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Summary

By analyzing the effects of single base substitutions
around the ATG initiator codon in a cloned preproinsu-
lin gene, | have identified ACCATGG as the optimal se-
guence for initiation by eukaryotic ribosomes. Muta-
tions within that sequence modulate the yleld of
proinsulin over a 20-fold range. A purine in position
-3 (i.e., 3 nucleotides upstream from the ATG codon)
has a dominant effect; when a pyrimidine replaces the
purine in position -3, translation becomes more sen-
sitive to changes in positions -1, -2, and +4. Single
base substitutions around an upstream, out-of-frame
ATG codon affect the efficiency with which it acts as
a barrier to Initiating at the downstream start site for
preproinsulin. The optimal sequence for initiation de-
fined by mutagenesis is identical to the consensus se-
quence that emerged previously from surveys of
translational start sites in eukaryotic mRNAs. The
mechanism by which nucleotides flanking the ATG
codon might exert their effect is discussed.

Introduction

A considerable body of evidence supports the idea that
40S ribosomal subunits bind at the capped 5’ end and
scan the mRNA sequence until an AUG codon is reached
(Kozak, 1980a, 1983a). The fact that 40S subunits can mi-
grate on mRNA, prior to the assembly of a complete 80S
ribosome, has béen demonstrated in vitro (Kozak and
Shatkin, 1978; Kozak, 1980b). The stimulatory effect of the
m’G cap (Shatkin, 1976) and the inability of ribosomes to
bind to circular mRNAs (Kozak, 1979; Konarska et al.,
1981) point to an end-dependent mechanism. The fact that
eukaryotic ribosomes usually translate only the 5-proxi-
mal cistron in polycistronic viral mMRNAs (Smith, 1977) is
also rationalized by the scanning model. The importance
of position in defining the functional initiation site was
shown by manipulating a cloned preproinsulin gene to
produce an mRNA in which the “ribosome binding site”
(i.e. the ATG initiator codon and flanking sequence) was
tandemly reiterated: ribosomes initiated exclusively at the
*-proximal copy in the tandem array (Kozak, 1983b).

Inspection of sequences near the 5’ ends of eukaryotic
mRNAs provides evidence that might be interpreted for or
against the scanning hypothesis: in ~~90% of the mRNAs
- examined, there are no extraneous AUG triplets upstream
" of the functional initiator codon—a provocative finding
- that is rationalized by the scanning model. However, 5%
to 10% of eukaryotic mRNAs have AUG triplet(s) up-
stream of the known start site for protein synthesis (Kozak,

1983a). In such mRNAs, the upstream AUG triplets occur
in a context different from the conserved pattérn of m_:_cleo-
tides around functional initiator codons (Kozak,” 1981,

1983a, 1984a). This difference inspired a modified versiof

of the scanning model in which both the position of an
AUG codon and its context play a role (Kozak, 1981). Our
current working hypothesis is that a 40S ribosomal
subunit (with associated factors, of course) binds at the 5
end of mRNA and advances linearly until it reaches the
first AUG triplet: if the first AUG codon occurs in an optimal
context, all 40S subunits stop and that AUG serves as the
unique site of initiation. But if the sequence around the
first AUG triplet is suboptimal, some 40S subunits bypass
that site and initiate farther downstream. The optimal con-
text for initiation, derived from the aforementioned survey,
was CCACCAUGG (Kozak, 1981, 1984a). Within that se-
quence, the purine in position —3 (3 nucleotides upstream
of the AUG codon) is most highly conserved: ~75% of the
mRNAs examined had A in that position, and another
20% had G. Some experimental evidence for the impor-
tance of A or G in position -3, and G in position +4 (im-
mediately following the AUG codon), has been obtained
by measuring the binding of synthetic oligonucleotides to
wheat germ ribosomes in vitro (Kozak, 1981) By applying
site-directed mutagenesis to a cloned preproinsulin gene,
point mutations were created near the AUG initiator
codon; translation of those mutants in vivo confirmed the
requirement for a purine in position -3 (Kozak, 1984b).
Using a more efficient scheme for mutagenesis, | have
now obtained a larger set of mutants. Base substitutions
in at least four positions near the AUG codon modulate its
function, as described below. The sequence ACCAUGG
emerges as the best context for initiation in this system.
Morlé et al. (1985) recently described an o-thalassemia in
which the sequence at the initiation site for a-globin was
changed from CACCAUG to CCCCAUG. The resulting
deficiency in globin synthesis confirms, in a natural set-
ting, the importance of A in position —3.

There are a few sukaryotic mRNAs in which an AUG
codon in an excellent context (such that all 40S subunits
should initiate exclusively there) occurs upstream of a
second AUG codon which is known to function. The scan-
ning mechanism as outlined above cannot explain that
anomaly. Initiation at the internal AUG triplet in such mes-
sages has been attributed to reinitiation, which seems
reasonable because access to the downstream cistron is
critically dependent on having a terminator codon in
frame with the first AUG codon and upstream from the-
second (Dixon and Hohn, 1984; Hughes et al., 1984; Ko-
zak, 1984c; Liu et al., 1984). Our interpretation is that the
408 ribosomal subunit remains on the mRNA at the termi-
nator codon and resumes scanning; it stops and reiniti-
ates when it reaches the next (internal) AUG codon. The
similarity between primary initiation (i.e. selection of the

"-proximal AUG codon) and reinitiation is emphasized by
the finding, described herein, that the optimal context for
the AUG codon is-the same for both processes.

~

. A



Cell
284

400 bp from
Sva0 ~1500 bp from rat PREPROINSULIN 2780 bp from pXf3 (derivative of pBR322)
/—&—\ r A N — A n
ori PE ATG TAG tetR ori ampR
T
LT
(HpaII) Ddel (BamHI)
RI H1ndIII BamHI
N
Replace this 178 bp fragment
with an oligonucleotide
of the general structure:
Met glaLe
HindIII et Ser Leu _
57AGCTTNNNNNATGSCCCTGTG 3! {ASTEF:!E?’] g:}e to BS8
ANNNNN TAC NGGGACACCTAG with preproinsulin codmg sequence
BamAI> N
Met Ser
7 AceTECHNNNNATGTC {%E'E'f%ﬁ:io to B147
3,C(;NNNNN TAC AGCTAGS, with preproinsulin coding sequence

Met Val Val

F SERIES
AGCTTCNNNNNATGNCACCATGGTAGT First ATG is out-of-phase;
3 AGNNNNN TAC NGTGG TAC CATCACTAGS, second ATG starts preproinsulin

Figure 1. Scheme for Generating Point Mutations around the ATG Codon in Plasmids That Express Preproinsulin

The parental plasmid p255/11 is shown in linear form at the top. Transcription of the rat preproinsulin gene Is mediated by the SV40 early promoter,
designated Pg. Shaded areas represent introns that interrupt the 5-noncoding sequence (open areas) and the preproinsulin coding sequence (stip-
pled). The Bam Hl site shown in parentheses is present in the original p255 (Lomedico and McAndrew, 1982) but was sliminated from p255/11 (see
Experimental Procedures). “N” indicates positions where the sequence of the oligonucleotides was ambiguous, generating mutations around the
ATG codon. The general form of the mutagenic insertion sequences is shown here; the specific oligonucleotides used in the experiments are listed
in Table 1. In the B series, mutations were introduced around an ATG codon that starts the preproinsulin coding sequence. in the F series, the focus
of mutagenesis was an upstream, out-of-frame ATG codon that serves as a barrier to initiating preproinsulin. The N-terminal amino acid sequence
is shown for the variant form of preproinsufin encoded in each series. In the case of B11 through B58, the encoded protein is identical with wild-type
rat preproinsulin (MetAlaLeuTrp).

Results Multiple insertions were precluded by carrying out the
ligase reaction without prior 5’ phosphorylation of the
Mutagenesis around the Initiator Codon in oligonucleotide; thus, each recovered mutant carried a
Preproinsulin Expression Vectors single copy of the oligonucleotide. Only when the mis-
Figure 1 shows the scheme used to produce mutants in - match occurred very close to the end of the oligonucleo-
the B series, in which the sequence flanking the initiator tide, in the penultimate or antepenultimate position, did |
codon was systematically varied. The technique involves encounter difficulty in obtaining the nearly complete set
deleting the DNA fragment that carries the normal transla- of mutants expected. Occasionally, however, one member
tional start site for preproinsulin, and replacing it with a of a series was not found, despite the repeated isolation
synthetic ATG-containing oligonucleotide: the ATG codon of other members of the set; in such cases, a new oligo-
carried on the insert functions as the new initiation site for nucleotide was prepared that encoded unambiguously
preproinsulin. (Since all manipulations in this study were the desired sequence. Mutants in which the sequence of
at the DNA level, 1 shall refer to the initiator codon as ATG the insert did not correspond precisely to the starting
irrespective of whether the reference is to DNA or mRNA.) oligonucleotide were recovered infrequently; when found,
The presence of sticky ends on the oligonucleotide that they usually deviated in one position from the input
are complementary to those on the acceptor DNA ensures oligonucleotide. No mutations were found outside of the
efficient insertion, and the presence of sequence am- region encompassed by the oligonucleotide insert.
biguities within the oligonucleotide generates a large The screening of mutants was facilitated by varying only
number of mutants. Matteucci and Heynecker (1983) were two or three positions at a time. Thus, three oligonucleo-
the first to use a technique similar to this for analyzing tides, each of which conforms to the general structure

transiation in E. coli. ) shown in Figure 1, were actually used to obtain mutants
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Table 1. Oligonucleotides Used for Insertion Mutagenesis

Mutants 01igonucleotides
811 - 821 AGCTTCCANNATGGCCCTGTG
B31 - B39 AGCTTGGNTTATGSCCCTGTE
B41 - BS8 AGCTTGGANNATGTCCCTGTG
8130 - B135 AGCTGCCARRCATGTC
B137 - B138 AGCTGCTTATTATGTC
B140 - B143 AscrecriT\TlT\TATGTc
= AGCTGCTTTTTATGTC
B145 - B147 crecTITIT
F1 - F8 AGCTTCTGATTATGNCACCATGGTAGT
F9 - F10 AGCTTCTG‘T\TTéTGTCACCATGGTAGT
F11 - F15 AGCTTCCEATIATGTCACCATGETAGT

Sequences are flisted for the top (plus) strand of each duplex
oligonuclectide that was inserted between the Hind lil and Bam Hi sites
of p255/11. “N” stands for a mixture of all four nucleotides. The mu-
tants that were obtained are fistéd in the left column; their general form
is depicted in Figure 1, and the precise sequence around the ATG
codon in each mutant is given in Figures 2 through 6.

B11 through B58. The sequences of the specific oligo-
nucleotides used for mutagenesis are given in Table 1.
In the case of B11 through B58, the protein initiated at
the inserted ATG codon has the same N-terminal amino
acid sequence as wild-type preproinsulin. For reasons of
economy, shorter oligonucleotides were used to obtain
mutants B130 through B147, and the first few amino acids
of the wild-type protein were not retained. This does not
compromise the resuits that follow because the yield of
proinsulin from each mutant was always compared, not to
the wild-type plasmid, but to a control from the same se-
ries as the mutant.

To determine how single base changes around the ini-
tiator codon affect translational efficiency, the mutant
plasmids were transfected into monkey (COS) cells as
described in Experimental Procedures. Two days after
transfection, the cells were incubated with 35S-cysteine,
and labeled proteins were extracted, immunoprecipitated,
and analyzed by polyacrylamide gel electrophoresis. Be-
cause the primary translation product undergoes cleav-
age in these cells, the product that accumulates and was
measured is proinsulin. -Measurement of cytoplasmic
RNA levels, as described in Experimental Procedures, re-
vealed no significant differences among the mutants in a
given series. Thus, the observed variation in proinsulin
synthesis reflects the efficiency with which the mRNA pro-
duced by each plasmid is translated.

Effects of Mutating Positions —3 and +4

The sequences of mutants B31 through B39 are identi-
cal except for positions —3 and +4. Single nucleotide
changes in those positions modulate the yield of proinsu-,
lin over a 20-fold range (Figure 2). Comparison of B35,
B38, and B39 shows that A functions better than G, and
G better than T, in position —3. Comparison of B38 with
B34, or B39 with B33, reveals that G works better than T
in position +4. The contributions of positions —3 and +4

}

are not simply additive. For example, G in position +4 en-
hanced translation about 5-fold with T in position —3 (B34
versus B38), 4-fold with G in position -3 (B33 versus
B39), and only 2-fold with A in position —3 (B31 versus
B35). Similarly, with mutants B31 through B34, where the
favored nucleotide G occurs in position +4, the effects of
varying position —3 were less dramatic than in mutants
that had T in position +4. The hierarchy in position -3
(A > G > T) does not change, but the magnitude of the ef-
fect obtained upon mutating position —3 depends on how
favorable the rest of the sequence is.

The data in Figure 2 confirm that proinsulin is quantita-
tively recovered in the first round of immunoprecipitation.
The second cycle is not shown in the figures that follow.

Effects of Mutating Positions -1, -2, —4, and -5

Mutagenesis was limited to positions —1 and -2 in the
first experiment. As shown in Figure 3, C in both of those
positions enhanced translation marginally, at best. The
bracketed lanes in that figure represent duplicate plates
that were transfected with the same plasmid, establishing
that the variability of the assay is <20%. With that in mind,
it seems safe to draw conclusions about ptasmids that dif-
fer 2-fold or more in their production of proinsulin; but

- when the increment is less than 2-fold, as with B41, the

result cannot be considered more than suggestive. The
conclusion from Figure 3 is that, if the nucleotides in posi-
tions -1 and -2 influence translation at all, their contribu-
tions are small.

To pursue the issue, | constructed the mutants shown
in Figure 4. The 3-fold decrease in the yield of proinsulin
between B137 and B138 confirms that A works better than
C in position -3, as we already knew. The 3-fold increase
in proinsulin between B138 and B130 provided the first evi-
dence that C in (some or all of) positions -1, -2, -4, and
-5 enhances translation. The effect can also be seen with
mutants that have A in position -3 (B137 versus B133), al-
though the stimulation was only 2-fold. (As noted above,
nonadditivity can minimize the effects of some sequence
changes. Indeed, introducing C into positions -1, -2,
-4, and -5 was without measurable effect in mutants
that had the optimal A in position -3 plus G in position
+4 [B11 through B21, data not shown).) The mutants stud-
ied in Figure 4 provide two peripheral insights: C in posi-
tion —3 apparently functions better than T (B138 versus
B140); and, in mutants that lack A in position —3, the pres-
ence of A in position —2 or -4 does not compensate.
Whereas A in position —3 stimulates translation about 10-
fold (B137 versus B140), mutants B141 and B143 translate
only marginally better than B140.

Since the stimulatory effect of Cs in positions -1, -2,
-4, and -5 was more apparent in plasmids that had C
rather than A in position -3 (Figure 4), and since T_3
seemed to be even weaker than C_,, it seemed that plas-
mids with T in position -3 might provide the most sensi-
tive background for further studies. Accordingly, the mu-
tants shown in Figure 5 were constructed and analyzed.
Introducing Cs into positions .—1 and -2 indeed stimu-
lated translation at least 4-fold (B145 versus B140). Sur-
prisingly, however, Cs in positions -4 and -5 did not
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Figure 2. Variation in Proinsulin Synthesis

Caused by Single Base Changes in Positions
-3 and +4

3S.labeled proteins from transfected COS
cells were subjected to two rounds of im-
munoprecipitation which were analyzed in con-
tiguous lanes of the gel, marked 1 and 2. An
arrow indicates the position of proinsulin. To
make the figure easily readable, only the
nucleotides that differ among members of the
set are indicated. The sequence shown for B38
in positions -1, —2, —4, and —5 is common to
the whole set.

286

MUTANT B38 B39 B35 B34 B32 B33 B31
>

Relative 0.D. <0.2 0.7 2.6 0.9 0.9 3.1 5.0
-5 6 . .
-4 G . .
=37 [] A T C A
-2 T
-1 T

Start prepro- A

insulincoding |T

sequence G
H T T T G G 6

enhance translation (B146 versus B140). The yield of
proinsulin from B147, where Cs occur in all four positions,
was no greater than from B145.

The 20-fold variation in proinsulin synthesis among mu-
tants in the B series confirms that sequences flanking the
ATG codon modulate translational efficiency, but the B
mutants do not reveal what happens at a weak ATG codon.
The scanning model predicts that some 40S subunits
bypass an ATG codon that occurs in an unfavorable con-
text, and translation begins farther downstream. To test
that prediction, mutants were needed in which initiation at
a downstream ATG codon could be monitored. The F se-
ries described below meets that requirement.

Effects of Single Base Substitutions around

an Upstream ATG Codon

The general form of the oligonucleotides that were in-
serted to generate mutants in the F series is shown in Fig-
ure 1. The position of the second ATG triplet carried on
the insert enables it to serve as the initiator codon for
preproinsulin, and the sequence around that ATG codon
was not mutated. Rather, point mutations were introduced
around an upstream, out-of-frame ATG triplet that was ex-
pected to function as a “barrier,” reducing the number of
40S ribosomes that reach the preproinsulin start site. For
this design to work, it was important that no terminator
codons occur between the upstream ATG triplet and the
preproinsulin start site: eukaryotic ribosomes can reiniti-
ate at the second ATG codon when an upstream “minicis-
tron” terminates prior to the second ATG codon (see In-
troduction), and the inhibitory effect of an upstream ATG

-5 G >
-4 G *
-3 A 5
=2 C C G G
-1 C G ( A

Start prepro- A

insulin coding T

sequence
+4

Figure 3. Proinsulin Synthesis by Plasmids That Vary in Positions —1
and -2

Adjacent lanes enclosed by brackets in this and subsequent figures
represent 3S-labeled proteins from duplicate plates that were trans-
fected with the same plasmid. The fluorograms have been cropped to
show only the proinsulin region of the gel, which is marked by an arrow.
The sequence that is shown for B41 in positions —3, —4, -5, and +4
is common to al! four plasmids used for this experiment.

barrier is thereby reversed. To preclude reinitiation in the
F series, the reading frame- established by the upstream
ATG codon had to extend beyond the preproinsulin start
site; but the ideal site for termination was hard to deter-
mine. When the upstream cistron is long, i.e. when it over-
laps the preproinsulin coding sequence over a consider-
able distance, there is interference (1 think at the level of
elongation) such that the yield of proinsulin is low even
when the upstream ATG triplet occurs in a weak context
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MUTANT  B137 B133 -

B138

8130 B140

8141

B143 Figure 4. Expanded Mutagenesis of Se-

quences Preceding the ATG Codon
Details are given in the legend to Figure 3.

Relative 0.D0. 2.1 2.5 0.7 0.7 2.0 1.8 4.1 5.2 <0.2 0.2 <0.2
L 'L )L a0 1 N )L :

-5 T T c C T T T

-4 T T C C T A A

-3 A C [ A T T T

2 T T C c T T A

-1 T T [+ [ T T T
Start prepro- A
insulin coding T
sequence G

“ T T T T T T T
(Kozak, 1984c). Since that unexplained interference de- MWUTANT _ B140 B145 B146 B147

creases as the extent of overlap between the two cistrons
decreases, it might seem ideal for the codon that ter-
minates the upstream cistron to overlap the ATG codon
that initiates preproinsulin. Unfortunately, that overlap-
ping configuration still allows reinitiation, albeit very ineffi-
ciently. The sequence ATGGTAG, which | ultimately chose
for the F series, allows about 2% reinitiation (based on un-
published experiments with other mutants). It was a work-
able compromise: the potential sources of interference
outlined above were sufficiently reduced that | could see
systematic effects of context on the function of upstream
ATG codons.

The mutants listed in Figure 6 were studied to deter-
mine how single base substitutions around the first ATG
codon affect the ability of ribosomes to reach the second,
where preproinsulin initiates. F10, which lacks an up-
stream ATG triplet, is the control to which all other F mu-
tants are compared. In F9, the upstream ATG codon lies
in a very weak context and, as expected, synthesis of
proinsulin was only slightly reduced. As the context
around the upstream ATG codon improves, it becomes a
more effective \barrier: synthesis of proinsulin dropped
5-fold with F6, FY, and F8, and 10-fold with F1 through F5.
Itis not surprising that F1—which has the optimal A in po-
sition —3 and G in position +4—still makes a trace of
proinsulin. As shown in experiment 2 in Figure 6, the up-
stream barrier can be further strengthened by introducing
Cs into the flanking positions. Moreover, because the
structure of the F mutants allows a low level of reinitiation,
synthesis of proinsulin cannot be shut off completely.

Whereas the results obtained with the B series allow
one to conclude only that an ATG codon in one context

. works better than another, the results obtained with the F
series justify the interpretation that 40S ribosornal sub-
units bypass an ATG codon that lies in a weak context.

Context Effects on Reinitiation

A 65 bp sequence that carries an ATG initiator codon, fol-
lowed after 12 bp by a TAA terminator codon, was inserted
atthe Hind Hi site that lies just upstream of the preproinsu-
lin start site in B34, B35, B39, and B38. Thus, ribosomes
can make preproinsulin only by reinitiating at the second
ATG codon in mutants B34R, B35R, B39R, and B38R.
The yield of proinsulin from those. plasmids varied about

L e
5 T T [ C
-4 T T C C
37 T T T
2 T c T C
-1 T c T [

Start prepro- A

insulin coding [T]

sequence G
H T T

Figure §. Translation Is Stimulated by C in Positions -1 and -2
When the Rest of the Sequence Is Suboptimal

Details are given in the legend to Figure 3.

8-fold, as shown in Figure 7. The “R” derivatives showed
the same strong preference for a purine-in position -3,
and G in position +4, as was seen with the original B mu-
tants. The control B37R lacks the second ATG codon and
makes no proinsulin (Figure 7, bottom lane). This rules out
the possibility that the proinsulin produced by the other
“R" derivatives is actually initiated at the ATG codon car-
ried on the insert (which would require suppression of the
terminator codon and posttranslational cleavage to re-
move the N-terminal amino acid extension) rather than by
reinitiating at the ATG codon that directly precedes the
preproinsulin coding sequence.

Discussion

The Optimal Sequence for Initiation in Eukaryotes
From the foregoing mutational analysis, the sequence
ACCATGG emerges as the most favorable context for initi-
ation. Although | obtained no evidence that Cs in positians
-4 and -5 are part of the ribosome recognition se-
quence, there is a lingering possibility that Cs in those po-
sitions contribute, but only in a small way, and perhaps
only when a purine occurs in position —3. Inasmuch as
Cs in those positions are highly conserved, | shall con-
tinue to show them, in parentheses, as part of the con-
sensus sequence.

The validity of these experiments was ensured in
several ways. In many experiments duplicate plates of
COS cells were transfected with a given plasmid; the vari-
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EXPERIMENT 1.
MUTANT F1 F3 F4 F2 Fb F7 F8
>
-5 T .
4 6 .
-3 A A A A G G G
-2 T .
a1 .
upstream A
AUG codon T
in +1 frame LG

# 6 C T A G C T

Figure 6. Effects of Context on the Efficiency of an Upstream ATG Barrier

Fé

A

EXPERIMENT 2
F&4 F9 F10 F14 F15 F1

F9 Fl10

5T T T € € ¢

46 6 6 C G C

T A 3A T A A A A
2T T T T ¢ ¢

14T T-T T ¢ ¢

c A1 [A1 ¢ [A] [A][A

T Tt T [T

G 6l le) & LleJ lella

T 1 # T T T T T T

The sequence shown for F1 in positions —1, —2, —4, and —5 is common to mutants F1 through F10. All have an upstream ATG codon, except for
the control F10. The fluorograms have been cropped, and an arrow marks the position of proinsulin.

ation between duplicates never exceeded 20%. When too
many plasmids had to be tested simultaneously, | did not
assay in duplicate because it is hard to maintain precision
when handling more than 12 or 14 plates; but subsequent
repetitions of the experiment gave identical results. 1 con-
sidered one plasmid to be translated more efficiently than
another. only when the yield of proinsulin differed by at
least 2-fold; often the difference was 5 to 20 fold. Every
position in the consensus sequence has been tested in
two or more independent constructs. For example, the
combination of T in positions —3 and +4 was shown to
be extremely weak in B38 and B140. Adenosine in position
—3 worked best in B31, B35, B133, and B137. Comparison
of B34 with B38, B33 with B39, and B31 with B35 confirms
that G worked best in position +4. Comparison of B130
with B138, B133 with B137, and B147 with B140 confirms
that C in some or all of positions -1, -2, -4, and -5
worked better than T. Finally, the, results of the F series
complement the B series: the sequence that gave the
lowest yield of proinsulin when tested directly (T—3/T.+4 in
B38) allowed the maximum production of proinsulin when
that sequence was introduced as an upstream “barrier” in
mutant F9.

Although the importance of A or G in position -3 was
recognized easily and early (Kozak, 1984b), it was more
difficult to show that other nearby nucleotides are recog-
nized, because their contributions are not additive. The
nonadditivity was an unwelcomed experimental complica-
tion, but it has a positive aspect in that most natural ribo-
some binding sites are buffered: given a purine in position
-3, a mutation in position -1, -2, —4, or -5 should re-
duce translation only slightly. Thus, it is not surprising that
mutations in those positions have not been described
among the genetic diseases that have been studied at the

molecular level. The dominant effect of position —3 in eu-
karyotic ribosome binding sites differs from the prokary-
otic Shine-Dalgarno sequence, within which no single po-
sition is more important than any other. In striking contrast
with the enhanced translation that occurred when A was
introduced into position -3, there was little stimulation
when A occurred in position —2 or —4 (compare B140 with
B143 in Figure 4). Thus, if two separate components on
the ribosome are responsible for recognizing the up-
stream A residue and the ATG codon, respectively, the two
components must be rigidly oriented. This inflexibility with
respect to the position of the upstream recognition se-
quence again differs from prokaryotes, where the dis-
tance between the initiator codon and the Shine-Daigarno
sequence is permitted to vary over a limited range (Kozak,
1983a).

The optimal context for recognition of the ATG codon
appears to be the same for reinitiation at an internal site
as for primary initiation at the 5'- proximal ATG codon. Our
understanding of reinitiation is admittedly primitive, but a
likely scenario is that, when an 80S ribosome reaches a
terminator codon (having just translated a cistron or
minicistron near the 5’ end of the mRNA), the 60S subunit
detaches while the 40S subunit remains bound to the
message and resumes scanning; when the 40S subunit
reaches the next ATG codon, it reinitiates translation. An
alternative mechanism postulates that ribosomes can
bind directly to the internal site. Evidence against direct
binding has been adduced previously (Kozak, 1984c). The
notion of direct binding might have been revived had the
present study revealed an optimal context for internal initi-
ation different from the A_3/G.4 motif that mediates rec-
agnition of the 5-proximal ATG codon, Since the optimal
context is the same for both processes, however, it seems
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65 nucleotide
insert from

p255/21 .. .ACCATGGCCCTGTGGATcﬁ PROINSULIN

MUTANT

B34R ...AAMMAGCTTGGTTTATGGC

B35R .. .AAAAIKGCTTGGATTATGTC

B39R ...AMAAGCTTGEGTTATGTC

B38R .. AAGCTTGGTTTATGTC

B37R ...AAAARGCTTGGGTTATATC
A

Start preproinsulin
coding sequence

Figure 7. Single Nucleotide Changes in Positions —3 and +4 Affect
the Efficiency of Reinitiation

In these “R” derivatives, ribosomes first initiate at the invariant ATG
codon -carried on the insert, terminate at the TAA codon (marked by
asterigks), and then reinitiate 10 nucleotides downstream, at the start
of the preproinsulin coding sequence, which differs (see positions -3
and +4) among the four mutants tested. B37R is a negative control de-
scribed in the text. 3S-labeled proteins from transfected COS cells
were analyzed by polyacrylamide gel electrophoresis. The top of the
gel (not shown) was at the left.

likely that reinitiation involves a replay of the scanning
process. ‘

Secondary Structure Does Not Contribute

to the Observed Variation in Translation

Although secondary structure might differ slightly from
one B mutant to another, that is unlikely to have influenced
the results of this study. In an experiment described else-
where (Kozak, 1986), | deliberately created a stable hairpin
(AG-30kcal/mol) around the ATG codon in a mutant called
B13hp; the hairpin did not reduce the yield of proinsulin.
. Thus 40S ribosomal subunits and/or the associated initia-
tion factors have an impressive ability to melt duplex struc-
tures. in mRNA. Since the point mutations described
herein cannot create duplexes anywhere near as stable as
the hairpin in B13hp, the 20-fold variation in proinsulin
yield among members of the B series is best interpreted
at the primary sequence level. The secondary structure
hypothesis is also inconsistent with the dramatic inhibition
that occurs upon changing a single nucleotide in position
-3, compared with the small change in transtation when
several nearby nucleotides are mutated.

Incorporation of Context Rules into

the Scanning Model

Our working hypothesis is that the migration of 40S
subunits is halted more or less efficiently depending on
the sequence around the ATG codon. This rationalizes the
results obtained with the F series, where the strength of
the upstream ATG “barrier” varies in the predicted way
with changes in context. Constructs have been described
previously in which the presence of an upstream ATG

codon reduces or supplants initiation from the down-

stream site (Lomedico and McAndrew, 1982; Smith et al.,-

1983; Krieg et al., 1984) and, in some cases, the efficiency
of the upstream ATG barrier was shown to be context de-
pendent (Bandyopadhyay and Temin, 1984; Kozak, 1984c;
Liu et al., 1984). The rules deduced by manipulating such
cloned genes apparently hold for natural mRNAs as
well—specifically for a number of viral mRNAs that have
the unusual ability to produce two proteins. The first ATG
codon in such mRNAs is usually in a weak context, thus
rationalizing the ability of some ribosomes to reach the
second ATG codon. There are at least ten examples from
animal virus systems of bifunctional mRNAs that fit this
pattern (Reddy et al., 1978; Bos et al., 1981; Clerx-van
Haaster et al., 1982; Giorgi et al., 1983; Heermann et al.,
1984; Laprevotte et al., 1984; Bellini et al., 1985; Castle et
al., 1985; Clarke et al., 1985; Ernst and Shatkin, 1985;
Persing et al., 1985; Sarkar et al., 1985). Such mRNAs in
which there are two prominent initiation sites are rare. In
most eukaryotic mRNAs the 5'-proximal ATG codon lies
in a fairly strong context and ribosomes initiate predom-
inantly at that site. To make more precise statements, we
have to recognize that initiation sites are not simply strong
or weak; the mutants described herein reveal a gradient
of strength. The sequence (CC)ACCATGG, ranks highest
in efficiency: when that sequence occurs near the 5’ end
of a message, no initiation can be detected downstream
(see Kozak, 1983b; 1984¢ [mutants p255/20 and C2]; and
mutant E13 in Kozak, 1986). A sequence such as AT TATGT,
on the other hand, is also very efficient if one simply moni-
tors the yield of protein initiated at that site (B35 in Figure
2). Butin mutant F4, ~10% of the ribosomes bypassed the
§'proximal ATTATGT and initiated at the preproinsulin
start site downstream. if we now consider the sequences
of natural eukaryotic mRNAs, although ~75% have A in
position -3, only ~35% have A_3 plus G.4; and less than
5% have the ideal (CC)ACCATGG sequencs. Thus, unless
other features can compensate for a less than perfect con-
text around the ATG codon, we should expect to find a sec-
ond initiation site functioning (albeit very inefficiently) in
most eukaryotic mRNAs. | suspect that compensatory
mechanisms will be discovered. In some mRNAs where
the coding sequence begins with a weak ATG codon, the
objective might be not so much to allow ribosomes access
to a second start site, but simply to limit the synthesis of
a protein that would be harmful if overproduced. In the
case of preproricin mRNA, the functional initiator codon
is flanked by Ts in positions —3 and +4, and a strong out-
of-frame ATG codon lies just upstream (Lamb et al., 1985).
It would be hard to design a less favorable arrangement
for translation—or a more toxic polypeptide.

By What Mechanism Do Nucleotides Flanking the
ATG Codon Exert Their Effect?

Despite many differences between the ‘prokaryotic and
eukaryotic initiation mechanisms, the temptation to
search 18S rRNA for a sequence that could do for eukary-
otes what the Shine-Dalgarno sequence in' 16S rRNA
does. for prokaryotes is irresistible. Figure 8 shows two
sites in 18S rRNA that might pair with the (CC)ACC se-



Cell

w

position 1211 (rat);
1138 (yeast)

~A-A-G-G-G.

position 1697 (rat),;
1617 (yeast)

mRNA 5'»/*/\/

@==tRNA in P-site crosslinks to ,
position 1706 (rat); 1626 (yeast)

—

G

G
U--U-U-C-C-6-U-A-G-6
G—A-A-G-G-C-G-U-C-C

PoorPorzzc OC OO o—

w-rcacrocC>»f)

=1
x

U

Figure 8. Possible Interaction between mRNA and 18S Ribosomal
RANA

Highlighted are two sequences in 18S rRNA that are complementary
to the conserved (CC)ACC motif in eukaryotic mRNAs. The GGUGG
sequence that extends across the base of the 3"-proximal hairpin in
18S rRNA was noted previously by Sargan et al. {1982). A novel interac-
tion between mRNA and rRNA is shown close to the P site, where initi-
ator Met-tRNA is believed to bind. The entire sequence of rat 18S
rRNA, from which this segment was redrawn, is given in Chan et al.
(1984).

quence in mRNA. Sargan et al. (1982) previously pro-
posed that a noncontiguous GG/UGG sequence, brought
together by the conserved hairpin'near the 3’ end of 18S
rRNA, might pair with CCACC in mRNA. Their suggestion
that the CCACC motif might function irrespective of its dis-
tance from the ATG codon now seems unlikely, but the site
that they proposed in 18S rRNA remains interesting. The
sequence 3-GU/GG-5' occurs at the base of another hair-
pin in the interior of 18S rRNA, just a few nucleotides from
the position to which peptidyl-tRNA becomes cross-linked
when it is bound in the P site (Ehresmann et al., 1984),
Initiator Met-tRNA also binds in the P site, of course. One
could elaborate the model by suggesting that the nearby
sequence ACACCG (bracketed in Figure 8), by virtue of
being complementary to the proposed binding site for

mRNA, might mediate a conformational switch within the
rRNA that displaces the mRNA. In a similar vein, the re-
gion of E. coli 16S rRNA that includes the Shine-Dalgarno
site is believed to undergo a rearrangement that ruptures
the pairing with mRNA (Yuan et al., 1979). Nakashima et
al. (1980) showed that eukaryotic mRNAs in 40S or 80S
initiation complexes could be cross-linked by psoralen to
18S rRNA. Although they were specifically looking for an
interaction between the 3’ end of 18S rRNA and the cap-
adjacent sequence in mRNA, their data actually fit better
with an interaction between internal sequences in both
RNAs.

The conservation of G in position +4 became evident
several years ago, when the first few eukaryotic ribosome
binding sites were sequenced. The suggestion (Kozak
and Shatkin, 1977) that AUGG in mRNA might form a 4
base pair interaction with CCAU in the anticodon loop of
initiator Met-tRNA has not yet been tested.

Experimental Procedures

Construction and Characterization of Mutants in

the B and F Series :
The parental plasmid p255/11 was derived previously (Kozak, 1984b)
from Lomedico’s original p255 (Lomedico and McAndrew, 1982) by
deleting a Bam HI site at the junction between pBR322 and the rat
genomic sequence. p255/11 retains a single Bam H! site, 8 bp down
from the ATG initiator codon (Figure 1). After digesting p255/11 with
Hind Ill and Bam H|, the large, linear fragment—which lacks only the
four N-terminal amino acids of the preproinsulin coding sequence—
was purified by agarose gel electrophoresis. This fragment was used
as acceptor in DNA ligase reactions with various synthetic oligonucleo-
tides, which were purchased from Pharmacia P-L Biochemicals. Each
of the oligonucleotides listed in Table 1 was annealed with another
oligonucleotide that was partly complementary, resulting in duplex
structures with single-stranded termini complementary to the Hind Iil
and Bam HI ends of the acceptor DNA. This is illustrated in Figure 1.
In preparation for ligation, the oligonucleotides were preannealed but
were not phosphorylated. The DNA ligase reaction typically contained
1 ug of linearized acceptor DNA and 0.2 Azg units of oligonucleotide
in 25 ul. The mixture was incubated at 16°C for 20 hr, heated for 10 min
at 65°C to inactivate the enzyme, and used directty to transform E. coli
as described previously (Kozak, 1983b). DNA from ampicillin-resistant
colonies was screened for the desired mutation by direct sequencing
of plasmid DNA extracted rapidly from 10 mi cultures (Kozak, 1983b);
the sequences were confirmed at a later step using pure DNA. For se-
quence analysis, DNA was labeled with a-32P-CTP at the Dde | site
that lies in the SV40 portion of the leader (Figure 1 in Kozak, 1984b),
recut with Eco R, and subjected to chemical cleavage (Maxam and Gil-
bert, 1980).

Construction of Reinitiation Derivatives

Several plasmids were constructed in which the ability to make proin-
sulin depends on reinitiating downstream from a terminator codon.
The upstream “minicistron” (i.e., a fragment that contains an ATG initia-
tor codon followed shortly by an in-phase terminator codon) was car-
ried on a Hind lll fragment from p255/21, which has been described
previously (Kozak, 1984c). DNA from mutants B34, B35, B37 (a con-
trol), B38, and B39 was linearized by digesting with Hind 1lI, treated
with alkaline phosphatase, and the small 184 bp Hind |1l fragment from
p255/21 was then inserted. This fragment includes a 119 bp intron;
thus, the insert in mature mRNA is-65 nucleotides. The structures of
the resulting “R” derivatives are shown in Figure 7. The number and
orientation of inserts was determined by analysis with appropriate re-
striction enzymes.

Analysis of Proteins and RNA from Transfected COS Cells
COS-1 cells (Gluzman, 1981) in 60 mm plates were transfected one day
after plating, when the monolayers were about 75% confluent. Each
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plate was transfected with 0.5 ml of calcium phosphate mixture (Wigler
et al., 1978) containing 20 ug of purified plasmid DNA and 40 ug of calf
thymus carrier DNA. Other details of the procedure were as described
previously (Kozak, 1983b). Forty-eight hours after transfection, the
cells were rinsed twice with cysteine-free medium and incubated for
4 hr with 1 ml of medium containing 0.25 mCi of 25S-cysteine (New En-
gland Nuclear). The cells were scraped with a rubber policeman into
phosphate-buffered salts, and were then lysed with 0.9% NP40 and
0.4% deoxycholate. A 200 ul aliquot of the cytoplasmic extract,
representing about 4 x 10° cells, was incubated at 4°C for 20 hr with
3 ul of antiserum against bovine insulin (Miles). The immunoprecipi-
tates were recovered using Pansorbin (Calbiochem) and were ana-
lyzed by electrophoresis in polyacrylamide gels containing urea and
SDS, as described (Kozak, 1983b). The gels were impregnated with
Enhance (New England Nuclear), dried, and placed in contact with
XAR-5 film for 2 to 20 days at —70°C. The data were quantified by den-
sitometric scanning of the films.

Cytoplasmic RNA levels were analyzed by dot blot hybridizations
using a 32P-labeled riboprobe. The probe was obtained by cloning the
190 bp Bam HI-Eco Rl fragment, which represents two-thirds of the
coding sequence for rat preproinsulin, into the polylinker region of
pSP65. The construct was linearized with Bam HI and transcribed with
SP6 polymerase (New England BioLabs), according to Melton et al.
(1984). The size of the transcript was checked by electrophoresis on
8% polyacrylamide gels containing 8 M urea. Cytoplasmic RNA from
48 hr transfected COS cells was extracted with phenol, serially diluted,
and bound to Gene Screen filters (New England Nuclear). Prehybrid-
ization and hybridization were carried out using the conditions recom-
mended by Melton et al. (1984).
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