Volume 12 Number 2 1984 Nucleic Acids Research

Compilation and analysis of sequences upstream from the translational start site in eukaryotic
mRNAs

Marilyn Kozak

Department of Biological Sciences, University of Pittsburgh, Pittsburgh, PA 15260, USA

Received 15 November 1983; Accepted 21 November 1983

ABSTRACT

5'-Noncoding sequences have been tabulated for 211 messenger RWAs from higher
eukaryotic cells. The 5'-proximal AUG triplet serves as the initiator codon
in 95% of the mRNAs examined. The most conspicuous conserved feature is the
presence of a purine (most often A) three nucleotides upstream from the AUG ini-
tiator codon; only 6 of the mRNAs in the survey have a pyrimidine in that posi-
tion. There is a predominance of C in positions -1, -2, -4 and -5, just upstream
from the initiator codon. The sequence C GCCAUG (G) thus emerges as a consensus
sequence for eukaryotic initiation sites. The extent to which the ribosome bind-
" ing site in a given mRNA matches the -1 to -5 consensus sequence varies: more
than half of the mRNAs in the tabulation have 3 or 4 nucleotides in common with
the CCACC consensus, but only ten mRNAs conform perfectly.

INTRODUCTION
Two years ago I prepared a compilation of the then-available 5'-noncoding
sequences of eukaryotic mRNAs (Curr. Topics Microbiol. Immunol. 93, 81-123, 1981).
Apart from a bevy of globin and histone mRNAs, only 32 other cellular mRNA se-
quences were known at that time. In contrast, there are 166 cellular mRNAs in
the present compilation, not counting the globins and histones. I have excluded
the mRNAs of lower eukaryotes and viruses, only to keep the survey manageable.
One of my objectives was to determine whether certain patterns noted in the earlier
compilation would be evident with this larger, more diversified set of sequences.
A few points about the selection and presentation of the sequences require
explanation. In cases where numerous representatives of a gene family have been
sequenced, I have omitted many and chosen those in which the leader sequences
show the most divergence. There are exceptions, however. It seemed useful to
include certain pairs of mRNAs in which the leader sequences show extensive homol-
ogy except near the AUG initiator codon (e.g. human versus rat preproinsulin).
The opposite pattern is also provocative; i.e., sequence conservation only near
the AUG codon, as in human versus rat immunoglobulin E. Upon inspecting the

completed compilation, only two families of mRNAs appeared to be excessively
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represented: histones and globins. The 5'-noncoding sequences of histone
mRNAs are sufficiently varied that they pose little danger of distorting the
search for homology among ribosome binding sites. This is less true of the
globin sequences, and I have controlled for this as described later in the text.

Nucleotide sequences determined by analyzing genomic DNA have been included
only when there is sufficient supplementary data to identify introns that lie
upstream from the AUG codon (or to verify their absence) and to estimate the
location of the 5'-end of the mRNA. The 5'-end of each mRNA in the table was
identified according to one of the following criteria:

(a) Direct sequence analysis of the purified mRNA.

(b) Primer-extension and/or mapping with a single-strand specific nuclease, such
as S1. With these techniques there is often a 2- to 4-nucleotide ambiguity
in pinpointing the cap site.

(c) Termination of the longest cDNA clone. When the cDNA clone is known to stop
significantly short of the 5'-end of the mRNA, the sequence in the table is
preceded by an ellipsis (...).

(d) Sequence homology with the corresponding gene from a closely-related species
in which the 5'-terminus of the mRNA has been mapped.

(e) Presence in the genomic DNA sequence of an appropriately-positioned TATA box,
25- to 30-nucleotides upstream from the presumptive cap site. In the absence
of other supporting data this criterion is rather weak.

The following criteria, identified by code letters in the rightmost column
of the table, were used to identify the AUG initiator codon in each message:

(a) The nucleotide sequence corresponds to the known N-terminal amino acid se-
quence of the primary translation product. In some cases amino acid and nu-
cleotide sequence data were derived from two different but related organisms.

(b) The N-terminal amino acid sequence has been determined only for the mature
protein, which is known (or presumed) to derive from a precursor that carries
an N-terminal extension (the "signal peptide") of 15 to 30 amino acids. The
indicated AUG triplet is the only candidate initiation site compatible with
the synthesis of such a precursor.

(c) The nucleotide sequence has a single open reading frame which either corres-
ponds in size to the known molecular weight of the encoded protein, or in-
cludes peptides that are known to be present in the mature protein.

(d) The indicated AUG triplet occurs at the beginning of the longest open reading
frame, but the exact size of the primary translation product is not available
for comparison. This criterion is rather weak.

(e) The initiation site was deduced from sequence homology with the corresponding
gene from a closely-related species in which the start site has been defined.

(f) Under conditions that allow formation of initiation complexes in vitro, the
indicated AUG triplet was protected by ribosomes against nuclease digestion.

In 13 of the mRNAs in the table the functional initiator codon has not been defin-
itively identified; the structure of the encoded protein is compatible with initia-
tion at either of two nearby AUG triplets. In such cases I have predicted which
AUG is most likely to be the (major) initiation site. Those entries are marked
with an asterisk in the rightmost column. The AUG initiator codon was predicted

based on position (i.e., proximity to the 5'-end of the mRNA) and conformity to
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Figure 1. Length distribution of the 5'-noncoding portion of eukaryotic
mRNAs. To avoid weighting the distribution by the large number of globin
mRNAs in the sequence table, I scored the globin mRNAs only once in this
tally.

the consensus sequence CCACCAUG. In a later section of the text I will explain

in greater detail how this was done.

DISCUSSION
A few generalizations emerge from inspection of the sequences tabulated herein.

(i) The length of the 5'-noncoding region varies widely--from 3 to 572
nucleotides. However, 70% of the leader sequences are clustered in the 20- to
80-nucleotide range, as shown in Figure 1. The unusually long leader sequences
occur on unusually interesting mRNAs (epidermal growth factor, oncogenes, heat
shock proteins), inviting speculation that the structure of the 5'-noncoding
region participates in the requlated expression of those genes.

(ii) Translation begins at the 5'-proximal AUG triplet in 95% of the mRNAs
tabulated herein. There are only ten mRNAs listed in which one or more AUG tri-
plets occur upstream from the recognized initiation site. The number of "non-
functional" upstream AUG codons in each of those messages is shown in parentheses
at the right edge of the table. [The upstreamAUG's are called "nonfunctional” because
there is as yet no evidence that ribosomes recognize those sites, but theory pre-

dicts that ribosomes should initiate (inefficiently) at the upstream AUG triplets
as well as at the AUG codon that heads the long open reading frame.] The number

of mRNAs with upstream AUG triplets would increase to 15 if my predictions are
correct about which AUG is the major site of initiation in entries 80, 141, 146,

179 and 205. I have dealt elsewhere with the question of how ribosomes get past
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C Figure 2. Frequency distribution of
each nucleotide around the functional
/\ /, initiator codon in 198 mRNAs listed
in the table. The calculations pre-
”‘”*“Axg V /& sented here do not include the 13 mRNAs
L L L in which the translational start site
sol-A was predicted but has not beenverified.

[A\ The nucleotide immediately preceding
oo A\

the AUG codon is numbered -1; nucleo-
o tides +4 to +6 represent the start of
the protein coding sequence. The dot-
ted line across each panel indicates
the 25% value that would be expected
on a random basis. To ensure that the
40 A A results were not distorted by the inclu-
WA . ¥ sion of too many closely-related globin
mMRNA sequences, I recalculated the fre-
8ol U quency of occurrence of each nucleotide
in positions -1 through -8, omitting all
40— of the globin sequences. Although the
P SOV o g o absolute values changed somewhat (e.g.

| 94 * AUGL— G in position -6 dropped from 40% to
2 8 -4 1 w4 36%), the rank order of nucleotides in
each position remained unchanged.

% OF MESSENGER RNAs

the upstream AUG triplet(s) in such messages (Kozak, Microbiol. Rev., 47, 1-45,
1983; Kozak, manuscript submitted). The main point to note here is that such
mRNAs are rare. The "first-AUG-rule" holds for 93% to 95% of the entries in the
table.

(iii) The sequences in the table have been searched manually for signs of
a conserved motif that might uniquely identify AUG initiator codons. The most
conspicuous conserved feature is presence of a purine (most often A) in position
-3; i.e., three nucleotides upstream from the initiator codon. As illustrated
in Figure 2, 79% of the mRNAs that were counted have A in that position, 18% have
G, and only 3% (a total of 6 messages) have a pyrimidine in position -3. The
strong preference for a purine in position -3 is peculiar to AUG triplets that
serve as initiator codons. Pyrimidines are favored in the -3 position preceding
AUG triplets that lie upstream from the initiation site, in those rare mRNAs that
have upstream AUGs (Kozak, Nuc. Acids Res. 9, 5233-5252, 1981); and the nucleo-
tide frequency in position -3 is almost perfectly random around AUG triplets that
code for methionine at internal positions in polypeptide chains (Kozak, 1983, op.
cit.). Although no other position is as highly conserved as the purine in posi-
tion -3, the distribution of nucleotides is decidedly nonrandom in every position
from -1 through -6, and perhaps beyond. The predominance of C in positions -1,
-2, -4 and -5 was evident in an earlier survey (Kozak, 1981, op cit.) and is con-

firmed here. The preference for G in position +4, noted in the previous survey,
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is less evident here. From the data in Figure 2, the sequence CCéCCAUG(G) emerges
as a consensus sequence for eukaryotic initiation sites. The extent to which a
given message matches the -1 to -5 consensus sequence varies considerably: only
10 mRNAs in the table conform perfectly to the CCACC sequence; in more than half
of the mRNAs, 3 or 4 of the nucleotides directly preceding the AUG codon match
the consensus sequence; about 10% of the mRNAs have a purine in position -3 but
otherwise differ entirely from the -1 to -5 consensus. The 6 mRNAs in the tabu-
lation that lack a purine three nucleotides upstream from the initiator codon do
not seem to compensate by conforming closely to the other four consensus positions.
Recent site-directed mutagenesis experiments (Kozak, manuscript submitted) have
confirmed the importance of the purine in position -3, but there is as yet no evi-
dence that cytosine in positions -1, -2, -4 and -5 contributes to recognition of
eukaryotic initiation sites.

Obviously the (semi)conserved sequence revealed by a survey such as this
need not correspond to the most favorable context for initiation, since the table
includes mRNAs that vary in translational efficiency. Nonetheless, reference to
the consensus sequence, especially the highly conserved -3 position, can be of
help when searching a new mRNA sequence to locate the translational initiation
site. It is important to avoid two errors when using this approach:
(a) If inspection of the sequence near the 5'-end of the mRNA were to reveal two
AUG triplets that conform approximately equally to the consensus sequence, it
would be incorrect to conclude that either AUG is equally likely to be the ini-
tiator codon. Because 40S ribosomal subunits most likely scan the 5'-end of the
mRNA in a linear fashion (Kozak, Cell 34, 971-978, 1983), the 5'-proximal AUG
triplet is the first to be "inspected.” If the sequence preceding the first AUG
triplet conforms closely to the consensus, especially if an A occurs in position
-3, the search ends there. There are two exceptions to this rule. The first
involves a small number of mRNAs in which the reading frame following the first
ANNAUG sequence is short, terminating upstream from a second AUG codon to which
ribosomes seem to gain access by reinitiating! The second exception consists
of a single example: the mRNA derived from influenza B virus genome segment 6
allows ribosomes to initiate efficiently at the first and the second AUG codons,
although the first AUG triplet occurs in a "good" context (ANNAUGA) and is not
followed by a terminator codon (Shaw et al., Proc. Natl. Acad. Sci. USA 80, 4879-
4883, 1983). I have no explanation for this at present.
(b) An AUG triplet that deviates from the consensus in the crucial -3 position can
nevertheless serve as the initiator codon. This is evidenced by a few mRNAs in

the table (entries 40, 98, 129, 133, 134, 196) and also by experimental manipu-
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lation of the sequence flanking the initiator codon (Sherman et al., Cell 20, 215-
222, 1980; Kozak, manuscript submitted). As a consequence of initiating at a
"weak" AUG codon, however, those rare messenger RNAs are predicted to

have two special properties: translation should be inefficient; and ribosomes
should initiate not only at the first (weak) AUG but also at the next AUG that
lies downstream. Such mRNAs should therefore have the potential to direct syn-
thesis of two proteins. This has been shown to occur with a few viral mRNAs
(Kozak, 1983, op.cit.) but it has yet to be demonstrated for cellular mRNAs.

The -1 to -5 consensus sequence detected in this survey differs from previ-
ously-suggested eukaryotic consensus sequences (Hagenblichle et al., Cell 13, 551-
563, 1978; Baralle and Brownlee, Nature 274, 84-87, 1978; Stiles et al., Cell
25, 277-284, 1981) in both its high frequency of occurrence and its constant posi-
tion relative to the AUG initiator codon. None of the previously-suggested con-
sensus sequences met those criteria. Until further experiments are carried out,
it is premature to speculate about the mechanism by which flanking nucleotides
might modulate recognition of the AUG initiator codon; but the temptation is ir-
resistable. Sargan et al. (FEBS Lett., 147, 133-136, 1982) have noted an intrigu-
ing complementarity between the sequence CCACC in mRNA and the sequence GGUGG at
the base of the 3'-terminal hairpin structure in 18S ribosomal RNA. The possi-
bility of base pairing between mRNA and rRNA thus seems worth exploring. An al-
ternative rationalization for the conserved sequence preceding the initiator codon
is that it might base-pair with a complementary sequence just downstream from the
AUG codon. The resulting hairpin could help to identify the initiation site. Al-
though some mRNAs (see entries 18, 66, 151) have the potential to form a stable
hgirpin structure centered about the AUG codon, this is by no means universal.
Moreover, comparison of closely-related sequences does not reveal compensatory

changes that would preserve the potential hairpin structure.
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