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nuclei specifically direct the synthesis by Pol III of a series of
discrete, homologous RNAs of 100-110 nucleotides which prob-
ably correspond to BC2. These could be early terminating
species or perhaps precursors of BC1 which are not polyadeny-
lated in this system. Although there is no precedence for poly-
adenylation of PolIll transcripts, our evidence suggests that
BC1 contains poly(A), and that BC2 does not and is a Pol III
product. Post-transcriptional polyadenylation could account for
the difference in size of the 110-nucleotide a-amanitin-resistant
$100-extract product and the 160-nucleotide BC1 species found
in vivo. One model for the generation of BC1 and BC2 RNA is
that ID sequences with their 3’ oligo(dA) tracts are located in
brain genes. These are recognized by neural transcription speci-
ficity factors and then transcribed by Pol III, with termination
occurring past the oligo(dA) region to generate BC2.
Most such BC2 transcripts are unstable. A few of the 10° ID
sequences, however, may have a T in the oligo(dA) region,
forming the sequence AATAAA which can serve as a poly(A)
addition signal, thereby producing BC1. The polyadenylated
BC1 molecules are transported to the cytoplasm where they
form a stable pool of a few thousand molecules which may or
may not be functional. Meanwhile, we speculate that the Pol III
transcription of ID sequences has activated the genes containing
the ID sequence in a necessary manner for Pol Il transcription
and consequently specific mRNA expression.

Clearly, ID sequences could not be the only factor involved in
controlling neural gene expression because the brain is a collec-
tion of heterogeneous cell txges which are not homogeneous in
terms of mRNA expression”?°. ID sequences may be necessary
but are not sufficient for brain gene expression. They perhaps
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represent a general primary neural gene signal upon which other
control systems operate. For most brain-specific genes, a secon-
dary positive signal is required for expression. Specificity is also
mediated by salt-releasable factors which keep transcription by
Pol I1 of regions containing ID sequences at low levels in non-
brain tissues, arguing that negative control, acting either at the
level of specific repressors or, more likely, at the level of overall
chromatin structure, is responsible for keeping neural-specific
genetic regions silent in non-neural tissues. ID sequences may
be the lineage-specific control elements.

This model, then, utilizes cis-acting sequences within introns
to identify tissue-specific genes, and frans-acting transcription
specificity factors to guide PolIII to those genes. A separate
switching mechanism must regulate the tissue-specific expression
of the transcription specificity factors. Liver and kidney
apparently produce transcripts analogous to BC2 but having
different sequences. These may be transcripts of the liver and
kidney cis-acting elements.

Clearly our prejudice in this discussion has been that ID
sequences influence transcription; however, they could alterna-
tively or additionally be involved in mRNA processing as
nucleation sites for RNA folding or protein-RNA interactions
(as discussed by Milner et al.*). The specificity of BC1 RNA
suggests it, too, could carry out a brain-specific role.
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Point mutations close to the AUG initiator codon
affect the efficiency of
translation of rat preproinsulin in vivo
Marilyn Kozak

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

To determine whether sequence context influences the ability of an AUG triplet to be recognized as an initiator codon by
eukaryotic ribosomes, single nucleotide changes were introduced near the translational start site in a cloned preproinsulin
gene. Maximum synthesis of preproinsulin occurred when a purine, preferably adenosine, was located three nucleotides
upstream from the initiator codon. Adenosine is found most frequently in that position in natural mRNAs.

TRANSLATION begins at the 5’-proximal AUG triplet in about
90% of the eukaryotic mMRNAs that have been sequenced. That
observation, together with other circumstantial evidence
reviewed previously', prompted the hypothesis that the 40S
subunit of eukaryotic ribosomes might find the AUG initiator
codon by ‘scanning’ the 5’ end of messenger RNA. A partial
vindication of the scanning model has come from experiments
carried out in cell-free extracts. By studying the binding of
specially designed templates to wheat germ ribosomes, we have
demonstrated that mRNA must have a free 5' terminus in order

to be functional®, that 408 ribosomal subunits can be trapped
upstream from the AUG initiator codon® and that 40S subunits
can migrate®*. Consistent with a scanning mechanism, the trans-
lation of certain viral mRNAs was arrested following hybridiz-
ation with DNA fra§ments complementary to a portion of the
5’-noncoding region® ', Recent experiments carried out in vivo
further support the idea of scanning: ribosomes appear to initiate
exclusively at the 5'-proximal AUG triplet in mRNAs that
contain tandemly reiterated copies of the preproinsulin ribo-
some binding site®, Although it seems clear that the position of
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an AUG triplet relative to the 5’ end of the mRNA has a major
role in identifying it as a functional initiator codon, the notion
of scanning is not incompatible with the idea that sequence
context modulates the efficiency with which an AUG triplet is
recognized as an initiator codon. Indeed, the distribution of
nucleotides flanking functional initiator codons in eukaryotic
mRNAs is decidedly nonrandom. From a comparison of the
5'-noncoding sequences of over 200 cellular® and some 50 viral
mRNAs'%, CCACCAUGG has recently been tentatively pro-
posed as a consensus sequence for eukaryotic initiation sites.
The most highly conserved features revealed by those surveys
were adenosine (A) in position —3, (that is, three nucleotides
upstream from the AUG triplet, which is numbered +1 to +3)
and guanosine (G) in position +4. The significance of the con-
served nucleotides flanking the AUG triplet has been tested to
a limited extent by measuring the binding of synthetic oligonu-
cleotides to ribosomes in vitro'®. To assess further whether the
translational machinery in eukaryotes is sensitive to the sequence
context around a potential AUG initiator codon, I have intro-
duced single nucleotide changes near the translational start site
in a cloned preproinsulin gene. The yield of proinsulin was then
monitored during transient expression of the mutant plasmids
in monkey (COS-1) cells. Sequence changes around the initiator
codon drastically affected the yield of proinsulin, as shown in
the experiments described below.

Plasmid construction

Plasmid 255 (p255) is a shuttle vector that encodes and expresses
the rat preproinsulin II gene. (The plasmid was donated by Dr
Peter Lomedico.) Its structure has been described previously'!
and is briefly outlined in Fig. 1a. Initiation of transcription at
the simian virus 40 (§V40) early promoter in p255 gives rise
to a chimaeric mRNA with a 5’-untranslated sequence of about
128 nucleotides: the first ~80 nucleotides are encoded by SV40
DNA and the remainder are from the rat insulin gene. A HindIII
site marks the boundary between SV40 and rat insulin DNA,
as shown in Fig. 14, b. Rather than attempt to introduce muta-
tions around the natural preproinsulin initiator codon, which
lacks nearby restriction sites, I inserted upstream from the
insulin coding sequence an 11-base pair (bp) oligonucleotide
that carries another ATG triplet. The resulting mutant (p255/2)
is illustrated in the second line of Fig. 1¢, with the 11-nucleotide
insert shown in bold face. To facilitate the construction and
identification of additional mutants, the synthetic oligonucieo-
tide was designed with HindIII and Bcll restriction sites flanking
the ATG triplet. Because the upstream ATG triplet in p255/2
lies in the same reading frame as the preproinsulin coding
sequence, | anticipated that, after introducing mutations around
the upstream ATG codon, I would be able to monitor initiation
at the first versus the second ATG by measuring the size of the
insulin-related polypeptides: the polypeptide resuiting from
initiation at the upstream ATG should carry an extra 18 amino
acids at the N-terminus. That experimental design proved
impractical, however, because the long form of preproinsulin
encoded by p255/2 was still an efficient substrate for signal
peptidase (M.K., unpublished data). Thus, irrespective of which
ATG was used for initiation, the only polypeptide that accumu-
lated was the cleavage product, proinsulin.

To obviate that problem, another derivative (p255A/1) was
constructed, as illustrated in the bottom line of Fig. 1¢. p255/2
DNA was cut with Bcll and BamHI which generate identical
cohesive ends (GATC), although each enzyme recognizes a
different hexameric sequence. The large DNA fragment was
then re-ligated, that is, the Bcll-generated end was joined to
the BamHI-generated end, thereby deleting 182 bp including
the ATG triplet that is normally used to initiate translation of
preproinsulin. In place of the natural initiator codon, p255A/1
has the ATG triplet derived from the oligonucleotide insert in
p255/2. The sequence around the new initiator codon in
p255A/1 is shown in Fig. 1c. p255A/1 directs synthesis of a
polypeptide which lacks only three amino acids that are normally
present at the N-terminus of preproinsulin. In the remainder of
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this article, p255A/1 is used as the point of reference: a series
of mutants differing from p255A/1 by single nucleotide changes
is described below, and their translational properties are com-
pared.

Introduction of mutations

Site-specific mutagenesis was carried out by first forming gapped
heteroduplex circles in which the region around the initiator
codon was single-stranded (see Fig. 24, b), and then annealing
to the gap a complementary oligonucleotide that contains a
single mismatched residue. The mismatched nucleotides are
starred in Fig. 2. Two mutants were obtained using scheme a:
p255/15 and p255/16 are identical to p255/2 (described above)
except that p255/15 has an A and p255/16 has a G, in the —3
position. The two new mutants could not be used directly in
the protein synthesis assay because the polypeptide resulting
from initiation at the upstream ATG triplet would undergo
cleavage, a problem explained in the preceding discussion of
p255/2. Therefore, the technique whereby p255A/1 was
derived from p255/2 was applied again: p255/15 was cut with
Bcll and BamHI and then re-ligated, generating p255A/3;
p255/16 was cut similarly and re-ligated to produce p255A/4.
Derivatives p255A/3 and p255A/4 are identical in structure
to p255A/1, except for the nucleotide in the —3 position. The
sequence around the initiator codon in each plasmid is given in
Table 1.

A slightly different scheme was needed to obtain mutants in
the +4 position, because changing the A in that position would
destroy the Bcil site and thus preclude the Bcll/ BamHI fusion
step used to derive the aforementioned mutants. Derivative
p255A/2, in which the sequence ATGA has been changed to
ATGG, was obtained using scheme b in Fig. 2. The technique
again involved using a mismatched oligonucleotide to comple-
ment the single-stranded region in a gapped heteroduplex circle,
but the parental plasmids used to construct the heteroduplex in
scheme b differ from those in scheme a. Finally, scheme ¢ in
Fig. 2 illustrates the approach used to obtain a double mutant
(p255A/7) in which the nucleotides in both the —3 and +4
positions have been changed to G. The technique here simply
involved forming a nicked heteroduplex circle between two of
the mutants already in hand, p255A/4 and p255A/2. The
mismatched nucleotide in the —3 position of the heteroduplex
underwent correction in vive by the bacterial DNA repair
machinery, generating the desired double mutant.

All of the mutants resulting from the constructions outlined
in Fig. 2 were initially identified by the loss of the HindIIl
restriction site that had been present in the parental plasmids,
or by the gain of an Avall restriction site (GG2CC) immediately
following the ATG codon. The precise structure of each mutant
was subsequently confirmed by DNA sequence analysis. The
relevant portions of the sequencing gels are shown in Fig. 3.

Expression of mutant plasmids

Synthesis of proinsulin was monitored following transfection of
COS-1 cells' by p255A/1 or one of the derivatives described
above. Transfection of subconfluent cell monolayers was carried
out using the standard CaPO,~-DNA co—precgpitation technique
of Wigler et al'®, as described previously®. Two days after
transfection the cells were labelled with **S-cysteine, lysed, and
the insulin-related polypeptides recovered by precipitating with
anti-insulin antibodies, all according to published procedures®.
The product that accumulates when a cloned preproinsulin gene
is introduced into cultured monkey cells has been reported by
other workers to be proinsulin'*¢. In the present study, identifi-
cation of the proinsulin band rests on four criteria: it is absent
from cells transfected with a control plasmid, p255/0, which
lacks the entire insulin coding sequence; it is precipitated by
anti-insulin antibodies but not by preimmune serum (not
shown); it is competed by including excess nonradioactive insulin
in the immunoprecipitation reaction (Fig. 4, lane 8); and its
apparent molecular weight of ~9,000 corresponds approxi-
mately to that of proinsulin.
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Fig. 1 Structure of transcripts and insulin-related polypeptides encoded by p255 and its derivatives. a, Linear representation of the parental
plasmid p255. The segment of SV40 DNA that is included in the plasmid extends from the Hpall site at position 346 to the HindIII site at
position 5,171, 8 bp upstream from the ATG initiator codon of T antigen. The plasmid contains a single HindIII site, which is at the junction
of SV40 and rat insulin sequences. Some of the constructions described in the text were facilitated by climinating the BamHI site at the
junction between rat genomic and pBR322 sequences in p255. This was done by obtaining unit-length linear DNA molecules after partial
digestion with BamHI, filling in the sticky ends using Escherichia coli DNA polymerase, and then re-ligating. The resulting plasmid (designated
p255/11) has a single BamHI site, 8 bp downstream from the ATG initiator codon of preproinsulin. In all other respects p255/11 is identical
to wild-type p255. b, Nucleotide sequence preceding and extending into the insulin coding region in p255. The DNA strand that has the same
sense as mRNA is shown. The transcript produced by p255 initiates near the BglI site of SV40 and carries at its 5’ end 70-90 nucleotides
encoded by SV40 DNA (underlined). The remainder of the transcript is derived from the rat insulin gene. The portion of the rat insulin
sequence that is retained in mature mRNA is printed in capital letters without underlining; the 119-bp intron that interrupts the 5'-noncoding
region is shown in lower case letters. The ATG codon that normally initiates translation of rat preproinsulin is shown in bold face. ¢, Genesis
of plasmids p255/2 and p255A/1. The upper line represents a portion of the parental plasmid p255. The HindIIl and BamHI sites are those
identified in b. The second entry depicts p255/2, which was derived by inserting an 11-bp oligonucleotide (shown in bold face) at the unique
HindllI site in p255. The third entry shows the structure of p255A/1, in which the sequence between the Bcll and BamHI sites has been
deleted. The polypeptides encoded by each plasmid are represented by wavy lines.

Methods: The oligonucleotides 5'-AGCTTATGATC-3’ and 5'-AGCTGATCATA-3’ were custom-synthesized by PL Biochemicals, Inc. When
annealed, they form a partially base-paired structure with 5’-protruding termini that are complementary to the overhangs generated by cutting
DNA with HindlIIl. Derivative p255/2 was obtained by digesting the parental plasmid p255 with HindllI and alkaline phosphatase, followed
by ligation with the aforementioned oligonucleotides which were present in approximately 50-fold molar excess. Plasmids that had acquired
the 11-bp insert were detected initially by screening for the Bcll cleavage site (TGATCA). Derivatives with the insert oriented correctly (that
is, as illustrated in the figure) were subsequently identified by DNA sequence analysis. The deletion derivative p255A/1 was obtained by
sequentially digesting p255/2 DNA (grown in the dam™ host E. coli SR19) with Bcll and BamHI, and then re-ligating the linear DNA
molecules. Plasmids from which the 182-bp Bc/l/ BamHI fragment had been deleted were initially identified by loss of the Bcll and BamHI

restriction sites. The structure shown for p255A/1 was subsequently confirmed by DNA sequence analysis.
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Fig. 2 Construction of point mutants. In protocols a and b, gapped heteroduplex circles were formed between two plasmid DNA strands
of slightly dissimilar lengths, analogous to the procedure described in refs 19-21. The gapped circles were then annealed with an oligonucleotide
that was complementary to the single-stranded region except for a single mismatched nucleotide, which is starred. In scheme g, for example,
HindlII-cut p255/11 (which is identical to wild-type p255 except for loss of the BamHI site at the junction between rat genomic and pXf3
DNA) and Smal-cut p255/2 DNA were mixed, denatured and then annealed. The resulting heteroduplex circles, illustrated at the far left
of the figure, have a single-stranded gap at the position of the 11-bp insertion in p255/2. In schemes b and ¢, the DNA strand shown on the
left side of the heteroduplexes was linearized with Smal, as in scheme a, but different nucleases (identified in the figure) were used to linearize
the strand on the right. Recovery of the parental plasmids p255A/1 and p255A/4 was minimized in schemes b and ¢ by using DNA from
plasmids grown in the dam™ host, E. coli SR19 (ref. 22). As shown in scheme ¢, the double mutant p255A/7 was obtained by forming a
nicked heteroduplex circle between two of the mutants already in hand. E. coli cells were transformed with the nicked circles and repair
occurred in vivo at the site of the mismatched nucleotide in position —3, just beyond the HindIII cut in the DNA strand derived from
p255A/2. Each of the illustrated schemes gave only a low yield of the desired mutant; most of the ampicillin-resistant colonies were derived
from one or the other unmodified parental plasmid. A portion of the parental-type background is attributable to the formation of gapped
heteroduplex circles complementary to those illustrated in the figure. In scheme g, for example, the plus-strand of p255/2 and the minus-strand
of p255/11 would form a heteroduplex, similar in structure to the one illustrated for the minus-strand of p255/2 and the plus-strand of
p255/11. For reasons of fiscal economy, I did not include in the reaction the oligonucleotide required to complement and mutagenize the
gapped sequence in the ‘complementary’ circle, which therefore regenerated parental-type DNA. Despite the high background of parental-type
plasmids, the desired mutants were readily identified by the loss of the HindlIl restriction site preceding the ATG codon, or by the gain of
an Awvall cleavage site following the ATG triplet. The protocol outlined in scheme a gave rise directly to mutants designated p255/15 and
p255/16, which are identical to p255/2 (described in Fig. 1) except for the nucleotide in the —3 position. From p255/15 and p255/16,
derivatives p255A/3 and p255A/4 were subsequently obtained by fusing the B!l site to the BamHI site, as illustrated for p255A/1 in Fig. 1c.
Methods: Linear DNA from two plasmids (identified in the diagrams), each cleaved with a different single-cutting restriction enzyme, was
denatured by boiling for 1 min and then annealed (at 50 pg ml™) overnight in 20 mM Tris-HCI (pH 7.7), 150 mM NaCl and 0.2 mM EDTA,
in a water bath that was gradually cooled from 85 °C to room temperature. The reannealed DNA was concentrated by ethanol precipitation
and redissolved in a small volume of buffer. 1 pg of the DNA was mixed with 0.02 A4, units of the 5'-phosphorylated oligonucleotide that
is shown, in the diagram, slightly to the right of the heteroduplex. The oligonucleotides used in schemes a and b were custom-synthesized by
PL Biochemicals, Inc. The DNA/oligonucleotide mixture in 100 ul of 50 mM Tris-HCI (pH 7.6), 10 mM MgCl, and 150 mM NaCl was
incubated at 65 °C for 5 min and then held at 15 °C for 16 h. T, DNA ligase (4 X 10> units ml™!, New England BioLabs) was present during
the 15 °C incubation, together with 1 mM ATP, 20 mM dithiothreitol and bovine serum albumin at 50 g ml~*. The ligase reaction was stopped
by heating at 65 °C for 10 min. An aliquot of the reaction mixture was used directly to transform E. coli MM294, according to standard
procedures?®, Ampicillin-resistant colonies were picked and the DNA from 10-ml minicultures?* was screened with HindIIl or Avall to
identify the desired mutants.

The yield of proinsulin varied with each of the mutants tested
in Fig. 4. Comparison of lanes 1-3 shows that p255A/3 synthe-
sized ~15-fold more proinsulin than did p255A/1; the transla-
tional efficiency of p255A/4 fell between those two extremes.
To control for possible variations in transfection efficiency from
plate to plate, each cell monolayer was transfected in this experi-
ment with a mixture of two plasmids: the mutant plasmid under
investigation (for example, p255A/1) and a previously charac-
terized derivative called p255/10. The salient feature of
p255/10 is that it directs synthesis of an elongated form of
preprainsulin, as shown in lane 6 of Fig. 4. Using the high
molecular weight insulin-related polypeptide encoded by
p255/10 as an internal control, the amount of proinsulin pro-
duced by p255A/1 and each of its derivatives can be reliably

compared. The data in Fig. 4 indicate that the mutant plasmids
direct synthesis of proinsulin with vastly different efficiencies.
Table 1 summarizes the sequences and the relative translational
efficiencies of the various plasmids in the A-series.

The targeted mutagenesis technique used in this study is
unlikely to produce secondary mutations outside the region of
interest. Although the oligonucleotides used for mutagenesis
are rather short, the structure of the gapped heteroduplex circle
precludes binding of the oligonucleotides to extraneous sites.
Nevertheless, it seemed desirable to prove that the observed
variations in translation were due solely to sequence differences
around the ATG initiator codon. Towards that end, I subjected
the low-yielding plasmid p255A/2 to a further mutagenesis
step, cleaving the DNA first with HindIIl and then using S,
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Fig. 3 Sequence analysis of mutant P255A/1

plasmids. The gels show the sequence
of the minus-strand of a portion of
the DNA near the start site for trans-
lation. The first mutant in this series,
p255A/1, is shown at the far left; for
convenience, a portion of the plus-
strand sequence of p255A/1 is writ-
ten beside the minus-strand. In the
sequences of the other mutants,
the nucleotides that differ from
P255A/1 are starred. The ATG trip-
let or its complement is bracketed.

Methods: The 250-bp fragment used
for sequencing extends from the
Ddel site in SV40 DNA (56 bp
upstream from the unique HindIII
site shown in Fig. 1b) to an EcoRI
site in the large intron of the rat
insulin gene. After cutting the plas-
mid DNA with Ddel, the indented
3’ termini were labelled by incubat-
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ing with TTP, [«-**P]dCTP (800 Ci mmol~!; NEN) and E. coli DNA polymerase I (Klenow fragment, New England BioLabs). The fragment
of interest was recut with EcoRI and purified by electrophoresis through a 5% polyacrylamide gel. Sequencing was carried out by the chemical
cleavage method of Maxam and Gilbert®® using 8% polyacrylamide gels. The gels were dried before autoradiography.

nuclease to delete five nucleotides directly in front of the ATG
codon; the new derivative is called p255A/6. The yield of
proinsulin from p255A/6 was at least 15-fold greater than from
p255A/2. Thus, inefficient expression of proinsulin by p255A/2
can be attributed to the sequence context around the initiator
codon rather than to a spurious second mutation elsewhere in
the cloned gene.

Discussion

The experiments presented above provide the first evidence that
sequence context influences the ability of an AUG triplet to be
recognized as an initiator codon by eukaryotic ribosomes.
p255A/1 and p255A/3 provide the most dramatic contrast:
changing the nucleotide in the —3 position from C to A enhanced
translation of rat proinsulin at least 15-fold. The approximately
three-fold difference in translation observed between p255A/3
and p255A/4 indicates that A functions better than G in the
—3 position, although either purine in that position is far superior
to cytidine. The contribution of the nucleotide in the +4 position
is less clear, since p255A/4 and p255A/7 differed by at most
1.5-fold in their production of proinsulin. Attempts are under-
way to replace the purine in the +4 position with a pyrimidine,
which might have more dramatic consequences.

Although I have tested so far only the —3 and +4 positions,
which are the most highly conserved positions in natural
mRNAs'?, it seems likely that other nearby nucleotides also
contribute. I have detected measurable differences in transla-
tional efficiency among a number of synthetic initiation sites,
all of which have A in the —3 position but differ in the adjacent
nucleotides (M. K., unpublished data). Obviously a more exten-
sive set of systematically derived point mutants is needed to
determine the full extent of the flanking region that contributes
to a ‘favourable’ initiation site. It also seems likely that structural
features in mRNA apart from the environs of the AUG triplet
can influence translational efficiency. Thus, the prediction that
emerges from the present study must be carefully circumscribed:
all other things being equal, translational efficiency shouild
increase dramatically when a purine replaces a pyrimidine in
the —3 position; and A in that position works considerably
better than G. However, the experiments described here do not
predict that any two messages with identical sequences flanking
the initiator codon will necessarily be translated with identical
efficiencies, since some other feature (such as the sequence
adjacent to the cap, or the secondary structure of the message,
or the pattern of codon usage) might differ in a way that affects
messenger function. Defining those ancillary features is a task
for the future.

Additional experiments are also needed to determine pre-
cisely what happens when the migrating 40S ribosomal subunit
encounters an AUG triplet in an unfavourable sequence con-
text—which, for the time being, can be taken to mean a C in
the —3 position. One possibility is that most of the 408 subunits
detach from the message. Abortive initiation with release of
408 subunits would account for the observed low yield of proin-
sulin from p255A/1 and p255A/2. An alternative mechanism
is that 408 subunits remain bound to the message and simply
bypass an AUG triplet that occurs in an unfavourable context.
To evaluate these two possibilities (which are not mutually
exclusive), I have constructed plasmids with an ATG triplet
upstream and in a different reading frame from the preproinsulin
start site, and have monitored the yield of proinsulin as a function
of varying the sequence around the upstream ATG triplet. Those
experiments are described elsewhere'”.

Inspection of the data in Fig. 4 reveals that p255A/3, which
is the best of the mutants analysed in this series, directs synthesis

Table 1 Relative translational efficiency of A-series mutants

Relative
Sequence at start of yield of
Plasmid preproinsulin coding region proinsulin
-3 +4

p255A/1 CAAAAAGCTTATGATCCG 1
p255A/4 CAAAAAGGTTATGATCCG 5
p255A/3 CAAAAAGATTATGATCCG 15
p255A/2 CAAAAAGCTTATGETCCG 1+1.5
p255A/7 CAAAAAGETTATGETCCG 5-7.5

The underlined sequence TGATCC in p255A/1 is the site of the
Bcll-BamHI fusion described in Fig. 1 legend. The HindlIIl recognition
site (AAGCTT) occurs just upstream from the ATG triplet in p255A/1.
In the sequences shown for the other mutants, the nucleotides that differ
from p255A/1 are starred. The yield of proinsulin from p255A/1 has
been set arbitrarily at 1. The relative yield of proinsulin was determined
by running, on a single gel, serial dilutions of each sample. All samples
could thus be quantitated from a single autoradiogram. This gave more
reproducible results than I was able to obtain by applying the samples
(undiluted) to a gel and then comparing a series of autoradiograms
exposed for different lengths of time.
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Fig. 4 Variations in proinsulin synthesis as a function of sequence
context around the AUG initiator codon. Lanes 1-5 show the yield
of proinsulin from cells transfected by mutants in the A-series.
For comparison, proinsulin synthesis in cells transfected by wild-
type p255 is also shown (lane 7). The proinsulin band is marked
‘Prolns’, and the high molecular weight insulin-related polypeptide
encoded by p255/10 (see text) is marked ‘Control’. The intensity
of the control band is lower in other lanes, relative to lane 6, due
to competition by the test plasmids. The important point, however,
is that the intensity of the control band is constant in lanes 1-5
(this was confirmed after prolonged. exposure of the auto-
radiogram), whereas the yield of normal-sized proinsulin varies.
For the control shown in lane 8, excess unlabelled insulin was
included during the incubation with antiserum, preventing precipi-
tation of both proinsulin and the high molecular weight band
encoded by p255/10.

Methods: COS-1 cells were transfected®'® with a mixture of the
control plasmid p255/10 (5 pg per plate) and 20 ug of one of the
test plasmids indicated across the top of the figure. The sample in
lane 6 is from cells transfected only with p255/10. Forty-eight h
after DNA uptake, the cells were labelled for 3.5h with 3°S-
cysteine (NEN, 1,000 Ci mmol™'). Subsequent extraction and
immunoprecipitation of the labelled proteins were carried out as
described previously®. The polypeptides were fractionated on a

15% polyacrylamide-SDS gel® containing 6 M urea.

of significantly less proinsulin than does wild-type p255. Several
factors might account for this: (1) The polypeptide encoded by
p255A/3 and the other plasmids in the A-series lacks three
amino acids that are present at the amino-terminus of the natural
form of rat preproinsulin. This difference in structure might
affect the intracellular processing or stability of the polypeptide.
The difference in proinsulin yield between wild type and
P255A/3 persists, however, even when the proteins are analysed
after a very short pulse with **S-cysteine. (2) The production
and/or stability of mature mRNA might be lower in the case
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of p255A/3 than in the case of wild-type p255. This explanation
seems unlikely, since Lomedico and McAndrew'! detected no
transcriptional anomalies when they perturbed the 5’ structure
of the rat preproinsulin gene. (3) Although both the wild-type
preproinsulin gene carried by p255 and the mutant form carried
by p255A/3 have an A residue three nucleotides upstream from
the ATG initiator codon, the sequences around the initiator
codons in the two plasmids are otherwise quite dissimilar: the
wild-type sequence is CCAACATGG, versus AGATTATGA
for p255A/3. 1 suspect that this difference underlies the more
efficient expression of the wild-type preproinsulin gene; but that
suspicion awaits verification. It is important to recognize that
the conclusions drawn from this study derive not from comparing
the wild-type gene with any of the mutants, but from comparing
one mutant with another within the A series.

The finding that nucleotides flanking the AUG initiator codon
modulate translational efficiency is not unexpected. Although
the scanning model has always emphasized the importance of
position (that is, proximity to the 5’ end of the message) in
defining the functional initiation site, the model was recently
revised in the light of two observations. (1) Although translation
usually begins at the 5'-proximal AUG triplet in eukaryotic
mRNAs, there is a growing list of exceptional cases (~5% of
cellular mRNAs and ~10% of viral mRNAs) in which one or
more AUG triplets occur some distance upstream from the start
of the protein coding sequence® %8, Thus, eukaryotic ribo-
somes do not always initiate at the first AUG triplet in the
message. (2) The distribution of nucleotides flanking functional
initiator codons in eukaryotic mRNAs shows a striking bias in
position —3 (where A occurs in ~80% of the messages
examined) and in position +4 (where G occurs in 40-60%).
The nucleotide preference in positions —1, —2, —4 and —5 is
less striking, but a predominance of C has been noted in those
positions™™®. The nonrandom distribution of nucleotides sug-
gests that the initiation machinery is not indifferent to the
sequence context around the AUG triplet. Moreover, the
nucleotides—most notably, a purine in the —3 position—that
distinguish functional initiator codons rarely occur around the
‘nonfunctional’ upstream AUG triplets in the exceptional
mRNAs cited above. These observations were incorporated into
a modified scanning model that emphasizes the importance of
both position and sequence context in identifying the initiation
site. The modified scanning model'*® states that a 40S ribo-
somal subunit binds initially at the 5’ end of mRNA and sub-
sequently migrates until it reaches the first AUG triplet: if the
first AUG triplet occurs in an optimal sequence context, all 405
subunits stop there and that AUG serves as the unique initiator
codon, but if the first AUG triplet occurs in a suboptimal
sequence context, only some 40S subunits stop and initiate there;
some bypass that site and initiate at another AUG that lies
farther downstream. The experiments described here represent
the first step towards defining the ‘optimal sequence context’
for initiation by eukaryotic ribosomes.
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