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ABSTRACT

The 3'-terminal sequences of 18S rRNA from chicken reticu-
locyte, mouse sarcoma, rat liver, rabbit reticulocyte and barley
embryo were determined by the direct chemical sequencing method.
The regions sequenced show complete homology for the first 73
nucleotides. A sequence 5'-proximal to the m§Am5A residues that
is complementary to eukaryotic 5S RNAs is totally conserved.
This supports the hypothesis that base-paired interaction between
5S and 18S rRNA, which are present in the large and small ribosomal
subunits respectively, may be involved in the reversible associ-
ation of ribosomal subunits during protein synthesis.

INTRODUCTION

It has previously been shown that there is efficient and
selective hybridization, in vitro, between eukaryotic 5S and 18S
rRNAs (1-4). An examination of primary structures has shown that
identical or very similar sequences present at an identical
position near the 3'-ends of eukaryotic 5S rRNAs are complementary
to sequences that constitute the 5'-strands of the m6Am6A hairpin
structures near the 3'-ends of yeast and rat liver 18S rRNAs (5).
These 5S rRNA sequences are identical or very similar to the
sequence of the wheat embryo 5S rRNA fragment (6) that is obtained
by RNAse digestion of an in vitro hybrid formed between wheat
embryo 5S and 18S rRNA. Sequences present at an identical
position in prokaryotic 5S rRNAs are also complementary to the 5'-
strand of the m6Am6A hairpin structure near the 3'-end of E. coli
16S rRNA (5). The extent of base-pairing and the calculated
stabilities of the hybrids that can be constructed between con-
served sequences in 5S rRNAs and small ribosomal subunit RNAs are
quite extensive and suggest that such base-paired interaction
between 5S and 18S(16S) rRNA may have physiological significance.
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Because the 5S and 18S(16S) rRNA are present in the large and

small ribosomal subunits, respectively, it has been suggested (1,

5) that base-pairing between 5S and 18S(16S) rRNA might provide
a mechanism whereby the ribosomal subunits reversibly associate

during protein synthesis.
One important piece of evidence in support of the above

hypothesis would be to show that the "5S RNA-binding site" in the

small ribosomal subunit RNA is conserved. In the case of pro-
karyotes, comparative sequence analysis has shown (7) that the

sequence of the 5'-strand of the m6Am2A hairpin structure of 16S
RNA that is complementary to prokaryotic 5S rRNAs (5), is highly

conserved. In the case of eukaryotes, it has been shown that
wheat embryo 5S rRNA (2) and 5S rRNA of mouse sarcoma and barley

embryo (Azad, unpublished results) can hybridize with hetero-

logous 18S rRNAs, suggesting that the "5S RNA-binding site" in

18S rRNAis conserved. Moreover, it has been demonstrated that

the sequences that would constitute the 3'-strands of the m2Am6A
hairpin structures of eukaryotic 18S rRNAs are homologous (8),
and if the hairpin structures are conserved, as seems likely,
the 5'-strand, which is complementary to eukaryotic 5S rRNA,

should also be conserved. This can, however, only be confirmed

by sequence analysis.
In this communication we present the primary structures of

the 3'-ends of 18S rRNA of various eukaryotes obtained by the

direct chemical method of sequencing (9), and show that the "5S

RNA-binding site" in eukaryotic 18S rRNA is indeed conserved.

MATERIALS AND METHODS

18S rRNAs of mouse sarcoma 180 Ascites cells, hen reticu-
locytes, rabbit reticulocytes, barley embryo, and rat liver,
were isolated and purified as described earlier (10).

Labelling of RNA, purification of labelled RNA, chemical

reactions, and gel electrophoresis were carried out essentially
as described by Peattie (9), with some modifications.

Labelling and recovery of 3'-end labelled RNA The reactions
were carried out in 20 pl volumes containing 50 mM Hepes pH 7.5,
3.3 mM DTT, 15 mM MgCl2, 10% DMSO, 10 1g/ml BSA, 75 pg 18S rRNA
(108 pmole), 35 pmole [5' 32p] pCp (Radiochemical Centre, 1000-
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3000 Ci/m mole), 1000 pmole of ATP, and 7.4 units of T4 RNA

ligase (P.L. Biochemicals). The reaction mixtures were held at

40 for 20 h, and then 40 pl of gel loading buffer containing 10

M urea, 5 mM Tris-borate buffer, pH 8.3, 0.1 mM EDTA, 0.05%

Xylene Cyanol, 0.05% Bromophenol blue, was added. The reaction

mixture was incubated at 370 for 3 min and then subjected to

electrophoresis in 1.2% agarose slab gel in 50 mM Tris-borate

buffer, pH 8.3, 1 mM EDTA, for 2-3 h at 150 volts. The RNA bands

were located by brief exposure to Kodak X-Omat film, and excised

from the gel. The RNA was electro-eluted from the gel into

dialysis bags in i-strength electrophoresis buffer containing 1%

SDS, and recovered by ETOH-precipitation in the presence of

carrier E. coli tRNA. The PNA precipitates were washed (3x) with

67% ETOH to remove salt and SDS, dried under vacuum, and dissolved

in deionized water.

Chemical reactions were carried out exactly as described by

Peattie (9).

Sequencing gels After the final lyophilisation, the chemical
reaction products were dissolved in 8 M Urea, 20 mM Tris HC1, pH

7.4, 1 mM EDTA, 0.05% Xylene Cyanol, 0.05% Bromophenol blue,

denatured at 900 for 45 sec and analysed on thin 10% or 20%

polyacrylamide gels (11) (400 x 300 x 0.3 mm) in 8 M Urea, 100 mM

Tris-borate pH 8.3, 1 mM EDTA. Gels were autoradiographed using
Kodak RP Royal X-Omat film and Dupont Lighting Plus enhancement

screen at -70° overnight.

RESULTS AND DISCUSSION

In order to see if a sequence complementary to eukaryotic 5S

rRNA is conserved in eukaryotic 18S rRNAs we were interested in

sequencing the 3'-ends of 18S rRNA of a number of eukaryotic

organisms.
The 3'-terminal sequences of the small ribosomal subunit P4A

of E. coli (12), Bombyx mori (13), Zea mays chloroplast (14,15),

have been obtained by DNA sequencing methods using specific

restriction fragments from cloned genomic rDNA. Because of the

relative ease of preparing sufficient quantities of pure rRNAs,
an alternative sequencing strategy would be to prepare cDNA

after first polyadenylating the rRNA (8). However, in the case
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of 18S RNA, reverse transcriptase cannot proceed past the m6Am6A
residues so that only short cDNA copies result (8,16). In order
to determine the nucleotide sequence beyond the site of the
modified bases we decided to adopt the direct chemical RNA

sequencing method (9) after first 3'-terminally labelling the RNA
with [5'-32P] pCp using T4 RNA ligase (17).

Typical cleavage patterns of the 3'-ends of 18S rRNAs
obtained by the direct chemical sequencing method are shown in
Fig. 1. Sequences were read essentially as described by Maxam

and Gilbert (18). The chemical sequencing method is largely
independent of secondary structure effects if the gels are run in

buffer containing 8 M Urea and at about 600. However, we were

not able to completely eliminate sequence compression (19) which
is an inherent problem with sequencing nucleic acids on poly-

acrylamide gels. By using the direct chemical sequencing method

it is possible to obtain sequences on the 5'-side of the m6Am6A
residues in 18S rRNA. At positions 20 and 21 (Fig. 1) we found
gaps or extremely faint A bands suggesting that the 18S rRNAs

are not efficiently cleaved at these positions. DNA sequences
show AA at these positions (12-15), but because of the gaps we
think that in the 18S rRNA molecules these adenosines are modified
and are likely to be the m6Am6A residues that have been reported
to be present near the 3'-ends of 16S and 18S rRNAs (20-24).
Peattie found that there was no cleavage of the yeast 5S rRNA at
position 50 where pseudouridine is present (9).

The 3'-terminal sequences of the five different 18S rRNAs
obtained by the direct chemical sequencing methods, and the pub-
lished 3'-terminal sequences of Bombyx mori 18S rRNA (13), and
E. coli 16S rRNA (12,21) are shown in Fig. 2. The sequences on
the 3'-side of the mz6Am6A residues (positions 20 and 21) obtained
by direct chemical sequencing agree with published sequences (8,
25), except for the presence of a G, and sometimes also a U, at
position 7 (Fig. 1). Since there has been no other report of the
presence of a G(U) at this position, we do not know whether this
is an artefact of the direct chemical sequencing technique. The
presence of a fainter band indicating a U residue might represent
some heterogeneity of sequence at this position. In the case of
rabbit reticulocyte and barley 18S rRNA there was insufficient
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Fig. 1 Typical cleavage patterns of 18S rRNA of (a) chicken
reticulocyte and (b) mouse sarcoma 180 Ascites cells,
obtained by the direct chemical method of sequencing (9).
The rRNAs were labelled at the 3'-termini with [a-3 P]
pCp using T RNA ligase, subjected to chemical reactions,
and analyseA on 20% acrylamide gels (8 M Urea) as

described in Materials and Methods.
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material to extend the sequences shown, and in addition the first

few residues from the 3'-end of barley 18S RNA had run off the
gel. As shown in Fig. 2, the sequences of the various eukaryotic
18S rRNAs obtained by the direct chemical sequencing technique
are identical. Sequences of 18S rRNA from chicken reticulocyte,
mouse sarcoma, and rat liver are shown up to position 77, and in

this entire sequence there is a difference only at position 74.

Chicken reticulocyte and rat liver 18S rRNA have a U at this

position, while mouse sarcoma 18S rRNA and the published sequence

of Bombyx mori 18S rRNA (13) have a C at this position. The

sequence of a 32 nucleotide fragment of rat liver 18S rRNA has

been published (25) and is identical to our sequence of rat liver

18S rENA (positions 5-37) except that the published sequence did

not have a G at position 7. The positions where the published
Bombyx mori 18S rRNA (13) differs from the sequences of 18S rRNA

of higher eukaryotes are shown by vertical arrows (Fig. 2). It

should also be pointed out here that the 3'-terminal residue in
18S rRNA of higher plants is G and not A (26,27).

The primary structure of the 3'-end of E. coli 16S rRNA (12,
21) is strikingly similar to that of eukaryotic 18S rRNA. As

shown in underlined region (Fig. 2), the only major differences
are two double inversions (AA**UU) and the presence of an extra

sequence CCUCC (shown looped out) in E. coli 16S rRNA. The 3'-
terminal sequence of E. coli 16S rRNA seems to be very important
in protein synthesis (5). It is a surface component (28-30) and
is probably present at the ribosome interface (28,30,31), and

contains the site of colicin E3 cleavage (32,33). The nucleotide
sequence around the colicin E3 cleavage site in E. coli 16S rRNA
is conserved in eukaryotic 18S rRNA (Fig. 2). As in the case of

E. coli (32,33), colicin E3 completely abolishes protein synthesis
in eukaryotes (34,35). The sequence 5'-proximal to the m6Am62A
residues in eukaryotic 18S rRNA or E. coli 16S rRNA, is comple-
mentary to eukaryotic 5S RNA and prokaryotic 5S RNA, respectively

(5). As can be seen in Fig. 2, this sequence (positions 23-41)
is totally conserved in eukaryotic 18S rRNA.

The 3'-terminal colicin E3 fragment of E. coli 16S rRNA
(21), and similar regions of the small ribosomal subunit RNA of

eukaryotes (13,25 and these studies) and chloroplast (14,15), can
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be formed into a hairpin structure with the m2Am2A residues in

the loop. The existence of this hairpin structure within this

region of E. coli 16S rRNA is supported by high resolution proton
6 6magnetic resonance study (36). The m2Am2A hairpin structure near

the 3'-end of eukaryotic 18S rRNA is shown in Fig. 3a. A part of

the 18S rRNA sequence that is complementary to 5S RNA forms the

5'-strand of the hairpin structure. Some examples of hybrids that

can be constructed between the conserved 18S rRNA sequence and

sequences present at an identical position near the 3'-ends of

eukaryotic 5S rRNAs are shown in Fig. 3b. As can be seen from

Fig. 3b the calculated free energies (37) of the plant 5S-18S rRNA

hybrids are greater than those of hybrids formed between 18S rRNA

and 5S RNA from animal cells. This agrees with our previous
observation that the wheat embryo (2,3) and barley embryo 5S-18S

rRNA hybrids formed in vitro have a higher Tm than the in vitro

hybrid formed between mouse sarcoma 5S and 18S rRNAs (4). Iden-

tical regions in E. coli 16S rRNA and prokaryotic 5S RNAs are also

complementary (5). The conservation of complementary sequences in

5S and 18S(16S) rRNA, the extent of base-pairing and the calcul-

ated stabilities of the hybrids that can be constructed between 5S

RNA and small ribosomal subunit RNA (5), and the fact that there

is efficient, selective and stable hybridization, in vitro,

between 5S and 18S rRNA (1-4), would suggest that base-pairing
between 5S RNA in the large ribosomal subunit and 18S(16S) rRNA in
the small ribosomal subunit may have physiological significance at

the level of ribosomal subunit interaction (1,5). The mechanism
by which 5S and 18S(16S) rRNA may interact within the ribosome has

recently been described (5).
We have previously shown that there is very efficient and

stable hybridization, in vitro, between chicken globin mRNA and

eukaryotic 18S rRNA (38). The 3'-strand of the m6Am6A hairpin
structure has an invariant sequence that is complementary to the

5'-non-coding regions of most eukaryotic mRNAs (8,39), and a few

of the hybrids that can be constructed between the 3'-strands of

the 18S rRNA hairpin and the 5'-non-coding regions of eukaryotic

mRNAs are shown in Fig. 3c. Thus, the 5'- and 3'-strands of the

18S rRNA hairpin can potentially base-pair with 5S RNA and mRNA,
respectively. Although the base-paired interaction between
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eukaryotic mRNA and 18S rRNA may not be involved in the recog-

nition of the mRNA initiation site (41,42) in a manner similar to

that in prokaryotes (43,44), the binding of the 5'-non-coding
region of eukaryotic mRNA to the 3'-strand of the m6Am6A hairpin

may facilitate the interaction between 5S and 18S rRNA by leaving
the 5'-strand free to interact with 5S RNA, thus leading to the

formation of the 80S initiation complex (5,38).
In conclusion, the 3'-terminal sequences of 18S rRNA of

various eukaryotes have been determined by the direct chemical
method of sequencing (9). A sequence 5'-proximal to the m6Am6A
residues that is complementary to eukaryotic 5S rRNAs is totally

conserved in eukaryotic 18S rRNAs. This supports the hypothesis
(1,5) that base-pairing between 5S and 18S rRNA may be involved

in the reversible association of ribosomal subunits during pro-

tein synthesis. Other structural and biological evidence in

support of this hypothesis has been described recently (5).
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