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The context requirements for recognition of an initiator codon were evaluated in vitro by monitoring the
relative use of two AUG codons that were strategically positioned to produce long (pre-chloramphenicol acetyl
transferase [CAT]) and short versions of CAT protein. The yield of pre-CAT initiated from the 5'-proximal
AUG codon increased, and synthesis of CAT from the second AUG codon decreased, as sequences flanking the
first AUG codon increasingly resembled the eucaryotic consensus sequence. Thus, under prescribed conditions,
the fidelity of initiation in extracts from animal as well as plant cells closely mimics what has been observed in
vivo. Unexpectedly, recognition of an AUG codon in a suboptimal context was higher when the adjacent
downstream sequence was capable of assuming a hairpin structure than when the downstream region was
unstructured. This finding adds a new, positive dimension to regulation by mRNA secondary structure, which
has been recognized previously as a negative regulator of initiation. Translation of pre-CAT from an AUG
codon in a weak context was not preferentially inhibited under conditions of mRNA competition. That result
is consistent with the scanning model, which predicts that recognition of the AUG codon is a late event that
occurs after the competition-sensitive binding of a 40S ribosome-factor complex to the 5' end of mRNA.
Initiation at non-AUG codons was evaluated in vitro and in vivo by introducing appropriate mutations in the
CAT and preproinsulin genes. GUG was the most efficient of the six alternative initiator codons tested, but
GUG in the optimal context for initiation functioned only 3 to 5% as efficiently as AUG. Initiation at non-AUG
codons was artifactually enhanced in vitro at supraoptimal concentrations of magnesium.

In the absence of objective criteria for deciding the correct
reaction conditions for translation in vitro, almost any an-

swer is possible to the question of whether a particular AUG
or non-AUG codon can initiate protein synthesis. The com-
mon practice of adjusting the Mg2" concentration for opti-
mal incorporation of amino acids seems inappropriate for
studies on the mechanism of initiation, since the reaction
conditions that support optimal amino acid incorporation are

usually a compromise between the requirements for initia-
tion and the quite different requirements for elongation (57).
Even when the objective is purely practical-using a cell-
free translation system to detect the polypeptide encoded by
a cDNA clone-production of the desired polypeptide may
be impaired if the reaction conditions allow extraneous
upstream or downstream initiation events. Here I propose
two criteria for standardizing translation extracts: namely,
that in vitro translation systems should reflect the same
context requirements (28, 31) and the same low efficiency of
initiation at non-AUG codons as occurs in vivo. I show that
when the Mg2e and spermidine concentrations are appropri-
ately adjusted, both the popular wheat germ and rabbit
reticulocyte translation systems can be made to meet those
requirements.
Using the reaction conditions thus defined, I have studied

the relationship between AUG codon context and mRNA
competition. I have also examined the possibility that sec-

ondary structure near the beginning of the coding sequence
might, by slowing the advance of the 40S ribosomal subunit,
enhance the recognition of an AUG codon around which the
primary sequence is suboptimal for initiation. The results of
these experiments are explicable in light of the scanning
model for initiation in eucaryotes (33).

MATERIALS AND METHODS

Construction and purification of plasmids. For in vivo
expression experiments, derivatives of a simian virus 40-
based preproinsulin plasmid were obtained by substituting
various synthetic oligonucleotides for the 178-base-pair,
AUG-containing HindIII-to-BamHI fragment of p255/11
(Fig. 1). Complementary deoxyoligonucleotides, of which
only the sense strands are shown in Fig. 1, were annealed
and then ligated into the HindIII-BamHI-linearized acceptor
as described previously (28). For in vitro expression exper-
iments, the starting construct was a derivative of the Ribo-
probe vector pSP64 (Promega Corp.) into which a chloram-
phenicol acetyltransferase (CAT) cartridge (Pharmacia, Inc.)
was inserted at the BamHI site. Constructs in which an

upstream, in-frame AUG (or other potential initiator) codon
supplanted the normal initiator codon for CAT were ob-
tained by replacing the HindIII-to-BamHI portion of the
pSP64 polylinker (shown in lowercase letters in Fig. 2A)
with an appropriate synthetic deoxyoligonucleotide (Fig.
2B).

Transformation of competent Escherichia coli MM294
cells was carried out as described previously (26). Pfasmids
were amplified by adding either chloramphenicol (170 ,ug/ml,
for preproinsulin constructs) or spectinomycin (300 ,g/ml,
for SP64. CAT derivatives) to log-phase cultures in M9
medium. Highly purified plasmid DNA for COS transfection
assays and SP6 transcription reactions was prepared by
lysozyme-detergent lysis of bacteria, followed by phenol
extraction, Bio-Gel A50 (Bio-Rad Laboratories) chromatog-
raphy, and banding in CsCl gradients in the presence of
ethidium bromide. The structures of new plasmids were
confirmed by dideoxy-chain termination sequencing reac-
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400 bp from
SV40 -1500 bp from rat PREPROINSULIN 2780 bp from pXf3 (derivative of pBR322)

ori PE ATG TAG tetR ori ampR

(Hpall) DdeIl RI, (BaHIS)
RI HindlI BanHI

This 178 bp fragment was replaced by an

oligonucleotide from series B or G below.

Gl agctccaccTTGgg
G2 agctccaccATTgg
G3 agctccaccATAgg
G4 agctccaccATGgg
G5 agctccaccCTGgg

B13 agcttccaccATGgccctgtg
B61 agcttccaccGTGgccctgtg
B62 agcttgggttGTGgccctgtg
B64 agcttggtttGTGgccctgtg
G6 agctccaccACGgg

FIG. 1. Construction of mutants used to evaluate initiation at
non-AUG codons in vivo. The parental plasmid p255/11, shown on

the top line, has been described previously (27). Cleavage of p255/11
at the unique Hindlll and BamHI sites releases a small fragment that
contains the initiator codon for preproinsulin. In its place, one of the
indicated synthetic oligonucleotides was inserted. Sequences are
depicted with T in place of U here and in Fig. 2.

tions performed with Sequenase-2 (U.S. Biochemical Corp.)
(67). In Fig. 1 and 2, nucleotide sequences are shown with T
in place ofU because it was DNA that I actually manipulated
and sequenced. In the other figures and text, it seemed to
make more sense to cite the corresponding RNA sequences.

Transfection of COS cells for in vivo translation studies.
The transfection technique has been described (26, 28),
along with procedures for labeling, extracting, and analyzing
proinsulin. Cytoplasmic RNA levels were monitored by dot
blot hybridization and were found not to vary among the
plasmids studied.

A. 5' noncoding sequences of parental SP64 vectors:
Start SP6 transcription

HindlIl BammI

SP64-CAT GAATACAagcttgggctgcaggtcgactctagag----

In vitro transcription and translation of SP64- CAT con-

structs. Transcription of Aval-linearized plasmid DNA with
SP6 polymerase (Pharmacia) was done by the general pro-
cedures of Melton et al. (42). Capped transcripts were

obtained by supplementing the cocktail with m7GpppG (500
,uM; Pharmacia) and lowering the GTP concentration to 20
,uM; ATP, CTP, and UTP were used at 500 ,uM. To ensure
uniformity, aliquots of a common reaction mixture were
used to synthesize all of the transcripts intended for a

particular translation experiment. The transcription reac-
tions included [3H]UTP (48 Ci/mmol; 20 g±Ci/100-pl reaction
mixture), which made it possible to measure exactly the
amount ofmRNA used for each translation assay. Transcrip-
tion reactions were terminated by digesting the templates
with RQ1 DNase. The mRNAs were extracted with phenol
before application to prespun Sephadex G-50 columns
(Boehringer Mannheim Biochemicals).
Each 25-jxl translation reaction mixture contained 40 ,uCi

of [35S]methionine (1,000 Ci/mmol; Dupont, NEN Research
Products) and 0.1 to 0.2 jxg of mRNA. Incubation was for 60
min at 20°C (wheat germ) or 30°C (reticulocyte extracts). The
reticulocyte translation kit from Bethesda Research Labora-
tories, Inc, (8125SA) was supplemented to achieve final
concentrations of 2.2 mM Mg2+, 45 mM KCl, and 90 mM
potassium acetate. With wheat germ extracts, which were
prepared in house, the 25-,ul reaction mixture contained 10
[lI of S30 extract, 30 mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES; pH 7.5), 72 mM KCI, 8 mM
creatine phosphate, 3 ,ug of creatine phosphokinase, 0.2 mM
GTP, 1 mM ATP, 2 mM dithiothreitol, and 19 unlabeled
amino acids at 50 puM each. The concentrations of Mg2' and
spermidine and the source of mRNA are indicated in the

Start CAT
translation

----------------GATCCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGG

SP64 (8334)CAT GAATACAagcttgggctgcaggtcgactctagagGATCCAAAGACTGCCAAATCTAGATCCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGG

SP64(8336)CAT GAATACAagcttgggctgcaggtcgactctagagGATCCGGGTTCTCCCGGATCAAGATCCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGG

B. Oligonucleotides substituted for the HindIII-to-BamHI portion of SP64(8334)CAT or SP64(8336)CAT:

B38 - agcttggtttATGtccctgtg
B34 - agcttggtttATGgccctgtg
B13 - agcttccaccATGgccctgtg

B171 - agcttgccgccgccATGtcagg
B169 - agctttcctcctccATGtcagg
B173 - agcttgccgccacccATGtcagg

B61 - agcttccaccGTGgccctgtg
B64 - agcttggtttGTGgccctgtg
B70 - agcttccaccTTGgccctgtg
B80 - agcttccaccCTGgccctgtg

C. 5' sequence of SP64(8336)B34 and related constructs:
S- -G

SP64(8336)B34 GAATACAagcttggtttATGgccctgtgGATCCGGGTTCTCCCGGATCAA/GATCCGAGAT M CAGGAGCTAAGGAAGCTAAAATGG...
SP64(8414)B34 GAATACAagcttggtttATGgccctgtgGATCCCCCTTCTCCUGGATCAA/GATCCGAGATlTICAGGAGCTAAGGAAGCTAAAATGG..
SP64(8416)B34 ..........................................GAATACAagcttggtttATGgccctgtqGATCCCCCTTCTGGGGGATCAA/GATCCGAGATTTTsCAGGAGCTMAGGAAGCTAMAATGG...

SP64(8334)B34 GAATACAagcttggtttATGgccctgtgGATCCAAAGACTGCCAAATCTA/GATCCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGG...
+ +
Start SP6 Start pre-CAT Start CAT
transcription translation translation

FIG. 2. Construction of SP6 derivatives for in vitro transcription and translation. (A) 5' noncoding sequence of the parental construct
SP64. CAT (line 1). Two intermediate constructs, SP64(8334)CAT and SP64(8336)CAT, were derived from SP64. CAT by inserting a
22-nucleotide adaptor (lines 2 and 3). (B) Oligonucleotides that replaced the HindIII-to-BamHI portion of SP64(8334 or 8336)CAT; the AUG
codon carried by these inserts initiated the N-terminally extended pre-CAT protein. (C) Full sequence at the 5' end of SP64(8336)B34 along
with sequences of the matched constructs used in Fig. 6.
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MUTANT B38 34 13 171 169 173 70 80 61 64
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FIG. 3. Transfection of COS cells with plasmids in which GUG,
UUG, AUU, or AUA replaced the AUG initiator codon for prepro-
insulin. The yield of [35S]cysteine-labeled proinsulin from the AUG-
containing control plasmids (lanes 4 and 8) was 20 times that
obtained with B61 (lane 1). A cropped fluorogram is shown of a
polyacrylamide gel that had been exposed for 3 weeks. -+, Position
of proinsulin.

appropriate figure legends. At the end of the incubation, 5 ,ul
of each reaction mixture was mixed with 5 ,ul of electropho-
resis buffer (36) supplemented with 20% glycerol, 10%
P-mercaptoethanol, and 0.01% bromophenol blue. The sam-
ples were heated for 7 min at 95°C and loaded onto a 15%
polyacrylamide-sodium dodecyl sulfate-6 M urea gel. Auto-
radiograms of dried gels were developed after exposure for
about 4 days. Protein bands were quantitated by densitom-
etry.

RESULTS

Ability of non-AUG codons to initiate translation in mam-
malian cells. As a prelude to studying initiation at non-AUG
codons in vitro, I evaluated the ability of other codons to
initiate the translation of preproinsulin in transfected COS
cells. Of the six non-AUG codons that were tested (GUG,
UUG, AUU, AUA, CUG, and ACG; Fig. 1), GUG func-
tioned most efficiently in vivo; but GUG, in the most
favorable context for initiation, was only 3 to 5% as active as
AUG in the same context (B61 versus B13 in Fig. 3). The
conclusion that GUG is the functional, albeit weak, initiator
codon in plasmid B61 seems justified by the failure of B62
and B64 to produce any proinsulin (Fig. 3, lanes 2 and 3): the
only difference among the three plasmids is the block of 5
nucleotides immediately upstream from the GUG codon.
Since GUG initiated translation, albeit inefficiently, only
when it was preceded by CCACC, initiation at a GUG codon
in vivo shows the same dependence on context as does
initiation at AUG codons (28). None of the other constructs
listed in Fig. 1 was more active than B61, although a faint
band of proinsulin was detectable with G5 (CUG) and G6
(ACG).

In reticulocyte lysates, recognition of initiator codons de-
pends on the flanking primary sequence. SP6 vector-derived
transcripts were used to determine whether cell-free trans-
lation systems would show the same context requirements
and the same low ability to initiate at non-AUG codons as
whole cells. The control construct SP64- CAT, which has
no upstream AUG triplets, initiates translation from the
authentic CAT start site (marked "Start CAT" in Fig. 2A).
The other constructs have an upstream in-frame AUG (or
alternative) initiator codon that was introduced on one of the
inserts depicted in Fig. 2B; an adaptor, oligonucleotide 8334
or 8336, was used to move the upstream AUG codon into the

12 3 4 5 6 7 8 9 10

FIG. 4. Context-dependent recognition of AUG and non-AUG
initiator codons by reticulocyte ribosomes. Equal amounts of SP6
vector-derived transcripts were translated in a reticulocyte lysate at
2.2 mM Mg2". An autoradiogram of [35S]methionine-labeled pro-
teins, fractionated by polyacrylamide gel electrophoresis, is shown.
The sequence around the 5'-proximal initiator codon, which is the
pre-CAT start site, is shown above each lane. All mRNAs contained
oligonucleotide 8334 as the adaptor. Here and in all subsequent
figures, an arrow at the left marks the position of pre-CAT initiated
from the upstream start site; an arrowhead marks the position of
wild-type CAT protein.

same reading frame as CAT. To the extent that the upstream
AUG (or alternative) codon can support initiation, the de-
rivatives listed in Fig. 2B should produce a CAT-related
polypeptide with an N-terminal extension of 22 amino acids.
The data in Fig. 4 to 7 show that the elongated protein,
designated pre-CAT, was adequately resolved from wild-
type CAT.

Figure 4 shows the results of an experiment in which
derivatives of SP64(8334)CAT were translated in a messen-
ger-dependent reticulocyte lysate. The net Mg2' and potas-
sium concentrations were 2.2 and 135 mM, respectively. In
vitro synthesis of pre-CAT increased at least sixfold (Fig. 4,
lane 1 versus lanes 3 and 4), and the yield of CAT initiated
from the second AUG codon simultaneously decreased, as
the nucleotides flanking the 5'-proximal AUG codon were
brought into conformity with the consensus sequence for
initiation. The threefold-higher yield of pre-CAT obtained
with SP64(8334)B34 than with SP64(8334)B38 indicates the
important contribution of G in position +4. The sixfold
higher yield of pre-CAT from SP64(8334)B171 than from
SP64(8334)B38 indicates that even in the absence of G in
position +4, initiation is very efficient when GCCGCCGCC
precedes the AUG codon provided that the purines fall in
positions -3, -6, and -9. In contrast, a construct in which
the purines were shifted to positions -4, -7, and -10
[SP64(8334)B173] was as leaky as a construct that had no
upstream purines [SP64(8334)B169]. Initiation at upstream
non-AUG codons in these constructs was appropriately
inefficient as evidenced by the barely detectable pre-CAT
protein in lanes 7 to 10 of Fig. 4. The reproducibility of
results from the in vitro translation assay is illustrated in Fig.
5A (lanes 1 to 8), which shows duplicate reactions with each
mRNA (adjacent lanes, bracketed).
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A. 8334 B38 834 8171 B169 838 34 171 8334 8336 8414 8416--
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B. 8336 B38 834 B171 B169

FIG. 5. Demonstration that sequences 3' to the AUG codon
modulate recognition of the codon by reticulocyte ribosomes. The
experiment was carried out as for Fig. 4, using mRNAs from series
8334 (A) or 8336 (B). Each mRNA was tested in duplicate (adjacent
lanes, bracketed) to illustrate the reproducibility of the assay.
Rabbit globin mRNA (0.5 ,ug) was included as competitor in the
lanes 9 to 11 of panel A. G, Globin translation product.

Downstream secondary structure enhances recognition of
the preceding AUG codon. Whereas the foregoing results
were predictable from prior in vivo demonstrations of con-

text effects on initiation (28, 31), the results shown in Fig. SB
with a parallel set of constructs revealed something unex-

pected: sequences downstream from an AUG codon could
also affect recognition of the codon. Thus, when the adaptor
following the first AUG codon was switched from oligonu-
cleotide 8334 (Fig. 5A) to oligonucleotide 8336 (Fig. SB), the
efficiency of initiating at the first AUG codon improved
noticeably. This can be seen in three ways. (i) The synthesis
of pre-CAT, which constituted only 15% of the polypeptide
yield from SP64(8334)B38, increased to 50% with
SP64(8336)B38. (ii) The ratio of pre-CAT to CAT, which was
about 1:2 with SP64(8334)B34, was reversed with SP64
(8336)B34. A similar shift was seen when protein yields from
the two B169 constructs were compared. (iii) Synthesis of
the short form of CAT, which constituted about 10% of the
polypeptide yield from SP64(8334)B171 (this was evident
when the autoradiogram in Fig. 5A was exposed longer), was
completely suppressed with SP64(8336)B171.
The only difference between the constructs tested in Fig.

SA and those used in Fig. SB is the oligonucleotide adaptor
that follows the first AUG codon. The sequence of oligonu-
cleotide 8336 allows it to form a hairpin structure (horizontal
arrows in Fig. 2A) that cannot form in oligonucleotide 8334.
To determine whether the putative base-paired structure
downstream from the first AUG codon accounts for the
enhanced synthesis of pre-CAT by plasmids in series 8336,
two additional constructs were made and tested. When three
G residues in oligonucleotide 8336 were replaced by three
C's [construct SP64(8414)B34 in Fig. 2C], the potential for
base pairing was disrupted and the pre-CAT/CAT ratio

LANE 1 2 3 4 5 6 7 8

FIG. 6. Demonstration that downstream secondary structure in-
creases initiation from the preceding AUG codon. The experiment
was carried out with the reticulocyte translation system used for
Fig. 4 and 5. The upstream AUG codon in all cases was from B34 (U
in position -3 and G in position +4); the only difference among the
mRNAs used was the sequence of the 22-nucleotide adaptor that
followed the pre-CAT initiator codon. The sequences of the four
adaptors, 8334, 8336, 8414, and 8416, are given in Fig. 2C. Adjacent
lanes enclosed by brackets represent duplicate reactions carried out
with each mRNA.

reverted to that obtained with oligonucleotide 8334 (Fig. 6,
lanes 5 and 6 versus lanes 1 and 2). Preferential synthesis of
pre-CAT was restored with oligonucleotide 8416 (Fig. 6,
lanes 7 and 8), in which a second mutation restored the
downstream hairpin structure (Fig. 2C, line 3).

Competition among mRNAs is not affected by sequences
flanking the AUG codon. Because the scanning model (33)
postulates that the AUG initiator codon serves not as a
direct entry site for 40S ribosomal subunits but as a signal
that halts 40S subunit migration, the model predicts that
sequence variations around the AUG codon should not
affect the ability of a message to compete for limiting 40S
subunit-factor complexes. To test that prediction, I studied
the translation of three SP64-derived transcripts in the
presence and absence of excess rabbit P-globin mRNA (Fig.
5A, lanes 9 to 11). The inclusion of globin mRNA at a level
that reduced overall CAT synthesis by about 75% caused no
shift in the relative use of the first (weak) versus the second
AUG codon in SP64(8334)B38 and -B34, nor was the trans-
lation of either construct more sensitive to competition than
that of SP64(8334)B171.

In wheat germ extracts, context-dependent recognition of
initiator codons depends on Mg2+ concentration. At 3 mM
Mg2+, wheat germ ribosomes did not respond properly to
sequence changes near the AUG codon, and non-AUG
codons were recognized far more efficiently than they should
have been (Fig. 7A). When the same mRNAs were tested at
1.9 mM Mg2+, however, the expected context effects were
seen (Fig. 7B, lanes 1 to 5). At 1.9 mM Mg2+, GUG and
CUG, both in favorable contexts, were recognized with the
appropriate low (.<10%) efficiency (Fig. 7B, lanes 7 and 8);
there was no significant initiation at GUG when it occurred
in a suboptimal context (Fig. 7B, lane 9) or at UUG even
when it was in the optimal context (Fig. 7B, lane 6).
The improvement in the fidelity of initiation upon lowering

the Mg2+ concentration (Fig. 7B versus 7A) was obtained at
the cost of reduced amino acid incorporation, but that
tradeoff is not inevitable. At 1.2 mM Mg2+ and 0.34 mM
spermidine, overall amino acid incorporation was about as
efficient as at 3 mM Mg2+, whereas initiation retained a
respectable dependence on context (Fig. 7C). The stimula-
tory effects of spermidine seem to be limited to the elonga-
tion or termination step in protein synthesis, since the
formation of initiation complexes at 1.2 mM Mg2+, moni-
tored by glycerol gradient centrifugation, was equally effi-
cient in the absence of spermidine as in its presence (data not
shown).
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MUTANT B38 34 13 171 169 70 80 61 64
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FIG. 7. In vitro translation of SP6 vector-derived transcripts in
wheat germ extracts at 3 mM Mg2" (A), 1.9 mM Mg2+ (B), or 1.2
mM Mg2+ plus 0.34 mM spermidine (C). The sequence around the
pre-CAT start site is shown above each lane. All mRNAs contained
oligonucleotide 8334 as the adaptor.

DISCUSSION

A reasonable approach to the use of in vitro translation
systems is first to establish conditions under which cell-free
systems reproduce what has been observed with whole cells;
thus validated, in vitro systems may be used to explore novel
questions about translation. Here I show that two character-
istics of translation in vivo, sensitivity to sequences flanking
the AUG codon and inefficient initiation at non-AUG
codons, can be reproduced under appropriate conditions in
vitro. Using the conditions thus defined, I show that context
near the AUG codon is not a determinant of mRNA compe-
tition, consistent with the predictions of the scanning model
(33). I also show, somewhat unexpectedly, that secondary
structure downstream from a weak AUG codon can enhance
recognition of the codon. The latter finding is the first
evidence that secondary structure, which has long been
recognized as a negative effector of translation (29, 34), can
also affect initiation in a positive way.

Practical aspects of initiation in cell-free systems. With
reticulocyte lysates, the optimal Mg2+ concentration for
amino acid incorporation fortuitously coincides with the
Mg2+ concentration that allows faithful initiation of transla-
tion. That is not true of wheat germ extracts. The overall
incorporation of amino acids by wheat germ ribosomes is
maximal at about 2.5 to 3.5 mM Mg2+ (20, 41, 53); however,
that level of Mg2+, which is used by most investigators, is
clearly too high for faithful initiation (Fig. 7A). Supplement-
ing the wheat germ system with 1.2 mM Mg2' and 0.34 mM
spermidine allows faithful initiation, i.e., context-dependent
selection of the first versus the second AUG codon, without
compromising the overall efficiency of amino acid incorpo-
ration.
There have been three previous reports of context effects

on translation in vitro. One study found effects with ACG

but not with AUG as the initiator codon (44). Another
demonstrated context effects with reticulocyte but not wheat
germ extracts (40). The third study (55) concluded that
context effects in the reticulocyte system varied with Mg2"
concentration, but the authors were unable to define condi-
tions under which the in vitro ratio of initiation from the first
versus the second AUG codon mimicked the in vivo ratio. In
contrast, this report describes conditions under which cell-
free translation systems from wheat germ as well as rabbit
reticulocytes show the same context requirements for rec-
ognition of AUG codons, and the same low efficiency of
initiation at non-AUG codons, as occurs in vivo.
Although the reticulocyte translation system is at least as

sensitive as the wheat germ system to sequence changes
around the AUG codon, the reticulocyte system has other
limitations that dictate caution in its use: reticulocyte lysates
lose some activity during thawing and refreezing; the capac-
ity for binding mRNA in an initiation assay is low in
comparison with wheat germ extracts (M. Kozak, unpub-
lished data); reticulocyte extracts are uniquely sensitive to
inhibition by double-stranded RNA that commonly contam-
inates cellular mRNA preparations (51); and reticulocyte
ribosomes, perhaps because they are less cap dependent
than wheat germ ribosomes (39; Kozak, unpublished data),
are prone to initiating translation on fragments of degraded
mRNA. That tendency probably explains the internal initia-
tion that is sometimes observed during experiments with
reticulocyte lysates (see citations in reference 33). The
internal initiation site detected when CAT mRNA was
translated in HeLa cell extracts (46) was noticeably absent in
the experiments described here (Fig. 5); it could be acti-
vated, however, by deliberately fragmenting the mRNA.

Theoretical aspects of initiation in eucaryotes. The in vitro
data presented here confirm and extend two observations
made previously in vivo. One is verification of the finding
(28, 31) that a sequence encompassing 9 nucleotides up-
stream of the AUG codon, along with the G in position +4,
facilitates recognition of the initiator codon. Although most
of the evidence in that regard comes from experimentation
with (28, 31) and compilation of (32) metazoan mRNA
sequences, facilitating effects of A in position -3 and G in
position +4 have also been demonstrated with plant systems
in vivo (15, 60) and now in vitro (Fig. 7). The second point
confirmed here is a specific prediction of the scanning model:
that access to the second AUG codon will decrease as
sequences flanking the 5'-proximal AUG codon increasingly
resemble the consensus sequence for initiation. That point
was established in vivo by varying the context around an
upstream, out-of-frame AUG codon and showing that the
yield of protein from a downstream site decreased as the
conformity of the upstream site increased (28). In those
experiments, however, I could only assume and could not
directly measure initiation from the upstream AUG codon.
The constructs used for the in vitro study described here
were designed with the first and second AUG codons in the
same reading frame, thereby enabling initiation from both
AUG codons to be scored simultaneously. The results, in
short, exactly conform to the predictions of the scanning
model (33). The fact that translation of pre-CAT initiated
from an AUG codon in a weak context was not preferentially
inhibited under conditions of mRNA competition is also
consistent with the scanning model, according to which
recognition of the AUG codon is a late event that occurs
after the competition-sensitive binding of a 40S ribosome-
factor complex to the 5' end of mRNA.
The most interesting new finding is that recognition of an
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AUG codon in a suboptimal context improves considerably
when a degree of secondary structure (AG = -19 kcal/mol)
is imposed just downstream. Thus, comparison of Fig. 5A
and B shows a consistent reduction in CAT synthesis, and a
corresponding increase in pre-CAT synthesis, when oligo-
nucleotide 8334 was replaced by oligonucleotide 8336. The
control constructs tested in Fig. 6 confirm that the potential
for base pairing is what underlies the enhancing effect of
oligonucleotide 8336. A reasonable explanation is that the
predicted stem-loop structure in oligonucleotide 8336 causes
the scanning 40S ribosome to pause, thereby providing more
time for recognition of the preceding AUG codon. This is
somewhat analogous to the idea that decoding by minor
tRNAs might be assisted by strategically positioned stem-
loop structures that cause ribosomes to pause during poly-
peptide elongation (58). In a different situation, a stem-loop
structure near the gag-pol junction in Rous sarcoma virus
mRNA has been shown to facilitate frameshifting (21), again
perhaps by slowing the transit of ribosomes through that
region.
The enhanced initiation attributed to the structure-prone

8336 insert in these experiments might be relevant to the
translation of natural mRNAs in several ways. Although
97% of vertebrate mRNAs have a purine in position -3 (32),
few possess the full consensus sequence; therefore, one
might expect scanning to be slightly leaky in the majority of
cellular mRNAs. That this is not the case might be attributed
to the contribution of downstream secondary structure. That
idea is supported by older experiments (24) in which chem-
ical modification of reovirus mRNAs, in a way that ablated
secondary structure, allowed 40S ribosomes to migrate
beyond the normal 5'-proximal AUG codon. Conversely, the
presence in some mRNAs of an extraordinarily G+C rich
leader sequence (reviewed in reference 33) might be ex-
pected to encourage adventitious upstream initiation events.
The recent finding that ribosomes initiate at upstream in-
frame CUG codons in addition to the AUG triplet that starts
the open reading frame of fibroblast growth factor (14, 50)
might be attributed to slow transit of 40S ribosomal subunits
across the very G+C rich leader sequence of that mRNA.
Finally, there is a handful of vertebrate mRNAs in which the
functional AUG initiator codon occurs in such a weak
context (lacking the important purine in position -3 as well
as the preferred G in position +4) that one may wonder how
the initiation site is recognized at all. Six such mRNAs were
identified in the most recent survey (32); one of them (38)
was subsequently found to be an error (37); the sequences of
the remaining five show a region of dyad symmetry just
downstream from the AUG codon which might compensate,
to a limited extent, for absence of the preferred primary
sequence.

Initiation at non-AUG codons in eucaryotes. AUG appears
to be the exclusive initiator codon in the hundreds of
published mRNA sequences from vertebrate (32) and yeast
(8) cells. An AUG-to-ACG mutation in the human a-globin
gene reduces expression of the gene enough to cause clinical
thalassemia (48); the expression of other cellular or viral
genes is greatly reduced or abolished when the AUG initiator
codon is converted to UUG (16, 52), ACG (7, 12, 61), AUC
(54), or AUA (43, 56). For successful expression in mamma-
lian cells, bacterial genes that initiate with GUG require the
substitution of an AUG codon (35, 59), confirming the usual
inability of eucaryotic ribosomes to initiate efficiently at
non-AUG codons. Indeed, mutation of the initiator codon to
GUG, UUG, or AUA appears to have been a step in the
creation of some mammalian pseudogenes (2, 4, 22). Against

that background, recent reports of inefficient but detectable
initiation at ACG (6, 11, 17, 44, 62) and CUG codons (14, 19,
49, 50) in predominantly viral mRNAs came as something of
a surprise. In only two instances do the proteins thus
initiated have unique biological functions (6, 49). In all cases,
the non-AUG-initiated proteins are minor species, at least in
vivo; most of the translation products derive from an AUG
initiator codon farther downstream. The situation is thus
very similar to that of the well-recognized bifunctional
mRNAs in which leaky scanning allows initiation from the
first (weak) and second AUG codons (30).
Whereas several of the aforementioned reports of ineffi-

cient initiation at non-AUG codons in vivo are credible,
attempts to explore the phenomenon in vitro have been
complicated by abnormally efficient recognition of non-AUG
codons (3, 17, 44, 65). A related complication is that the
efficiency of selecting the first non-AUG (or weak AUG)
codon in vitro is strongly influenced by Mg2+ levels (23, 25,
44; this report). Although Peabody (45) recently reported
that virtually every non-AUG triplet can function as an
initiator codon in vitro, his failure to indicate what concen-
tration of Mg2+ was used renders the claim meaningless. The
main emphasis of the study described here is the importance
of using in vivo results as a standard, i.e., the importance of
selecting conditions for translation in vitro that do not
exaggerate the recognition of non-AUG codons beyond what
normally occurs in vivo. Because Mg2+ levels do fluctuate in
vivo (64), there might be some physiological condition under
which initiation at non-AUG (or weak AUG) codons is more
efficient than normal, but that possibility is purely hypothet-
ical at present.
One artifact that can now be attributed to the inadvertent

use of supraoptimal Mg2+ levels during in vitro translation is
the tendency of certain viral mRNAs to form disomes in the
presence of sparsomycin (1, 47, 63). The mRNAs in question
have long 5' noncoding sequences that include an AUU,
ACG, or AUC triplet in a good context for initiation; there is
no evidence that recognition of those upstream non-AUG
codons, which occurs in wheat germ extracts at 4 mM Mg2
has any physiological relevance.
The fact that mammalian ribosomes initiate (albeit ineffi-

ciently) at non-AUG codons only when those codons occur
in a favorable context (44; Fig. 3) suggests that contact with
nearby nucleotides might compensate for a weakened
codon-anticodon interaction. A similar principle evidently
applies in procaryotes inasmuch as initiation at non-AUG
codons is far more common in gram-positive than gram-
negative bacteria and the Shine-Dalgamo sequence is, on the
average, 2 or 3 nucleotides longer in mRNAs from gram-
positive bacteria (18). Indeed, recent mutagenesis experi-
ments in E. coli have directly demonstrated that initiation at
UUG requires a stronger than normal Shine-Dalgarno inter-
action (66). The fact that context effects on initiation are less
evident in yeasts than in higher eucaryotes (5, 9) might
explain why yeast ribosomes do not normally initiate, even
inefficiently, at non-AUG codons (10, 13).
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