence divergence within the spacers
and that the base compos1t16n of the variable regions in rRNA genes is
similar to th§t of the transcribed “and excised‘spacer regions. Tﬁiig‘
observations led Cox and Kelly (65,66) to propose that spacer
sequences, 1ntrons, and variable regions of rRNA genés may all be
evolutionarily related and that they all r®present insertions into an
ancestral gene.

An alternative interpretation is that the ancient pattern of rRNA
gene structure was one of "genes in pieces", as has been suggested in
the case of proteiﬁ coding genes (86). This theory implies that small
rRNAs became part of 1a;ger rRNA.molecules in the course of
evolution. It should be noted that acceptance of this theory does nqt
exclude the possibility that some spacers and/or introns are the
result of i1nsertions. In either cdse,~1t;fo11ows that some spacers
“could be degeneréfe introns and that some variable regions could be
dégenerate 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 rQNA spacer sequences aﬁh the orig1n“of small rRNAs. The
cytoplasmic rTbosoﬁ; of this organism, a %rypanosomatid ﬁ;otozoan, is
unusual in that the Jlarge ‘subunit contains six small rRNAs (designated
e, f, g, h, i and j) (122,123), whereas typical eukaryotic ribosomes’
conta%n only two low molecular weight rRNA species (55 and 5.8S)

(64). Data from gther 1ab6rator1es suggest a very simf]ar or

-
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1dent1c§1 spectrun of rRNA components in Leishmania tarentole (305),

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

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

Primary sequence ah}1ys1s has shown that Crithidia species h 1s
homologous to the 55 rRNA of other eukaryotes (217). As a first step
towards gaining an understanding of the bjosynthetic and evolutionary
origin of Crithidia species e, f, g, i and_i; the complete pr?;ary )

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

4, ﬁhy1ogenetic Relationships and Small Subunit Ribosomal RNAs

4.1. Phylogenetic Classifications

In classifications of organisms into primary grohps, the most
obvious d1v1s{on 15 between the Prokaryota, or prokaryotes (bacteria,
including cyanobacteria), and Eukaryota, or ®ukaryotes (all other
organisms, unicellular and multicellular) (56,88). The most mportant

tinction between these two groups is that prokaryotic cells lack
the nuclear membranes, plastids, and mitochondria that are present in
eukaryotic cells (83).

More recently, the eukdryotes havé been subdivided 1nto four ¢
major kingdoms (369), based primarily on morphological organization
* and on means of nutrit1on\ﬂphotosynthesis, absorption, or 1ngestion).
These kingdoms are Protista (unicellular eukaryotic organisms),
Plantae (multicellular green plants and hf!”ér algae), Fungi
(multinucleate higher fungi), and Apimalia (mu]tice11u1a; anmmals).

Unt11 1977, theories concerning the evolution of organisms

7
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hd ' '
started with the assumption that prokaryotes evolved first and that

euquyotes evolved directly from a gfanch of the prokaryotic x
phy%ogenetic tree (83,?27,228,369). In 1977, <a revolutionary new é&ﬂ
phylogeny, based on T; oligonucleotide catalogue analysis of S§U RNA,
was, proposed by Woese and Fox (377).'5They showed that the 16S rRNA of
one group of'proquyotés, the methanogenic bacteria, is no more
closely re&gted to the 165 rRNA of true bacteria (eubacteria) than to
the fB%'rRNA encoded* by the eukaryotic ndc]ear geﬁome. The '
halobacteria and thermoacidophiles (106) were also found to be members
of this third group, the archaebacferia. |

These three primary kingdoms (Eukaryota, Eubacteria and
Archaebacteria) appear to be evolutionarily distinct from one another,
based not only on rRNA sequence data)but on other biocchemical ﬁgatures
as well (375Y). The,existence of three primary kingdoms, representing
d?SCrete and ancient evolutionary lineages, wmplies not only that
archaebacieria], eubacterial and eukaryotic nhc]ear.genomes must have
diverged from a common ance§t;a1'genome (the "pfbgenote", ref. 376)
very early in evolutionary history, but that the eukaryé@ic 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
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mitochondria in the=eukaryoti% cytoplasm was obviously a majd} event

in the evolution of the eukaryotic cell, there has-been m::: debate

about the evolutionary 0r1g1n of these organelles (107). ° . ;
There are basically twe k1nds of theor1es that attempt to exp1a1n

the origin of the separatef comparhnenta11zed genomes of eukaryotic

oréane]]es. 'Autogenous origin (direct filiation) hypotheses . k‘. .* !

(24,50,172,271,275,3453 propose that ;uclear and organelle genomes

became physically Sompartﬁ;nta11zed and %unctlona11y»specialized

within a single cell. “Xenogenous or1gjn hypotheses (4,83,227,?28,374{

propose that nuclear genomes -and mitochondria1é¥momgs were origina1]yk

in different sorts of cells, Specifically, the endosymbiont

hypothesis sqbgests that mitochongria originated from prokaryotes that o

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

contaiped the anggestral eukaryotic genome.

. g
Since many mitochondrial proteins are e;coded by the nuc}ear '

genome (c.f.vref. 50,12f,358), @hé endosymbiont hypothes1s requires

gene transfer %ﬂ%? the endosymbiont to the nuclear genomet Tﬁis

seemingly diff1cuﬁt concept 1s not essential to the autogenous origin v

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 nuc]ear genome has recently

been' obtained i1n the case of a fungus, Podospora anserina (384), and

sequences homologous to mitochondrial genes have been found in the
nuclear genomes of Neurospora (351), i?t (140), human (340), yeast
(100), sea urchin (158), maize (169) and in the insect, Locusta .

. 4
& .
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migrator{a (110).
The direct.f111at1on theory 1hp1ies that the eukaryotic nuclear
** »and mitochondrial genomes shared a comm;p ancestor more recently than
etther of these did with eubacterial or archaebacterial genomes. In
contrast, the endosymbiont hypothesis suggest§ that organellar and
eubacterial genomes shared a éommon_ancestor morelrecent1y tﬁqn did
eubacter1aj and either.archaebacterial or eukaryotic nyclear genomes.
As data accumulate, }t should -therefore be possible to distinguish
between these two opposing theories.
The endosym61pt12 theory of mifochondrﬁa1 br1gin has drawn
o support from analysis of mitochondrial protein components
i (83,127,162,358,365). Strong homologies have been observed bet;een
-e1ectron transport components of mitocﬁbndr1a and the aerobic

bacteria, Paracoccus denitrificans and Rhodopseudomonas spheroides

(162:365). However, the validity of phylogenies based on ptotein
se;uence d;ta relating eubacteria and organelles has been brought into
question (5,6,346).‘ The problem with this approach is that
phylogenies based on cytochrome g_squences do not agree with
- tlassical (mprpho]og?ca]]y based) relatianships (5,6), and do not
always agree with phylogenetic refationships_ﬁeduced from other
P Qteﬁn.sequences_(ﬁ).
/r Nuc1éar, orgahg]]ar and eubacteria] comparisons based on protein
(sequence data are 6omp1jcated By the fact that most.mitochondr1a1
proteins are encoded by ;he 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
to be good cand1dateskflor phylogenetic comparisons because rRNA gan’ be -
jsolated readily 1n high-yields and because YRNA function in -

e -

mRNA-directed protein synthesis has been universally conserved.

Ribosomal RNA genes are found in the genémes of all self-replicating

" organisms, as well as mitochondria and ch]orop{asts; gnd appear to be

evolving at a rate sTow enough to allow detection of ancient as well
as recent evolutionary events (106,375,377;378).

Ribosomal RNA ;equence data have been 1nstrumental in solidifying
the view that chloroplasts are of endosymbiotic, specifica]ﬁy '
eubacterial, origin (91,97,120,127,298,330,335). Because of the great
d[&ersity 1 the size and base composition of hdmo]ogous rRNA species

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

compelling evidence for an endosymbigtic origin of mitochondria has

emé}ged from recently published primary sequence data for
mitochondrial LSU and SSU RNAs from animals ¢7,15,61,98,1gﬁ,177,284;
352), fungi (179,1§0;204,310,311) and protozoa (300) and mitdchondrial
58 rRNAYfrom plants (132,313). Seemingly strong suppori for an l
endosymbiotic origin of mitochondria has come from comparisons of

T, oligonucleotide catalogues that demonstrate the e#bacterial nature

of wheat (Triticum aestivum) mitochondrial 185 rRNA (27,72). However,

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

one consistent with either an endosymbiotic or autogenous evolutionary

a

origin.

Oqg of the major goals of the research presented in this thesis

“
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was to provide further information QH both the primary sequence and
modified nucleoside, content of the wheat mitochondrialerNAs.
Bna1ysis of the data presentgd’here hgs‘provideq an add1t;ona1 basis
for distinguishing between an endosymbfotic or- autogenous origin of
wheat mitochond%1a.‘ The results stréng]y reinforce the 1dea that
wheat mitochondria had an endosymbiotic, specifically eubacterial,

evolutionary origin.

’ 4.3, Structure, Evo1utidh,3nd Function of the 3‘-Térm1na1 Sequence of

¢

SSU_RNA ; o .
Until recently it was technically inchult to determi}e the'
primary structure’ of long RNA mo}ecﬁleél and co qu55t1y'sequence
information did not“extend beyond the 3'-terminall 20-30 nucleotides of
SSU RNA (78,141,302,303). However, thef%5ﬁ71caﬁmon of rapid
sequencing techniques to cloned rBNA (7,41,61,91,98,108, 117 121 139,

143,151,161,164,170,177, 179 204, 211 225,230,233,273,283,286,287, %98
308,310,335,337-339,352, 353) and to SSU RNA itself (11,15,48,49,75,
‘90,154,168,205,349) has nOW‘made 1t pé&slple to determ1ﬁexmuch“1onger“
(> 50 nucleotide) 3'-terminal sequences for SSU RNA. Even so, at the
time this research was begun, such sequence information wasﬂlnmited to
a few representatives of the eukaryotic animal (1f,164,287), plant
(11,75), and fungal (308) kingdoms, as well as to a single prokaryote
(41,49); as such, i} did not encompass a broad range of existing
organfsns. In particular, no primary sequence information existed for

thefBSU RNA of any member of the kingdom Protista, which of all the

eukaryotic kingdoms appears to be evolutionarily the most ancient, and

\J
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phylogenetically the most diverse (369).

In order to gain a more comprehgnsive view of the function and
AR

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

sequence of the first 100 nucleotides at the 3'-end of SSU RNA from

1

the protist, Crithidia fasciculata, a trypanosomatid protozoan.

Comparisons of éhkaryot1c and prokary;%‘b SSU RNA sequences have
indtcated that this portion of the molecule is a good phy]oggnetic
“indicator, and therefore I have also undertaken an analysis of the
3'~terminal sequences of SSU RNA from wheat mitochondria, wheat

cytosol and E. coli 1n the context of mitochondrial evolution (see

P

The pr1mary,seqﬁéﬁzg/;;/;5e mmmediate.3'-end of SSU RNA is, in

fact, highly conserved-in both prokaryotes and eukaryotes
(11,141,350). In'all cases a stable hairpin sﬁyucture can be formed
by 1ntrano1ecu1ar base-pairing start1ng about 10-15 residues from the
3'~terminus (11,350). The single-strand loop of this hairpin almost
always contains two adjacent N®,N®-dimethyladenosine (mSA) residues,
situated at an identical po§1tion in both prokaryotic and eukaryotic
SSU RNA (1,78,291). Th1is remarkable preservation of primary sedhence,
secondar} $trycture, and post-transcriptional modification argues that
the 3'-end of gSU‘RNA playgka hnivef%q] role in protein biosynthesis.
Functional interactions, by way of .complementary base-pairing,

have been postu]atedhbetwgen the 3'-end of SSU RNA and both mRNA and
5S rRNA. It-has been suggested that interactioq between SSU RNA and
mRNA may serve in positioning the 1attér.correc£3y for initiation 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 éNA and 55 rRNA may be involved 1n the association of

I§rge and‘small f1bosoma% subunits during protein synthesis (9,13). -

In fact, §pecific complexes between prokaryotic 165 rRNA and mRNA B

(318,319), eukaryotic 185 rRNA and mRNA (10), and eukaryotic 185 rRNA .

and 5S -rRNA (13,14) have beep observed, and possible sites of )

“1nteraction in these complexes have been 1inferred from sequence ‘data

(9-11,141,302,303,318,319,386). However, with the exception of the
mRNA binding site 1n E. coli 165 rRNA (95,332), the 185 rRNA binding
site in wheat (246) and Neurospora (168) 55 rRNAs, and the 5S rRNA

v
-

binding s1te 1n Neurospora 185 rRNA (168)3 there is as yet little -
ad$rect eviqence supporting the particular sequences which are suﬁposed

to inateract 1n the VQ{TOUS proposed complexesﬂbetﬁeen SSU RNA and ‘
other RNAs. In the absence of such'informatloﬂ, comparative sequence
aﬁa]ys1s of SSU RNA may be helpful in evaluating how generally™
applicable the 5roposed interactions between it and other RNAs may be

(11), .

e s
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METHODS

%

1. Preparation of Viable Wheat Embryos

4

Viable wheat embryos were prepared from pedigree wheat seed

(Triticum aestivum var.'Thatchen) by a ﬁodifiqgj%bn of the method of

Johnston and Sgirn (163).

»

10 sec at low speed with a Powerstat (Type 1168, Superidr Electric
Co.,, Bristol, Conn.; U.S.A.)(settipg of 85. .The dnound wheé? seed was
then transferred to a series of Endecott test sieves (Canadian‘
Standard Sieve, W.S. Tyﬁer 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. s -
The crude embryos obtained from'io kg of wheat seed were gently
shaken in the #30-mesh sieve while the bran was blown from the mixture

o

with a hair dryer. The wheat embryogywere then separated from

5

cyclohexane/carbon tetrachloride (10/25, v/v). The embryos floated to
the surface and were recovered by aspiration followed by filtration
through Whatman #1 filter paﬁér. This flotation procedure ‘was.

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

and allowed to dry overnight. The orgamic solvents could be filtered

One kg Tots of wheat seed were ground in a commercial- blender for

L 4
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through glass wool followed by Whatman # paper and then re-used.

. However, fresh solvent mixtures were a]ﬁays used for the fipal two

i

flotations. * =~ | -

3
-

~ L After blbqug of f residual bran, the embryos were sieyed through
a #ZO-mésh gieve, 1eav1;g behind Targe endosperm,;rggments,anroken
embryos and sﬁai] endosperm fragments/were sub§eﬁu;nt1y'remo}ed by -
sievigg through a #24 mesh sieve.ﬂ T;é purified embryos,ﬂaﬁp;oximately
30:35g,4;ere.aga§n blown free of residual bran and stored over
?rieriée at 4°c. ) . .
y C T ' 7.

2. Germinatiép of Wheat émbnyésf -

Wheat embryos were aﬁloweq to germinate in 24 g or 48 g b@tchas
at room temperature for 24 hr in the dark. The 'embryos were pi%bed in
plastic Petri dishes (13.5 cm diameter, 2.4 g/dish) on Whatman 3WM -

s .
filter paper in the presence of 16 m1 of 1% dextrose, ~

"

o~

3. I§b1ation of Wheat Mitochondrial and Wheat Cytosol Total RNA

Wheat mitochondria and cytosol were prepared from germinating
wheat embryos by a modification of the subce¥lular fractionation
procedhre'of Cunningham and Gray (71). The sucrose so]u§1ons were
prepared on the day before use; however, 2-mercaptoethanol and BSA
were not added to these solutions until 30 m1n}prior to use,
Operations were carried out below 5°C using chilled buffers and'
glassware for all RNA isolation procedures.

Embryps germinated for 24 hr (starting weight, 24 g) were ground
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with 100 m1 of homogenizing medium [0.44 M sucrose, 50 mM Tris-HC1 (pH
. 8.0), 3 mM EDTA, 1 mM 2-mercaptoethanol, 0.1% BSA (fatty acid free),
fef. 18é] in a chilled mortar for 5 min and then squeezed through four
layers of cheeséﬁ]oth. This grinding procedure was repeated twice
j with fresh h%mogenizing med1um (1b0 ml each t{ﬁe). The combined
f%itrate was centrifuged for 6 min at 1,000 x g aﬁd the sup#fnatant
was re-centrifuggd for 6 min at 2,000 x g in an IEC centrifuge, model
, PR-6. This supernatant was centr1fugg§ for 20 min at 24,000 x g in a
«Sorvall RC2-B centrifuge.
For preparation of cytosol RNA, 10 ml of ‘this post-mitochondrial
< supernatant (*Cytosol") were transferred to a test tube containing 10
ml of 2x detergent mix [2% tri-isopropylnaphthalene sulfonate, 12%
sodiun 4-aminosalicylate, 0.1 M NaCl, 20 mM Tr1s-HC1 (pH 7.4); ref.
2611 and 20 ml of phenoH-creso] mix [phenol:m-cresol:H,0:8-hydroxy-
quino]ine; 500;70:53:0.5 (w:v:v;w), saturated with 10 WM Tris-HC1 (pH
7.4); ref. 173]. The sample was vortexed and held on ice.

The crude mitochondrial pé11et was suspended 1n 80 mi of
homogenizin; medium and the two sequenfia] low speed centrifugation
steps were repeated: The crude mitochondria were g;11eted by
centrifugation for 20 min at 18,000 x g. This mitochondrialapellet
was resuspended in homogen%zing medium to a final volume of 9 ml and
layered on 3 sucrose step gradients (3 m]/gradienp containing 7.5 ml

- of 1.55 M sucrose éhd 15 m1 of 1.15 M sucrose in homogenizing medium)
and centr1fuged°in an SW25.1 rotor at 22,500 rpm for 1 hr in a Beckman :
mode1 L/HV'u1tr£centr1fuge. Most of the upper part of each gradient

o

N s e 3
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was siphoned off and the mitochondrial band was removed from the
1.15-1.55 M sucrose interface using a syringe with a needle having a
right angle bend. The purified mitochondrial fraction was slowly
diluted with two volumes of 50 mM Tris-HC1 (pH 8.0), 3 mM EDTA and
recovered by centrifugation for 20 min at 18,000 x gq.

The purified‘mitochgndria1 pellet was resuspended 1n 9 ml of
extraction buffer [10 mM Tris-HC1 (pH 8.5), 50 mM KC1, 10 mM MgCl,,
ref. 202] and 1 ml of 20% Triton X-100 1n extraction buffer was
added. The sample was vortexed for 30 sec and then held on ice for 30
sec. This vortex/chill'step was repeated five times and then the
lysate was. clarified 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 cyto§61 fraction.

- Both the mitochondrial and cytosol extracts were shaken for 5 min
and the phases were separated by centrifugation for 5 min at 2,000xg.
Solid NaCl was dissolved 1n the aqueous phases to a final
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% EtOH. were added to the final aqueous phases and the purified
wheat mitochondrial and wheat cytosol RNA was precipitated overnight
at ~20°C. "

The BNA samples were pelleted by centrifugation for 10 min at
12,000 x g, washed with 5 ml of 80% EtOH, dried and dissolved.in 0.5
ml H,0. ' _ '
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Aliquots (5 p1) were diluted to 1.0 m1 with HoO~and the yield of RNA
was determined by measuring the';bsorbance at 260 nm with a Zeiss
spectrophotometer. Fifty pl of 3 M NaOAc were added to the remaining
495 pl1 of sample and this solution was extréﬁted with an equal volume
of phenol-cresol and precipitated with two Volumes of 95% EtOH at
-7b°c.. Y{Z1ds ranged from 30-35 A,gq units of mitochondrial RNA from
24 g of germinating wheat embryos and 150-160 Aggq units of cytosol
RNA from 10 ml of thé»bost-mitochondr1ai supernatant. The Azeo{Azsb '

rat1o of the RNA samples was usually 1.9-2.0.

= »

2

4., Isolation of Total RNA from Crithidia fasciculata

The strain of Crithidia fascicuiata used ds an RNA source 1n_th1s

1aboratory origin&ted from Dr. G.E. Kidder, Amherst College. Cultures

of C. fasciculata were grown at 25°C in a 1iquid medium (257) .
. containing 29 g/1 Proteose-Peptone (Diféo B-120), 10 g/1 dextrose,*1.0
m§/1 4;11c”@cid, and 25 mg/1 hemin. :A stock solution of folic aé1&
(200 pg/ml) was prepared by suspending 120 mg of folic acid in 500 mi .
of Hy0 and adding<5 M NaOH dropwise until the acid just dissolved
(pH<7), after which the solution was diluted to 600 m1 with Hp0. This *
solution was stable at 5°C for two months.u A stock solution of hemin .

(5 mg/m1) was prepared by dissolving 2.5 g of hemin (Sigma equine

hemin type III) in 500 m] of 50% (Q?v) triethanol;m1ne 1n 'H,0.

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

by S.. Gray or R. Brecﬁon in F.B.St.C. Palmer's lab in this. department.

A 3 1. Fernbach flask containing 1 1. of autoclaved medium was

)
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inoculated with 0.25 ml of a’4~&ay maintenance culture and incubated -
with shaking é% 25°C for 3 days. Cells were harvested by
centrifugation for 15 min at 800 x g. The cell pelliet was resuspended
three times in 40 m1 of cold 0.85% NaCl and pe]]eteh by centrifugation
for 10 min at 2,000 x g. The cells were resuspended 1nQ§0 m1 of 0.05
M Tris<HCT (pH™8.0) and total RNA was prepared by extracting four
tmes with an equal volume¥ of phenol-cresol. The aqueous phase was
made 0.5 M with respect to NaCl after the first extraction and RNA was
precipitated from the final aqueoeus phase a£ T20°C after addition of
two volumes of 95% EtOH. The yield of RNA was about 300 Ajgq unmits
from a 11, cu1ture :

Cr1th1d1a RNA, un\ﬁ’orm]y 32P labelled (# x 10° cpm/ug) an vivo,
was prepared from a 50 m1 culture coqif1n1ng 5 mC1\~§~£32P]P (217)

5. Salt Fractionation of Total RNA

~
°

Total RNA was dissolved in Hy0 to a concentration of 4-5 mg/ml.
Sol1d NaCl was added to a final concentration of 1 M and the solution
was held at 4°C for at least 8 hr. JThe NaCl-insoluble RNA (1RNA) was
collected by centrifugation for 10 min‘at 3,000 x.g and reprec}pitated
from 1M &ac1 The combined NaCl-soluble (sRNA) fractions we;é

precipitated with two volumes of 95% EtOH at ~20°C and co]]ected by
centrifugation for 10 min at 12,000 x g. The iRNA and SRNA pe11ets

were washed twice with 80% EtOH and dissolved in 0.5 ml1 H,0 for Aggg

-

measurements.' Af ter add1iion of 50 ul of 3 M NalAc, the solution was

extygcted with phenol-cresol and prec1p1tated at ~70°C with 1 ml &f

Y
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95% EtOH. .,

During high salt fractionation of the wheat mitochondrial and -
wheat cytosol total RNA preparatiéns, S rRNA and tRNA selectively
remained in the soluble fraction. In the case of C. fasciculata, the
NaCT1-soluble fraction contained (1n addition to tRNA) small rRNA

. species f, g, and h (=\5$ rRNA), while three other sma]]ﬁrRNAs
(specfés.g,_i (= 5.85 rRNA) and ) were found 1n the RNA fraction,
Therefore, high salt fractionation of C. faciculata total RNA provided

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

contamination by tRNA.

6. Isolation of Wheat Cytosol Ribosomal Subunits

Ten g of viable, ungerminated wheat embryos were ground 1n 50 ml
~ of solution A [60 mM KC1, 5 mM Mg(OAc),, 50 mM Tris-HC1 (pH 7.6);
ref. 68]. The homogenate was filtered through four layers of
cheesecloth and one layer of ﬁiracloth. The filtrate was centrifuged
tygce for 10 min- at 37,000 x g and 20% Triton X~100 in solution A was
jd to the recovered supernatant to.a final concentration of 2%.
Af ter vortgxing, the TrIton{X-lOO lysate was centrifuged for 90 min at
134,000 x g. The peliet was resuspended in QO ml of solution A and
centrifuged for 10 min at 27,000 x g, ana the resd]ting supernatant
then centrifuged for 90 min at 134,000 x g.
The ribosome pellet was resuspended in 2.0 ml of so]ut1oﬁ C [60
mM KC1, 0.1 mM Mg(OAc),, 50 mM Tris-HC1 (pH 7.6); ref. 68] and

clarafied by centrifugation for 10 min at 1?,000 X g. The supernatant

N

N
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was diluted with so]utjﬂﬁ C to a ribosome concentration of 40 Azeg
units/ml and 0.5 zjﬁgs layered over each of three dxscont1nuod§
sucrose gradignté (4 m1 steps of 34, 29, 24, 19, 14 and 10% sucrose;
ref. 263) 1n solution C. Gradients were centrifuged in a Spinco
SW25.1 rotor at 20,000 rpi#f for 16 hr at 5°C and were fractionated by
puncturing the bottom of the tubes and manually collecting 30 drop
(0.5 m1) fractions. Fractions were diluted with 0.5 ml of solution C
and A,¢, measurements were taken. Appropriate fractions were pooled
and RNA was extracted from the purified Targe and small ribosomal

subunits by the detergent/phenol-cresd] method.

-
.

7. Isolation of Wheat Mitochondrial Ribosomal Subunits

" Mitochondria were purified from germinating wheat embryos (48 g
starting we}ght) and the clarified Triton X-100-1ysate was made 0.3% .
with respect to Brij 58 (40 m! final vo]umef and centrifuged for 90

8

min at 134,000 rpm. The ribosome pellet was resuspended in 2,0 ml of

dissociation buffer [0.3 M KC1, 3 mM MgClz, 10 mM Tris-HC1 (pH 7.5);

ref. 201] and the solution was clarified by centrifugation for 10 min

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

discontinuous sucrose gradient containing dissociation buffer,

a

Ribosomal subunits were separated and the rRNA extracted as described

for cytosol ribosomal subunits.

il

+

B. Isolation of Crithidia fasciculata Ribosomal Subunits

The cell pellet recovered from 6 1. of growth medium was washed

-

\/'\\ .
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three times with 80 m1 of cold 0.85% NaG! and collected by o .

" centrifugation for 10 min at 2,000 x g. The cell pe11§t'was

resuspended in 40 m1 of Solution A and centr1fu§ed for 10 min at 2,000
X g. The cells were resuspended in 50 m1 of solution A, f1iﬁéredu
through glass wool, and passed throggh a Frepch pressure cell at 2,000
1b 1n=2. The lysate was centrifuged twice for 15 min at 15,000 x g
and 0.1 volume of 20% Triton £:100 in solution A was added to the

A}

final supernatant. , SIS
This solution was, layered over discontinuous sucrose
o \
gradients consisting of 2 ml of 1.85 M sucrose and 2 ml of 0.7 M

sucrose 1n solution A, and centrifuged for 20 hr at 134,000 x g. The
supernatants were carefully removed by aspitation down to the 0.7 M '

*

sucrose step, the tubes were filled up with solution Aand t all of

the liquid was removed. The sides of each tube were washed with 1,0

[

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

The purified ribosomes were dissociated to yield 1&rgé and small .

-

subunits. The subunits were separated and the rRNA extracted as

described for wheat cytosol ribosomal subunits.

9. Analytical Polyacrylamide Gel Electrophoresis

As a check of their composition and integrity, isolated RNA *
samples were subjected to electrbphoresis 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 the method o%'Loeniﬁg

(206). '\.

-

S

*s



-37-
h*
133

Plexiglass tubes (0.6 cm 1nternal diameter x 11:5 cm 1ong)'were
covered at gne end with d1a1§sis tubing held in place by a strip of
Paraf{ﬁm. The tubing was covered with Paraf1im while ﬁhe gg]s were
beigg cast and this Parafilm was removed just prior to
e]e@%rophores1s. The gel mixt&re was pipetted inyo each tube, using a
wide-bore pipette, to a height of 10 cm. A level loading surface was

, obtained by layering H,0 over thé acrylamide solution before the gel
_had polymerized. .
2.4% Gels were prepared by mixing 3.6 ml of -Acrylamide I solution
(15% acrylamide, recrystallized from acetone, 0.75% bis-acrylamide, ‘
recrystallized from 95% EtOH, filtered through Whatman #1 paper), 7.5
.ml of 3 X El buf%er (199) and i3:2§m1 Hp,0. This solution was
de-ga§sed and polymerization was initiated by addition of 18 pl of
TEMED and 180 1 of freshly prepared 10% ammonium persulfate.

10% Gels were prepared by mixing 7.5 m1 of Acrylamide III !
solubion (30% acrylamide, 0.75% bis-acrylamide), 7.5 ml of 3X El
buffer and 7.1 m1 Hy;0. The mixture was de-gassed and 37 pl of TEMED
and 370 nl of 10% amméhium persulfate were added. )

_The 10% dnd 2,.4% gels were pré-run at 5 mA/gel for 30-min at 4°C
in E1 buffer containing 0.05% SDS, i1n a Canatco electrophoresis
appératus (Canalcod fndustries Corp., Rockville, Md). RNA samples
(0.1-0.2 Aygq units) were applied to the gels in 10-70 ul of E1l buffer
containing 5-10% RNase-free sucrose. v

Electrophoresis of iRNA was ini?.4% gels at 3 mA/gel for 3.5 hr

at 4°C,%hile sRNA was electrophoresed in 10% gels at 5 mA/gel for 5

N S )
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hr. After electrophoresis the gels were removed from the tubes,
soaked in disti1lled Hp0 for 1-3 hr and then scanned in a Joyce Loebl .

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

10. Purification of Individual Ribosomal RNAs

10.1. Polyacrylamide Gel Electrophoresis

Preparative gels (20 x 20 x 0.3 cm) were prepared using two glass
plates (20 ; 20 x 0.4 cm), three spacers (20 x 20 x 0.3 cm) and either
a 4«Qr 6-tooth slot former made from Delrin (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 ana between the glass .
plates and spacers were sealed with Vaseline. The gel molds were held
together with Foldback 1412 binder clamps.

The acryl anide solution 1n TBE buffer [50 mM Tris, 50 mM boric
ac1d:)l/mﬁﬁEDTA (final pH 8.3); ref. 85] eontaining 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% ammoniu{‘persu1fate (freshly prepared) and 20 p1 (2.5%) or 10 pl
(5-20%) of, TEMED). The slot former was inserted aqd then clamped
tightly 1q place with three size 35 ball and socket clamps. If the
top of the gel Qas not clamped in this way, a thin layer of acrylamide

wou1d'po1ymerize between the glass plates and the slot former. When

>
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. X
this occurred-it was very\d1fficu1t to remove the $lot former after
polymerization and the samples did not run evenly into the‘gel. The
gel wa's usually allowed to polymerizZe overnight aqﬂ/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 TBEsbuffer.

Gels were pre-run at 500 V with TBE buffer in a home-made g?1
support ;imilar to those sold by Dan-Kgr P]gstic Products. A 500 V°
power supply (Gelman Instruments Co., Ann Arbor, Michigan) was used.
The wells of the gel were filled with TBE buffer and a wick _
(Eaton-Dikeman chromatographj and e1e£trophoresis paper, g;ade 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. %é]s were normally pre-run
unt1l the current dropped and remained constant (approx. 50% of the
starting current). .

w

(a) Electrophoretic Separation of Lew Molecular wéight Ribosomal RNAS

sRNA was electrophoresed in 10% acrylamide gels, while iRNA was
eTthrophoresed in 10% gels that contained a 2.5% stacker gel. These
2.5%/10% composite gels were made by pouring the 10% acrylamide
\

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

mold to a height of 15 cm. A flat ge{‘surface was obtained b.y\‘7
carefully layering H,0 over the acrylamide solution. After an %our
the Ho0 was removed and the remainder of the gel ded was filled with
the 2.5% acrylamide solution (acrylamide:;ﬂg;acry]amide, 9:1). .

iRNA and sRNA were dissolved to a concentration of 20 mg/ml in
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%20, diluted with an equal volume of the loading buffer of Peattie’
(264) [20 wM Tris-HC1 (pH 7.4), 1 mM EDTA, 8 M urea containing 0.05%
xylene cyanol (XC) and 0.05% bromophenal blue gBB)], heated to 50-60°C
for 5 min, quickly cooled and then Toaded on the gel (1.0 mg of RNA
(100 u1) was loaded per well). The gels were run in fresh TBE buffer
at 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. (165-285) rRNAs were separated 1n 2.5% po]i&cry1anidg‘
gels containing 7 M urea. Gels 1.5 mm thick yere hsed since thicker
mm) gels often overheated, and gavé poor.results,
amples of iRNA, prepared as described in this thesi§, or E. col1
235 ¥ 165 rRNA (Miles Laborqtories) were dissolved in ﬁzo to a
centration of 50 Ayqq units/ml and then diluted with an equal
volume of loading buffer. Aliquots (50 pl) of this RNA solution were
heated to 60°C for 5 min, quickly cooled and then loaded 1n each well
of a 4 well, 1.5 mm thick.2.5% gel, Electrophoresis was carried out .
for 5 Qr at 500 Vv,

10,2, Electrophoretic Elution

RNA was eluted from the ge1~slices by a modification of the
electrophoretic procedure described by Allington et al. (3). New
sample cups (ISQOY were boiled for 10 min in 0.5 M Na,EDTA. If this

.
procedure was omitted, subsequent chemical sequencing of labelled RNA
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* the membrane. s B

Y

did not produce a good yi1eld 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 i1n 10% sodium...”

carbonate and then rinsed thoroughly with distilled Hy0. The elution
was carried out at #°C with the external buffer chambers containing

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

’ .
buffer. Electrophqresis 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 compartnients 1-3 of each etution cup and L

discard;d while the solution, in compartment 4 (200 wT) was collected

in a 1 5 ml eppendorf tibe, along with a 200 p1 r1ns1ng of thlS , e

compartment with d1st111ed H, 0. The meé%rane was then removed: from .

this. compartment us1ng-non-wett1ng Fisherbrand poly g]oyes, §nd QPA o

bound te this membrane was recovered by‘squeezing it against the \é\1dge

of the 1.5 ml eppendorf tube, forcing the 1ast1dro§‘of 1iqu1d out of
Sodium acetate (3 M, 40 ul1) was added to the eluted; concentryted

RNA, ,and this solution was extracted with pheno]-cres$1i "The RNA was .

recovered by precipitation with two volumes of 95% EtOH at -70°C. e

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

. » " 4#\
g0% EtOH. After drying, the precipitate was dissolved in 0.5 ml H,0

and Aygo/Argo measurements were taken, After addition of 50 ul of 3 M
NaOAc, the solution was re-extracted with phénol-cresol. The RNA

sample was stored at “20°C after addition of 1.0 ml of 95% EtOH.

~ ~
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« This e]ectrOphoreijc elution procedyre yielded RNA suitable for

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

3

However, the yield decreased as the RNA s1ze-1ﬁereased; w W

x

10.3. Homogen1zétion of Gel Siices

©

An alternative method ef recovering RNA from gel slices’ involved -
. a slight modi%1cdﬁ1on of the procedure of Rubin (282). The gel slice

was homogenized at 0-5°C 1n al4 m1 glass homogenizing tube containing

"3

2.0 ml of’hjgh salt bu%fer [0.5 ﬁ\N5C1, 0.1 MiTrié-HC1 (pH 9.1}, 10 mﬁ
EDTA] and 2.0 m1 of phenol-cresol. Aftbr shak;ng for 20 m1n£the
homogenizing ﬁube was ceqtr{fuged for 10 min d{ 2,006 x g (in a 15 m1
tube adapfer). The aqueous pgase was removed and the pheno]—creso]l
Cphaée was re-extracted with the high salt buffer" (5 min). After'phﬁ;e
separation, the combined aqheous phases were extr;cted twice more with
- ?Héhpl-cresolfb The RﬁA was precipitated by an1tion of two vo1umes_o;
95% EtOH, pelleted, washed with 80% EtOH, dried, and dissolved in 0.5

ml of distilled H,0 for A,., measurements, as above. After addition

of 50 ul of 3 M NaOKc, 2-3 qdd1t1ona1 phenol-cresol extractions were

a

-y performed to.remove any remaining acrylamide. One ml of 95% EtOH was

added to the final aqueous phase and the RNA was stored at ~20°C.

-

Th1s homogenization procedure was not as dependent as_the
,electrophéret1clprocedure on the size of the RNA. Although there

- seemed to be.some acrylamide carry-over, RNA eluted by this method was

L

suitable for rapid chemical or enzymatic sequence analysis. *

«
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11.- Prepagation of Purified End-Labelled Ribospma1 RNAS
11.1. 5'-End-Labelling (Donis-Keller et. al. (85))
A 5 ug pSlitet of Tow M.W. rRNA or 25 ug pellet of high M.W. rRNA

was washed with 80% EtOH, dried, and d1ssalved 1n ZQ‘pW Hp0. After
addition of 40 ul of 50 mM Tris-HC1 (pH 8.2)~the RNA was
dephosphorylated with 0.02 units oﬁnca1f intestinal alkalihe
pho%phatase (Sigma Chemical Co.) fo; 30 min at 37°C.l Six pl Bf 3 M
NaOAc were then.added and thé so1ut{on was extracted twice with ‘
phenol-cresol and precip1ta§ed,w1th 200 p1 of 95% EtOH at -70°C for

1 hr. The pellet was(washéd with 80% EtOH,"dried, and dissolved'in 70
w1 of 10 mM Tris-HCl (pH 7.4), 1.0 mM spermidine, 0:1 mM EDTA, heated
to 50°C for 3 minyand chilled on ice. Ten ul of 500.mM Tris;H§1 pr .
9,5), 100 mM MgCl,, 0.05 M DTT and 4 dnit§ of polynucleotide f1nase J
(P.y. Biochemicals) were added. This mixture was transferred to a

tube containing 125 pmoles of [y-32PJATP that had been 1yoph1‘1fzed‘
and dissolved in 20 ul Hy0. After 30 min at -37°C, 100 pl of 4 M

NH,0Ac, 1.0 mM EDTA and 600 pl1 of 95% EtOH were added and the labelled

RNA was precipitated at ~70°C. “ Lo

11.2. 3'-End-Labelling (Peattie (264)) - P

A 5 pg pellet of low M.W. rRNA or 25 pg pellet of high'M.W. rRNA

was washed with 80% EtOH, dried, and dissplved in 4.73 nl Ho0. An
aliquot (11.5 pl) of reaction mix [25 pl of 2x partial mix (100 mM,

w?

HEPES (pH 7.5), 30 mM MgCla, 20% DMSO), 3.3 pl 50 mM DTT, 0.5 pnl BSA
(1.0 mg/m1)] and 0.75 pl of 2 mM ATP were added and this solution

-
-

L
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was used to d1sso1ve 125 pmo]es [5'- 32P]pCp that had been
1yoph111zed Nuc]ease:free RNA Tigase (3 ni, gpprox..?.s units;
P.L. Bﬁochan1cals) was added and the reactjon was allowed.to proceed
at 4°C pvernigwt. At the end of the reqction, 160 pl of 10 mM
Tris-HCT (pH 7.&), 1.0 mM EDTA, 20 u1 of 3 M NaOAc, and 600 pl of 95%
EtOH were added and the RNA was precipitated at ~70°C. |

The 2x partial mix used for 3'-end-labelling was stored at 4° C
. while all other solutions used for 3'- or 5'-end-labelling were stored

frozen at “20°C. Two additional EtOH precipitations of the

end-Tabelled RNA were usually sufficient to remove most of-the

°rema1ning unincorporated radioactivity. If eukaryotic cytosol iRNA

was to be end-labelled, the 5.85 rRNA was first released from 26S rRNA
by a heat denaturation step.

[v-32PJATP was synthesized (usually by J. Hofman in W.F.
Doolittle's Lab in thi§ department), to a specific’activity of 5000
Ci/mmol at a concentration of 20 mCi/m1, as described by Walseth and
Johnston (360), and stored in 50% EtOH at -20°C. Three mCi of
[y-32P]ATP were lyophilized and used to synthésize [5'-32PJpCp in a

f1na1 volume of 50 p1 in the presence of 10 units of polynucleotide

) k1nase (360). After heatihg to 90°C for 3 min, the [5'- 32P]pCp was

store& at ~20°C. ’ ,
11.3, Purification of End-Labelled RNA

End—laiff]ed RNAs were pyrified from breakdown products that
accumulated“during labelling by electrophoresis on 2.5% or 10%

polyacrylanide 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 pl/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.
A1ternat;ve1y, 33 x 40 x 0.05 cm sequencing gels werg.psed to
purify end-labelled low M.W. rRNAs. Spacers énd slot formers‘(lB V!
toéth, 1.%5 cm each) were m§de from sheets of Delr%n (Dan-Kar Plastic
Products). Whatman #1 filter paper wicks were used with these thin
gels. Teflon could not be ysed for spacers, since it was found to -
inhibit -polymerizatiaon. Nq&tmore than 5 pg of RNA was loaded per well
5 pl of‘load1ng buffer. Polyacrylamide gels (6% or 10%) were
pre-run at 1500 V and then run at 1700 V (Dan~-Kar high voltage power
supply) until the Tabelled RNA (which was detected by autoraaiography)
;as 5—10“Fm from thé-bottom of the gel. ; g Vké
»  » Use of these thin preparative gels hag two advantages: First,
RNA that had 3'~ or 5'—tgrmina1 ]ength 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 wmpractical, whereas concentration of RNA in
these very thin gel slices allowed the following RNA extraction method
to be u§ed.“

11.4. Elution of RNA from Sequencing Gels

/ A modification of the elution procedure of Maxam and'Gilbert
v N .
(229) was used to elute RNA from thin (0.05 cm) gel slices. Gel -

slices were shaken overnight 4t 4°C in a 1.5 m1 eppendorf tube
{J‘
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containing 400 u1 of buffer (0.5 M NHyOAc, 10°mM Mg(OAc)z, 1.0 mM

EbTA) and 400 pl of phenol-creso!. If Tess than 4-5 pg of RNA was to
be eluted, 5 pg of E. col1 carrier tRNA was added. After phase
separat}on in an eppendorf centrifuge, 1.0 m1 of 95% EtOH was added to
the aqueous phase and the RﬁA was precipitated at ~70°C. There was no
acrylamide carry-over since there was no need to c;ush these thin gel

slices.

12. Anaiysis of Terminal Nucleoside Residues

5'-End-labelled RNA (5 nug or less) was éomp]etely digested to
nucleoside 5'-monophosphates (pN) with snake vgnom phosphgdiestérase
(0.25 mg/m1) n 20 pl of 0.125 M ammonium formate (pH 9.2) for 16-24
hr at 37°C. 3'-End-labelled RNA was co tely hydro1y3ed to
nucleoside 2',(3')-monophosphates (Np) in 10 pl of 1.0 M NaOH for 90
hr at room temperature, then neutralized with 1 pl of glacial acetic
acid. ‘

The 32p-1abelled terminal nucleotides and appropriate~un1abe11ed
marker nucleotides were subjected to two dimensional thin layer
chromatography (t1c) on cellulose-coated plastic plates (Eastman’

" Chromagram) containing fluorescent 1nd;cator. The tic plates were -
dipped through a 10% saturated ammonium sulfate solution and
thoroughly dried prior to use. Developing solvent in the first
dimension was 95% EtOH:H,0, 4:1 (195), while saturated ammonium
sulfate:propan-2-01, 40:1 (306) was used in the second dimension.

Marker nucleotides were visualized under U.V. light and 32p-labelled
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terminal puc]eot1d@s were detected by autoradiography. Areas of
>interest were cut from tﬁé tlc platé, placed 1n scintillation vials
and saaked in 1.0 m1 of 0.6 M NH,OH for 30 min at room temperature.
Ten m1 of AquaSol 2 were added and radioactivity®was counted 1n a
Nuclear-Chicago, model 6850 scintillation counter.

-

13. Rapid Sequenc1n§ 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 Tabelled with [5'-32P]pCp (264); they give poor results
with 5'-labelled RNA. The protocol described here does not corre§po;a
exactly to that used dué1ng the initial stages of this research; ‘
however, the conditions to be described are those that now give the

/

best and most consistent results. .
A suitable aliquot of 3'—enﬁ-1abe11ed RNA was pe]&eted, washed
with 80% EtOH and dried. The sample was dissolved 1n 39 pl Hy0 and 6
‘wl of E. coli carrier tRNA (phenol-extracted, 5 mg/ml in H,0) were
added. The sample was th%n distributed evenly among s1x'1.5 ml
eppendorf tubes labelled G, A, U, C, alkali, and control. The A and G
reactions were performed directly on Fhese 6 u1 sampies, while the
remaining 4 samples were frozen and 1yophilized.
(a) G Reaction '

After addition of 300 pl of 50 mM sodium cacodylate-HC1 (pH 5.5),

the sample was mixed with the pipette tip and chilled on ice. One ul



of dimethyl sulfate (DMS, 50 ul, equilibrated immediately before use
against two yo]umes of the above buffer at pH 7.0; see below) was
added and mixéd in with the Bipette tip. The sample was 1néLbated at
80°C for 1 min, then chilled to 0°C, and 75 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 a1 of
95% EtOH were added. The RNA was precipitated at ~70°C (30-60 min), _
pelleted, dissolved in 200 p1 of 0.3 M NaOAc, 0.1 mM EDTA, and
re-precipitated with 600 p1 of 95% étOH at ~70°C. The pellet was
» washed wigh 80% Etoﬁ, dried, and dissolved in 10 p1 of 1.0 M fris—HCkv
(pH 8.2). Ten nl of 0.2 M NaBHy, (7.57 mg/m1, freshly prepared) was
added and the borohydride reduction was allowed to proceed at 0°C for
30 min in the dark. The reaction was stdpped by addition of 200 ul of
0.6 M NaOAc, 0.6 M HOAc and 600 wl of 95% EtOH* and the RNA was
prec1p1tatéa at ~70°C. '

" When commercia1a; available DMS was used in the published
sequencing procedure, the G-reaction (pérformed at pH 5.5) was not
entirely reproducible and sometimes generated non-specific cleavage
products, usually after C resjdues. These poor results were
correlated with the presence of an ultraviolet-absorbing contaminant
(Amax = 281 nm) in the DMS used. The ultraviolet absorbance
disappeéred when the DMS was equilibrated against 50 mM sodium
‘cacodylate buffer at pH 7.0, but not when it was equilibrated against
the same buffer at pH‘5.5. The G-reaction was much more specific and
highly reproducible when the reaction was performed at pH 7.0 or when

DMS pre~equilibrated at pH 7.0 was used for reactjon at pH 5.5,

-



No additional carrier RNA was added after the borohydride
reduction step, since 1t was not necessary for precipitation of the
Tabelled RNA and would sometimes re§b1t in overloading in the G-lane
of sequencing geis.

(b) A > G Reaction
“  Labelled RNA (6.u1) was mixed into 200 ul of 50°mM NaOAc (pH 4.5)

and chilled to 27C. One n1 of diethylpyrocarbonate was mixed in and
the reaction was allowed to proceed at 80°C for 4 min. The solution
was then chilled on ice, 50 p1 of 1,5 M NaOAc and 750 pl of 95% EtOH
were added and the RNA was precipitated at -70°C. The pellet was
dissolved in 200 p1 of 0.3 M NaOAc, 0.1 mM EDTA and re-precipitated
with 600 p1 of 95% EtOH at ~70°C.
(c) U Reaction o i .

The dry RNA pellet was dissolved in 10 p1 of 50% hydrazine in H,0
an& allowed“to sit on ice for 8 min. An aliqudf (200 pl) of 0.3 M
NaOAc, 0.1 mM EDTA was added, followed by 750 ul of 25% EtOH, and the
RNA was precipitated at “70°C. The pellet was dissolved in 200 pl of
0.3 M NaOAc,-0.1 mM EDTA and re-precipitated with 600 pl1 of 95% EtOH
at ~70°C.
(d) C Reaction

The dry RNA pellet was di‘solved in 10 ul of 3 M NaC.l in
hydrazine (freshly prepared by dissolving 17.5 mg of oven-dried NaCl
in 100 u1 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 peliet
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was dissolved in 200 p1 gf 0.3 M NaOAg, 0.1 mM EDTA and

re-precipitated with 600 u1 of 95% EtOH at -70°C. o

It was important that both the RNA pellet and the
NaCl/hydrazine solution be cooled on 1ce for 10 min before mixing the

two, and that the 80% EtOH be _kept at ~20°C until immediately bgfore

~use. If these precautions were not taken, a non-specific background

Tadder would appear in the C-Tane of sequencing.ﬁé]s (see Figs.

"6 and iOC). Sometimes NaCl precipitated out of solution when the

NaCl/hydrazine solution was cooted on ice; however, the reaction

worked well as ]ong as the hydrazine remained saturated with NaCl. If .

anhydrous hyd#azine was not Bed, aU>Coral+C reactioﬁ
resulted, £

(e) Alternate C Reaction - . .

3-Methyluridihe was found to be so highly susceptible to the
above C reaction that cleavage at this base was virtually
quantitative. An alternative C reaction was therefore necessary #0
détermine C residues beyond this modified nucleoside.

Six pl of 3'-end-labelled RNA were mixed into 300 pl of 50 .
m sodiun cacodylate-HCl (pH 7.0), 1.0 pl of DMS-was added and the
;mnple was 1ncubated at 80°C for 5 min. After two ethanoi e
precipitations and an 80% EtOH wash, the dried RNA was subjected to
the U reaction for 4 min at 0°C and precipif&ted twice as described.
3-Methylcytosine residues generated by the DMS reaction were more
susceptible tg the U reaction.than were urjdine residues, and

therefore a C or a CXU lane was generated.

&

B v
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(f) Strand Scission Reaction

Pellets of chemically moéified RNA were washed with 80% EtOH,

dried,'}n& dissalved in a f}esh1y prepared aniline acetate solution

A{redistilled aniline:glacial acetic acid:H,0, 1:3:7). Aftern20 min at

t

'55*65°C in the dark, the samples were frozen and lyophilized, then
dissolvey in 20 pl H,0 and lyophilized again (2X). .

(g) Parti 1 Alkali Digestion (D.F. Spencer, persnna?‘cdmhﬂnication)

A samp]e of end- 1abel1ed Stow or h1gh M.W. rRNA containing 5 pg of
% o~

E. co]1 _careier’ tRNA was d1sso1ved in 20 ul1 of 0.15 M NHy0H, heated to

90° C for 1 or 3 min respectively, and chilled on 1ce., The sample was

frozen at ~70°C and lyophilized, dissolved in 20 nl1 of H20, and

* lyophilized again. IF;Phe carrier tRNA was omitted the digestion

tmes were reduced to 30 sec and 2.5 min, respectively. This
prqcedure offers two advantages over that of "Donis-Keller et al.
(85). S1nce the digestion time 1s very short it is not necessary to
dd the react1on in a sealed capillary, and since the NH,OH can be,
removed by lyophilization, the sampie can be loaded on a sequencing
gel in the’sane Joading buffer as the,othe; saﬁpﬂes. \ ) .
. The chemically digested RNA, the a]ka11—d1éested RNA, and the
control were dissolved in 8-10 nl of Peattie's loading bufféer and

. )

stored at '70'C.| A11 of the reaction huffers and precipitation

L . -
. solutions used in the chemical sequepcing reactions were stored at

B

Sodium borohydride and oven-dried NaCl Qere stored under vacuum

3 " .
at room temperature while aniline was stored at ~70°C. -

4°C.

*

»

'

[ 4

=

-

Ry



13.2. (84 85,36ﬂ3
The enzymatic sequenyjngAprocedure worked best with RNA 1abe11ed
at the 5'-eng-with [y~32P]ATP ATthough RNA Tabelled at the 3'-end

,,¢/»””””3th [5'-32ppCp could be sequenced using the partial enzymatic

o

Partial Enzymatwc Digestions

d1gest1on method, the gels were harder to interpret,.for reasons to be
discussed later. % ]

A suitable amount of 3'- or 5'-end-labelled RNA was pelleted,
washed with 80% EtOH and dried. The sample was dissolved in 11 pl of
HoO, 2 pl were removed and used for partial alkali digestion and the
remaining 9 pl sampie was lyophilized. The end-]abe1}gd RNA was then

dissolved in 45 u1 of freshly prepared reaction mixture [70 pl 10 M
\ . urea, 1,021 0.1 M Na EDTA (pH
7.0), 2.5 pl marker dye (2% XC + 2% BB),

21,5 u1 H,01.

2 p1 1.0 M sodium citrate (pH 5.0),
3 ul carrier RNA (6 mg/ml1),
The RNA solution was distributed into nine 0.5 mi
.eppendorf tubes labelled Tya, Tib, Usa, Usb, Ma, Mb, Aa, Ab and
. control (6 ul in the tubes Jabelled a and 4 pl-in the tubes labelled
b, leaving 5 p1 as the control).
One pl of RNase T, (0.01 u/nl) was mixed into the so1ut1on in the
T1a tube, and with a fresh pipette tip, 1.5 pl of the contents of the

Tia tube were diluted into the Tyb tube. The same procedure was

"

RNase Uy (0.05 u/ul), pancreatic

RNase (RNase A, 0.01 u/p1), and RNase Phy M (a 5-fold

followed with the other RNases used:

dilution of a stock solution, 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

1-70°C' The lyophilized alkali-digested RNA was dissolved in 11 pl of
the above re§§t1on mixture and stored frozen at ~70°C.

Under the reaction conditions described (6-7 M ﬁrea), RNase T,
was very reliable for defining G residues. RNase U, was quite
reliable for defining A residues; except that some A residues were cut
very %aint]yi' RNase Phy M had -an-A>U specificity; however,
overcutting resu]fed in G and C cleavage. RNase A did not cut after
.every pyrtmidine, although it clearly defined p&rimidines wherever it
did cut.

13.3. Sequencing Gels

(a) Electrophoresis

Sequencing gels (33 x 40 x 0.05 cm) were prepared using

Delrin sp#rs and slot formers (32-, 40- or 56-tooth). End-labelled
partial enzymatic or chemical degradation products were resolved on &
6%, 10% or 20% polyacrylamide gels (19:1, w:w, acryl amide:b1s-
acrylamide) containing TBE buffer and 7 M urea. The gels were pre-run
at 1200 V and run at 1700 V. SampTes were heated to 60°C for 3 min
and then loaded 1n adjacent wells of the sequencing gel in aliquots of °’

2 ul or less, using drawn capillary tubes. 4

When short electrophoresis runs in 10% gels were used to obtain

the sequence of the first 25-40 nuc]eotides,lit was found that band

« distortion occurred within a region 10-15 basﬁa-fkom the end of a

labelled RNA molecule. It was also observed that with enzymatic

a4
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digestions of 3'-end-Tabelled RNA, the bands correspgnding to the
first 6-8 positions did not separate -in 10% sequencing gé]g. 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 tﬁg radioactive band corresponding to
the first base was not lost. The order of migration of'the pNps was
pUp > pCp > pAp > pGp. 4

The sequence from bos1t1ons 40 t%' 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 1oadings of a 6% gel were used
(first 1oad1ng, XC = 40 cm, second Toading, XC '= 30 cm, third loading,
XC = 20 cmﬂ" 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, ohe glass plate was removed from the gel,
a used (fixed) X-ray film (35 X 43 cm) was placed over the gel and §1r
bubbles were rolled out from between the film and the gel. Since
these acrylamide gels stick to used i~ray Tilm, the gel was removed
from the second glass plate by slowly 1ifting the X-ray film. The gel
was covered with Alcoa-Film (Fisher Scientific), placed in a metal
cassette (Du Pont) and subjected to autoradiography,at ~70°C using
Kodak XAR-5 or 3M TrilLite X-ray film with Dupont Croﬁex Lighining—Plui
intensifying screens. The SM film was about five time; slower than

the Kedak film, but gave better resolution of ban&s.

»
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"Pick-up films" were used because the glass plates would not fit
into the metal céssettes. Labelled RNA from the sequencing gels
;emained on these "pick-up films" even after the gel wéE 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-exﬁosed to X-ray film. Howéver,
prepa;ative gels that did not contain urea could only be frozen once,

s€nce 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 autoradiogrgn are
separated on the basis of size, so that the position of a radicactive
Qand on the autoradiogram 1s directly related to the distance of the
q\eaved basF from the labelled end. Thus, by knéwing the

specificities of the reactions used to produce the adjacent ladders,

" the sequence canm 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 c]eange of
3'-end-labelled material do not align with the alkali digestion
products on thg sequencing gels. For this reason, if any o? thg

chemical sequencing reactions prohuces an alkali-type bréakdown
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product within the 3'-terminal = 20 nucleotides,\this w111 appear as
an artifactual, extra nucleotide, ,Analysis of both alkali and enzyme
tracks of 3'}end—1abe11ed RNA is therefore essé‘ti%] 1n detecting
these artifacts. Pseudouridine (¥) residues are ngivé{éayéa"by the
chemical reactVons used and appear as"bﬁ%ﬂkq\in chemical sequencing
gels. The alkal1 band, for ¥ residues is.usually,?a1nter than normal
on gels of 3'-end-labelled RNA. ©0%'_Methylnucleoside (Nm) residues
are cleaved by the chemical sequencing reactions.
The band spacinqs between alkald digestion products are seldom as *

uniform as those between bands representing che&icaT digestion

products. A po§s1b1e explanation for"this is that secondary structure
interactions in the alkali digestion products are reduced in the Q
chemically digested RNA By production in the latter of modified bases
_that are not capaﬁ1§ of base’pa1ring but that do not result in strand
Sc1ssion dyﬁjng the aniline reaction. For example, m3C residues
produced 1n the G reaction are not cleaved by the strand scission

reaction and do not form stable Watson=Crick base pairs.

Enéyme Sequencing Gels - Regions of very stable secondary

structure are not cleaved appretiably by the RNases used, even in the
presence of 6~7 M urea, Pseudouridine residues are cleaved, but Nm
residues are not.

RNA 1a6ene6 at the 3'-end with [5'-32P]pCp gave very complicated
patterns on enzymatic sequencing. ance‘enzymatic digestion products
have 5'-0H, %'-P termini, cleavage after the %1rst base releases an

unlabellied Cp, and therefore a band cor9espoqding to the first

L]



-70°C. The pellets were re—prec1p1tated (from 200 g] H20 20 1 3 M

nglebtide 1s not normally observed. Since the digestion conditions
occasionally generate more than one hit per molecule, 9& is also
possible te, cleave off the terminal Cp in a proportion of the

molecules and to cleave after other residues as well. If the

3'-terminal nucleotide 15 an A, for example, this results in double.

bands 1n both the Us and Phy M lanes of the sequencing gel. The fact
that 'PhyM cleaves after both A and U makes gels of this sort a1most t
impossible to 1nterpret

Ambiguities, observed in sequggting gels were always reproduc1b1e,
but could usually be reso]ved by runn1ng the gels at higher
temperatures (1 e., - 1ncreased current) by us1ng h]gher percena@ge

gels or by sequencing from the‘&ther end of the mo1ecu1e.

- - 1]
+ b .
[ I . 4

K

14, Modified Nucjeoside;hnalxsfs .
14,1, Unlabelled Marker Nuc]eotide; A *

pm3U and m3Up were preeared by a modificatien of the prncedure of
Poéhon and Michelson (270). Four mg of poly U (M11es Laborator1es)
were shaken overnight at 4°C in a 1.5 ml éppendorf tube containing 630
g1 of Hy0, 168 ui of tr:butylanfne and 52.5 pl of d1methyqu]fate.‘
The mixture was divided 1n half and afte? addition of‘40‘p1-of 3 M -
NaOAc and 1.0 m1 of 95% EtOH, the two sanp1es were precwpltatgd at ..

‘NaOAc, 600-u1 95% EtOH) once at -20°C overn1ght and agaln»at =70°C for

2 hr. One pellet was d1gested with snake venom,phqsphoq1esterase (to

produce pm3U) and stored at -20°C. The second pellet was incubated

. * v -

F2Y
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for 16 hr at 37°C 1n 230 u1 of 1.0 M HCI (to produce m3Up)]and the

resulting solution was lyophilized, dissolved in 600 nl of H,0 and
: { .

stored at '20°Q. N ’ L

. - 4
The spectral properties of the two products (as determined using

)
4

a Beckman DU-8 Spectrophotometer) at various YH values were as
expected for m3U monophosph;tes (144). The two products could be
distinguished by thin layer chromatography (as described for terminal
nucleoside anal}sish,an each migrated as a single U.V.-absorbing
spot. ther treatment with calf intestinal a]kq]in; phosphatase, the

mobilities of both products w a]gered and the resultant nucleosides

comigrated with authentic moU.
A1l gther marker N, Np, pNp, Nu-Np and Nm-N used dur}pg this

3 ‘( r
research were obtained from commgrcia] suppliers or werg-prepared as

previously desgr1bed; from wheat embryo iRNA (307) or sRNA (133).

+

14.2. Analysis of Uniformly-32P-Labelled Small rRNAs

The Np + Nm-Np + pNp products of alkaline (10 p1 of 1.0.M NaOH,
room,temperaturé, 90 hr) or RNase T, (Sankyg; 0,? unit in'%g pl o% 10
mM NH,OAc (EH 4,5), 37°C, 16 ?r) h}@golysis and the pN‘f pNm products
of snake venom phosphodie§terase hydro]ysisiof uniform]§r32P-1abe11ed

¥

L. fasciculata small rRNAs were shbjecféd, together with unlabelled

markers, to thin Tayer, chromatography (Merck glass-backed,cellulos
) . ; . ’
t1c plates containing fluorescent-indicator). Déveloping solvents

- were i§obu%y§)C’acid:conc. NHyOH :H20, 49.4:2:27.6, in the first

dimension, and propan-2-ol:conc. HC1:H,0, 70:15:15, in the second

~

(248). = r

ar

-
{ f ¥ 4
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In some expériments, anle-Np fraction was lsolated from alkaline,
or Ty hydrolysates by chromatography on small co1qnns of
DEAE-cellulose (1§6,307). ‘This fraction was subjected to two
dimensional tlc either directly or following dephosphorylation (1.0
unit of calf intestinal alkaling_phosphatase in 10 41 of 100 mM
ammon i um formaﬁ? (pH 9.2), 37°C, 30 min). In the latter case, the
first dimension solvent was butan-1-0l:isobutyric acid:concZNquH:ﬂgo

’ 75:37.5&2.5:25 (279), 3X, followed in the second dimension by
propan-2-ol:conc.HC1:Hp0, 70:15:15, 1X. Individual Nm-N's were eluted
from the tlc plate in 200 u1 of 0.6 M NH,OH, 1yophilized and
hydrolyzed .with snake venom phosphodiesterase. The resulting

[32p]pN's were identified by two dimensional tlc as.described for

¥ terminal nucleoside analysis.
. S Ihsthe't]c system described above, pUp cannot be detected because
A | 4 cdlmigrates with [3 P]Pi; however, the system used for terminal

nucleoside analysis (3X in the first dimension, 1X 1n the second
_dimension) gives good separation of all pNp and the four standard pN
derivatives. .

Modified nucleosides 1dentified in this manner can usually be
localized in the primary sequence of small rRNA molecules as a result
of their abnprma] reactivities in ?he sequencing reactions.

x 14,3, Modified Nucleosides Near the 3'-Terminus of SSU RNA

\

In an effort to establish definitively the iden?ities and

3

. positions of modified nucleosides in the 3'-terminal *egion of wheat

: mitochondrial and E. coli small subunit rRNAs, I have performed

" r
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prelminary experimeéts of the following design.
Five pg of 16S/185 rRNA were partially digested with aika11 (0.15

M NH,OH, 90°C, 3 min), after whiéh the resulting fragments were
5'-end-labeTled using 1.0 mCi [y-32PJATP and polynucleotide kinase.
Specific 3'-terminal fragments were then isoiated on a~boronate column
.(which binds £1§7ﬂ10]s) and fractionated on a 10% po]yacry]amige .
sequeﬁcing gel. The 5'-end-Tabelled, 3'-terminal fragments we%e
eluted from the gel and digested with snake venom phosphodiesterase.

The radioactive mononucleotides were identified by tic in the system

» ysed for terminal nucleoside analysis.

3

“N-[N'-(m-dihydroxyborylphenyl)succinamyl]-aminoethyl ce11ulose‘
(DBAE-cellulose) was prepared essentially as described by Weith et
al. (362), except that 3 g of aminoethyl cellulose (0,32 meg/g, Sigma)
were used. DBAE-cellulose chromatography (0.6-0.7 ml1 bed volume in a
Huo‘m] tuberculin syringe) was carr1ed,ou} essent1ally as described by

Rosenberg’(281), except that the eluted RNA fragments were recovered

by ethanol precipitation.

Te

aw

®5 - preparation and Detection of Intermolecular RNA:RNA

Complexes .
Comp1ex€s between wheat cytéso] 55 and 185 rRNA and between wheat

cytosol 5.85 and 263 rRNA we?é‘pfépared as descr1bed by Azad and Lane
(14). Wheat cytosol iRNA (265 + 185 + 5.85) was heat denatured (60°C,

5 m1n),,and “an equwmolar amount of unlabelled wheat cytosol 5S rRNA
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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 pg) of this RNA
sanple and 20,000 c.p.m. of either 5'-end-1abelled wheat 55 or 5.8S
rRNA (approx. 1 x 10/ c.p.m./pg) was dissglved in 15 pl of Hy0, and 5
wl o; 1.2 M NaCl were added.. The RNA solutions in 0.3 M NaCl were
heated to 60°C for 3 min and quickly cooled to 0°T.

C. fa;Eicu1ata 185 rRNA (2.5 ug, isolated from purifiedmsna11
ribosomal gybunits) was incubated with equimo]ardamounts (20;000
c.p.m.) of eithér C. fasciculata RNA species e, f, g, h or i, in 20 pl
of 0.3 M NaCl for 3 min at 60°C, then quickly cpoled to O:C.

Heat-denatured C. fasciculata iRNA (7 pg, depleted of
species f, g, h and tRNA by repeated precipitation from 1t0 M NaCl)
was supplemented with equimolar amounts of species f, g and h; 20,000
c.p.m. of speciles-g, f, g, ﬂ_orxl_(approx. 1 x 108 c.p.m./ng) were
hddeﬁ and these samples were also incubated in 0.3 M NaCT for 3 min at
60°C, and quickly cooled to 0°C.

Three pl of 7X Ez buffer (251) containing 30% sucrase were added
to each sample, éﬁ1ch 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
E, buffer., These non-denaturing gels were subjected t&
autoradiography at ~70°C to determine whether or not the radicactive
Tow M.W. rRNG; had formed a complex with the high M.W. rRNAs.

16. Preparation of Nitrocellulose Filters Containing Restriction

Fragments of Wheat Mitochondrial DNA

Wheat mitochondrial DNA was prepared, digested with restriction
L

A 4 -

3
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>
endonucleases and fragments were separated in agarose gels_as
described (38). The restriction fragments were transferred to
nitrocellulose filters by the method of Southern (312) and stored
under vacuum at 4°C. Ai] of the nitrocellulose filters containing DNA
restriction fragments used in this research were prepared by Dr. T.Y.
Huh in this laboratory and the procedures for preparation of wheat
mitochondrial DNA and Southern transfer to nitro 11u10§e have been
described in detail by Bonen (26).

»

17. RNA:DNA Southern Hybridization

The DNA filter strips were placed in Zip-Lock polyethylene
bags and Wetted with 2.0 ml of hybridiz?tign medium (2 x SSC:50%
detonized formamide) confaining 32p_gnd-1abelled RNA. Formamide
(Fisher) was deionized t269) by"mixing for 2 hr at 4°C z1th 2 g of
jon-exchange mixed-bed resin (AG501-X8, 20-50 mesh, Bio-Rad,
Analytical Grade). |

The bag was sealed inside a heavier plastic bag and incubated iﬁ
a 42°C watergbath for 18-24 hr. The fd&lters were rinsed at 427C with
50 m1 of hybridization medium. Filters were washed 1p‘a sﬁak; ; water
bath at 42°C in 500 ml- of hybridization medium (.:ontan'm'ngf"/}ﬁ
non-deionized, reagent grade formamide) for 4§‘m1n, followed’by two 45
min washes in 500 m1 of-4 x SSC at 42°C and’two‘add1tiqna1 washes in

500 m1 of 4 x SSC at room temperature. The filters 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 1n Figure 3. Both preparations show
discrete peaks of 26S and i8$1rRNA and an unresolved tRNA-5S rRNA
peak. A 5.85 rRNA was released from the cytosol 265 rRNA by heat
- denaturation, while there was no 5.85 rRNA in the mitochondrial
preparation. Several minor U.V.-absorbing peaks were reproducibly
Robserved in‘the m}tochondria1 RNA preparations tarrows, Figure 3) but
were not present in the cytosol RNA preparations (71). The
mitochondrial 26S and 55 CRNAs (present in the large ribosomal
subunit)” and 185 rRNA (small ribosomal subunit) have bee; shown by T}
o1jgonuc1eot1dg "fingerprinting" to be distinct in sequence from their
cytosol counfggparté (70).

:

2. .Crithidia fasciculata Ribosomal RNA

The large ribosomal subunit of C. fasciculata contains a
component (designated species a, Figure 4A) analogous to the 255-28S
~YRNA of other eukaryotic ribosomes. However, Crithidia species a 1s

heat-labile, dissociating into twor high M.W. components (species_g and

d, Figure 48) and one low M.W. component (speciei. The small .

ribosomal subunit contains a single high M.W. RN ‘g@ciés b, Figure <:

4C) which appears to have a higher molecular mass (0:.825 x 1065 than ¥~\

typical eukaryotic 185 rRNAs (approx. 0.7 x 10°) (122). . N:)
' . /\_/"
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Figure 3. Polyachylamide gel (2.4%) electrophoretic profﬂes of total

RNA from wheat cytosol (cyto) and, wheat mitochondria (_m'ito).
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four novel small rRNAs (designz;ted e, f~ g, and j;.see Figure 4D) in

The ribosome of g. fasciculata is /unusu’é] inthat it contains

addition to the 55 (spec1es h) and 5,85 (species i) rRNA species found
in other eukaryotes. Their lengths are 212 (e), 183 (£)s 135 136 (_g_),

120 (h), 171-372 (i) and 72-73 (j) (see RESULTS, section 10)
nucleotides, with g and j dlsp1ay1ng 5'-1:erm1na1 heterogeneity and i -
d1sp1 aying 3'-termi na] heterogene1ty-(296) When r boso‘me'é were L

d1ssociated in high potassium (880 mM) buffer, all o\‘ the smalk rRNAs

”»

were fou" 1n the 1arge ribosomal subumt However, \when subunits

were prepared in‘]ow magnesfun (0 1 mM) buffer (see, M THODS), spec*‘res .
e and g wele released as free RNAs (123) 5 \ - S
$ Ve vy : -
In non—denaturing polyacrﬂamde gels (Figure 4D, 'lanes 1 and 2),- .

wheat 5.85 rRNA (lane 2, 163 164 nuc1eot1des, ref. 218, 372) ﬁmigra’aes

r
as expected re]atwe to C fasdtuIata species e-j (1anq 1). Hawevar,
1 «*
1n'denatur1-ng gels. contaimng 7M urei (F1gure 4D, .}-anes 3 and 4),°

wheat 5.85 rRNA (1ane 3) mgr*ates abnormaﬂy §‘1ow1y comﬁared to

the C ‘fasciculata-smail. rRNAs: {1ane 4), with, ag\‘ apparent ' : .
(artifactual) lenyth of 210 nuc]éotides The 58S rRNA of

Acanthamoeba castellanii (162 nucleotides; ref. 216) migrates as "
expectgd relative to the Crithidia rRNAs in gels coni:aimng 7 M urea

-

(not showd. - . -

. - ’
- t o, -~ " i ) - . i N . .

N - & M i \ '
3. Intermolecutar RHA-RNA Comp]exeS' :

Riad and Lane” (*14) have demonstra d that when bad1oact1ve1y
. hbe'ﬂed wheat 55 rRNA 1s 1ncubated with unhbﬁ Ted wheat 1$S rRNA 1n

B P
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6.3 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 Ehe transfer of r%dioactivity from the
55 to the 18§ region of a non-denaturing gel. ‘
When 5'-end-labelled Crithidia rRNA species g, f, g ,h (5S) and i
(5.85) were incubated with Crithidia 185 (species b) rRNA under the
conditions described above, no intermolecular complexes could be'
detected (Figure 5A) between Crithidia 185 rRNA and any of these small
rRNAs. However, when the 5'-end-labelled Crithidia small rRNAs were’
incubated in the presence of unlabelled ¢rithidia high M.W. rRNA
(species ¢ and d, the two discrete fragments of Crithidia 285 rRNA,.as
well as rRNA species b (185 rRNA)), a complex was detected between the
5.85 rRNA (sﬁec?es_i) and two of the high M.W. rRNAs (presumably
species ¢ and Q), as evidenced by the appearance of two 6;n65'5;
radioactivity migrating in the high M.W. region of the gel (Figure

). \‘
In edch of these experiments a control complex between
5'~end-14belled wheat 55 (5.85) rRNA and unlabelled wheat 185 (26S)

rRNA was detected (not shown). Species j was not included in these

" experiments because it had not been characterized as a d?scnete rRNA

component at the time these experiments were ;!;ried out. o
. ¢ N
\]

4, 3'-Terminal Sequence of Crithid{a fasciculata 1@5 rRNA

Crithidia rRNA species ¢ and d, the dissociation products of

species a, migrate close to species b (18 rRNA) during polyacryl amide

W ?
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Figure 5. Detection of intermolecular RNA:RNA complexes. )

5'-End-labelled Crithidia species e, f, g, h and i were incubated for
3 min in 0.3 M Nafl in the presence of Crithidia species h (A) or

species h + ¢ + d (B). Incubation mixtures were resolved in

Lotw s
ngn-denat#ring 2.5% polyacrylamide gels, which were subjected-<to .
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‘

gel electrophoresis (see Figure 4), Therefore to ensure that ¢ and d
did not contaminate b, it was necessary to isolate Crithidia 185 rRNA
from purified small ribosomal.subunits.

The sequence of the first = 100 residueshat the 3;-end of

Crithidia 185 rRNA can be read from the representative autoradiograms

‘4

shown-in Figures 6 and 7. The identity of the 3'-terminal U residue
was confirmed by alkaline hydrolysis of [5'-32p]pCp~1abelled 185 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 to be a

modif ied U, probably ¥, since this position was cleaved by RNase PhyM,

‘but was not cleaved strongly in any of the chemical sequencing

reactions: ﬂ

Residues 20 and 21 did not give bands in the chemical or
enzymatic ;equencing gels, suggesting that, as in the case of residue
3, the 185 rRNA is not efficiently cleaved at these positions. .The

ana]ogdus positions are occupied by two adjacent N6 N6-dimethyl-

.adenosine (mzA) res1dues in other SSU RNAs (1,48,49,78 286 ,291) and by

adjacent A'residues in the rDNA sequences ‘corresponding to the gene
for SSU RNA (41 151,164, 233 283,287 325) Né -Dimethylation is
expacted to bYock the A-spec1f1c chemical cledvage reaction and

"-.p
blanks in- chem1ca1ssequenc1ng gels have been observed for the sane

%

dinuc?eotide m2A~mzAn,has in fact been isolated from Grdth1d1a rRNA

{ *res1dues 1n othér SSU RNAs (11,29,75,167,168, 349) Since the

(12‘2 the bresence of mzA is inferred at positm} 20 and 21 of

S 2

™
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showing the resolution of partial chemical degradation prodhEts of
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the Crithidia 185 rRNA sequence. The absence of a band corresponding

to position 21 in the alkali Tadder is consistent with thg\knoﬁn‘ ;

&

atkali resistante of the phosphodiesterase bond joining the mﬁA
residues (245). ‘ -

Residues 54 and 65 appear as G and C respectively, in chemical
sequencing gels, but there are no correspondwng bands ™the alkali or
enzyme ]adders, suggestwng that thesg ‘are alkali-stable, most 11ke];
g?'umethyﬂnuc1eos1des (Gm and/Cm, rgquct1ve]y).

Figure 8 summarizes the data oQtaiﬁed‘for the g'-terminaT
§eque?ée of Crithidia 18S rRyA. As with other SSU RNA sequences, a
stable (AG = ~13.8 kcal/mol; ref. 333) m5A stem and loop structure can
be formed close to the 3'-term1nus (resxdues 10-33). The existencé of
such a hairpin structure in Cr1th1d1a 18 rRNA is supported by the

fact that its constituent res1dues are resistant to RNase T; and U
hydrolysis, even in the presence of 6-7 M-urea (data hot,shonn).‘

¢
b h

5. 3'-Terminal Sequences‘of wheat "Mitochondrial and Cytosol 18S

€ o

rYRNAs ° . N

4

s [

5.1. Primary Sequences e

+ * Partial chemical degradat1on of [5'-32PTpCp- Tabelled E c011 165

rRNA was espec1a11y usefu1 for assess1ng the behavxor of known

modified nucTeosides *in th1s\ﬁﬁTEé§TE toward the vaqious *

residue-specific chemital sequencing react1ons. For examp]e residue

. 45 (a mod1f1ed U; , see beTow) proved to be h1gh1y réactave under the

[

Ry

usual conditions of C-specific chemital cleavage (3 M NaC] oL
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. hyd;;xige; ref. 264), as was residue 42 in wheat mitochondrial 185

¥ rRNA; in both casés, c]eavage at this-position was virtually

) quqntitative (Figure 9; arrows). This made it necessary to use an
alternate ¢ reaction (265) to determine C residues beyond this
position in the two rRNAs (Figures 9 and 10, C' track). The resulting
sequence for the 3'-end of E. coli 16S rRNA is in complete agreement
with published data (41,49). ‘

Although end group analysis showed that p was the-exclusive

3'-terminal residue of wheat mitochondrial }88 rRNA, length
heterogeneity was suggested by the severa] 3'-terminal fragments .
produced‘by C-;;ecific chemical cleavage (Figuré 1‘0A).~
Quantitatively, only the Fl~ and 42-base fragments were significant,

with the latter predominating 4:1, The fragments yielded 91% (41 -

1

base) and 88% (42 base) [32PJCp on.end ‘group ana}ysi;. This confirms
that the m1tochondria] 185 rRNA (Figure 25l,most1y ends in .+, UCGqy

»

(80%) but a}so m ...UCOH (20%). Enzymatic sequancing of the
purified 42-base fragment of the. mltochondr1517185 TRNA (Figure 9C)

»

completely confirmed the chemical sequenc1ng,pesu1ts (F1gures\9A and 1
10A). o " ’
ferm1na1 hete;qgeneity o} wheﬁt cytosol 185 rRNA was also evident “
‘from sequencing gels (appox. 10% of ‘the molecules lacked the ultimate
G restdue) and 3'-end analysis (which gave 84% G, 11.5%‘U31 These _ .
- results are consistent with those of Azad and Lane (12) ‘but not with
those.of Darzynk1ew1cz et al. (75), who qbsefved sqQme 3'—£érm1na1 A

»

. res1dues 1n their prepk‘3t1ons of wheqi tytosol 185 rRNA. ‘Except.for f

- M
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this discrepancy, the primary sequence data obtained here (Figures

10C and 25) agree with, and considerably extend, the 3'-terminal

sequence previously reported (75) for whéat cytosol 18 rRNA. The

extent of 3'-terminal heterogeneity in wheat mitochondrial and cytosol

18 rRNAs was similar whether they were isolated by diggct pheno] ,
extraction of intact mitochondria or whole embryos, respectively, or

prepared from purified ribosomal subunits, making it unlikely that

-this heterogeﬁeity was a prepar;tive artifact. Positions 83 to

approx. 120°in the wheat cytosol 185 rRNA were himost completely
’ N

> 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 185 rRNA
sequence can be folded into the hairpin structure.characteristic of
this region of all SSU RNAs. The base-ﬁaired stem differs from that
) of E. coli 165 rRNA at only three out of twenty Positions, affecting
two base pairs. Position 24 is.occupieq by a G residue, as is the ' ’
homologous position in SSU RNAs’from E. coli, chloroplasts, and
animal, fungal and protozoan mitochondria. Eukaryotic&cytosol 185
rRNA has a U in this position. ‘
5.2. Patterns of Post-Transcriptional Modification
* A, Anomalies in the chemi and enzymatic sequeﬁcing gels
gattributed to altered reisyéggijig of post-transcriptionally mod1f1?d
residues) al\owed'the fol]o&gng tentative assignments:

"

(1) 3-Methyluridine (m®4). Residues 45 in E. coli 165 rRNA, the

site of the unusually pronounced C-specific chemical cleavage (Figure
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9 and 1(B}, is a methylated U {49) tgntat1ve1y idgntifiea as m’U
. (93). . The sbme anomalous C—specific cleavage occurs at position 42 in
- the wheat mitochondrial 185 rRNA (ngure 9A and 10A), suggesting that
(1) the same modified nueleos1de (ﬁrobab]y m3U) occupies an identical
‘position in E:‘Eﬂliflss rRNA and wheat mitocégndr1a1f185 rENA, and
“ (ii) the modification greatly enhances reactivity in the C-specific ‘
o0 chemical cleavage step. 1hére was, no c]eavaée gftér this residue by '
: ‘RNases Phy M and A, consistent with the known RNase resistance of m3U
e b (327).‘ In wheat cytosol- 185 rRNA, the same position 1s occupied by
unmoqified,u)(Figgre 10c). -:

A similarly-anomalous C-speci?ic cleavage at this position was

reported ?qr the 16S rRNA of the cyanobacterium, Anacystis nidulans

“(29). In this dase, cleavage specificity was attributed to‘secondary .
structure m the 3' termihal reg1on rather than to the presence of an
unusua]ly reactive moJ1f1ed residue at the site of cleavage. However,

it 1s unlikely that much seconQary structure would persist-in 3 M .

]

NaCl/hydrazine, ahd indeed it 1s for this reason that an alternate C

reaction was dengoped for chemical probing of RNA sedondary structure

. (265) . Moreover, whea;y Cr1th1d1a and other (11,75,168) eukaryot1c
185 rRNAs and hamster m1tochondr1a\ SSU RNA (15) show no anomalous
cleavage in the C-specific reaction ?t thg’pos>€ion in quéstion;
consistent with the known,absence of ﬁ3U in hamster cytoso1'an4-

mitochondrial SSU RMAs (93). A strong C-specific cleavage at this

modifigd uridine has recently been reported for B. stéarothermqph11us

’ 165 rRNA (90).
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“Steege et'al. (317) have concluded that the modified uridine at

the analogous posnt1on n Euglena gracilis th1orop1ast 165 rRNA" is

LY 4 b

Q, '_methyluridine (Um). Their conclusion was based on the fact that

@

the corresponding nucleoside 3'-monophosphate migrated w1th Ump on tIQ.’
analysis.” However, Ump and m3Up (prepared as des€ribed 1n METHODS.)

are 1nd15§1ngu1shab1e in the tlc system used by these 1nvestagators

>

13

(data not shown) ' . b \

Chemical sequenc1ng of 3'- end-labe]]ed E. coli 165 (but not wheat

m1tochondr1a] 185) rRNA revealed an unexpected fainter band in both

1 .-
-

the c and U .tracks at pos1t1on 71, abbve the very intense band

correspending to C—spec1f1c cleavage at pos1t1on 45 (Figures 9B and

108).- A]though this m1ght sugggst another. react1ve mod1f1ed

nucleoside at pos1t1on 77 (known from the gene- sequence to be a C

(41)), o11gonuc1eot1de cata]ogu1ng studies (378) have not indicated
ot mod1?1cat1on at this pos1t1on in E. co]1 165 rRNA.

(i1) N6, N6eD1methy1adenos1ne (m&A) ) oL

A

E. coli 165 rRNA contains two adjacent mgA residues at positions

' 24 and’25 (49). .These pos1t1ons n E. coli 165, rRNA and the * -
———

homo1ogous pos1t1ons in. wheat m1tochondr1a1 and cytoso 185 rRNA
appear as b]anks in chem1ca1 and enzynat1c sequenc1ng gels, Because
m2A residues have been 1dentified in wheat‘cytosol 185 'rRNA (197), mn
the’ sequence ...mgAmSA... (122), and have been tentatively identified
1 wheat mitochondrial 185 rRNA (71), tﬂg presence of,mgA is inferred

at*pggitions 21 and 22 in wheat mitochondrial 185 rRNA and at

positions 19 and 20 in wheat cytosol 185 rBNA. - A
» - w ¢ !
o . . k<]
¥ . ' -
. . Ty
B -
* - a



~

' " =~ -81- . »~ (/
. ’ ‘ i : 4 ‘
¢ 2 2
Qn N Methylguanos1ne {m G) Goy n E coli 165 rRNA was

found to be resistant to both RNase TI (not shown) and d1methy]~
sulfate (F1 gure 98) but to react normally with d1ethy1 pyrocarbonate,
consistent w1th pubhshed observatmns on both E. coli (348) and P
vulgaris (48) 168 rRNAs. Th1s residue has been‘~1dent1f1ed as' m*G in
E. coli 165 rRNA (348)." The analogous residusi 1n wheat m1tochondr}'@\1
‘ , - o

185 rRNA (Gay) ‘wab also resistant to d'imetﬁy[sulfate (Figure 9A5°but
reacted normally with diethylpyrocarbonate and RNase T, (Figure;9c).

{iv) 02 -Methyladenosine {Am). In wheat cytoso'l 185 rRNﬁ% As;
was resistant to cleavage by both alkali (F1gure IOC) and by, ¢
ribonualeases (not shown), suggesting the presefce ef Amn at this

» position. NJ Nmivesidues were detected in either E “col1 16S rRNA_ of

»

wheat mitochondrial 185 rRNA within the’;first 100 nucleotides from the‘

3'-end, l . .
4 ‘ oy v . .

B. Altered reactiwities of modified nucjeosides in the sequeﬁcing«)

-

reactions can be very useful in making tentative assignments of the

-

identities of these residues. However, if any significant conclusions

i’ S L4

aré to be pased on .the 3 dij‘ied nucleoside composition of an RNA
(molecul e, the identities of these f:onponents must be estab1.1"shed\
def1n1t1v 1' o
The methy] ate;d uridine at pos1t1on 45 in E coh 165 rRNA has ¢
only tentatively been identified as m3U (93), 3’nd‘71t has not been
fokmaHy'dgnonstr,ated that:the m°U found in complete digests ‘_of E. ‘

it

£oli 165 rRNA (93) is actually 1ocatgd at’ position 45, 1In an *geffor‘t

to resotve this pointy 5'-end-1abelled 3'-terminal firagments of E.

x

‘.



coli 165 rRNA were 1so1ated by DBAE—ce11u1osg chrbmatography and

-X separated by polyacrylamide ge1 e1ectrophores1s (see: METHODS, sectidn.
14.3). The 5'-end-1abe1led 45—base fragment was sbeected to berm;na]
nuc}eot1de‘ana1ysis and the resultant autotadiogram, shown- in Fiéurgél

128, clearly demonstrates that the modified uridine at posi{ion 45 is -
m3y. However " there appears to be cons1derab1e non-3'~specific
'b1nd1ng to the DBAE—cel]u]ose co]umn, whxch would account for the °

"

_presence ofs the four normad [32P]pNs on the autoradiogram. . In the

o same exﬁeriment‘the identTties of the mgA residues at position 24 and”

a

25 and the 726 at pos1t10n 21 were verified. .

-

ES

L " In a similar experlment is was foqnd that wheat mitoehondrial 185

o

rRNA does 1ndeed have an m3U res1dueaat postition 42 (Figure 12B) and

mgk residues alepositions 21 and 22, However, a modified G has not

»

. " been detected at position 24 in the mitochondiial 185 rRNA.

0 . The non-3'-specific binding to the boronate columns 1s most

N 3

1ikely due either gb‘(a) non—spécific att;action between the
Gu&?eacted, posi§ively éharged qminblgroUps on the DBAE-cellulose and "
the negat1ve1y charged phosphateg of the RNA fragments, or (B) the
3"phosphatase act1v1ty of the po1ynuc1eot1de kinase used during
5'-end~1abe111ng of the RNA fragments (45). This problem;could »
probab]y be overcome or greatly minimized in fuéure experiments by

= using acef&]ated DéAE-ce]]u]ose (231) and by employing a mutgnt form
of’po]ynuc]eotide kinase that lacks the 3'-phosphatase activity (44).

[
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Figure 12, Aﬁtoradiograms of thin layer chromat%graphy plates (20 x
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®, 10 cm) which establish the presence of*pm3U at analogoys positions in

E. coli 165*(A) and wheat m1tochondr1;1 185 (B) rRNAs. See the tgxg .
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6. Heterologods rRNA-mtDNA Hybridization - - )

Koncz, and Séfh (183) ‘demonstrated hybridization between E. col¥

rRNAs (235 + 165) and};estr1ct1on fragments of maize mitochondrial

kY

a/'DNA uaﬂthough these experiments did not d1rect1y show that the E. co¥1

" > rRNA probes were hy@ribizing spec1f1ca1}y to ma1ze m1tochondr1a1 rRNA .

, genes. -The hybr1d1zat10n of E. coli 16S and 235 rRNAs, 1nd1v1dua11y,

to wheat mtDNA restr1ct10n fragments known “(28) to encode

m1t0chonﬂ%ﬁa1 265 and.18S rRNAs was therefore examined.

E. coli 23S rRNA hybr1dtzed onty to those restr1ct10n frag
prev1ausly reported (28) to conta1n m]tochqndraa1 26S TRNA cod1ng
sequences (Figure bBA), whereas E. coli 165 rRNA hybr1d12ed to a}1 of

¢

‘the same fragments (F1gure 135) as wheat mwtdEhondr1a1 185 rRNA

(F1gure 13D) in each restrxct1on d1gest In addifion to the known

{28) 185 rRNA-spec1f1c Xho I fragments, both E. coli and-wheat .
( mitochormdria¥ SSU RNA hybr1d1zed weak]y toya 5 kbp Xho I fragment that

9

Was not scored prev1ous1y. It is known- (28) that there is no

»

s1gn1f4cant cross—hybr1d1zat1on between wheat cytosql rRNAs and wheat

n %
. q

., -

- ‘mitodhon dr1a1 DNA. | c Ty : )
It could be argued that the hybr1d1zat1on of E. coli 16S TRNA to
wheat m1tochondr1a1 185 rRNA genes was due 1arge1y or sole]y to the,

h1gh degree of homolpgy between the 3'-ends of the two SSU RNAs

) 0

(F1gure-2§; Tab]e 4); and that the two sequences are otherwise quite
» divergent. Td test this aﬁ§s1bility, restr1ction fragments of wheat'
mitochondrial DNA wére proied with the 45- baSe, 3'-terminal fragment

of E. co®i 165 rRNA (prepared by €- spec1f1c chemical cleavage of

1
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Figure 13. Autoradiograms showing the 'Southern (312) hybrydizatton

patterns obtained with Eco RI (E) @2'1 (X);_and Sal I.(S) restriction' .,

fragments of $iheat R tochondrial DNA probed with intact E. coli.23S

2t ~ &
rRNA (A), 1ntact E. colv 16S rRNA(B), the 45-base, 3'-terminal
fragment of the 16S rRNA (C), intact wheat mitochondrial 18S rRNA (D),

and the 42 base, 3'-terminal fragment of tfm.l‘gs' rRNA‘ (E). Sal I .

« -

i

RO

®

4

Ll o . .
restriction fragments of E. coll DNA (lane 1) and wheat mitochondrial L

DNA (lane 2) were probed with the f5-base, 3'~termina} fragment, of E.

coli 165 rRNA (F). “ A11 RNA probes, were, Tabelled at the 3%-end, with

[51_32p]pcm’— . \ Lo " . . .
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‘f to the homo]ogous one, by the mismatchés within the m2A stem and n

b

v

R N Numher and Orientat{on of Wheat Mitochondrial 185 and 5S .

read11y ocqurred (Fidure 13E) and where the 45- base, 3'-term1na]

fragment of E. c011 16S rRNA read11y hybr1dlzed to Sal I- restrlcted

E. coln DNA (F1gure 13F).  This- 1@d1cates that “the thermodynam1c .
stability of the hetero]ogous hybr1d must be greatly reduced, compared

A e

the reg1on of the Sh1ne-Da1garno sequence {302, 303) in wheat

- ¥

m1tochondr1a1 185 rRNA genes. . , : s

L
©

" Ribosomal RNA Genes ‘ PR ] . L. ®

T

-3 Genes for wheat m1tochondr1a1 18S and 5S rRNAs are c]ose1y 11nked
in the wheat m1tochondr1a1 genome (28) In add1t1on, both 185 and 5 -
rRNAs hybr1d1ze with multiple fragments 1n various restr1ct1on d1gegps -
(28 and F1gure 13). The ava11ab111ty of a probe encdmpasstng on]y the ,
3'—term1na1 41 res1dues of wheat m1tochondr1a] 18S rRNR has allowed“ *

further deduct1ons about the number and arranganent of 185 and 5S rRNA
\'J * ! v
genes in wheat mitochondrial DNA. . ' .

"Hybrid1zet1on of the 42-base, 3'-fra§meﬁt (preéared by C-specific ™

chemica1~eleauage,of 3'-end-1abelged wheat m1tochondrtaT’1BS‘r NA) to’

L A L4

Eco RY and §glﬁl restriction fragments of wheat mitqchonQriel DNA gave
* the samé\}atﬁein as “intact 185 rRNA (Figure'iBD vs. 13E). This

suggests that each of these fragments (47in the ‘case of Eco . .a.
N .

s " -
" . . B

Q . \ ; ' R
Lo a T "
14 /e [
- » v * M e - * 4 ¢
3‘ end-Tabelled 165 rRNA). 'However there was no detectéble ’ " ;\_ N
hybr1d1zat1on (Figure 13C) under cond1t1dns in wh]th hybr1d1zat1on of . .
the 42-base, 3'-terminal fragment of- wheat untochondr1a1 185 rRNA )


http://nrismatcb.es
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¥

a

o

3

. .
.mitochondrial 26S TRNA sequence could not be determined unanb1gous]y

RI- restr1cted mntochondrﬂal DNA) contains an 185 rRNA ggne and R

therefore that there are at’ least fﬁur COp]eS or, four different .
A

arrangements) of the 185 rRNA gene in wheat m1tochondr1a1 DNA. . . ¥

L4 » «
IR

Hybr1d1za;1on\3} the, Az- base, 3'-fragment to Xho I- restr1cted

A

m1tochondn1@1 DNA (F1gure 13E) gave only tne of the five bands IRy

‘ . ‘e
observed whéd intact m1tochondr1a1 188 rRN was uséd as probe (F1gure »ob

130) Th1s result, taken together with the obsewvatlon that LT
m1tochondr1al 55 rRNA also hybr1d1zes exc]us1ve1y to this same band A

.,

(1.7- 1 8 Kb) in Xho I dlgests of wheat mitochondrial DNA but gives

the same petterd -as 18S rRNA when used as a probe\Ega1nst §gl}I- and

Eco RI-restricted m1tochondr1a1 DNA - (28), suggests that (i) there are’ .
Xho I sites w1th1n the 185 rRNA gene, (11). the wheat, mltochondrwal Qﬁ
rRNA gene is c1ose to the 3'-end of the 185 rRNA rRNA gene; and (111)
there is a sdnglefbas1c\\?ructura1 unit encading @he 55 and 185 yRNAZ,“ +

"but this unit is found at different locations (at least fdhr) within

LR - Moe

% »>
the wheat mitochondrial genome. These conclusions have since been « | '

<

conf1rmed by mapp1ng and sequencing ‘of cloned restr1ct1on fragméhts

containing the m1tochondr1al 185 and 55 rRﬁfggenes (99 126 128,132) b

e . .
' -9 E s 7 AN
[} A . I - ,

[y

8. 3!-Terminal Seguences heat Mitochondriat and Cytosol 26S .
' TrRNAs A ° .
1 - LN

Representat1ve autoradiograms of gels showing the 3'—term1na1

sequences of wheat mutochondr1a1 and cytosol 26S rRNAs are preSented*

v -

m F1gures 14 and 15, The 1dent1ty of position 31 in the

7
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! Figure 14. Autoradiogramy of 20% (A) and 10% (B) and (C) sequencing
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3J-end-iabe11ed wheat mitbchondrial 26S rRNA.
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gels showing, thed resolution of partial chemical digests of b

3'-end-labelled wheat cytosol 26S rRNA. Asterisks denote positions of

probable mpdified nucleosides. .
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since no strong cleavage aﬁ this .position was observed with any of the

1
’ »

sequencing reactions employed.

© ° s

3'-Term1na1.nuc1e031de ana1y51s of the m1tochondr1a1 and cytosoT
265 rRNAs verified the 1dent1f1es of the 3'-term1na1 Aand U, .+

respectively. However, the presence of minor bands above each band in
sequencing gels of the mitochondrial 26S rRNA implies that there is an

additional nucleotide“(broﬁab1y'A),at the 3'-terminus of a small

proportion of the molecules. . . ..

A

It was observed reproducibly that the wheat cytosol 263 rRNA'iij
wlargely resistant to cleavage by RNases Ty aﬁd Uy, within the
;'—termina] 80 nucleotides, whereas RNase Phy M was found to cleave

-normally. , Blanks 1nkthe atal1 ladder at positions Ug; and Ggg in -

sequencihg gels of the cytosol 265 rﬁhA suggest that these are \7 "

a1ka$stab1e' (most -11kely, 02 ‘-methyl) nucleosides. Tﬁe faint T, .

3

- cdeavage at Ggg suggests that this nucleoside is o;}y part1a}1y .

a ! L 3 R

0%'-methyl ated. ,
+ Y § . / . -

@
[N

9, 'Complete Nucleotide Sequence of Crithidia fasciculata 5.85 rRNA

9.1, End Groups ' ‘ ;
When 5'-end-Tabelled C. fasciculata 5.85 rRNA was hydrolyzed w1th“"'/‘

L4

" shake venon @bsphodiesterase, most (>95%) of the radioactivity was

. 1ndicating that the 5'-terminus is phosphoryl ated jg_Vivo.

released as pA, thereby estabT1sh1ng the 5'-terminal residue as A.
When ,uniform]y—“P-'l abelled 5.85 rRNA was hydrolyzed with either )

alkali ‘or T, RNase, pAp was released (as the sole pNp derivative),

-

™ ’

‘e
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N . ¢ w4

A]ka]nne hydro]ys1s of unresoﬂved 3‘-end-1abe11ed 5. 83 rRNA ~ »

‘e

released both [32P}Cp (63% of the total: rad1oad‘l1v1ty) and [3%P3Ap.

(34%), 1nd1cat1ng 3' ferm1ma1 heterogene1ty Two spec1es of &, 8S rRNA

!

* could be resolved by e]ectrophores1s Tn a 6% po]yacry]am1de geﬂ &nd

end group analysis of each of these showed that tge longer species

o

ended with C while the shorter spe01es ended with A ¥
9.2. Modified Nuc]eos1de Const1tuents o . ’ ; .

Var1ous ana]ysés 1nd1cated the presence of "Am, Gm, Um, and ¥, atu -

w.,-

a level of 2 1 0 8, and 1 mol, respect1ve1y, per mo1,of C. “*@:'1 b

»

*

fasc1cu1ata 5.85 rRNA. The mononuc1e0t1de Ip and the alka11 stab]e . @‘5&5-
s g Y

dinucleotides Am-Ap, Am ~Gp, Gm-Cp, "and Um—Cp were: Tde;zd}1ed among the
products of eithér T, RNase hydro}ysks (F1gure 16f or a]ka]1ne
hydro]ysis (not shown) of un1form1y-1abe11ed 5.85 rRNA. The Nm-Np's,
were also recovered as a separate. fract1on eluting after the Np's on

DEAE-ce11ulose, they were 1dent1f1ed by co—chromatography w1th .

o
g

authent1c Nm<Np markers or with Nm-N markers fo110w1ng -,

N

dephosphq£y1at1on. Each Nm-N was further ‘characterized by vetiom

phospﬁodiesteﬁ&dﬁ hydrolysis and identification of the Fesu]tdng“ “

él{32P]pN Venom phosphodiesterase hydrb]ysis of unifg}mly-32P—1abe11ed4

L

5 BS rRNA y1e1ded pAm, pUm, and p¥ qmong the 32p-Tabelled
5'-nucleotide products (pGm was not- detected buf any that was é}esent
would have migrated with pC in the tlc §ystem used),

s 'Y * “’
9.3, £Primary Sequence o

The sequenée of C. fasciculata 5.85.rRNA derived from rapid.

chemical and enzynatic gel sequencing tééhniques is shown 1n Fidure

a

]
- P
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¥ N Figure 16. Autoramgram showing the resolution, by two-dimensional
" "‘- L thin layer chromatography (248), of the products of T, RNase '
' “hydrolysis of uniformly-32P-labelled Crithidia fasciculata 5.8S5 rRNA. .
N - Because 1t comigrates with Um-Cp in this system, pAp (from the )
" - . 'y
R 5'-terminus) was removed by chromatography on DEAE-cellulose (196) .
3 . .
» , " . before application of the sample (now containing Np and Nm-Np) to-the *
"o tlc plate. :
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10 20 30 40 50
pAACGUGUmCGCCGAUGGAUGACUUGGCUUCCUAUCUCGUUGAAGAMACGCAGUAAAGLGCG o o «

~

"60  * 70 80 90 100 1o
v o s AUAAGUGGUAYCAAUUGmCAGAAUCAULCAAUUACCGAAUCUUUGAACGCAAACEGCGCA o vy

-

120 130 140 150 160 170
+ s s UGGGAGAAGCUC UUUUGAGUCAUCC{.‘CGUGCAUGCCAUAUUCUCCAmGUGUCGAMC)OH

et

\ -

«

F1gu}e 17. Pramary sequence of C. fasciculata 5.8S rRNA. The C

residue in parenﬁheses at the 3'-end denotes.héterogeneity at this

terminus® (see text). 5
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Figure 18. Autoradiograms of sequencing gels of 5'-[32p]-Tabelled
C. fasciculata 5.85 rRNA, * The RNA was subjected to partial RNase
hydrolysis and_tMe end-labelled products were separated in a 10%

-

polyacrylamide gel.
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17. F1gure 18 presents a typical enzyne sequencing gel'of

Q

§:~end ~Yabelled 5.85 rRNA, from which the first 58 nucleotides- of the
sequence can be read Most of the' remaining sequence can be read from

v & the representat1ve chemical sequencing gels of 3'-end-labelled 5. 8 .

o

rRNA shown, in Figure 19., Chemical sequencing revedled that the two

o ~

separated end-labelled species wer2 identical except that the slowef-
o n L '
migrating one pad an extra.C residue at the 3'-end. Residues 70, 82,
5 L4

¢ E 86 and 107 appeared reproducibly as both C and G in chemical

. . g!!ﬁenc1ng gels; however, since these positions were all suscept1b1e

. 5 to c1eavage by p;ucreat1c RNase, they were all confirmed as C’s.
Residue 161 could not be read from the gel/shown in Figure 19 because
of the presené@ of a breakdown product at this position (see contro1
lane): However, thQ§_)es1due was ide ted as a C in other

= sequenc1ng gels {not shown). A number of d1f%eren£ chemical and

s enzymatic sequencing gels, using independent prepaﬁat1ons of end-

Tabelled 5.85 rRNA, pnovided confirmation of the sequence presented 1n
Figure 17, ‘ - b )
Anome1ies in the chemica]m::a\élka11ne }adders algowed

localization of the modified nucleoside constituentstidentifled in
“hydrolysates of upiform]y-32P-1abe11ed 5.85 rRNA, Residue 69 ;ppeareg
"as a U 1n enzyme gels (no& shown) but éave a blank in chemical
sequencing gels; also, the alkali band at this position was fainter .
than uormal. These are all features diagnostic of ¥ residues, and
fhereﬁore the single ¥ residue in C. fasciculata 5.85 rRNA (see above)

%
was placed at position 69, Residues 43, 75, and 163 had no

[d

b
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-

tigure 19.

Autoradiograms of sequencing gyels of
;T:fgﬁp]pcp_1ébe11ed C. fasciculata 5.85 rRNA.
The RNA was subjected to partial chemical
hydrolysis and the’pnd—1abe1lnd pvnﬁnc+s were

separated 1n either 20% (A) or 10% (B)
polyacrylamide gels. ’ '



~97-

-

‘ Coa
corresponding bands in the alkali ladder,-indicating the presence of © ¢
" alkali-stable residues at these positians. Consideration of the. . )
residues 3' t&bthese_gggigion§rand ;hé‘resu1ts of Nm-Np ané]ysﬁs (see .

above) allowed p]acgmen% of Am at positions 43 (Am-Ap) and 163 (Am-Gp)

and Gm at position 75 (Gm-Cp). Residue U, (conf1rmed as such by

chem1ca1 sequéncing ge]s of 3'-end-Tabelled mater1a1) gave a much '

Yy

weaker band i the a1ka11 ladder than any of the neighboring ) -
3

res1d9?s Since phosphodiesterase hydro]ys1s A; uniformiy-32p- .
labelled 5.?5 rRNA gave @pprQ{1mate1y 0.8 mol pUm/mol 5.85 rRNA, and
RNase T, digestion yielded approximately 0.8 mol Um-Cp/mol,. the
';;e;ence of Um was inferred at;;;sition 7 and 1t'ﬁas concluded that
C. fasciculata 5.85 rRNA is inco&p1ete1y (éO%)_Q?'-methylated at

this-position.

10. Primary Structyre of Four Novel Small rRNAs from Crithidia

fasciculata

The complete primary structures of (. fascicé]ata rRNA Zpecies_g,
f, g, and i_(212, 183, 135:136\and 72-73 nucleotides, respectively) ¢
are shown in Figure 20. Autoradiograms of representative sequencing
gels, selected to display the entjng sequence of each RNA species, are

shown in Figurés 21-24. - >

10.1. Primary Sequence . N
From chgnical sequencing gels of 3'-end—13be11§d material, the
nucleotide sequence of each RNA could be read to within one or two

. residues of the 5'-terminus. " Two independent analyses of this type

»

Ay

/
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e PUAGUGGAAAU GCGAAACACU UGCCAGGUGA CAARUCAAUC CUCCCACGGU GAGCUUUCUD UUCAGCAUAA UCCACAUCHG cGeeuuuced ceecuuceed 100
N CUUUBUACUY CUCGCGUYGY UCGGYGCGGE GGCCCAAGAD UGAAAAAUGE Accuticccl AcGuACUGUE AUUGUUGUGA GUUCUGCGCA UUARAGCAAA 200
o
¢ AACCUGGGGD GUoy  ,  (212) ) ,
- 1 s v AN R - . )
N : . .
f ' pPGUGAGAUUGU GAAGGGAUCU CGCAGGCAUG GUGAGGGAAG UAUGGGGUAG UAGGAGAGGA ACUCCCAUGE CGUGCCUCUA GUUUCUGGGS UUUGUCGAAG 100 |
. e \ -
GGCARGUGCE CCGAAGCTAU CGCACGGUGS UUCUCGGCUG AACGCCUCUA AGCCAGAAGE CAAUCCCAAG ACCAGAUGCE CCCoy " (183)
: . - . - - i w
- ~g p{A)CAACGUCCCU CUCCAAACGA GAGAAUAUGE AUGGGCUGGE AUGAGCGGCA UGCUUCACUC CGGUGEGECH CGAGGGGCAC UUACGUCCCE AGGCGCUGRA - 100
v c CCUUGAGGEC UGAAAUUUCA UGCUCUGGGA CUAAALy (135-136) . )
- ] p(U)CAUCGAAUCG.CCACCURCAC GACUGGAGCY UGCUCCCUCE UCGGCCUCUA GUAUAUUCAU GAUCACAAGS Uy, ( (72-73)
. ~ . : )
.oQ ' Figure 20, Primary structures of Crithidia rRNA species e, f, g, and )
. gure i ! Lrithidia e I
. . 9®
, j. The residues 1n parentheses at the 5'-termini of g and j are A .
e - * ¥
. . . absent in a proportion of the molecules (see Table 2).
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Figure 21. Autoradiograms of polyacrylamide sequencing gels sﬁowmg

the resolution of partial hydrolysis products of end-labelled

Crithidia rRNA species e. (A) Enzyme hfdro]ysis of 5'-1abelled RNA,

20% gel; (B) enzymic hydrolysis of 5'-1abe@19d RNA, 6% gel; (C)
~ "

chemical hydr‘(ﬂys*s

chemigdl hydrolysis of 3'-Tabelled RNA, 20% gel.

3'-Yabelled RNA, 6% gel (60 cm long); (N)
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Figure 22. Agipradiograms of polyacrylamide sequencing gels showwng
the resolution.of partial hydrolysis products of end—{abe11ed'
Cr1th%d1a rRNA species f. (A) Enzymic hydrolysis of 5'-1Qbe11ed(RNQ,
20% gel; (B) enzymic hydrolysis of 5'-labelled RNA, 6% gel; (C)
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hydrolysis of 3'-1abelled RNA, 20% gels.
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were carried out for each RNA. In addition, each sequence was

2
-

determ1ned in 1ts entirety from eni}me sequencing .gels of both 5'- énd
3'+-end-Tabelled material., These analyses provided substant1a1}y
overlapplng sequence 1ﬁformation, in addition to confirming }he
results of chemical sequence analysis. In this way, all positions in
t%e consensus sequences listed in Figure 20 were muitiply verified,
with the following exceptions: ﬁ

‘ 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-Tabelled materié]. Gels of 5'-end-labelled material read GGG
and GG, respectively. At positions 77-81, 3 6'5 and 2 U's were
evident in 3'-chemic$1 gels, but tﬁe order was unclear; 5'-enzyme gels
showed UCUCC. Positions 116 and 119 gave strong T, bands but also
consistently gavelweak bands 1n the U, track. It 1s uncertain whether
this is a sequencing artifact or is indicétive of “cistron

4

“heterogeneities. There was no evidence of heterogeneity at these

tjfiiigions in chemical gels. .
AN, species f. The order of nucleotides at positions 100-103 and

135-138 was ambiguous in Gi chemical gels of 3'-egd—1abe11ed material,
but good band separation was obtained in 10% and 20% gels. These
latter gels gave the sequence CGGC, as did 6% enzyme gels of
5:-end-1abe11ed material.

spécies g. At positions 65-68 and 74-77, the number”of G
residugs was ambiguous in 10% chemical and enzymeé gels of

3'-end-1abelTed RNA. However, four G's appeared c]earlj n 20%

4

3

B

°

»

™
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chemical gels of the same materral, as well as' in 6% enzyme gels 9? oot

- ~r

Q'iend-labe11ed RNA. Uy (ambiguous owing to the presencé of a
breakdown product at this position) »was confirmed by Ehemica]
sequencing of 3'-end—1abe11ed mater1a1 while Cy;9 (which in ‘chemical

sequencing’ ge’g a]so showed a prominent band in the G track) was

*

confirmed by its suscept1b111ty to pancreatic, RNase -n the enzyme

sequencing progedure. Mad& positions identified 4s G also gave banég '
in the C track dur1ng chem1ca1 sequencing; these were conf1rmed as 6 -

by susceptibility to diethylpyrocarbonate c]eavage (i.e., by a band

a]so appearing in the A track) 1n chemical sequencing and to RNase- T,

4

cleavage 1n enzyme sequencing.

F 4 " -

»

” sEecies:g. .The 3'-end-Tabelled fragment !%rrespohding to Uy, ran

-, C v ". .
abnormally fast in 10% chemical and enzyme gels, migrating to the same

’

position,as that corresponding to Ggg; however, it did run propeijy<in
20% gels or when electrophoresis was carried out in 10% gels at a
Dh1gher temperature. Proper mqgrataon*was also observed 1n 10% ge]s of

5'-end—1abe11eé material. At position 55, there waf, cleavage by RNase ,

U, but there'was also a mindr band in the Ty track. ﬁ
* ! ) - *
10.2. End Groups T )

Sequence analysis confirmed that ;Ee‘length heteroggneity .
observed during purification of sp g and j wis duswto the .
presence of an extra nucleotide a¥ the S;Tenﬂ in a proportion of the t:n#/#
molecules (see Figure 20 and Tab1é"2) A]kéﬁine hydrolysts of rRNAs
uniformly-32p- 1abe11ed 1n vivo y1e1ded eas11y identifiable pNp

derivatives, which in each case were those predicted by 5'-end group

\ .

.
s
/ ‘
.
.
.
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. . Table 2. End gioup analysis of Crithidia fasciculata small rRNAs .
- #
& 5 5'-End_snalymis 3'-End_analysis
, " \ P
\ * % radioactivity releasedd as: % radicactivity released as- .
1
v - ”
- Spectes A ke, py WooCpE Gp U
o g "
] \)“
P X 0.4 1.5 J93.6 . 04 2.1 1.3 96.2
. f 2.3 1.0 91.5 5.2 6.1 91.5 1.3 1.1
N
N - 9 14.5 83.9 1.0~ 0.6 5.7 3.2 %8
N h 4.4 3.5 89.7 2.4 1.8 94.6 0.3 143)
¥ t »
- ’ i ea.f 3.2 3.0 5.6 3.8 631 0.5 2.6
7 t 3 5.0 60.4 2,0 32,6 93.8 4.5 1.2 0.5
L v
. ) N
1]
- » 9 )“ »
L
’ ' 2 By phosphodiesterase hydralysis_ of [5'-32p]-Tabelled RMA.
A 1
1 . b By atkaline hydrolysis of [5'~3%PIpCp-labelled RNA.

alkaline hydrolysis (129). -

i v .

e

-
e

‘h}? € Corrected for 5.3% deamination of .C residues occurring under the conditions of

»

B R e R, s o
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analysis (Table.2). These results indicate that each of the four
novel small rRNAs from C. fasciculata is 5'-monophosphorylated in
vivo. - In contrast to species i (5.85) but like species h (55),
species e, f, g, and J were iggﬁd to have homogenous 3'-térm1n1 (Table,
2). Al tﬁigé‘snall RNAs were readily-abelled to high specific
agtivity with [5-32PIpCp in the RNA ligase reaction, without prior
phosphatase treatment, indicating the presence of an unphosphorylated
3'-end in each case. > -

10.3. Modified Nucleosides

a S&bmo1ar amounts of radioactivity migrating as ¥p (0.4-0.5
mol/mol RNA) were detected in alkaline hydrolysates of species f, g,
and j, whereas close to a unimolar quantity (0.93 mol/mol) of ¥p was
measured in the case of species e, Position 125 M_species e appeared
as a U in enzyme sequencing gels, bulg'gave a bMank 1n chemicaf \\_)//
sequencing gels. Since ¥ is known to bé refractory to the U-specific
chemical cleavage reaction, it appears that there is" a single ¥ ‘
residue at position 125 oflé. fasciculata species ¢, There was no
evidence of similarly-behaving residues in sequencing gels of species
f, g and 3. It is not clear whether the “[32P]¥p" detected 1n these
cases is attributable to partial U»¥ modification at particular
positions in these RNAs, or whether it represents spurious
radioactivity ¢o-migrating with marker (unlabelled) ¥p in these
analyses. It was previously concluded that Crithidia 55 (217) and
5.85 rRNAs confain 0 and one ? residue/molecule, respectively. These

RNAs yielded 0.48 (5S; species h) and 0.99 (5.85; species i) molar

.
QA
P

-




e

N -107-

L d

equivatent of p¥ upon phosphodiesterase h&dro1ys%s of uniformly-22p-

labelled material. * ’
A in the case of Crithidia 55 rRNA (217), but in contrast to

5.85 }RNA, no alkali-stable dinucleotides (Nm-Np) were detected in the e

four small rRNAs analyzed here. .
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1. Evolytionary Relationships Based on Ribosomal RNA Sequence

Comparisons'

For the purpose of determining phyﬂpgénetic‘relationshipé among -

5 4
eukaryotes, eubacteria, archaebacteria and organelles (specifically

5

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 chemicalsmethod of Maxamsand_Gi1ber§ (229) or by the

te

dideoxy-chain termination method of Sanger (232,290). However,

determination of complete rRNA gene/sequences is not very practical in
’ /!
“terms “of surveying a wide range of ‘organisms, since considerable time

3

is required to clone and analyze any particular rRNA gene, ~ -
|

Although the gene‘F}oning step can be avoiged by direct
sequencing of the TRNA itself, there are as yet nd convenient meihods. \7v
for direct determination of Complete sequénces of large (165-285)
rRNAg. Partial rRNA sequence data can be 6btained by T, .

\

oligopucleotide cataloguing of rRNA molecules uniformly labelled with

[32p7Pi in vivo (342). The problem with this approach, especially in
the case of organelles, is that it s often diffi£u1t to obgain
adequate amounts of rRNAs, labelled to sufficiently high specific
activity. For example, a starting amount of 125 mCi of [32P1Pi was

required to produce the quantities of wheat mitochondrial 185

[32P]rRNA needed to generate a T;'oligonucleotide catalogue ofhthis

k4
H

J . v
>3 ‘
.
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molecule. Even then, the sequence of certain oligomers could not be
completely etucidated (27).

. More recently, techniques have been heve]oped'(84,85,264,304)
whjéh, after end-labelling of the RNA in vitro, allow direct
determinatiqp‘of the sequence oX about 100-200 nuc1éotides from the
labe11§5 end. Since RNA uniformly Tabelled in vivo 1s not required
for these new rapid RNA sequencing techniques, organellie rRNAs can be
analyzed as rapidly and as accurately as eukaryotic or prokaryotic
rRNAs. For these reasons we have chosen t; use the paﬁf1a1 ?Ejrfta1.
degradation method of Peattie (264) and the partia] enzymatic \
hydrolysis methods of Donis-Ké11Er et a] (84, 85) and Simoncsits et “ ///
al. (304) in’ determining rRNA seduénce$ from a varlety of ;ources.

While the enzymatic sequenc1ng protedure works well with both 3'~
and 5'-end—1abe11ed rRNA, the chem1ca1 sequenc1ng procedure is only *
app11cab1e to 3'1/;d—1abe11ed RNA. A séauence cannot be determined .
w1th complete confidence using the enzymat1c me;hod glone, and wg are ,

therefqre limited in the final analysis to compar1sons of the complete

sequences of small (e.g., 5S) rRNA sequences or 3'-terminal sequences

o

Although 5S rRNA sequences have been widely used for%constructing
phylogenetic trees, ?h1s RNA specigs has been”detected only in the
mitgchondria of plants (200), but not those of animals, fungi, or
protozoa, and therefore these latter organef]es canngt be included in
phrylogenies 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
t N \ »

2



_ 3"-terminus of LSU RNA is not a good phylogenetic indicator.
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»

possible to alignifhe 3'~terminal sequences of %1t0€hondr1a1 LSU RNAs
with eachlgther or with those pf ;ukaryotes and prokaryotes. Indeed,
the 3'-terminal sequenge of eukaryotic LSU RNA has diverged to such~an"
extent that the rat and, yeast sequences appearsto be no mo}g c1ése1y

related than would be expected by chance (52). For these reasons, the
L ' , is

’

In contrast,. the primary sequence (11,141,359) and secondary

L}

structure (90) at the 3'-end of SSU RNA is highly conserved, and |

>

post-transcriptional base methylations appear to be clustered near the -

*3'-end, of this m&iecu]e)(ZIQ). Tt therefore seems likely 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,shéuld thereforé Be very useful in phyﬂogenetic comparisons among
eukaryotes, prokaryotes'and organelles. Such analyses should also
give information about post-transcription%] modification, which is’
valuable sin&e an RNA modification conserved between two organisms
would imply that the genes encod1ng.proteins'involved in rRNA
modification have also been conserved. In order to obtain a more
diverse collection of eukaryet}c cytosol sequenges, 1T have determined

S .
the sequence atTthe 3'-end of the SSU RNA from the protist €rithidia

fasciculata, a trypanosomatid protozoan. I have also determined the

3'-terminal sequences of wheat’mitochondrial and wheat cytdsol SSU

"RNAs. Since this work was completed, I have sequenced the 3'-ends of

Acanthamoeba casfé]]anii cytosol SSU RNA and Tetrahymena pyriformis ¢,

mitochondrial SSU RNA and these sequences are also 1ncluded in the

-
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comparisons presented below., . .

The available 3'-termi;a1 SSU RNA sequences are presequd in the
alignment shown in Figure 25. Numbering from the 3'—end,’a11 of the
§eque¢ce;‘can be\aligned without any 1nsert1ons:pr deletions from E.
gin positions 9 to 60. The section of SSU RNA immediately following
this region (corresponding to E. coli positions 61j124) is highly
variable in both length andpprim?ry sequence (323) and has been almost
completely deleted in the SSU RNA of Drosophila and mogquito i
mitochondria (61,154). An alignment of the other animal, fungal and
protozoan mitochondrialosequences past 'this point would be uncertain
at best, and thereforg useless 1in phy1ogen§tic comparisons,

A1l of the eukdryotic sequences are obviously homologous up to !
E. Egli position 85, and an alignment based on comp]ete'SSU RN&
sequences (139) shows that eukaryotic, §ubacteriaﬁ and archaebacterial
sequences can all be aligned up to this point without any additions or,
deletions, except for the Shine-Dalgarno sequence. Therefore, the
tables of homology (Tables 3 .and 4) comparing eubaiteria], eukarxytic,
ardchaebacteriaT, chloroplast, and‘p]ant mitochor:drial SSU RNA*are - t’
based on this 77 ﬁic]eot1de QE-.EQll positions 9-85) sequence
alignment. Comparisons which 1nc1udg énimél; funga] and protozoan .
mitochondrial sequences (Table 55 are nece;§ari1y based on the

shorter, 52 nucleotide (E. coli positions 9-68) alignment (Figure 25).

o The Neurospora crassa 3'-terminal 185 rRNA sequence was

-

determined by Kelly and Cox (168): uiiﬁg the chemical sequencing

method of Peattie (264). The sequence they réport has an eitra G
- . TN
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AGUUCACCBAUAUUUCUUCAACAGAGGAAGCAAJ AAT & ~ACAAGG]UAGCUGUAGG[UGRRIL  » = GGALCA-----UUUUMH CRI N {293 and this thesis)
ARGUUF > AMUCUCAUUGUUUAGAGGAAGGAG] AMl ¢ *ACAAGGUAUCCGUAGG|UBAA]T - . BGAUCA----- YUY DIC N (230)
AAGUCI"  ARCCUUACCAUUUAGAGGAAGGAGI AAL 1 .~ ACAAGG|UCUCCGUAGGIUGAA]t  « * GlGAUCA-----UlAgy ACA N (M. Schnare, unpublished)
AAGUCT % AACCUUAUCAUUUAGAGGAAGGAGI A »  =AcAAGGlUuUCCGUAGGlUGAAlr . WHT N (295 and tiis thesis)
AAGCUF  RAACUCGGUCAUUUAGAGGAAGUAAI AR Y . ACAAGE] UAUCCGUAGG|UGAAJL = - s NCR N (168)
AAUUUC 2 SARCUUGGUCAUUUGGAGGAACUAA|AAL L .~ ACAAGG]UUUCCGUAGGIUBAA}T SCE N {283)
AAGAC! * ARCUUGACUAUCUAGAGGAAGUAA|AAL X  *ACAAGG]UUUCCGUAGGIUGAAL: - MAM N {53, 75,157,206,273,339)
AAGAC(*  SAACUUGATHAUCUAGAGGAAGUAALAAI » . ACAAGG]UUUGCBUAGG]UGAA: - XEN N {108,286} ~ s
. AAGUUL" AR . “UUUAGAGGAAGUAA[AA! » *ACAAGG]UUUCCGUAGGIUGAAJL -  **G|GAUCA-~--- 1 UAGy DRO N (164) .
ARGUUL* AAAL & “UUUAGAGGAAGUAA]AA = . . ACARGG|UUUGCGUAGGUGAAJL «  ~*G|BAUCA=-~=-UUA . BMO N {287
CACGG! ¥ BAA= = UCGCAAC™"% UJAAM = ~ACAAGG|UAGCCGUAGG]GGAA[t - . GJGAUCACCUCCUQY - HVO K (139
GGG ACH - UCAUGAT 161 RAr = *ACAAGG|URACCGUAGG|GGAR}. & G| GAUCACCUCCUUAQy ECO, PVU E (41,48,49)
CCAGCCGCCBAAL = * AGAUGAL GlAA x  2ACAAGG|UAGCCGUAUCIGGAAlL  « - GJBAUCACCUCCUUUCUA BSU E ézn)
CCAGCCBCCGAAL =  ®AGAUGAt . 'GIAM »  *ACAAGG|UAUCCGUACCIGGAA[L » = GJGAUCACCUCCUUUCUOH B3R E {C R, Woese, unpublished,see 211)
CCAGCCGCCGAM » - AAGUGAL Glaac ¢« rAcCAsGGlUAGCCEUACCIGBAALL 5 - G|GAUCACCUCCUUNCUADH BST € (90),
GGGEGCECCoARU. #  UBAUGA G[AA «  *ACAAGG]UAGCCGUACC|GGAA]L - G|GAUZACCUCCUVUOH AN E (89,337)
GGARADACCUAN »  » UGGUGAI . I6]AAt © > ACAAGG]UAGCCGUACU]GGAA]C « G| GAKCAACUCCOH ESR C (121) . .
GGGGGCGCCUAALS * = UAGUBA” *  IGJAA = . ACAAGGIUAGGGCUACUIGGAAJt - LuGlecucaccuccuoe CRE € {91) .
GGGGAUGCCUAA » * - UUGCGA 7 IGJAA « -ACAAGG|UAGCCGUACUIGGAAIL. . LUB|GAUCACCUCCUYY MAI C (298)
GGCGCAUACCAC: CUUCGA - 16]AAr «  -ACAAGG|UAGCCGUAGG)GGAA -~ CUGGAUUGAAUCCOR WHT M {295 and this thesis)
A "L UlAMC ZACAUAGJUAGAUGUACU[GGAAL* = CUA]GAAABAQY M0S M {154)
AC S CULAA ¢ AACAUAG[URGAUGUACU|GGAA] = - CUA|GAAUGA DRO M {61)
AT 5 tUlAAr - _ SACAAGGiUARGCAUACUIGGAA} S - UUG|GAGUAACAH - . HAY M (16)
At 2 “ClAf «  SACAUGG|UAAGUGUACU]GGAA]A. = » UUG|GACGAACA ' HiM ¥ (98)
AU* o *ClAAL = = AACAUGG]UAAGCAUACU|GGAAL » UUG| GAUAARUA 80V.M (7)
Al* & CUIAA™ *  \ACAAGG|UAAGCAUACU|GGAA] - UUG|GAAUAAUQY RAT,MOU M {177,352)
Al ' .GIAA 2AAUACAG|UUACCGUAGGIGGAA]  « .UGG| GCUUAARAUAUCUUAAAUAUUCUUACADH SCE M {204)
At W[AA T 23AUAUGG]UUCGUGUAAUJGGAAl =  ~ * GGG| AUGAAUAACCACUUAGCAAUAAAUAAA ALS M (179) i
AU ¥ 6 ax # LACAAGG|UACUGGUAGG] GGAA GUG| GAAUAUAVUAUUAUQY TPY @ (M.N. Schnare, unpublished)

Figure 25  Aligmment of 3'-terminal SSU RNA sequences. To facilitate comparison, the sequences have been dwvided into 6 sections [E)-(v1)],
as defined i1n Figure 8, N, eukaryotic nuclear-encoded, E, eubacterialy A, archaebacterial; C, plastid, M, mtochondrial, The sequences are
from Crithidva fasciculata, CRI, D1ct§ostehu1| discoideum, DIC; Acanthamoeba castellam, ACA, Triticum aestivum {wheat), WHT, Neurospora
crassa, NCR, Saccharomyces cerevisiae, y rat, rabbit .and mouse, MAM, Xenopus laevis and Xenopus borealis, XEN, Drosophila melanogaster,
mori, SMU, ﬁa!oﬁactenum voican1l, HVO, Escherichia col, ECT; Proteus vulgaris, , Baciiius subtilis, BSU, Bactllus brevis, BBR; Bacillus

» pomb:
stearb‘t'h‘e‘r%o'imus. BSTY Anacystis midulans, AN, fFuglena gracilis, EGR; %Mn_:_s_ Teinhardi1, CRE, [ea mays, MAI; mosquito, MOS, hauster, HAM, fuman,
HUM, bovine, B0V, rat, RAT, mouse, WOU; Asperigillug nidulans, ; Tetrahiymena pyriformis, 1PV,

.
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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 165 rRNA (350) a;d other
Eukaryotic 185 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 185 rRNA sequence (287) was
determined at the DNA 1eve1land has a one nuc1e0tiﬁe de1etiop
(position 22) relative to all other SSU‘RNAS. Due to the highly
conservéd nature of the 3'-terminus of SSU RNA; this deletio; is most
Tikely 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 18
rRNA.

The 3'-terminal sequence of rat 185 rRNA, determined at the DNA
level by Subrahmanyam et al. (325), has two deletions compared to the
'sanensequence reported by Torzynski et-al. (338,339) and Chan et al.
(63). In their sequence alignment, Subrahmanyam et al. (325)
mistakenly Teave out the same two nucleotides in all of the other ™
%equences. I have chosen to use the sequence reported Qy Torczyn;k1
et al. (338,339) and Chan et al. (53), which is 1dentical to the mouse
sequenge (117,233).

The 3'-terminal sequence oﬁ rabbit 185 rRNA reported By Lockard

from that reported by Darzynkiewicz et al. (75)

in one position. The nucleotide in question (position 37) is in a

a

-—
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rfgion that ii.h1gh1y conserved 1n eukaryotes and pgokarx?tes and
therefore the sequence of Darzynkiewicz et al. (75), which has a C
instead of a G 1n the position, is most 1ikely correct.

Azad and Deacon (11) have rgygrted the 3'-terminal sequences of
‘rat, mouse, rabbit, chicken and bar]e} 185 rRNA. Their sequences of
rat, mduse, and rabbit 18S rRNA, based on chemical seq&enc1ﬁg of
3'-end-Tabelled RNA, do not.agree with the sequ;nces shown in Figure
25, Most of the ;rrors probably Tie in their 1@terpretation of the
data, since the’cotrect sequencé can be read froﬁ the sequencing gels )
shown in their paﬁer (11).

The DNA sequence corresponding to the 3'-end of Anacystis
nidulans 16S rRNA reported by Wi11iam§22,and‘Doo1itt1e (373) does n;t '
agree with that reported by Tomioka and SUgiu;a (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 téé yeast mitochondrial 155 rRNA gene-
reported by Sor and Fykuhara (310) differs from that\of L1 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-Tabelled rRNA (204).

A

)
2. Structure and Evolution of the 3'-Terminus of Eukaryotic SSU RNA

Table 3 shows the extept of sequence identityubetween the
3'~terminal” sequences of Crithidia and wheat 185 rRNAs and the

3'-terminal sequences of other eukaryotic 185 rRNAs, as well as
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Q-ﬁ DIC ACA WHT | HCR | SCV MAM 7 XEN  DRO BMO ELB HVO
) CRI 74 71.4 74 72,7 t 70,1 | 72.7{ 72.7{ 79.2 | 76.6 | 60 ' | 62,3
DIC 85,7 87 81,8 | 77.9 | 79.2) 80.5] 83.1 | 83,1 |.59.7 | 61
* ACA 94,8{ 76.6 79.2~ 85.7| 85.7] 85,7 | 85,7 | 58 2 | 61
WHT 77.9 | 81.8 | 85,7| 85.7f 87 88.3 | 59.5 | 61
- NCR P 84,4 | 80 5| 81.8] 87 88,3 ] 57.4 | 62 3
N SCE 85.7| 85 7] 89.6 | 92.2 | 57.1 | 61
MAH , o 97.4} 92,2 | 89.6 | 60 61
"1 XEN ¢ 92,2 1922 | 57.9 | 59.7
0RO ) 97 58,7 | 59.7
BMO ! ) 57.1 | 59.7
EW8 ! 82.5 { 65.2
’ B DIC ACA | WHT NCR Sce MAM | XEN }| DRO BMO EU8  |LHVD
- cRI| 9078 |8 |8 8 |8 [8 |8 |86 |83.3]090.7,
" DIiC 95,3 | 95.3 . 95.3 95.3- 95,31 95,3} 95.3 | 95.3 | 83.6 ;0.7
ACA 95,3 | 90.7 | 95,3 { 95.3] 95.31 95.3 | 95.3 | 81.4 | 86
[ WHT 90.7 |100 1006 100 {100+ |l00 81.4 | 86
NCR 90.7 4| 90.7} 90.7| 90.7 | 90.7 | 81.4 | 86
SCE 100 {100 (100 100 81.4 | 86
MAM ) 100 j100 [100 |81.4]86
, XEN 100 100 81.4 | 86
DRO 100 81.4 ] 86
BMO 81.4 | 86
EUB 91.4 { 89.8
51 DIt ACA WHT NCR SCE MAM | XEN | DRO BMO EUB 1 HVO
CRI 52,9 | 59.2 | 58.8 | 55.9 50 55.9} 85.9] 70,6 | 64.7 | 30,6] 32.2
DIC 73.5 | 76,5 | 64.7 55,9 | 58.8] 61.8] 6746 | 67.5 | 27,1 23.5
ACA 94,1 | 58,8 §8.8 | 73.5] 73.5] 73.5 | 73.5 | 28.8} 29,4
WHT 61.8 58.8 | 67.6] 67.6] 70,6 | 73,5 { 31.8] 29.4
NCR "1 76.5 | 67.6] 70.6} 82,3 | 85,3 | 27,1} 32.3
! SCE 67.6| 67.6] 76,5 | 82.3 | 26.5] 29.4
"ﬁé . 94,1 82.3 | 76.5,] 32.9| 29.4
XEN e . 82,3 ] 82,3 | 34,11 26.5
DRO v » 94,1 | 30 26,5
. o | . a 26.5] 26.5
N e 71.2| 21.8
Table 3. Percentage 1dent1;y between the 3'-terminal sequences of sukaryotic SSU
¢ = RAUAS. Calculations are based on. (A) 77 positions, E. coli positions 9-85, SSU RNA
. sections (i-vi), (8) 43 positions, E. coli positions 9-5L, SSU RNA sections (i-v), (c)
34 positions, E. coli positions 52-85, SSU RNA section (vi). EUB, azirage % identity

: - with the eubacterial sequences list

abbraviations.

in Figure 25,

See Figlire 25 for other
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prokaryotic 165 fRNAs. To ?aci]ipate this comparison, each SSU RNA
sequence has been divided into six sections, as define& in Figure 8.
Crithidia and wheat 185 rRNAs are typiéa11x eukaryotic in that they
specifica11y Tack the)poWypyrwmidine sequence (CCUCC in E. cqli 16S
vYRNA; positions‘4-8) which 1n eubacteria‘is postulated to 1nteract

with the 5'-leader sequence in mRNA (302,303). In éddition, both

wheat and Crithidia 18 rRNAslhave al at the same positibn (22 in .

wheat, 23 in Crithidia) as in all other eukaryotic 185 rRNAs so far
sequenced. Prokaryotic 165 rRNAs have a G at the analogous position.
However, Crithidia 185 rRNA diffe;s from wheat 185 rRNA at 6 of 20
positions that constitute the mEA stem., It is §triking that the three
substiiutions in section (ii) ' 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 m§A stem (Figure 8) in spite of the divergence in
pramary sequence. It is.interesting that reciproc$1 changes in the
mSA stem also occur in several of the other SSU RNA sequences
presented in Figure 25,

The jmmediate 3'-terminal sequence of eukaryotic SSU RNA is
...UUGgy in wheat, barley (11), and Euglena (317), ...UUUUpH in
Crithidia and D1ctyo;te11um (230), and .\.UUAgH in all other

eukaryotes so far examined, as well as in E. coli 165 rRNA (Figure
25). A Y residue has been tentatively identified at position 2 in
Acanthamoeba 1§§ rRNA (M.N. Schnare, unpublished) and at position 3 in
Crithidia 185 rRNA (293; see’RESULTS, section 4). Euglena

G
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185 rRNA is known to have a ¥ at the same position (317).

It is evident from Figure 25 and Table 3 that the primary

2

seﬁuence 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 g
eukaryotic and prokaryoéicpssu RNAs,‘ﬁhich according to secondary X
structure models (902323) is a single-stranded region connéct1ng two
base-paired helices in SSU RNA. This sgggests'that 1n this region, .
primar& 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). . A

Figure 25-presents clear evidence for retention of a
euka‘otic-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) aTone (C)) suggest that
Crithidia 185 rRNA is not as c]gsely related to other 185 rRNAs as
these are‘to each other. The data presented in Table 3 suggest that
Crithidia represents an earli branching from the eukaryotic Tine 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) 1n Crithidia, since the Crithidia sequence

" has diverged no further away from the prokaryotic sequences than have
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tho§e of other eukaryotes (Table 3). °
McCarroll et al. (Zéo)chave constructed a phylogenetic tree based
on SSU RNR seqguences and have concluded that the point of divergenceq}\“

L

’of Dictyostelium from other eukaryotes ‘was‘ shortly after the point at

which the mitochondrial line diverged from the rest of the
eubacteria. The} further concluded that “eukéryotes that represent
substant1ally deeper branches than D. discoidium w11l not have
mitochoadzia as we know them". With this ih mind, ik is interest{ng
that Crithidia, which appears from these data (Table 3) to branch
earlier than D. discoideum, contains.a.k1netoﬁ1ast instead of typical
mitochondria-(359). .

As noted earlier, Crithidia 185 rRNA seems Ee unusually Targe:
in ﬂo]yacry]anide gels, for example, it migrates with an apparent_
molecular weight of 0:83-0.84 x 10° daltons (109,122,237,315),
comﬁared with a typical value of 0.7 x 10° daltons for other

.eukaryotic fBS rRNAs (8), The d§ta presented here along with data for
the 5'-terminal sequence of Crithidia 185 rRNA (M.&. Schnare,
unpublished) indicate that this apba?ent s1ze difference cannot be
accounted for by extensions athe1ther the 3'- or 5'-end of Crithidia

»

185 rRNA.

The SSU RNA of other kinetoplastidae (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

éukaryotic size of 0.7 x 10° daltons (8,207). In the context of

/
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assessing the evolution o% multicellular highér organisms from- -|

primitive unicellular organisms, it i1s-intriguing that.;he B’Ez;rminal
sequences of wheat and Acanthamoeba 18 rRNA share such a high degree

of homology {Figure 25; Eﬁ?Te 3).
9

-

ew .

3.  Functions of the 3'-Terminus of Eukaryotic SSU RNA

Knowledge of the 3'-tegmina1lsequenée of Crithidia 185 rRNA

allows us to ask whether th1s molecule could participate in specific

>

base-paired interactions that have been postulated to involve the

3'-end of other eukaryotic 185 rRNAs. Like, other 185 rRNAs, Crithidia
185 rRNA lacks the prokaryotic polypyrimidine seng;ce Ehat has been
implicated in mRNA binding in bacteria (302,303,318). Hagenbuchle gg'

al. (141) have suggested a differenﬁ, although analogous, 1interaction

L] .

&between a conserved purine-rich sequence (GCGGAAGG) near the

v

3'-terminus of eukaryotic 18 rRNA and a comp]e&entary sequence within
the 5'-leader region of eukaryotic mRNA. However, th1§ suggestién has
been cr1ticized'(18,81), and Kozak‘(184;182) has proposed an, v
alternative “scannfng“ model, in which the 5'-terminus per. se, rather
than a specific sequence of nucleotides in the 5'-leader region, is
the primary determinant for binding euk}rxggig*mBNAs to small

ribosomal subunits. ) P .

e . .
In, the position of the putative mRNA binding site (141) in 185

rRNA, Crithidia 18 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. Schnane,‘%npublished) and
v L

»

&

-

PO g
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Dictyostelium (230) 185 rRNA each have a single base change, while

Neurospora 185 rRNA (168) has two bgsg changes in t?1s conserved
region. Bivergence to this extent would not be expected 1f this

4 . . . ]
sequence had a universal function 1n binding eukaryotic mRNAs. In

fact, the base changé;'in the Crithidia sequence-either entirely
preclude pairing between it and postulated 18S rRNA binding sites in
eukaryotic mRNAs (18,141,188) or rende; such pairings much less
1ikely, since the hybrid ;tructures which c;n be written have
substantially reduced thermodynamic stability. Ohe‘might a}gue that
the 18S rRNA binding sites within the‘S'-leader region of Crithidia
mRNA have undergone Eompensating base changes that allow an analogous
base-paire&a1ntéraction to otgur. However, this seems unlikely, Since

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 appljcable to Crithidia. More

recently, Sargan et al. (292) have prﬁﬁgg;d a base—pairéd interaction
betwéen two npn-coqtiguous sequences at the base of the mgA hairpin of
eukaryotic 185 rRNA and the 5'-leader sequences of mRNA. This
segfence (GGU. ..GGAU) js completely conserved in all ;f the available
e ;ryotic SSU‘RNA sequences (Figure 25, reéidues 7-10 and 33-35 1n

Crithidia 18 rRNA). "
Lriinidia

// IE has also been postulated that interaction between 55 rRNA and
t?k 3'-end of eukaryotic 185 rRNA may play a role in the association
of large and small gibosom&1 subunits during initiation of protein .

synthesis (9,13). However, 1t should be noted that removal of 55 rRNA

‘ <
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from rabbit reticulocytg??ibosomes does not induce subunit

.

dissociation (168). Formation of a specific complex in vitro has been

- demonstrated between wheat 185 and 55 rRNAs (13,14), and the 185 rRNA

binding site in wheat 55 rRNA has been identified and sequenced
(246). In Neurospora (168) an interaction has been detected between
53 gBﬂA gnd a 3'-terminal fragment from 185 rRNA and between 185 rRNA

and a specific 3'~terminal fragment from 55 rRNA. The base-paired

I

the observed thermal stabiziiy of the complex formed 1n vitro (14).
Azad and Deacon (11) have shown that the proposed 55 rRNA binding site
is totally conserved in the 185 rRNA of various vertebrate animals apd
of barley embryos, as would be expected if this sequence is generally
important for intera;tion with a‘Fonserved sequence in 55 rRNA. .
Since the sequence of Crithidia 55 rRNA has been determined
'(217), we examined the relevant regions of Crithidia 55 apd 185‘rRNAs
to ascertain whether a stable comp]ek, analogous to that between wheat
188 and 55 rRNAs, could be f&rmed. "As shown in Figure 26, base
_ changes occur in both the 185 rRNA and 55 rRNA of Critgidia in the
,regipns homo\ogous'to the proposed sites of interaction in wheat 185'
and 55 rRNAs. These sequence changes are non-reciprocal in the sense
that a change in the 185 sequence is not accompanied by a )

corresponding change in the 55 sequence that would allow retention of

base-pairing, and the same is true for the changes in the 55 rRNA

R

A o TR
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,ﬁigure 26. Potential base-paired comp]@é§ﬂ7between #85 and SS 'RNAS

13

from wheat and, Cr1th1d1a. The 185 rRNA binding: s1t% mn whgat 55 rRNA .

has been 1denti1fied hg sequence hna1y51s,(24ﬁ), whefé;s the 55 rgNA
binding site 1n wheat' 185 rRNA is {nferred (9,11)./ The wheat 55 rRNA
sequénce shown is the correc;eq versio geterm1ned in our Taboratory °
(218), so that the wheat 55-18S5 complex.as written is slightly, but
not sigmficantly, different from that postulated in (zijli.‘ The
Crithidia 55-18S complex has heen constructed using the
strictly-homologous sections of Crithidia 55 rRNA (217) and Crithidia
18S rRNA (see Figure 25). Residues that diffeF between Crithidia and
whgat are oveé]gned (18S rRNA) and underlined (5S| rRNA) n the

* »

crifidia complex, '
Criohidia ;

-

?

i
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sequénce. Asa result, the possibilities for base-pairing between
Crithidia 185 and 55 rRNAs are greatly reduced 1n this region, and the

comlex which can be formed is much 1e§s stable’ thermodynamically than

\\_”“\\\\\N;] ; the wheat’ complex. In addition, base pairing cannot extend into

region (iv) (Figure 8) of Crithidia 185 rRNA, so that disruption of
the mSA stem, an jmportant feature of %Azad model (9,11), 1s not

N

possible. In examining the sequence of Cri%hidia 5S rRNA, we have

[

S Lt noted another region (residues 57-74) that could potentially form a
* stable duplex (AG=-17.6 kcal; ref. 333) with the 3'-end of Crithidia
185 rRNA (residues 22-41), effectively disrupting the mgA stem in the
process. However, since we have not been able.to observe a complex
between &r1thiq1a 55 and 18S rRNﬁs;;g‘llzgg (see RESULTs; section 3),
2 under conditions (14) in which a control complex between wheat 55 a¥d

18S rRNAs readily forms:'the significance of this alternative

P

! potential interaction is‘unclear. i ,/

In summary,.the sequence obtained for the 3'-end of Crithidia 185

, -rRNA does qot 1end support’to functional models that involve
comp]emengary base-pairing between eukarxptic 185 rRNA and either mRNA
(141) or 55 rRNA (9). However, it should be remembered that the )
ribosome of Crithidia has some unuiual structural charécteristics (see

. INTRODUCTIbﬁ, section 3.4 and RESULTS, section 2), including the fact

that it possesses four novel, low molecular weight rRNAs {in addition

to 55 and 5.85 rRNAs) (122,296), all localized in the large ribosomal

L subunit (1?3). This raises.the possibility that functional
S interactions between Crithidia 185 rRNA and other RNAs might differ in
1" o -
¢ ) 4 » ! ’
" >
» ‘\ ‘ N
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conceivable, for example, that one or more of the additional small
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e
certain respects from those postulated for other eukaryotes. It is

rRNA sp?cies present in Crithidia large subunits has assumed the

propoged role of 55 rRNA in binding to 18S rRNA in small subunits, k '
although so far we'have not been successful in demonstrating complex o
formation between any of these and she 185 rRNA (see RESULTS, sec%ioq“ "

3).

*y

% 3

v .
4, The Evolutionary Origin of Wheat Mitochondria

4,1. Evidence Supporting a Eubacterial Origin N

(a) Evidence Prior to This Work

The use of T, oligonucleotide fingerprinting techniques allowed
Cungingham et al. (70) to conclude that the 265, 185 and 5S rRNA .
species isolated from wheat mitochondria are distinct from their |
cytoso{ counférparts: These rRNAs were later shownqu Bonen and Gray
(28) to hybriéize to specific fragments (generated Ey restriction
endonuc lease digestion) of wheat mitochondrial dNA under conditions
in which the cytdsol rRNAs did not hybrigdze. i

7 Tﬁ; Ty oligonucléotide catalogue of wheat“mitochondr{a1 185 rRNA

strongly resembles T; oligonucleotide catalogues of eubacterial and

chloroplast 16§ rRNAs, but lacks detectable homology with the T

oligonucleotide catalogue of wheat cytosol 185 rRNA (27). In
addition, among those T oligonucleotides which the mitochondrial 185
rRNA shares with eubacterial and cwloroplast 16S rRNAs, there is an

especially high proportion of ones identified (378) as conserved in .
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the evolution of eubacteriaf 165 but not eukaryotic 185 rRNA gpecies” '
(723.‘ Bonen et al. (27,72) therefore conc1qdld that the mitochondrial
185 rRNA is eubacterial in ﬁature, a finding that supports an
endosymbiotic (77;227) origin of mitochondria. However, Uzzell and
Spalsky (346) have interpreted these safie data as being coﬁg}btent
with eitherﬂan endosymbiotic or an autogenogs (271,345) origin Of.
m1tochondr1a, @view which is also held by MahJer’ (221)

(b) Evidence Presented in This Thesis ,

=

Extensive primary sequence identity bétween E, ggli and. wheat
mitochondrial rRNAs 1s 1ndicated by the fact that the bacterial’ 165
and 235 rRNAs hybridize spgc1f1ca]1y to those restr1ct1on fragments
containing wheat mitochondr1al 185 and 26S rRNA. genes, respectively.
Although attempts to hybridize E. ggli'rRNAg to the mitochondrial DNA
of other eukaryotes have not been reported, it is notable that no
hybridization was observed between spinach chloroplast rRNAs and

Acanthamoeba castellanii mitochondrial DNA under conditions in which

L s

the former hybridized extensively to E. coli rDNA (25).
There is a substantially greater degree of primary sequence
. .

identity between the 3'-terminal sequences of wheat mitochondrial 185

rRNA and E. coli 165 rRNA (82%) than between either wheat .

*itochondrial and cytosol 185 rRNAs (58%) or wheat cytoso] 18 and E.
coli 185 rRNAs (61%) (see Figure 25, Tables 3 and 4) In fact the

'

3'-term1na1 sequence of E. coli 165 rRNA is more closely related to

A

[ - €
the wheat mitochondrial sequente than it is to other known eubacterial

and chloroplast 165 rRNA se&uences (Table 4).

.
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o a Bsu | Ber | BST | anr | €er | CRE | Mar | whT | Euk | Hvo | wHT
- - (£ | ()] ()] (E) | (e} f ()| ()71 (M) ] (M) | (A) | (N)
. P ' ECO (E) [71.4 | 72.7 | 70.1 | 72,7 | 70.1 | 59,7 | 70.1 | 81.8 | 61.7] 70.1 | 61.3
. :
N BSY (E) 92.2 | 93.5 | es.7 §{ 15.3 | 68,8 | 75.3 {1 70.1 { s7.1| 63.6 | 58.4
, 8BR (E) 92,2 | &7 76.6 ['70,1 | 76.6 | 70.1 | 59.9] 62.3 | 61.3
8ST (E) ‘87, | 79.2 | 75,31 80.5 | 72.7 | 57.3] 66.2 | 58.4
AN (£% K 84.2 | 81,8 | 84.4 | 75.3"| 56.9] 63.6 | 58.4
EGR (C) . 76.6 | 87 | 70.1 | 53 °| 62.3 | 53.2
’ CRE (C) 1. 79.2. 62.3 | 49 | 59.7 | 49.3
. . MAL (C) 72.7 | 56.8{ 67.5 | 58.4
WHT (M) ’ ) 57.9| 6.2 | 58.4
. -
R EUK () I 83.5] 60.9 | 84,7
. . HVO (A) . .| 61.3
»
' Jable 4. Percentage identity between the 3'-terminal sequences of eubacterial and’

organatlar SSU RNAs. Calculations are based on 77 positions, E. coli gpsitions 9-85.
EUK, average % identity with the eukaryotic nuclear-encoded sequences listed in Figure
25, See Figure 25 for other abbreviations.

.
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At a position occup;ed by m3U in E. coli 165 rRNA, the same
modified nucleoside is present ip wheat mitochondrial 18S rRNA but not
in wheat cytosol 185 rRNA (see EESULTSL sections 5). Interestingly,
m®0 is present 1n a "universal® T, oligonucleotide (U*AACAAGp of
(378)) in eubacterial 165 rRNA. T;Jo other 16S universals, CCm’GCGp
and m“CmCCGp,qalso appear in the wheat mitochondrial 185 rRNjpT 1
catalogue (27,72). Therefore, 1n both primary sequence and
*post-transcr1ptioﬁal‘mod1ficat1on pattern; wheat mitochondrial 18S
KBNA is obviously much more closely related to its eubacterial
homoTogue than 1t is to its counterpart ih the cytoplasmic compartment
of the same cell, IR

Based én the alignment presented in Figure 27, the 3'-terminal
sequence of wheat mitochondrial 265 rRNA (positions 1-80) shows a
clear relationship to the E. coli 235 rRNA sequence (58% primary
sequence identity) and to that of maize chloroplast 4.55 rRNA (48%
1dentity), while it is on1y distéﬁt]y related to the wheat cytosol 265(/g
rRNA sequénce (29%). Note the three séretches of identity between the
m1tocﬁondria1“and bacterial sequences at m1tochondr1a{ positions 5-11,
35-42, and 48-53., Using strictly hbmo1ogous positions, the wheat
mitochondrial and chloroplast sequences can be fo1de§rto fit tﬁe
secondary structure model p%ﬁposed for this region of the bacterial
23S rRNA (214) (seé Figure 28).\\Ev$n though there is considerable
primary sequence divergence, second%ry struc;ure hag ?een conserved
through qpmpensaf%ng base changesaé/The wheat cytosol seqﬁence cannot

be'fitted to.thjs secondary structuré model. These observations,
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..CUGMUCIE'UUU&IWC,G.ICﬁUMRJA.C.GCGACGGG%MWUAMU&EWGUB%CWUECLLGAWEW&AHIEC’GC’C.CCNMGC,A.CGUULEGDQ‘ Wheat cytoscl 265 rRMA
TMGGTAGCG(IGAGACGRGCCGTTTAMTAGGTGTCMGT('.GMGTGCAGTGA1GTATEAMTGIG&ATCCTAACGM-CGIACGATTTGAM“... Meize chloroplast 235 rDRA

GTAGTAAGCCCACCCCAAGATGAGTGLTCT - spacer .. {
. GCGGGAM&CCU(I:UCUA‘U‘ACMGUU ----- R m.c_smcmcsuguuuuncﬁmm.amﬁecusmsugnmmEmsuetm:ecuucuceg\cmwum Wheat mitochondrial 265 rRMA
E. coli 235 rANA

. GCACGAAACUUGCCCCGAGAUGAGUUCUCCCUGACCCUUUAAGGGUCCBAAGGAACGUUGAAGACGACGACEUU-GAUAGGLCRGGUBUGUANGC GCAGC GAUGC GUUGAGCUAACC GGUACUARUGARL C GUGAGECUUAACCUVoH
e w 20 ne we - » ” [ » » » ”» »

Arrows delineats the saquence of maize ch?orophst 4 55 rR¥A (which has 5'-0H, 3'-0H temmini)

3

‘ Figure 27. Alignment of the 3'-terminal sequences of wheat cytosol
and mitochondrial 265 rRNAs, E. coli 235 rRNA (39) and the .
’ corresponding region of maize ch1c;rop1ast rDNA (97).
e ‘ ' e
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along with the results of heterologous hybridization experiments (see
abéve) suggest an endosymbiotic, eubacterial origin of wheat
mitochondrial 265 vRNA genes.

(c) Recent Evidence

Restriction fragments of wheat mitochondrial DNA, whicb{contain

the genes encodiné 188 and“?BS rRNA, have been cloned in pB§322 by F.
Quetier and B. Lejeune (0rsay}’FranceY?=“Bav1d Spencer in our
laboratory has now determined the complete sequences of both of these
rRNA genes (314, and unpublished). Remarkable ;imi1arities in primary
sequence and potential secondary structure between the wheat ,
mitochondrial 185/265 rRNA"and E. coli 165/235 rRNA provide compeiling
evidence in favor of an evolutionary origin of wheat mitochondria from
eubacteria-1ike endosymbionts. The primqsy sequenée of the wheat
mitochondrial tRNAcMet gene (132) also displays a high degree of

)

sequence similarity to its eubacterial counterpart.

4.2. Non-Eubacterial Characteristics of Wheat Mitochondria1LrRNA

Genes -
(a) Ribosomal RNA Gene Organization . S .

The genes for wheat mitochondrial 26$’and 185 rR&As are far apart
on the'mitoch6nd;ial germe, while the benes for 18S and 55 rRNA é}e
closely Tinked (28). Exper{ments presented here (295; RESULTS, )
section 7) establish that the 55 rRNA gene is close to the 3”-enafof
the 185 rRNA gene. These observations are in contrast to .the c105e{y
Tinked 5'-16§l23§—53—3' rBNA gfne arrangement found in eubacteria (see

INTRODUQ;ION, sEctiqn 3.1). However, this rRNA gene organization is

‘
o ¥
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p equally non-eukaryotic and therefore supports neither the

endosymbiotic nor autogenous theories of mitochondrial origin.

(b) Wheat Mitochondrial 5S rRNA b

Spencer et al. (313) have determined the complete primafy
sequence of wheat mitochondrial 55 rRNA. 1In 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 55 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 (131,513).

(c) Initiation of Translation

ATthough the 3'-terminal sequences of all SSU RNAs are highly
similar (Figure 25, SSU RNA sections (i)-(v)), there appears to be an
1nsgrtion of a five nucleotide sequence (CCUCC) into eubacterial 16S
rRNAs-relative to eukaryotic 185 rRNAs (or a deletion in the eukary-

o

otic 185 rRNAs). This "Shine-Dalgdrno" sequence, which functions dur-

_1ng intdation of protein synthesis in eubacteria (302,303), is also
prese n archaebacterial (139,161,167), Chlamydomonas chloroplast

(91), and plant chloroplast (170,298,335) 165 rRNAS. Euglena chloro-
plast 16S rRNA has a single nucleotide difference in this region
(119,254,317). There 1s no abvious "Shine-Dalgarno" sequence in
animal mitochondrial SSU RNA, and at the positid; in fungal and
protozoan mitochondrial SSU RNAs (Figure 25) corresponding to the
poiition of the "Shine-Dalgarno" sequence in E. coli 165 rRNA, primary

sequence has not been evplutionarily conserved, ,
£
AN

AN
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If one compares the immediate 3'-terminal sequence of E. coli 165
rRNA (...CCUCCUUAgy) with the immediate 3'-terminal sequence
(RESULTS, section 5) and flanking region (D.F. Sbencer, personal
communication) of a wheat mitochondrial 185 rRNAEgene
(...AAUCCUUC...), it is opviou%wthat the "Shine-Dalgarno" sequence has
not been deleted in the wheat m1tochondr1;1 185 rRNA gene. However,
the fact that primary sequence has not been completely coqserved (note
the two C to A substitutions), and that length heterogene%ty results
in the loss of the 3'-terﬁina1 C of the "Shjne-Da1garno“ sequence in
20% of the mitochondrial 185 rRNA molecules (RESULTS, section 5),
suggests that this sequence is not involved in initiation of protein
synthesis i@wheat mitochondria, It is important to note that there
1S as yet\no eviqence for-ortagainst a eukaryotic type of "scanning”

mechanisn (see DISCUSSION, section 3) of 1nitiqt19n of protein syn-

thesis for plant mitochondrial ripé:omes. b
(d) Ribosémal’RNA Processing H
Q Wheat mitochondrial 265 rRNA Tacks the Eequences corresponding to »

the 3'-terminal 17 nucleotides (Figures 14 and 28) and 5'-terminal 11
nucleotides (D.}. Spencer, M.N. Schnare and M.W. Gray, unpublished) of

E. coli 235 rRNA. It has been proposed that these regions of E. coli .

»

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 V”)

-

\/\ 1 )
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involves precise excision of tRNA sequenceﬁifound im@edigtely adjacent
to the rRNA seduences in the precursor (98,352). In this‘régard it is
1ntéresting'that a tRNA gené is situated 1mmediate1& adjacent to the
5;-terminus of the wheat mitochondrial 18S YRNA gene (132). .Hsyéver,
sequence analysis‘of regions of wheat T]téchondria1 DNA thHat flank the
26S rRNA gene have not revealed any tRNA genes or oéher obvious
processing signals (D.F. Spencer;“persona1 ¢ .municafion).

The mechanism of rRNA processing in eukaryotes, although ob-- 4,
viously different f?ﬁm that found in E. *coli, is not clearly undey-

ot A

stood (34). We are therefore uncertain as to the relationship-between

wheat mitochondrial and eukaryotic mechanisms of rRNA processing.

4.3 Eonc]usiogs About Mitechondrial Evalution .
In addressing thetquést1on, “Where did mitochondria come frem?”,

there are essentially two possibi]it%es. Mitochondria either arose

autogenously within a single sort of cell ;r as a result of an

endosymbiosis between fﬁo different sorts of cells (s®e }NTRODUCTIONF

section 4.2). '

Even though the wheat mitochondrial genome has some hon-

eubacterial characteristics (DISCUSSION, section 4.2), it is important

. to point out that these data do riot argue for or against either an

endasymbiotic or autogenous origin of wheat mitochondria,” These °

»

characteristics, which are not obv%bus1y prokaryotic or eukaryotic,

can be taken as evidence that the mitochondrion of wheat has had a

3

significant period of independent evolution, whether its origin'&as

endosymbiotic or autogenous. .1n fact, there is evidqppe, presented .
- 4 -
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and discussed here (DISCUSSION, section 4.1),‘that strongly favors an
endosymbiotic, specifically eubacterial origin of wheat mitochonﬂria.
Al theories concerning mitochondrial evolution must concede that
organelle, eukaryotic and eubacterial genomes shared a sing1é'common
anc;:;or at some point in evolution. . With this in mind, even with the
knowledge that wheat mitochondrial 185 and 265 rRNAs are obviously
eubpcteria1 in naturé, 1t is still possible to argue against an endo-
symbiotic origin. The argument is as follows: (i) Mitochondria ardse
;;togenous1y within the "qu;oeukaryotes" early in evolution, while
these ancestral eukaryotes were still very similar to eubacteria.
(1) There was a slow rate of mutation fixation during the evolution
of eubacteria and wheat mitochondrja, which wouﬁd accbunt for the high
;egree 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 qommon ancestor of mitochondria, eukaryotes and eubacteria. The

.differences between mitochondria ‘and eubacteria represent “derived

traits" that octurred during the separate evolution of the two
genomés. (ii1). After the event(s) that culminat;d in the Eutogenous
otigjn of mitochondria, the eukaryotic nuéaear genome underwent’ rapid
evolution away from the common anéestor of mitochondria, eukaryotes
and eubactqria. The nuclear genome retained fewer "primitive traits",
which accounts for the low level of simiTarity observed between wheat

cytosol and either the wheat mitechondrial or eubacterial rRNAs.

..

- - o 5

°
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If the above scenario fis 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 thé 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

specificaﬁ]y to the rRNAs of a particular subgroup of the eubacterial

lineage. - ' L4
Ihs 3'-terminal SSU RNA sequences shown in Figure 25 represent a

broad range of both eukaryote; and eubacteria and therefore constitute

a good data set for teé%ingsghe above predictions. %he data presented

in Tab]es.B and 4 show that Lhe level of rRNA sequence conservation e

within the eukaryotes (average eukaryote vs. eukaryote = 83.5%, ]owest

= 70.1% identity) 1s as great as within the eubacteria (average

eubacterium vs. eubacterium = 82.5%, Towest = 70,1% identity) which is

contrary‘spfﬁkedickion (13, above, The 3'-terminal sequencé of wheat

mitoch638r1a1 185 rrRNA aﬁpears to be more closely related to the 165

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
mitochondri§ is of an endosymbiotic, specifically eubacterial,
evolutionary origin.

No firm suppért for an endosymbiotic, eubacterial origin of

mitochondria in general has emerged from p}imary sequence data for

»

-
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mitochondrial rRNAs from aﬁ1mals (7,13;61,98,154,17?,284,352), fung
(179,180,204,310,311), and protozoa (300). In theséncases,‘:§en

though the mitochondrial rRNA§ may aﬁpear from sequence comparisons to{ \
be somewhat more closely related to their eubacterial than to their
eukaryotic cytosol homolagues (see Tab{e 5, ref. 135,130,1802193,236?
314), the degree of identity is no greater (and usually less) thap
betweeh homologous eubacterial and eukaryotic rRNAs.

Nevertheless, there are striking structural and bioghemiéa]
similarities in diverse mitochondria, gnﬂ mitochondrial DNA encodes
basically the same set of resp%ratory 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 Tikely that animal, fungal and protozoan mitochondria
have also had an endosymbiotic, eubacterial evolytionary origin, %he
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 sequeﬁce similarity to their eubacterial

counterparts. : -
.t ~
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
érRNA genes have strongly suggested that the chloroplast counterpart of
the 3'-end of E. coli 235 rRNA is a discrete 4,55 rRNA (96,215), whose

€

\\ ‘ /
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% Identity
WHT ECO € HVO, A
MAI C n.2 86.5 82.7
WHT M 75 90.4 84,6
Mos M 50 " 51.9 55,8
DRO M §3.8 53.8 61.5
HAM M 61.5 71.2 69,2
HUM M 59.6 69,2 65.4
BOV M 59.6 71.2 67.3
RAT M, MOU M 61.5 n.2 67.3
SCE M 71.2 7341 61.5
ALS M 50 §7.7 55.8
Y H 61.5 7.2 65.4
WT N 80.8 79
ECO E 86.5
Table 5. 3'-Terminal sequences of mitochondrial SSU RNA compared to

the 3 -terminal sequences of wheat cytosol 185 rRNA, E.

¢pli 165 rRNA
and H, volcanii 165 rRNA, Calculations are based on E. coli positions

9-60, See also Figure 25,

T s
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gene is separated from the rest of the 235 rRNA gene by a spacer

ranging from about 78 nucleotides in maize (97) to 101 nucleotides in

tgbacco (330). g ’ . :
The 3'-terminus of animal (7,98,284,352), fungal (180,311) and

protozoan (300) mitochondrial LSU RNA does not seem to ;hare any

‘ obvious sequence similarity with the 3':end of bac@eria1 23S rRNA br .

with plant cﬁ}orop1aét 4,55 wrRNA, However, wheat mitochondrial 265

rRNA dJes contéin a 4,58 rBNA homologue as it 3'-terminus (DISCUSSION, '

section 4.1, Figures 27-and 28). We therefore examined the sequence

of this rggidn of wheat mitochondrial 26S rRNA in thé hope that it N

would shed lignht on the evo]utiongry origin of the separate 4.55 rRNA

in plant chloroplasts. ‘ ;

:ng region of E. ggll 235 rRNA corresggnding to the position® of .
the transcribed spacer”sgparating the 235 and 4.5S rRNA ggnes in p?ent .
chloroplast DNA has been shown by sequence{ analysis (36,39,214) to \\i ‘
contain five .cistron Heteroéeneit%es,‘whi]e the wheatlmitochonodrial N

2§S rRNA has a 21 nucleotide deletizn relative-to E. coii 235 rRNA {n

£
this region (Figure 27). These observations suggest that-E. coli
- { I
positions 100-120 may be a transcribgd but unexcised relic of the . .

chloroplast spacer, and that this’spacer may' have been deleted
a]togethe; in the wheat mitochondrial 26S rRNA genes.

Alternatively, since'it has been suggésted that the chloroplast
spacer sequence may be analogoys to an intron ané that the two RNA
molecules (23§ and 4.55) rema1nzun1jgated due td incompliete splicing

(330), it seemed possible that wheat mitochondrial 265 rRNA genes have

N
N
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retained gn intron at this position, which would imply that intron .

excision and splicing occur during the biosynthes1§ of wheat

¥ I 3

mitochondrial 265 rRNA. However, DNA sequeﬁbe analysis {D.F. Spencer,*
- Pl - l‘“’
" personal communicatipn) has established that there 1s no 1ntron in

. this region of wheat mitochondrial 265 rRNA genes. -

% 8
4

. 5.2. Crithidia fasciculata 5.85 rRNA _ >
’ Alignment with published 5.85 rRNA sequences (Figure 29) clearly
shows that C?lthidia"spec%es Jis a 5.éS\rRNA, d§§pifé its exceptional
length (171-172 nucleotides). Excluding.the "G+C‘}ich hairpqn“‘(a‘
; feature of secondary structure ﬁpdeﬂs of 5.85 rRNi (105,213,243,2825), \
, there is obvious primary sequen;é identity within the regions
enqompassiﬁé nuclebtides‘}-1i4 and 149-172 of the Crithidia sequencé. f n
Partifu1ar1y no?;?1e are_fwo moderately long stretches (residues 38-49 b
and_102-108) that appear to be conserved 1n almost all 5.85 rRNAs; . . '
(344) the forher contains the GAAC tetranucleotide that has been
proposed to interact with the common GT¥C sequence in tRNA (247,382),.
The fonserved GGAU sequence th§£‘may be in!glved in the interaction of - '
v 5.85 rRNA with LSU RNA (242) is also present in Crithidia 5.85 rRNA
(positions 14-17), ' . . .
r figure 30 11lustrates Fhe fact that neither length nor pfimary
sequence is very highly conserved 1n the 6+C rich hairb}n region, o
= although the potent1a1‘for a substantial degree of base-pairing is ,
presgrved: It is obvious from this figure, and from the sequence * /r_)
alignment shown 1n Figure 29, that the extra nucleotides in Erithidia

5:85 rRNA are located in this hairpin: its length is 34 nucleotides in
» .

[

. 4
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80 9"? 100 110
1. GCAGAA-UCAUUCAAUUACCGAAUCUUU--GAACGCA-AACGGC
2. GCAGGGAUCAGUGAAUCAUCGAAUCUUU~-GAACGCA-AGUUGC

3. GCAGAAUUCCGUGAAUCAUCGAAUCUUU-~GAACGCA-CAUUGC "G+C-rich" AUGCC-UGUYUG--AGCGUCAUUY
. 4. GCAGGACACAU--GAACAUCGACAUUUU--GAACGCA-UAUCGC hairpin ACAUA-UGGUUG--AGGGUUGUA
g 5. GCAGAAUCCCGCGAACCAUCGAGUCUUU--GAACGCA-AGUUGC ACGCC~UGUCUG-~AGGGUCGEHUCC
- 6. GCAGGACACAU-UGAUCAUCGACACUUC--GAACGCA-CCUUGE AUCAU-UAACUGAAUCCAUAGGUU
7. UGAUAUGAACCGUUAUAABCGGCGAUUUCCGAAUGGGGAAACCC ACGCC-UGCCUG--GGCGUCACGC. . :
“ Figure 29. Alignment_of representative 5.8S rRNA sequences
) (references as indicated in the figure), including that determined .
here for C. fasciculata. Sequences were arranged for maximal homology
in pairwise comparisons, witﬁ a minimal number of assumed additions
. and deletions. The 5'-terminal sequence of E, coli 235 rRNA (39) is
also included in this alignment. Note that the highly variable region
(:”iIB . of primary sequence encompassing the "G+C rich hairpin" (see Figure
£ .

—]

30) is not 1ncluded in this alignment.

150 160 - ‘ZX
AUGCCAUAUUCUCCAGUGUCGAAC
ACGUU-CGCUUG--AGUGCCGCUY

. 1 10
fasciculata . 'AACGUGUCGCGAUGGAUG&%%UGGCUUCéﬁ%UCUCGUUégiGAACGCAéﬁ%AAGUGCGR%%AGUGGUAJ@%AUU
castellani1 (216)  AACUCCUAACAACGGAUAUCUUGGUU-CUCGCGAGGAUGAAGAACGCAGCGAAAUGCGAUACGUAGUGUGAAUC
cerevisiae (282)° AAACUUUCAACAACGGAYCUCUUGGUU-CUCGCAUCGAUGAAGAACGCAGCGAAAUGCGAUACGUAAUGUGAAUY
melanogaster 262) AACUCUAAGCGGUGGAUCAUCCGGCU-CAUGGGUCGAUGAAGAACGCAGCAAACUGUGCGUCAUCGUGUGAACY
aestivum (218) CACACGACUCUCGGCAACGGAUAUCUCGGCU-CUCGCAUCGAUGAAGAACGUAGCGAAAUGCGAURECUGGUGUGAAUY
Taevis (143) UCGCGACUCUUAGCGGUGGAUCACUCGGCU-CGUGCGUCGAUGAAGAATGCAGCUAGCUGCGAGAAUUAGUGUGAAUU
col1 3?) ...ACUAAGCGUACACGGUGGAUGCCCUGGCAGUCAGAGGCGAUGAAGGACGUGCUAAUCUGCGAUAAGCGUCGGUAAGG

’
J
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Figure 30. Potential secondary structure in the "G+C-rich hairpin"

_region of the 5.85 rRNA sequences Tlisted in Figure 29, and in the
analogous region of E. EQli 23S rRNA. The arrows in the Drosoghila‘

. 5.85 sequence indicate the cleavages that occur during 5.85 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

1

of the G+C-rich hairpin 1s shown.
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Crithidia but only 22-27 nucleotides in other eukaryotes. In this

regard, 1t is noteworthy that in D. mefanogaster (262) and S,
coprophila (165), tHe 5.85 rRNA consists of two fragments®(5.85a and’
5.85b) that are joined noncovalently at the "G+C rich" hairpin. This
arrangement results from the excision (without subsequent sp]icing) of
a short transcribed spacer that separates the 5.85a and 5.8Sb regions
in the primary transcript. (wa'lal;is et at. (262) have suggested that
either the' ;pacer sequence was inserted into Drosophila 5.85 rDNA at a
time following the divergence of tt;e vertebrates and invertebrates, oy
that the spacer existed in ancestral 5,85 rRNA genes but was

*®
eliminated during evolution from species that do not now contain it.

“

+ 3ince the extra nucleotides in Crithidia 5.85 rRNA occur in the same

region as the Drosophila and §c1ara spacers, it 1s plausible to

: saggest that C. fasciculata has also retained a spacer in its 5.8S /
rRNA,genes; but has lost (or not acquired) the mechanism to excise
this spacer from thg 5.85 primary transcript”. It should be noted, .
however, that the putative Crithiciia spacer is not obviously ‘

homo logous wit-h either the Drosophila or Sciara spacer sequences,

being nejther as .long nor as A-U-rich.

. Ol{r alignment of 5.85 rRNAs (Figure 29) also includes the 5'-end
of E. col1 235 rRNA, 'which Nazar (240) has postulated is the
structuré] analogue in prokaryotes of 5.85 rRNA. The alignment
con{ims that there is extensive s‘imﬂarit; between the 5'-end of E.
coli 235 rRNA and a 'range of euk,q,ryotic 5.85 rRNAs, va]though

quantitatively the degree of sjmilarity (58-66 identities in pairwise
-



Crithidia ribosome. The primary structuwna]ysis reported here
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comparisons) is significantly less than between any two 5.85 rRNAs

(81-111 identities). Interestingly, a stable hairpin loop can be

formed with that part of the E. coli 235 rRNA sequence that is

ana]ogbus to the "G+C rich" hairpin of 5.85 rRNA (Figure 30).
However, this hairpin region has been largely deleted in Anacystis

nidulans and chlgproplast 235 rRNAs (192).

5.3 Novel Smail 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 bf'quantitative and highly specific (albeit artifactual)
RNase ctleavage of large rRNAs during is%1ation. The imp112§tion‘was,

[y

therefore, that these small RNAs are native components of the ..
supports this concltusion, since it is highly unlikely that spur;ous'
degradation could account for the discrete nature of the 5'- and
3'-term1“n'i represented in species g, f,-g and j. Analysis of
uniformly-32P-1abelled rRNAs has indicated that the four novel small
rRNAs are each 5'-monophosphorylated in vivo, while the abil%ty to
label the RNAs to high specific activity wiyh [5'-32p]pCp in the RNA
11gase‘}eaction suggests a nonphésphoryfated 3'-terminus in each
case. Such ends (5'-P, é'-OH) are characteristic of bijosynthetic
termini, whereas dég}adation products (at least those produced by a
cyclizing type RNase activity such as pancreatic RNase) would be
expected to have 5'-0H and 3'-P ends. In their basic structural

features, therefore, Crithidia species e, f, g and j are
L}

L

el
v
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indistinguishable from those RNAs (such as 55 and 5.85) that are
recdgnized structural compon;;ts of eukaryotic ribosomes,

Althéugh the data are entirely consisﬁ?nt with the view that e,
f, g and j are bona fide constituents of the Crithidia ribosome, they
do not at this point allow us to draw def1n1t%ve conclusions about the
biosynthetic or1gtp of these rRNAs. While preliminary exper1$ents
have indicated that geneg for all the RNA species of tﬁe Crithidia
rlbosozz are physically linked, it remains to be determined whether
therd is complete transcriptional linkage as well, or whether some of
the noxgl small rRNAs, like eukaryotic 5S rRNA, are products of a
transc@ipt?onaW pathway separate from that which gives rise to the
155, 5.85 and 285 rRNAs. If, in fact, species e, f, g and j are
derived from the same Targe.precursor rRNA as the 185, 5.85 and 28S
rRNA species, it must be established whether post-transcriptional
processing involves removal of spacer sequences de]ineatind the coding
regions of the novel small rRNAs, asjin the case of eukaryotic 5.85
rRNA, or whether t;e small rRNAs are generated by phosphodiester bond
cleabages between completely contiguous coding sequences (not
separated by spacers). Thé primar& sequ;nce information presented
here, together with détailed restriction mapping and nucleotide
sequence analysis of cloned Crithidia rDNA, should c1éar]y distinguish

among these possibilities.

6. Concfﬁding Remarks and Future Prospects

In the course of the work presented in %his thes1s 1 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 hybr}dization experiments, and
preliminary anaﬁys1s of modified nucleoside composition near the
3'-terminus of wheat mitochondrial 185 rRNA) is that plant
mitochondria are of an endasymbiotic, specifically eubacterial, .
origin. Some of the supporting data have been published in scientific
Journals (295,314): For the sake of compleéxon, I am p]aﬁhing to
analyze the wheat mitéﬁhondr1a1 185 and 265 rRNAs in terms of content
aqd position_of modified nucleoside components. '
Since s'eat mitochondt‘ial and E. coli SSU RNAs share a very
similar methyl ation patte;n, 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 mSA and

-
m3U) and then to use these cloned genes to detect the genes

. responsible for mitocho#Mrial rRNA modification. It would be

interesting, for example, to determine whether genes responsible for
methyl ation of wheat mitochondrial 18 rRNA are encoded by the nuclear
or mitochqndr1a] genome. It would also be interesting to determine
whether the same methyl ase 1s ré;ponsible for production of m$A in
both wheat mitochondrial and wheat cytosol 185 rRNAs.

Qur published observations on the rRNAs of Crithidia fasciculata

may be summarized as follows: (i) Within its 3'—termina1‘100
nucleotides, Crithidia 18 rRNA is the most divergent eukaryotic SSU
RNA so far analyzed (Schnare and Gray, ref. 293). The séquence in
this 3'-terminal region that has been proposed to be conserved in

eukaryotic SSU RNA and to'interact with 55 rRNA and ﬁRNA is not
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conserved in Crithidia 18 RNA (293). (ii) The Crithidia 5.85 rRNA is
at least 10 nucleotides longer than typical eukaryotic 5.85 rRNAs and
these extra nucleotides are in the same‘region as the spacer
separatfﬂg the 5.85a and 5.8Sb genes in Drosophila rDNA (Schnare and
Gray, ref. 294). (iii) The four extra sna11f;RNAs 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 defiggng 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 6bmp1eted most of the preliminary work on the

Crithidia rRNAs necessary to allow a resolution of most of these

questions in the near future. I wi{] predict, based partially on
subunit localization (123) and partially on preliminary sequence data
for the epds of the two 265 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 265 rRNA or at the
3'-end of the 265 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 255-285 rRNA sequences. Decisions about whether the
appearance of spacer sequences (which result in the product%on of
small rRNAs) was an ancient or re1a§ive1y 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 w11l be necessary to sequence a complete
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Crithidia 185 rRNA gene, whigh should vgx}fy that Crithidia represents
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one of the earliest branchings within the eukaryotes.
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