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ABSTRACT
The primary structure of rabbit 18S ribosomal RNA was determined by

nucleotide sequence analysis of the RNA directly. The rabbit rRNA was speci-
fically cleaved with T1 ribonuclease, as well as with E. coli RNase H using a
Pst I DNA linker to generate a specific set of overlapping fragments spanning
the entire length Op the molecule. Both intact and fragmented 18S rRNA were
end-labeled with [ P1, base-specifically cleaved enzymatically and chemically
and nucleotide sequences determined from long polyacrylamide sequencing gels
run in formamide. This approach permitted the detection of both cistron
heterogeneities and modified bases. Specific nucleotide sequences within E.
coli 16S rRNA previously implicated in polyribosome function, tRNA binding,
and subunit association are also conserved within the rabbit 18S rRNA. This
conservation suggests the likelihood that these regions have similar functions
within the eukaryotic 40S subunit.

INTRODUCTION

Ribosomal RNA is becoming increasingly important in our current under-

standing of the mechanism of action of ribosomes. Numerous studies have

provided evidence in prokaryotes for a direct participation of 16S rRNA in

translation. For example, base pairing Interactions between the 3'-terminus
of 16S rRNA and mRNA 5'-noncoding regions are important in discriminating mRNA

initiation sites during translation (1,2). Direct 16S rRNA:RNA interactions

are also implicated in both tRNA binding (3,4) and ribosomal subunit

association (5,6). Similar interactions are likely to exist in eukaryotes.
An intimate association between mRNA and 18S rRNA can be detected by psoralen

cross-linking (7). Furthermore, E. coli N-acetyl-tRNAVal can be cross-linked
to yeast 18S rRNA when occupying the P-site of 40S subunits (8). Specific
interactions between 18S rRNA and the a and y subunits of eukaryotic
initiation factor 2(eIF-2), as well as the 66,000 dalton subunit of eIF-3 also

have been determined using the heterobifunctional protein:RNA cross-linker

diepoxybutane (9,10). Such studies lend strong support for a direct

involvement of the 18S ribosomal RNA during translation.
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To understand the functional role of eukaryotic 18S rRNA within the 40S

subunit, its primary structure must first be determined. Recently, the

complete nucleotide sequences for yeast (11) frog (12), and rat (13,14) 18S

rRNA have been deduced by DNA sequence analysis of the cloned ribosomal

genes. These studies have provided the basis for a phylogenetic comparison

between 18S rRNA and 16S rRNA (14-16). Even though secondary structure models

have been proposed for 18S rRNA using such comparisons (14-16), analysis of

the RNA directly will ultimately be required to refine current structure

predictions. To this end, we have determined the primary structure of rabbit

reticulocyte 18S rRNA by direct RNA sequence analysis. This approach has

permitted detection of both cistron heterogeneities and modified bases. In

addition, the use of both T1 ribonuclease and E. coli RNase H to generate

specific overlapping fragments for 18S rRNA, will permit direct structure

analysis of the entire molecule by chemical modification (17).

METHODS

Fragmentation of Rabbit 18S rRNA with Ribonuclease T1

Purification of 18S rRNA from rabbit reticulocytes was performed as

previously described (18,19). Fragments of 18S ribosomal RNA were prepared by

digestion with 2.5 x 10 5 units of T1 RNase/jg RNA in structure buffer (20 mM

Tris-HCl, pH 7.5, 300 mM KC1, 20 mM MgCl2) for 15 min at 4°C. The reaction

was terminated by incubating for 25 min with 300 Ag/ml of autodigested

proteinase K at 25°C. Following phenol extraction and ethanol precipitation,

the T1 RNase generated fragments were 5'-[32PJ-end-labeled with [y-32P]-ATP
and T4 polynucleotide kinase and fractionated on a 80 cm long 3.5%

polyacrylamide gel run in 7M urea. The 5'-[32P1-end-labeled fragments #1,#2

and #3 were excised from the gel (Fig. 2A) and sequenced enzymatically (18,21)

and chemically (22) as previously detailed (18,21).
Fragmentation of Rabbit 18S rRNA with E. coli Ribonuclease H

Purified 18S rRNA was first preblocked at Its 3'-terminus with nonradio-

active pCp to enrich for only [32P]-end-labeled RNase H digestion frag-

ments. To 2.5 A260 units (100 pmol) of 18S rRNA in ligase buffer (50 mM

Hepes-KOH, pH 8.3, 10 mM MgC12, 3.3 mM DTT, 10 tiM ATP, 10% DMSO, 15% glycerol)
a ten-fold molar excess of nonradioactive pCp was added with five units of T4
RNA ligase, and incubated for 48 hr at 10°C (23). After incubation the

reaction mixture was made 10 mM NH4HCO3, pH 8.0 and the nonradioactive pCp

removed by Sephadex G-75 spin column chromatography (24). Following ethanol

precipitation, 0.4 A260 units (16 pmol) of preblocked 18S rRNA was dissolved
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in 40 pl of 1 mM EDTA to which 100 - fold molar excess of Pst 1 linker DNA

(Collaborative Research, Inc.) was added. The mixture was heated to 90°C for

1 min, quick-cooled to 0C, and made 50 mm Tris-HCl, pH 7.9, 4 mM MgCl2, and 1

mM DTT. Following hybridization for 3 m;in at 50°C and for 30 min at 32°C, 21

units of E. coli RNase H was added and the reaction mixture was incubated at

32°C for 30 min. The RNase H generated fragments were precipitated with

ethanol, labeled at their 3'-termini with [32P]Cp and T4 RNA ligase, and

fractionated on an 80cm long 3.5% polyacrylamide gel run in 7M urea. The 3'-

[32PJ-end-labeled fragments A,B,C and D (Fig. 2B) were excised from the gel

and their nucleotide sequences determined enzymatically and chemically

(18,22).

RESULTS

The primary structure of rabbit 18S ribosomal RNA was determined by

nucleotide sequence analysis of the RNA directly. Sequence analysis of the

entire rRNA molecule was accomplished by in vitro [32P]-end-labeling of both

intact and fragmented 18S rRNA, followed by base-specific cleavage using

enzymes and chemicals (18,22). Initial sequence data was obtained with intact

18S rRNA which was labeled in vitro at either its 5'-terminus with [y-32P-ATP
and T4 polynucleotide kinase or its 3'-end with [32P]Cp and T4 RNA ligase

(23). After base-specific enzymatic and chemical digestion (18-22), the

resulting digests were electrophoretically fractionated by size in adjacent

lanes of 140 cm long polyacrylamide sequencing gels run in 90% formamide

(18). The use of long formamide sequencing gels allows determination of

nucleotide sequences of 300-400 residues from a [32P]-end-labeled terminus

(18). The nucleotide sequences of the 5' proximal 400 residues and the 3'

D
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FIGURE 1. Map of the (*) [32P]-end-labeled fragments used for nucleotide
sequence analysis of rabbit 18S ribosomal RNA.
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FIGURE 2A. Autoradiogram of the
5'-[32p]-end-labeled Tt RNase
digestion fragments fractionated
on a 3.5% polyacrylamide gel in
7M urea (80 cm long x 20 cm wide
x 0.15 cm thick). 2B. Auto-
radiogram of the 3' [32P]-end
labeled RNase H digestion
fragments fractionated on a 3.5Z.
polyacrylamide gel in 7M urea
(80 cm long x 20 cm wide x 0.15
cm thick). (-) minus Pst 1 DNA
linker, (+) plus Pst 1 DNA linker.
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FRAGMENT

A5'3
3St8M~~~~~~~~~~~~~~~~~~~~~~~~~~~~

654

B 5' CAAAGCAA3
3,dCGAC6tZG5

I 626

C 5' _ ACGGGIl 3'

Y3dCGAWTG5S
826 1129

D 5' _--ACGGGCAGC 3'
3'd CGACGT CG.'

654 1129

FIGURE 3. Digestion of rabbit 18S ribosomal RNA with RNase H using the Pst 1
DNA oligomer.

distal 300 nucleotides were determined in this manner (Fig. 1) as previously

reported (18).

To extend the sequence analysis to internal regions of the RNA, large

fragments were generated by partial digestion with T1 RNase in high salt

buffer. These fragments were labeled at their 5'-termini with [y-32P -ATP and

T4 polynucleotide kinase and fractionated on a 80 cm long preparative 3.5%

polyacrylamide gel (Fig. 2A). Partial digestion with T1 RNase reproducibly
generates several major fragments. Fragments #1, #2 and #3 (Fig. 2A) were

overlapping and of sufficient purity to definitively extend the sequence of

the 3' domain by an additional 504 nucleotides (Fig. 1).

Since the region encompassing nucleotides 400-1020 of the rabbit 18S rRNA

molecule was relatively resistant to cleavage with T1 RNase, a different

approach was used to generate unique fragments In this region. Analysis of

this area in yeast (12) and Xenopus laevis (13) 18S rDNA revealed several

conserved restriction sites. DNA oligomers (commercially available linkers)

corresponding to these restriction sites were used together with E. coli RNase

H to generate site-specific cleavage of 18S rRNA. Hae III, Sma 1 and Pst 1

DNA oligomers were separately examined. A specific DNA oligomer was first

heat denatured and hybridized to the rRNA. Site-directed cleavage of the 18S

rRNA was then performed with E. coli RNase H (24). Only the Pst 1 DNA oli-

gomer produced fragments with a unique 3'-terminus, as determined by end-group

analysis of the resulting 3'-[32P]-end labeled digestion fragments (21).
Fragment A (Fig. 2B) resulted from cleavage of the rRNA at the region corres-

ponding to the actual Pst 1 restriction site (Fig. 3). Fragments B, C and D

4735



Nucleic Acids Research

50

pUACCU66UU6AUCCU6CCA6UA6CAUXU6CUU6YCUCAAA6AUUAA6CCAAnm *

CC A
U6CAU6UCUAA6UAC6CAC66CC66UACA6U6AAACU6C6AAU66CUCAU

Ai"

101 L0U
UAAAYCA6YUAU66UXCCUUX66UC6CUC6CUCCUCUCCUACUU66AUAA

Un Un

151 200
A CC A

CU6U66UAXUUCUA6A6CUAAXACAU6CC6UC6666YU6IKLLLLJJUU6U
An An UnCn

201 250

C
jC66AU6C6U6CAUUUAUCA6AUCAAAACCAACCC6C6UCA6UUUCCCC

251 300

C 6 C
CC66CCCC6C66YYYY66U666C6UC66ACU6CUUU66U6ACUCUA6AUA

301 350

U C M C U
ACCUC666CC6AUC6CAY6CCCC6U6UC66CAUUC6AAC6UAU6CCCCAU

351 .400

CAACUUUC6AU66CA6UC6CC6U6CCUACCAU66U6ACCAC666U6AC66

4101 4150

U
66AAUCA666DUCGAUXCCGAfi6AG 6CCU6A6AAAC66CCACCACAU

UN
4s5Lsoo

U C
XCAA66XA66CA6CA66C6C6CXAAUCACCCACUCCC6ACCC6666AX6U
Cm An An 6n
50150sso

U U
X6C6AX6AAACAACAACACA66ACUCUUUC6A6A6CCCU6CAAUU66A
An Cn

551 6.00
C U
AU6A6UACAUUUCAAXUCCUUCAAC6A66AUCCAUU66A6X6CAA6UCU6

1.01 650

6U6CCA6CA6CC6C66XAAUUCCA6CUCCAACAXC6CACAUCAAA6UU6C
Un 6

6151 A 700

UW UUXAAAA6CUC6UAGUUXAKUUGU66AGGGU6CGUAGCGGGCG

701 750

6UCC6CC6C6A66C6A6CCACC6CCC6UCCCC6CCCUUCCUCUC6GC6

751 000

CCCCCUC6IU6CUAU6C,U6M6UiUCCCL6AA66C6X6XUUACU

UU6AAAAAAUUA6A6U6UUCAAA6vi6CCC6A6C66CCUA6AUACC6CA

851 900

6CCA66AAUAAUX6AACA66ACC6C66UUCUAUUUU6UU66UUUUC66AA
6m

CU6A66CCAU6AUUAA6A666AC66CC66666CAUUC6UAUU6C6CC6CU

1001 1050

C
6CCAA6AAU6UUUUCAUUAAUCAA6AXC6AAA6UC66A66UUU6AA6AC6

An
1051 1100

AUCAFiAC6UC6UA6UUCC6ACCACAAAC6AU6CC6ACU66C6AU6C6
10 1 .Q Q o o 0

C 6 C .
6C66C6UUAUUCCCAU6ACCC6ACC6ACUUCC666AAACCAAA¶

1151 1200

C
UU666UUCC666666A6UAU66UU6CAAA6CG6AAACUUAAA66AAUU6A

1201 1250

C66AA666CACCACCA66A6U66AUCCU6C66CUCAAUUU6ACXCAACAC

1 2 5 1 3 0 0

666AAACCUCACCC66CCC66ACAC66ACA66AXU6ACA6AUU6AUA6CU
UK

1 301 1 350

6 C 6
CUUUCUC6AUUCU6U66CU66X6XU6CAU66CU6UUCUUA6UU6CU66A6

1351 13400

C6AUUU6UCU66UUAAUUCCfMAC6AXCUA6ACUXUC6CAU6CUAACU
1401 1450

A6UCAC6C6ACCCCC6A6C66UC66C6UCCCCCAACUXUUCA6A666a&

11451 1500

C C
MMi6L6UUCA6CACC6A6AUU6A6CAAUAACAX6UCU6U6AU6CCCUUA

1501 1550

U
6AU6UCC66UC66CAC6CGC6CUACACU6ACUG6CUCA6C6U6U6CUCAC

1551 1600

C
CCUAC6CC66CA66CC66UAACCC6UU6AACCCCAUUC6U6AUA66GAUC

1601 1650

U
6666AUU6CAAUUAUUUCCCAU6AAC6A66AAUUCCA6UAA6U6C666U

"76 t

1651 1700

CAUAA6CUU6CGUU6AUUAA6UCCCU6CCCUUU6UACACACC6XCC6UC6
Am Cm

170 1 1750

CUACUACC6AUU66AU66UUUA6U666CCCUC66AUC66CCC6tt6666

1751 1000

CGGCCCACGGCCCUGGCGGAGC6CU AGAAGACGGUCGAACUXGACUAUC

1801 1G05

UA6A66AA6UAAAA6UC6UAACAA66UUUCC6UA66U6AACCU6C66AA6
nAAAn

GAUCAUUAOH

4736

951 1000

A6A66U6AAAUUCUU66ACC66C6CAA6AC66ACCA6A6C6AAA6CAUUU



Nucleic Acids Research

(Fig. 2B), however, are unique and were generated by partial hybridization of

the Pst 1 DNA oligomer to the RNA (Fig. 3). These four fragments were of high

enough specific activity and purity to complete the nucleotide sequence of the

18S rRNA (Fig. 1).

Fig. 4 presents the primary structure of rabbit 18S ribosomal RNA. The

entire sequence contains 1,858 nucleotides. Nucleotides designated as X

depict phosphodiester linkages resistant to both enzymatic and chemical clea-

vage and likely represent nucleotides with a 2'-0-methylated ribose. Y

denotes a possible modified pyrimidine due to relatively weak enzymatic and

chemical cleavages. In most Instances, either 2'-Omethylated nucleotides or

pseudouridines have been identified at both the X and Y positions, respective-

ly. These were determined from previously catalogued T1 RNase digestion

fragments in Novikoff hepatoma (25), HeLa cell (26), and Xenopus laevis (27)

18S rRNA. Forty-two cistron heterogeneities have also been mapped as indicat-

ed by simultaneous cleavages with different base-specific enzymes and

chemicals (Fig. 4). Most of the heterogeneities are clustered in specific

areas of the molecule and likely reflect transcription from all or a portion

of the two-hundred ribosomal genes present within the mammalian genome (28).
During the sequence analysis numerous tracts within both the intact and

fragmented rRNA molecule proved to be relatively resistant to cleavage with

the base-specific enzymes, and could only be sequenced by chemical means

(22). These regions underlined in Fig. 4 are G+C rich and likely reveal areas

within mammalian 18S rRNA that are extensively base paired.

DISCUSSION

A phylogenetic alignment of the rabbit 18S rRNA sequence with correspond-

ing rRNA sequences from yeast (11), Xenopus laevis (12), and rat (13) is shown

in Fig. 5. The sequences have been arranged to give maximum homology and

nucleotides conserved in 4 out of 4 species are indicated by an ""'

subscript. A comparison of the rabbit sequence with those of yeast, frog, and

rat shows a 67%, 91%, and 95% homology, respectively. The most striking

differences occur within the region extending from #244-290 of the rabbit

sequence (Fig. 5). Examination of this highly mutable region reveals numerous

FIGURE 4. Primary structure of rabbit 18S ribosomal RNA. X denotes a phospho-
diester linkage resistant to chemical and enzymatic cleavage, and Y denotes a
possible modified pyrimidine. Known modified bases at these positions within
other 18S rRNAs are indicated parenthetically below. Two nucleotides within
the same position indicate cistron heterogeneities. Regions underlined re-
present nucleotides resistant only to base-specific enzymatic cleavage and
which are likely base paired.
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FIGURE 5.
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3South Atrican toad TAC CCA CT CCC aAC GC 0 0 00AG0TA0TGACCAAAAA TA ACAATAC A GO ACTC T TT
4 Yeast T A C C C A A T C C T A A T T C A G C *A G T A G T G A C A A T A A A T A A C G A t A C A* GC C C C A T T

UAC C CAC UCC C AC C 0000A0U*AC0 UC0A C AAA U A CA A UACACA C UC'U U U
Conserved

55 56 57 56 59 60
1 2345676901234567890 1 239567890 1 239567890 1 234567890 12395

1 Rabbit CGAC A0CCCU0UAAUUCGAA U0ACUAC AUUUCAAAU CC UUUAA CGAG GAUCCA UU
2 Rat C G A G - G C C C T G T A A T T G0 AA T G A G T C C A C T T T A A A T C C T T TA A C G A G GA T C CA T T
3 3outh Afrio toad CAC*- C CCCT 0TAA TT G0AATA*TAC ACTTTAAAT CC TTT AAC AGGG*ATCTA TT

Yeast C G - C - G T C T T C T A A T T 0G A A T 0 A C T A C A A T G T A A A T A C C T TA A CG A G G AA CA A TT

C G A G G C C C U G U A A U U C C AA U G A C UA CA U U U A A A U C C U U U AA C G A G GA U C A U U
Conserved

60 61 62 63 69 65 66
6 7 8 9 0 1 2 3 4 5 6 7 8 9 o 1 2 3 5 6 7 8 9 o 1 2 3 4 5 6 7 8 9 0 1 2 312 5 6 7 8 9 0 1 2 3 4 5 6 7 8 90

1 Rabbit GGA GGG CAAGUCUGCUGC CA GCAGCCG CG UAAUAUC CA GCU CC AA CA G CGCACAU
2 Rat G G A G G G C A A G T C T G G T C CC A C A GC C G C G CT A A TTC C A G C T C C A A T A G C G T A TA T
3 South Afriom toad GGA CGG CAAGTCTGGTGCCAC GCAGCC CGGTAA TTC CA GCT CC AA TA G CGTAT AT
4 Yeast G G A G G G C A A G T C T G G T C C A G C A G C C G C G G T A A T T C C A G C T C C A A T A G C G T A T A T

G G A G GG C A A G U C U GC U G C C A G C A C C C G C G G U A A U U C C A G C U C C A A U A G C G U A U A U
Conserved

66 67 60 69 70 71
1 2 3 4 5 6 7 8 9 0 1 2 3 11 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 11 5 6 7 8 9 0 1 2 3 11 5 6 7 8 9 0 1 2 3 11 5

1 Rabbit C A A A G U U G C U G C A G U U A AA A A G C U C G U A G U U G G A U C U U G U G G A G G G U G C G U A G C G
2 Rat T A A A G T T G C T G C A G T T A A A AA G C T C G T A G T T G G A T C T T G - G G A G C G - - - - - G G C G
3 South African toad TAA AGT TGCTGCAGTTAAAAAGCTCGT AGTTGCAT CTT G-GCA T C C- - - - - A G C T
1 Yeast T A A A G T T G T T G C A G T T A A A A A G C T C G TA G T T G AA C T T T G - G G C C C T- - - - - G T T G

OAAAOOOGCUOCAOCUOAAAAACUCOUAOU600A6CUUO 006 CO OCC
Conserved

71 72 73 74 75 76 77
67890 1 239567890 1234567890 1234567690 1 2345678901234567890

1 Rabbit GGC GCU CCGCCGCGAGGCGAGC-C CACCOCCCCUC CCC C CCC UU GCCU C UCGGCGC
2 Rat G G C G G T C C C C C AC G A G G C G A G T C A C C G C C CC T C C C C G C C C C T T G C C T C T C CG C C
3 South African toad GGC GGT CCCCGCCGAGCGC- C C TACCGCCTGTC CCAGCCCC T- GC CT C TCGCCGC

Toast G C C G G T C C C A T T T T T T - C G - T G T A C T G C A T T T C C A A - - C G G C - G C C T T T C - - - - -

C G C G G U C C C C C G C G A G G C G G A C C G C C G U C C C G C C C C U G C C U C U C G G C G C
Conserved

9Yeast~ ~ OCCOOTCGATTT?T-CO|TTACTOOATTCCAA..COOO .. .CTTC .
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77 78 79 80 81 82
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 115 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 1 5

1 Rabblt C C C C U C G A UG C U C U U A G C U G AG U G U C C C G C- - - G G G G C C CG A A G CG U U UA C U U U G
2 Rat C C C C T C G A T G C T C T T A G C T G A G T G T C C C G C - - - G G G G C C C G A A G C G T T T A C T T T G
3 3outh African toad C T C C C C G A TGC t C T T G A C T G A G T G T C C C G - - - - G GG G C C CG A GC G T T T A C I T T G
1 Yeast C T T C T G G C T A A C C T T G A G T C C T T G T G G C T C T T GG CG A A C CA G G A C T T T TA C T T T G

C C C U C G A U G C U C U U C U G AG U U C C C C C G G C C C C G A A G C G U U U A C U U U G
Conserved

I I I II..............I I I I I I.I

82 83 89 85 86 87 88
6 7 8 9 0 1 2 3 11 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 41 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 11 5 6 7 8 9 0

1 Rabbit A AA A A A U U A GA G U G U U C A A A G C A G G C C C G A G CG G CC U A GA UA C C G CA G C CA G C AA
2 Rat A A A A A A T T A GA G T G T T C A A A G C A G G C C C G A G C C G C C T AG *T A C C G CA G C T A G G aA
3 South African toad A A A A A A T T A GA G T G T T C C A A G C A G G C C - G C G T C G CC T GG A TA C T T CA G C TA G G AA
1 Yeast A A A A A A T T A G A G T G T T C A A A G C A G G C - - G T A T T G C T C G A A T A T A T T A G C A T G C A A

A *A A AA U U A GA G U G U U C A A A G C AGC GCC CC U G A U C C A 0 C G G
Conserved

I...I.....I**......I .....I............ I

68 89 90 91 92 93
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 11 5 6 7 8 9 0 1 2 3 11 5 6 7 8 9 0 1 2 3 4 5

1 Rabbit UA A U GC A A C A G C A C - C G C G G U U C U A U U U U G U U G G U U U U C G G AA C U GA G G C CA U GA
2 Not T A A T G G A A T A G G A C - C G C G G T T C T A T T T T G T T G G T T T T C G G A A C T G A G G C C A T G A
3 South Afrian toad TAA T G G AA T A CG A C - T C C G G T T C T A T T T T G T T G G T T T T C G G A A C T GCGG G C C A T G A
4 least T 6 6T A G A AT A C CGA C G T T T G G T T C T A T T T T G T T G G T T T C T A G G A C C A T C AT A AT G A

U A A U G G AA U A G G A C C G G U U C U A U U U U G U U G G U C G G AA C U G G G C C A U G A
Conserved

93 94 95 96 97 98 99
6789012345678901234567890123456789012345678901 234567890

1 Rabbit UU A A G A C C C A C C C CC GG G G C A U U C G U A U U G U G C C G C U A G A GG U G A AA U U C U U GG
2 loat T T A A G A G G ¢ A C G G C C G G G G G C A T T C G T A T T G C G C C G C T A G A C G T G A A A T T C T T G G
3 South African toad TT AA G A G G G A C CG C COGG G G C A t T C G T A T T G T G C C G C T A G A G G T G A AA T T C T T G G

te st T T A A T A G G G A C G G T C G G G G G C A T C G G T A T T C A A T T G - T C G A G G T G A A A T T C T T G G

U U AA G A0G * C CC CCGGG CC A U U CC UA U U G GCCGC U G AGG U G AA U U C U U G G
Conserved

99 100 101 102 103 109
1 2 3 4 5 6 7 8 9 0 1 2 3 11 S 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 1 5 6 7 8 9 0 1 2 3 11 5

1Ibbit A C C G G C G C A A G A C G C A C C A C A G C G A AA G C A U U U G C C A A G AA U G U U U U C A U U A A U C
2 Rat A C C G G C G C A A G A C O G A C C A G A G C G A A A G C A T T T C C A A A 610AT 1T T T T C * T T A* T C
3 Soutb Afrinm toad AC C G G C G C A AG A C G AA C C A A A G C a A AA G C A T T T G C C A A G A A T G T T T TC A T T A A T C
l Yeast A T T t A T T C A A GA C T A A C T A C T C C G AA CGC G T T T G C C A A G G A C G T T T T C G T TA A T C

ACCCCCGC AA AC ACCA AGCG AA C AU U UGCC A A G A* U U U U U CA U U AA U C
Conserved

104 105 106 107 108 109 110
6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 11 5 6 7 8 9 0 1 2 3 11 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0

1 Iabbit A A G AA C G A AA G U C GG AGGU U U G A A G A C G AU C A G A U A C C G U C G U A G U U C C G A C C A C
2 Rat A A G A A C G A A A G T C G C A G G T T C G A A G A C C A T C A G A T A C C G T C G T A G T T C C G A C C A T
3 South Atfrin toad A A C AA C G A AAG T C G G A GGT T C G A A G A C G AT C A G A T A C C C T CG T A G T T C C G A C C A T
1l Yeat A A G A A C C A A A G T T G A G G C - - - - - - - - - - A T C T G A T A C C G T C G T A G T C T T A A C C A T

A AGACA GCG AACAGU C C 06AA GA C G A UC A G A U A C CG U C G U AG U U C CG A CC A U
Conserved ....... ...............I ..I.II.I..I . I I . I..I. I.I. I I

110 111 112 113 114 115
1 2 3 4 5 6 7 8 9 0 1 2 3 11 5 6 7 8 9 0 1 2 3 11 5 6 7 8 9 0 1 2 3 41 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 1b 5

1 Rabblt A A A C G A U G C C G A C U GG C G A U G C G G C CG C C U U A U U C C C A U G A C C C G A C G GG C A G C U
2 Rat A A A C G A T G C C G A C T G C. C G A T G C G G C G G C G T T A T T C C C A T G A C C C G C C G G G C A G C T
3 SouthAfri toad AA A C G A T G C C G A C T A G C G A T C C G G C GC C G T T A f T C C C A T C A C C C C C C G AG C AG C T
1l Yeast A A A C T A T G C C G A C T A G - - A T C G G G T G G T G T T T T T T I A A T G A C C C A C T C G G T A C C T

AAACGAUGCCAC U GCGAU CGGCGGCC 0UU UUCCCAUGACCCGCCOGCGGCCU
Conserved

I@@ .| § @ .I ..I. .. .. ..I@ ..I I *.I III II III
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115 116 117 118 119 120 121
67 890 1 2 34567890 1 2 345 67 890 1 2 34567 89 0 123 567890 1 2 345 67 890

1 Rabbit U C C G G G A A A C C A A A G U C U U U G G G U U C C G G G G G G AG UA U G G U UG CA A A G - C U G AA A
2 Rat T C C G G G A A A C C A A A G T C T T T G G G T T C C G G G G G G A G T A T G G T T G C A A A G - C T G A A A
3 South African toad TC C G G G A A A C C A A A G T C t T T G G G T T C C G G G G G G A G T A T G G T T G C A A A G - C T G A AA
1l yeast T A C G A G A A A T C A A A G T C T T T G G G T T C T G G G G G G A G T A T G G T C G C A A A G G C T G A A A

U C CC G GAAA C C A A AG U C U U U G GG U U C C CGCGGGAG U A UCGCGU U CC A A C U G A A A
Conserved

, I I I I.I....I..........I@|@I@@§I I I ..I.I.I.I.I..I.I...I.I.I.I.I. I.II.I I.I. I.I.I I I

121 122 123 124 125 126
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2.3 4 5

1 Rabbit C U U A A A G G A A U U G A C G G A A G GG C A C C A C C A G G A G U G GA U C C UG CG G C U UA A U U U G
2 Rat C T T A A A G G A A T T G A C G G A A G G G C A C C A C C A G G A G T G G - G C C T G C G G C T T A A T T T G
3 South African toed CT T A A A G G A A T T G A C G G A A G G G C A C C A C C A G G A G T G G A G C C T G C G G C T T A A T T T G
aI YO&3t C T T A A A G G A A T T G A C G G A A G G G C A C C A C T A G G A G T G G A G C C T G C G G C - T A A T T T G

C U U A A A G G A A U U G A C G G A A G G G C A C C A C C A G G A G U G G A G C C U G C G G C U U A A U U U G
Conserved I...I...I..........CTTAAAO OATAACC.I.I..I.IGAI..IT.II.IAIIGICIICITIIGICIIGI.IC.I.IT.I.I..I TI..ITI

126 127 128 129 130 131 132
6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0

1 Rabbit A C U C A A C A C G G G A A A C C U C A C C C G G C C C C G A C A C G G A C A G G A U U G A C A G A U U G A U
2 Rat A C T C A A C A C G G G A A A C C T C A C C C G G C C C G G A C A C G G A C A G G A T T G A C A G A T T G A T
3 South African toad A C T C A A C A C G G G A A A C C T C A C C C G G C C C G G A C A C G G A A A G G A T T G A C AG A T T GA T

Y083t A C T C A A C A C G G G G A A A C T C A C C A G G T C C A G A C A C A A T A A G G A T T G A C A G A T T G A G

A C U C A A C A C G GG A A A C C U C A C C C G G C C C G G A C A C 8G A A G G A U CA C A G A U U G A U
Conserved

132 133 134 135 136 137
1 234567890 1 234567890 1 234567890 1 234567890 1 234567890 1 2345

1 Rabbit A G C U C U U U C U C G A U U C U G U G G G U G G U G G U G C A U G G C U G U U- C U U A G U U G G U G G A G
2 Not A G C T C T T T C T C G A T T C C G T G G G T G G T G G T G C A T G G C C G T T -C T T A G T T G G T G G A G
3 Soutb African toad A G C T C T T T C T C G A T T C T G T G G G T G G T G G T G C A T G G C C G T T -C T T A T T G G T G GA G
11 Toast A G C T C T T T C T T G A T T T T G T G G G T G G T G G T G C A T G G C C G T T T C T C A G T T G G T G G A G

A G C U C U U U C U C G A U U C U G U G G G U G G U G G G C A U G G C C G U U C U U A G U U G G U G G A G
Conserved

137 138 139 140 181 142 143
6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 S 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0

1 Rebbit C G A U U U G U C U G G U U A A U U C C G A U A A C G AA C G A G A C U C U G G C A U G C U A A C UA G U C A
2 Rat C G A T T T G T C T G G T T A A T T C C G A T A A C G A A C C A G A C T C T G G C A T G C T a A C T A G T T A
3 3outh African toad C G A T T T G T C T G G T T AA T T C C G A T A A C G AA C G A CA CT C C T C C A T G C T A A C T A G T T A
1 Toeast T G A T t T T C T G C T T A A T T G C C A T A A C G A A C G A G A C C T T A A C C T A C T A A A T A G T G G

CG U U U G U C U G G U U A A U U C C G A U A A C G A A C G A G A CU C U C A U C C U A A C U A G U A

ICIIIo I I 2 it I I 0 9rI I I I I I I I

143 144 145 146 147 148
1 2 3 4 5 6 T 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5

1 Rabbit C G C G A C C C C C G Ab C Gt U C G G C G U C CC C C A A C U U U U CC G A G GC A CA A G U G G CG U U C
2 Rat C C C G A C C C C C G A G C G C T C C C C C T C C C C C A A C T T C T T A G A G G G A C A A G T G G C G T T C
3 outb African toed C G C G A C C C C C G - G C G G T C CG CGT C C- - - A AC T T C T T AG A CG G AC AA G T G G C G T T C
11 Toast T C C T A G C A T T T - G C T C - - G T T A T C C - - - - A C T T C T T A G A G G C A C T A T C G G T T T C A

COCCACCCCCO CCCCUCOCCCCCC AACUUCUUAOAGGOCAAO^UOCGCUUC
Conserved ..I I I . .. I I ...t I I I. 0

148 149 150 151 152 1;3 154
67890 12345678901234567890 1 234567890 1 234567890 1234567890

1 Rabbit A G - C AC - C G A -G A U U AGA G - C A A U A AC A G G U C UG U GA UG C C C U U A CG U - G U C C G G U
2 RIat A G C C A C C C G A - G A T T G A G - C A A T A A C A G G T C T G T G A T G C C C T T A G A T - G T C C C. G G
3 South Afrion toed A G C C AC A C G A - G A T CG A G - C A A T A AC A G G T C T G T GA T G C C C T T 8G0 T - G T C C G G G
11 Yeast A G C C G A T G C A A C T T T G A G G C A A T A A C A G G T C T G T G A T G C C C T T A G A A C G T T C T G G

A G C C AC C G A G A UU0 G G C A A U A AC A G G U C U G U GA U G C C C U U A GA U G U C C G G G
Conserved
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154 155 156 157 158 159
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 d 9 0 1 2 3 4 5

Iabbit - C G C C A C G C G C G C U A C A C U G A C U G G C U CC G C G U G UG C U UA C C C UA C G C C G G CA G G
eaGt G C T G C A C G C G C G C T A C A C T G A C T G G C T C A G C G T G T G C C T A C C C T A C G C CGC C A G G

3 5outh Afrian toed G C T G C A CGC GCG C T A C A C TG A A C G G A T C A G C GT G T G T C T A C C C T G C G C CCGA C A G
4 Yeast G C C G C A C G C G C G C T A C A C T G A C G G A G C C A G AGCG C T - - C T A A C C T T G G C CCG A G A G

GC G C A C G C G C G C U A C A C U GAC G G U C A G C G U G U G C U A C C C U C G C C G C A G G
Conserved

159 160 161 162 163 164 165
6789012345678901234567890123456789012345678901234567890

1 Iabbit C C - - G G U A A C C C G U U G AA C C C C A U U C G U G A U A G GG A U C G G G G A U U G C A A U U A U U U
2 Rat C G C G CG T A A C C C G T T G A A C C C C ATTCGTGA TOGG A T COGOG AT T C A A T T A T T C
3 South African toad T G C G G C TA AC CC G C T G A CC C CCG T T C G T G A T AG G CAT C G G G G A T T G C AA TTA T TT
4 Ytast T C T T G G T A AT C T T G T G A AA C T C C G T C G T G C T G G G G A T A G A G C A T T G T A A T TA T TG

GGUAACCCG UGAACCCC UUCIUG AU GGGAUCGGGGAUUGC AAOUU
Conserved

165 166 167 168 169 170
1 234567890 1234567890 1234567890 1 234567890 1234567890 1 2345

1 Rabbit C C C A U G AA C CA GC A A U U C C C A G U A AG U G C G GG U C A U A A G C U U G C G U UG A U U AA G U
2 Rat C CC A T G AA C G * G G AA T T C CC AG AAGT CG TC A T A A G C TTGCG T AT T A A G T
3 South Africa toad C C C A T G AA C G A C G A T T C C C A G T A A G T G C G GG T C A T A A G C T C G CG T TG A T TA A G T

east C T C T T C AA C G A G AA T T C C T A T A A G CGCAAGT C AT C A C T T CC T T G A T T A CGT

C C C A U G A A C G A C G A A U U C C C A G U A A G U G C G G G U C A U A A G C U U G C G U U G A U U A A G U
Conserved

170 171 172 173 174 175 176
6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0

1 Rabbit C C C U G C C C U U U U A C A C A C CCG C C CG U CG C UA C UA C CG A U U G GA UG G U U UA G UG - G
2 Rat C C C T G C C C T T T G T A C A C A C C C C C C G T C G C T A C T A C C G A T T G G A I G G T T T A G T G A G
3 South Afrioan toad C C C T G C CC TT tG T A C A C A CC G C C CCG T C G C T A CT A C CG A T T G G A T G T T T AG T GAG
9Y ast C C C T G C C C T T T G T A C A C A C C G C C CCG T C C T A G T A C C G A T T G A A T G G C t T AG T G AG

CCCUGCCCUOUOUACACACCOCCCOCOCOAUCUACCGAOUUCGAUGUUUAOOGAG
Conserved

176 177 178 179 180 181
1234567890 1 234567890 1234567890 1 234567890 1 234567890 12345

1Itbbit G C C C U C G GAU CGC C C C - G CC G GG G U CG G C C CACG G CC C UG G C G G AG C G C UG A GAA
2 Rat G C C C T C CG A T C C C C C C C G C C CG CG T C G G C C C A C G G C C T T G - C G G A G CG C T G A G AA
3 South Afrian toed G T C C T C C GAT CGC C C C C G CC C G G C T C C C C -AC G G CC C T G G CG C AG CG C CG A G AA
1 yeast G C C T C A G G A T C T G C T T A G A C A A C G - - C G G C A A C T C C A t C T C A G A G C G - - G A G A A

C C C C U C C C A U C G C C C C GCCGGGG U C G G C CACGCC U C G A C G C G A G A A
Conserved

181 182 183 184 185 186 187
678901234567890 1234567890 1234567890 1 234567890 1 234567890

lRabbit GACGGUCGAACUUOACUAUCUAGAOGGAACUAAAAGUCGUAACAAGGUUCCGUAG
2 Rat C A C C C T C G A A C T T C A C t A t C T A C A C G A A C T A A A A G T C G T A A C A A C G T T T C C G T A G
3 SouthbAfrim toad G A C a A T C AAA CT T G A C T A TC T A G A G AAA C t A AAA* TC G T A A C A A G G T T T CC G TAG
4 Yeast T T T C G A C A A A C t T C C T C A T T T G GAGAC AA C T OA A A C T C C T AA C A A GC T T T C C C T A G

G A CCG U C A A C U UCAC U U C U A G GAA AU A A AG U CG UAA C AAG U U U C CG U AG
Conserved

187 18 189
1 2 3 4 5 6 7 6 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3

1Iabbit G U OA A C C UOC GGO A A A U CA U UA
2 Rat C T G AA C C T C C OA A ATCA T TA/
3 oath Afrlom toad C T G AA C C TsC aGG AA G G A T CA T TA

Yeast a T A C C T aCcG AAOA T CA T TA

UnArCCUOC OA IAtIUCIUUIConserved
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G+C rich insertions into both the rabbit and rat sequence. These insertions

may reside within a helix proposed by Brimacombe and co-workers between

residues #222-245 of the yeast sequence (15), and may serve to extend and

stabilize this duplex in higher eukaryotes.

Recently, it has been suggested that sequence data derived entirely from

analysis of 18S rRNA directly is not as reliable as that obtained from the

corresponding cloned rDNA (14). However, the appropriate use of both enzymes

and chemicals to induce base-specific cleavage, in conjunction with sequence

analysis of 5'- and 3,_32P-end-labeled overlapping RNA fragments on highly

denaturing formamide sequencing gels is general and can be used for sequence

determination of other comparably large RNA molecules (18-22). Even though

the 140 cm long formamide sequencing gels have the ability to resolve at least

150 nucleotides (18), the sequences were confirmed by expanding and resolving
individual regions of both the intact and the fragmented rRNA or. multiple

polyacrylamide sequencing gels (10,15, and 20%) of various lengths run in both

formamide and 8M urea. Nucleotide sequences were additionally verified by

extending the sequence analysis of all RNase H and T1 fragments within their

overlapping regions. For example, 3 _32P-end-labeled fragment A (#654) could

be read to nucleotide #280, thereby overlapping and confirming a substantial

portion of the sequence determined from intact 5 P32P-end-labeled rRNA.

Likewise, 3,_32P-end-labeled fragment D(#1129) could be read to nucleotide

(#809) verifying not only the sequences within fragment C and the beginning of

B, but also, most of the sequence determined from the 5 '32P-end-labeled T

RNase fragment 1. It is noteworthy that the nucleotide sequence for rat 18S

rRNA determined in two different laboratories by sequence analysis of the

ribosomal genes shows twenty-five base differences more than half of which are

either insertions or deletions (13,14).
The extensive sequence homology among the eukaryotic 18S rRNAs clearly

suggests a conservation of structure and function within the 40S subunit.

However, unlike in prokaryotes there is little information regarding the

function of specific nucleotide sequences. Nevertheless, many functionally

important regions which have been identified in E. coli 16S rRNA are conserved

in 18S rRNA. For example using kethoxal modification, specific guanine

residues in 16S rRNA (G530, G693, G966, G1388 and G1517) implicated in poly-
ribosome function (29) are also present within nucleotide sequences conserved

FIGURE 5. Comparison of the rabbit 18S rRNA nucleotide sequence with
yeast, frog and rat 18S rRNA.
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in rabbit 18S rRNA (C605-C622, U950 - U961, U1228 - A1247, G1671 - C1699,

G1838 - G1847 respectively; Fig. 4). Likewise, guanine residues (G703, G791,

G803, G1497, G1505 and G1517) implicated in the association of the 30S and 50S

subunits (5,6) are present within sequences conserved in rabbit 18S rRNA (G972

- A979, G1050 - C1060, G1064 - C1074, A1813 - A1821, A1823 - U1827 G1838 -

G1847, respectively). Furthermore, the specific nucleotide in 16S rRNA,

C1400, which can be cross-linked to E. coli N-Acetyl-tRNAVal and N-Acetyl-

tRNASer when occupying the ribosomal P site (3,4,8), lies within a sequence

also present in rabbit 18S rRNA (C1679 - C1699). The remarkable conservation

of these functionally important regions of E. coli 16S rRNA in rabbit 18S

rRNA, strongly suggests a similar role within the eukaryotic 40S subunit.

There is some evidence for conservation of structure, as well. The

rabbit nucleotide sequences surrounding the guanine residues Gl055 and G1371
(Fig. 4) cleaved by T1 ribonuclease and generating fragments #1 and #3,

respectively, are both conserved in other eukaryotic 18S rRNAs (Fig. 5), as

well as, within E. coli 16S rRNA (30). These same G residues are reactive to

kethoxal modification in E. coli 30S subunits and likely reside within siagle-

stranded regions on the surface of the molecule (30). The conservation of

both these sequences within rabbit 18S rRNA (G1050 - C1060 and G1361 -G1371
respectively; Fig. 4) and their extreme accessibility to T1 RNase, suggests a

similar structure within the 40S subunit (14,15).

Finally, the methods described here, for generating specific overlapping

fragments spanning the entire 18S rRNA molecule, will now permit direct

secondary structure analysis using structure-specific chemical probes.

Furthermore, mapping the topography of 18S rRNA within both the free 40S

subunit, as well as, within a functionally engaged ribosome should reveal the

regions likely involved in both subunit association and those interacting with

mRNA, tRNA, and initiation factors. Such studies are currently in progress.
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