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A novel interaction between the 5-untranslated region of eukaryotic messenger RNAs and non-con-

tiguous sequences in the 18 S ribosomal RNA is proposed. The small ribosomal RNA contains, at its 3’

terminus, a heavily conserved hairpin structure. It is suggested that mRNA 5’-leader sequence stabilises

this structure by interacting with other conserved nucleotides which flank it. Sequences closely related to

the required sequence (A—U—C—C—A—C—C) occur quite commonly in eukaryotic mRNAs and are often

found immediately upstream from the AUG-codon. This interaction may have a role in the events which
lead up to the initiation of protein synthesis.
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1. INTRODUCTION

Eukaryotic messenger RNAs (mRNAs) do not
contain the clearly defined ‘Shine-Dalgarno’ se-
quence [1] which is thought to act as a ribosome
binding site in prokaryotic mRNAs. This con-
served purine-rich sequence on the 5'-leader of the
mRNA is thought to basepair with the sequence
A—C-C-U-C-C-U at the 3-end of 168
ribosomal RNA (rfRNA). A number of models
have been proposed for recognition of mRNAs by
eukaryotic ribosomes (review [2]). In one of these
[3,4], an analogous basepairing is proposed be-
tween a pyrimidine-rich sequence of the mRNA
leader and a conserved purine-rich sequence near
to the 3’-terminus of 18 S rRNA (see fig.1a). An
alternative, the ‘scanning’ model, suggests that the
ribosome recognises the m’-G cap structure pres-
ent on most eukaryotic messengers to which it
binds and subsequently moves along the mRNA
sequence until it finds the first AUG-codon at
which it initiates protein synthesis [5—7]. Unfor-
tunately, neither of these mechanisms seems to be
universally applicable (se¢ [2] and section 4).

Here, we propose a novel type of interaction be-
tween some mRNA leaders and eukaryotic ribo-
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somes in which a different, partially conserved se-
quence immediately adjacent or very close to the
AUG-codon of the messenger stabilises a highly
conserved structure in the 18 S IRNA. The type of
interaction is somewhat similar to that proposed
between the small nuclear RNA ‘Ul and non-con-
tiguous sequences in HnRNA, at splice junctions,
which is thought to mediate HnRNA processing

8].

2. DETAILED DESCRIPTION OF THE
MODEL

We have sequenced a gene for a known pro-
tamine of rainbow trout (in preparation) in which
the mRNA leader is made up of only 14 nu-
cleotides. This sequence, which must contain suffi-
cient information for ribosome recognition, in-
cludes a sequence complementary to bases which
flank the conserved hairpin close to the 3’-termi-
nus of the small ribosomal RNA (fig.1a). This
hairpin and its flanking nucleotides have been
very highly conserved through evolution [4,9]. A
survey of a number of other mRNAs has now
shown that the required complementary sequence
(A—U-C—-C—-A—-C-C) is often present and, in
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particular, that a related sequence is commonly
found immediately 5’ to the AUG-codon initiating
protein synthesis (see section 3). Supporting evi-
dence for the involvement of the conserved hairpin
in mRNA recognition comes from the finding that
if exposed regions of mRNA in ribosomes are
cross-linked, the entire structure is recovered with
the 5-mRNA leader [10]. If a basepairing mecha-
nism is the sole method of interaction, then
AGformation for the structure in fig.la, calculated
according to [11], is —24.8 kcal . mol~!, of which
—10 kcal . mol-! is contributed by the interaction
between the 18 S IRNA and the mRNA. These fig-
ures are likely to be slightly reduced by steric con-
straints on the bonding molecules. It is also possi-
ble that a ribosomal protein mediates the interac-
tion: hairpin structures in nucleic acids have often
been implicated as protein recognition and bind-
ing sites.

3. OCCURRENCE OF THE SEQUENCE
A-U—-C—C—A—C—CIN EUKARYOTIC
mRNAs

Kozak [2,12] has shown that the sequence
X-X-X—C-A-X-X—-A-U—-G is quite highly
conserved at the initiation codon of eukaryotic
mRNAs. A closer look at the non-viral sequences
reviewed by her [2] and 46 sequences or partial
sequences published in [13—24] shows that other
nucleotides near the AUG-codon are also under
selective pressure (see table l1a). However, such a
collection of mRNA sequences does not represent
a random sample: it includes 19 globin mRNAs
and several other sets of closely related genes.
Such biased sampling could hinder the recognition
of a consensus sequence using the data presented
in table la and other compilations of mRNA se-
quences [2,12]. For instance, table 1b shows the
strong bias in all positions in the globins, including
bases at positions —5 and —6 which do not follow
the proposed consensus. If selective pressure is low
at these positions, this bias may result simply from
a founder effect. Furthermore, some groups of
mRNAs included in table la, such as those from
Dictyostelium discoideum, do not fit the model at
all, and consequently add ‘noise’ to this analysis.
Likewise, many viral mRNAs do not show the con-
sensus sequence (see table Ic). It is possible that
viral systems have evolved special mechanisms to
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Fig.1. Possible secondary structure formed by bonding
between the 3'-terminus of 18 S TIRNA and the 5’-leader
sequence of eukaryotic mRNAs. (a) The sequence of the
highly conserved 3’-terminal loop and the flanking nu-
cleotides of 18 S rRNA are from [9]. This has been
aligned with a sequence within the 5’-leader of a rain-
bow trout protamine mRNA which has been derived
from the DNA sequence of a cloned protamine gene
and S;-mapping studies (in preparation). The solid line
beside the 18 S rRNA shows the sequence required for
bonding with mRNA 5’-leaders in the model of [3,4]. (b)
Some examples of sequences within the 5'-leaders of
mRNAs are presented which show close homologies
with the hypothetical consensus sequence. In some of
these, the best fit is immediately adjacent to the func-
tional AUG-codon; in others, it is found upstream from
the functional AUG-codon or is derived by looping out
of a single nucleotide. Examples of all types of fit are
shown. 33 mRNAs were also drawn arbitrarily from
those used to compile table la and were exhaustively
searched for upstream consensus sequence homologies
within 35 bases of the initiating AUG-codon. The crite-
ria used to define upstream sites were that they should:
(i) Fit the consensus better than the —7 to —1 sequence
in the same messenger;
(ii) Match perfectly at 5 or more of the 7 bases.
Twenty nine such sequences were found in 22 mRNAs.
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take over the host ribosomes. Nonetheless, the
overall impression of the data presented in table 1
is that there is significant sequence homology in
this region.

In many cases where only a partial fit is found
immediately adjacent to the AUG-codon, better
fits can be found either a few nucleotides upstream
from the site of the initiation of protein synthesis
or by allowing one or more nucleotides to loop out
during the interaction between mRNA and 18 S
TRNA (see fig.1b). Such differences might influ-
ence translational efficiency of the mRNA. Analo-
gous variations in the consensus TATA-box se-
quence of eukaryotic mRNA gene promoters are
known to influence transcriptional efficiency;
moreover, the presence of a TATA-box sequence
alone is not sufficient to specify a promoter [25].
The consensus sequence we propose for the ribo-
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some recognition of mRNAs may behave sim-
ilarly.

4. IS THE HYPOTHESIS COMPATIBLE WITH
OTHER MODELS FOR RIBOSOME
BINDING TO mRNAs?

The interaction between mRNA and 18 S rRNA
proposed here overlaps with the interaction pro-
posed in [3]. Although it is possible that both types
of interaction could occur one after another, the
latter requires the melting of the conserved hairpin
in the rRNA (see fig.1a) and would not be energet-
ically favourable. De Wachter [26] has found that
the required complementary sequence for the
model in [3] is not conserved in mRNAs at a statis-
tically significant level.

The ‘scanning’ model of ribosome binding pre-

Sequence comparison of eukaryotic nRNAs immediately upstream from the initiating AUG-codon

Position relative to AUG-codon

Base -7 -6 -5 -4 -3 =2 -1 +1 +2 +3
(a Al A 50 27 27 19 86 36 34 102 0 0
mRNAs C 20 15 32 65 5 42 52 0 0 0
G 6 29 12 6 11 6 11 0 0 102
U 19 24 31 12 0 18 5 0 102 0

Consensus A x ¢y C 4 Cq C A U G
(b) Globin A 16 1 12 1 15 0 1 19 0 0
mRNAs C 1 1 6 18 4 15 18 0 0 0
G 0 15 1 0 0 1 0 0 0 19
U 2 2 0 0 0 3 0 0 19 0

Consensus A G A C A C C A U G
(c) Viral A 15 10 6 10 27 15 9 41 0 0
mRNAs C 7 3 13 17 7 9 14 0 0 0
G 5 16 6 10 5 4 9 0 0 41
U 14 12 16 4 2 13 9 0 41 0

Consensus Ay U x < U ¢ A X X A U G

Proposed consensus sequence: A U C C A C C A U G

(a)102 eukaryotic, non-viral mRNA sequences and partial sequences drawn from [2]; 12—24 were
aligned at their functional AUG-codons and base occurrence noted

(b)Alignment of 19 globin mRNA sequences used in the compilation in (a)

(c)Alignment of 4] viral mRNA sequences derived from [2]
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sents fewer problems, but a number of mRNAs are
known in which protein synthesis is initiated at a
second or subsequent AUG-codon rather than the
first the ribosome encounters downstream from
the cap structure. The information as to which
AUG-codon is to be used in these messengers is
unlikely to reside solely in secondary structure as
either ¢xposed or basepaired AUG-codons may
function as initiation sites [27]. In all of the 5
mRNA sequences of this type, for which unequiv-
ocal sequence information exists [2], stronger ho-
ulUlUBlCD \u1 3-5b bases) to the pl’OpGSGu A-U-—
C—C-—-A—C—C consensus sequence are found im-
mediately 5 to the initiator AUG than to the un-
used AUG codons.

Clearly, the presence of the consensus sequence
is not absolutely required for the translation of a
mRNA. Rather, we suggest that the sequence and
variations thereof m may affect the rate and efficien-
cy of translation from a particular AUG-codon.
When Kozak showed that a purine in position —3
relative to AUG on an oligonucleotide is by itself
sufficient to enhance binding to wheatgerm ribo-
somes, the rest of the oligonucleotide sequence
was, fortuitously, in close agreement with our pro-
posed consensus sequence {12]. More information
may come from similar ribosome binding studies
that use other synthetic oligonucleotides or mes-
senger RNAs with mutations in the critical regions
of their 5'-leader sequences.
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