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ABSTRACT

The efficiency of reinitiation in mammalian trans-
lation systems depends in part on the size and
arrangement of upstream open reading frames
(upORFs). The gradual decrease in reinitiation as an
upORF is lengthened, confirmed here using a variety
of sequences, might reflect time-dependent loss of
protein factors required for reinitiation. Consistent
with the idea that the duration of elongation is what
matters, reinitiation was nearly abolished when a
pseudoknot that causes a pause in elongation was
inserted into a short upORF. Control experiments
showed that this transient pause in elongation had
little effect on the final protein yield when the
pseudoknot was moved from the upORF into the
main ORF. Thus, the deleterious effect of slowing
elongation is limited to the reinitiation mode. Another
aspect of reinitiation investigated here is whether
post-termination ribosomes can scan backwards to
initiate at AUG codons positioned upstream from the
terminator codon. Earlier studies that raised this
possibility may have been complicated by the occur-
rence of leaky scanning along with reinitiation. Re-
examination of the question, using constructs that
preclude leaky scanning, shows barely detectable
reinitiation from an AUG codon positioned 4 nt
upstream from the terminator codon and no detect-
able reinitiation from an AUG codon positioned
farther upstream. These experiments carried out with
synthetic transcripts help to define the circum-
stances under which reinitiation may be expected to
occur in the growing number of natural mRNAs that
deviate from the simple first AUG rule.

INTRODUCTION

Translation in eukaryotes is usually constrained by the position
of the AUG initiator codon. Because the small ribosomal
subunit engages the mRNA at the 5′ end and then migrates
linearly, translation usually initiates at the AUG codon nearest
the 5′ end (1). In higher eukaryotes, this ‘first-AUG rule’ holds
strictly only when the 5′ proximal AUG codon resides in
a favorable context (2,3). When the first AUG resides in a

suboptimal context, ribosomes may initiate at the first and
second AUG codons via leaky scanning (1,4).

Reinitiation is another mechanism that allows ribosomes to
reach and initiate at downstream AUG codons. Studies from
many laboratories have shown that, when the first AUG codon
is followed shortly by an in-frame terminator codon, post-
termination ribosomes apparently resume scanning and may
reinitiate at a downstream site (reviewed in 1,5,6).

Genetic studies have provided some insights into the
mechanism of reinitiation. Seminal experiments involving the
yeast GCN4 gene revealed a central role for eIF2, the protein
factor that binds Met-tRNAi (7,8). The functional concentra-
tion of eIF2 is critical because, following termination of the
upstream open reading frame (upORF), the scanning ribosome
must re-acquire Met-tRNAi before arriving at the intended
reinitiation site downstream. Other initiation and termination
factors have also been implicated in the reinitiation process (9).

Insights into the mechanism of reinitiation have also been
obtained by manipulating the structure of mRNAs. The critical
role of eIF2 was actually predicted, in advance of the GCN4
studies, from the fact that reinitiation became more efficient
when the distance between the upORF and the next AUG
codon was lengthened (10). This effect requires expanding the
intercistronic sequence without introducing a significant
amount of secondary structure. Besides intercistronic length,
other structural features in mRNAs have been shown to
modulate reinitiation in yeast (11–13). However, because some
aspects of initiation differ between yeast and mammals—yeast
ribosomes are less sensitive to context and more sensitive to (more
readily inhibited by) secondary structure (14,15)—answers about
reinitiation obtained in yeast cannot be assumed to extrapolate
to higher eukaryotes. By the same token, the answers obtained
herein using a mammalian translation system might not extra-
polate precisely to yeast systems. Studies carried out in plants
suggest that reinitiation in that system also resembles what is
seen in mammals in most, but not all, respects (16).

A major constraint on reinitiation in eukaryotes is thought to
be the size of the 5′ proximal ORF. This was deduced from
classical studies of plant and animal viruses that produce
dicistronic mRNAs in which the 3′ cistron is translationally
silent (reviewed in 17). Few studies have explored systematically
the effect of varying the size of the 5′ ORF, however (18,19).
That is one of the questions examined here. Another question
raised by earlier studies (20,21) and reinvestigated here is
whether eukaryotic ribosomes can slide backwards and thus
reinitiate upstream from the site of termination.
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The parameters studied herein using test transcripts are not
the sole determinants of whether a given natural mRNA will
support reinitiation. A few interesting cases have been
described in which reinitiation is precluded by inhibitory
effects of the peptide encoded in the upORF (reviewed in 5). In
other circumstances, translation of a short ORF may trigger
degradation of the mRNA, a process critical for eliminating
defective transcripts that result from mutations or incomplete
splicing (22,23). Notwithstanding the importance and wide-
spread occurrence of this degradation mechanism linked to the
translation of short ORFs, the frequent occurrence of small
upORFs in vertebrate mRNAs that are not rapidly degraded
suggests that reinitiation plays a major role in regulating trans-
lation per se. Thus, it seems useful to explore structural
features that can modulate the efficiency of reinitiation in
mammalian translation systems.

MATERIALS AND METHODS

Plasmid construction

Riboprobe vector pSP64, in which the gene for chloram-
phenicol acetyltransferase (CAT) is preceded by a promoter
for T7 RNA polymerase was described previously (24). For the
experiments described herein, the structure of the mRNA
leader region was varied by deleting and inserting sequences
between HindIII and BamHI restriction sites that occur
uniquely upstream from the CAT coding domain. The
particular mRNA leader sequences devised to test aspects of
reinitiation are depicted in each figure alongside the experi-
mental results.

Transcription and translation assays

AvaI-linearized plasmid DNAs were used as templates for
transcription by T7 RNA polymerase as described previously
(3). All transcripts were capped with m7GpppG (Amersham
Pharmacia Biotech Inc.). Transcripts were trace-labeled with
[3H]UTP to facilitate purification and quantification. mRNAs
were extracted with phenol and purified by application to
pre-spun Sephadex G50 columns (Roche Molecular Biochem-
icals).

Translation was carried out using the Flexi rabbit reticulo-
cyte lysate system from Promega Corp. supplemented with
[3H]leucine (150 Ci/mmol, New England Nuclear). Reaction
mixtures were supplemented with KCl and Mg(CH3COO)2 to
give final concentrations of 100 and 2 mM, respectively. Each
25 µl translation reaction typically contained 0.4 µg of mRNA.
Under these reaction conditions (most importantly the use of at
least 2 mM Mg2+) reticulocyte translation systems show the
same dependence on context and other aspects of mRNA struc-
ture as is seen in vivo (25,26). Because mRNA is degraded
much faster at 30°C (the temperature recommended by the
supplier) than at 25°C, all incubations in reticulocyte trans-
lation systems were carried out at the lower temperature.

Following incubation at 25°C for 40–60 min, one-tenth of
each translation reaction was mixed with Laemmli sample
buffer (Bio-Rad Laboratories) and analyzed by polyacryl-
amide gel electrophoresis (PAGE) using 15% polyacrylamide-
sodium dodecyl sulfate–6 M urea gels. The gels were
impregnated with autoradiographic enhancer (New England

Nuclear). Autoradiograms of dried gels were obtained by
exposure of X-omat AR film at –70°C for 12–24 h.

RESULTS AND DISCUSSION

Reinitiation declines as the upORF is lengthened

If the yield of CAT protein from a capped mRNA with no
inhibitory features in the 5′ untranslated region (Fig. 1, lane 1)
is set at 100%, the yield falls to 30–35% when a very short
upORF is introduced in a way that forces CAT to be translated
by reinitiation (Fig. 1, lane 2). In all the constructs described
herein, the upstream AUG codon resides in a context that
precludes leaky scanning. The absence of leaky scanning was
confirmed by toeprinting assays (as in ref. 27), which showed
that when elongation was inhibited by antibiotics, 80S initia-
tion complexes were limited to the upstream AUG codon. The
sensitivity of the toeprinting assay was adequate to rule out
even low-level initiation (e.g. 10%) at the downstream site.
The absence of leaky scanning is also evident from the control
experiments discussed in Figures 2 and 5. Thus, these are
appropriate constructs for studying reinitiation.

Preliminary experiments showed no change in CAT yields
when the length of the upORF was increased from three to nine
codons or from nine to 13 codons (data not shown). Production
of CAT decreased, however, as the upORF was lengthened
further. Figure 1 (lanes 2–4) shows a 3-fold decrease in the
efficiency of reinitiation when the upORF was expanded from
13 to 33 codons. This was accomplished by reiterating a 30 nt
segment, thereby changing the length without introducing new
sequences that might inadvertently affect reinitiation.
Inasmuch as nearly identical results were obtained with two
different expansion sequences (Fig. 1, lanes 2–4 and lanes 5–7), it
seems reasonable to conclude that the decline in reinitiation in
Figure 1 results simply from lengthening the upstream mini-
cistron.

To determine whether elongation in general might have been
impaired when sequence X was reiterated—as might happen,
for example, if tRNAs became limiting—I fused each version
of the upORF with the CAT coding domain and compared the
yields of the resulting fusion proteins. Figure 2 (lanes 4–6)
shows nearly equal yields of 13X-CAT, 23X-CAT and
33X-CAT fusion proteins. Thus, the gradual reduction in CAT
yields when the same sequences were used to expand the
upORF (Fig. 2, lanes 1–3) reflects a problem specific to
reinitiation.

The magnitude of inhibition observed here is within the
range seen by other investigators who have explored the
dependence of reinitiation on the length of the upORF. Hwang
and Su (19), for example, saw a 2-fold decrease in reinitiation
as the upORF was lengthened from seven to 18 codons and a
gradual decrease as the upORF was further lengthened. Luuk-
konen et al. (18) saw a gradual diminishment and predicted
that reinitiation should be precluded entirely when the length
of the upORF reached 55 codons. The latter study of reinitia-
tion within a viral mRNA relied on a biological assay. Hwang
and Su (19) monitored protein yields directly, but their system
was somewhat complicated by the occurrence of leaky scan-
ning along with reinitiation. For the most part, however, the
results of the three studies, using very different test systems,
are compatible.
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The reason for the inverse relationship between reinitiation
and the length of the upstream cistron might be related to loss
of initiation factors. One possibility suggested previously
(10,28) is that certain factors required for reinitiation might
remain loosely bound to the 80S ribosome and dissociate only
gradually in the course of elongation. Whether this is true, and
what the key factors might be, remains to be established.

Reinitiation declines when elongation is slowed by a
structural constraint in the mRNA

If reinitiation declines when the upORF is lengthened because
factors required for reinitiation are gradually lost in the course
of elongation, one might expect reinitiation to be inhibited
even by a short upORF if translation through the upORF is
slowed. This was tested by inserting into the upORF a pseudo-
knot (Fig. 3) derived from viral mRNA. In the viral transcript,
the pseudoknot was shown to cause a transient delay in elonga-
tion (29) and thus to promote frameshifting.

Just as the transient slowing of elongation has no negative
effect on translation of the natural viral mRNA, there was little
negative effect when the pseudoknot was inserted into the
coding domain of a test transcript that encodes an isoform of
CAT (Fig. 4B, lane 5). Under the conditions used for this
experiment the pseudoknot does form, as evidenced by the
strong inhibition seen in lanes 2–4. The control mRNA tested
in lane 2, for example, has the base-paired structure very close
to the cap, in which position the structure prevents 40S ribo-
somal subunits from binding (27). The control mRNA tested in
lane 3 has enough room between the cap and the pseudoknot
for a 40S subunit to bind, but the subsequent scanning step is
blocked: the 40S subunit/initiation factor complex stalls on the
5′ side of the base-paired structure (27). The mRNA tested in
lane 4 presumably fails for the same reason: although the
pseudoknot has been moved into the coding domain, its
proximity to the AUG codon would still require disruption of
the structure by scanning 40S ribosomes. In contrast, the
mRNA tested in lane 5 has enough room between the AUG
codon and the pseudoknot so that the scanning 40S ribosomal
subunit need not disrupt the structure. There is adequate room

Figure 1. The size of the upstream minicistron affects the efficiency of reinitiation. A 13-codon upORF designated 13X was inserted into the basic CAT mRNA
sequence (topmost line) at the point shown. Constructs in which the minicistron was lengthened to 23 or 33 codons were obtained by reiterating a 30 nt segment
(underlined in red) of upORF 13X. Lanes 2–4 in the polyacrylamide gel show the yield of CAT protein from this set of mRNAs. In similar fashion, an alternative
upORF, designated 13Y, was expanded by reiterating the 30 nt segment underlined in blue, producing the mRNAs tested in lanes 5–7. For comparison, the yield
of CAT from an mRNA that has no upORF is shown in lane 1.

Figure 2. The sequence used to expand the upstream minicistron does not
impair elongation per se. Translation of mRNAs from series X (described in
Fig. 1) in which the upORF is 13, 23 or 33 codons long is shown in lanes 1–3,
respectively. In the accompanying control mRNAs, 13 (lane 4), 23 (lane 5) or
33 codon (lane 6) upORF has been fused with the CAT coding domain. This
was accomplished by changing the terminator codon of the upORF from UAA
to UAC and inserting one extra base to adjust the reading frame. The resulting
N-terminally extended forms of CAT (labeled preCAT) are distinguishable by
PAGE under the conditions described in Materials and Methods.
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for an 80S ribosome to assemble at the AUG codon of
mRNA 5; and 80S elongating ribosomes, unlike 40S initiation
complexes, can penetrate stable base-paired structures (30–32). In
short, the control mRNAs used in Figure 4B establish that the
pseudoknot forms under our test conditions and that it does not
preclude translation when positioned in the main ORF of a
simple monocistronic transcript.

In contrast with that result, which is repeated in lane 6 of
Figure 4C, translation was inhibited strongly when the pseudo-
knot resided in an upORF (Fig. 4C, lane 7). An upORF of the
same size (17 codons) that was devoid of secondary structure
allowed translation of CAT (Fig. 4C, lane 8), indicating that
reinitiation occurs fairly efficiently in this system. Thus, the
simplest explanation for the low yield of CAT in lane 7 is that
the documented slowing of elongation by the pseudoknot (29)
adversely affects the ability to reinitiate. In future experiments,
the pseudoknot-containing mRNA used in lane 7 might permit
isolation of ribosomes that could be analyzed to detect which
initiation factors are, or are no longer, associated with the
stalled elongation complexes.

While the experiments in Figure 1 establish that the length of
the upORF matters, Figure 4 shows that a relatively short
upORF in which elongation is slowed can inhibit dispro-
portionately. In other words, there is no strict answer regarding
what size ORF is compatible with reinitiation. The experi-
ments herein nevertheless provide some guidelines.

Post-termination ribosomes show negligible ability to
migrate backwards

The mRNAs in Figure 5 were designed to test the ability of
ribosomes to reinitiate at AUG codons positioned close to the
termination site of the upORF. In addition to a nine-codon
upORF, each of these constructs has an upstream AUG codon
in-frame with the CAT coding domain. The N-terminally
extended forms of CAT initiated from these upstream start
codons are designated ‘preCAT.’ Controls in which the upORF
was eliminated by changing its start codon from AUG to ACA
show that all three forms of preCAT protein are stable and

translated efficiently when AUGpreCAT is the first AUG in the
mRNA (lanes 3, 6 and 9). When the upORF was present,
however, access to AUGpreCAT differed markedly among the
three constructs.

With the mRNA depicted in line 1, ribosomes perform as
expected, translating the nine-codon upORF and then moving
forward 11 nt to reinitiate at AUGpreCAT (Fig. 5, lane 2). The
yield of preCAT protein is rather low but this mRNA clearly
supports preCAT translation. In contrast, mRNAs that require
ribosomes to scan backwards to reach AUGpreCAT produce little
or no preCAT protein. In lane 8, reinitiation occurred exclu-
sively in the forward direction at AUGCAT. In lane 5 there is a
barely visible preCAT band, suggesting that some ribosomes
were able to backup 7 nt to reinitiate at AUGpreCAT. The
preCAT band in lane 5 is too faint to be quantified and this
underscores the main point: that reinitiation occurs to a
negligible extent when AUGpreCAT precedes the terminator
codon (lanes 5 and 8 versus 2).

The sequence GCCACC . . . G flanking the first AUG codon
in these constructs precludes leaky scanning, as confirmed by
the complete absence of preCAT protein in lanes 4, 7 and 10.
Given these clean negative controls as well as the complete
absence of preCAT protein in lane 8, the very low yield of
preCAT protein in lane 5 must be attributed to ribosomes
moving backward to reinitiate, but the experiment illustrates
the limitations: a 4 nt space between the terminator codon and
upstream AUGpreCAT codon allows reinitiation (lane 5) but a 10 nt
space does not (lane 8); and the positive result in lane 5 is very,
very weak.

A notable difference between studies in which ribosomes
were unable to reinitiate efficiently at sites upstream from the
terminator codon of the 5′ ORF (33,34; Fig. 5) and studies in
which ‘backwards scanning’ appeared to occur (20,21) is that,
in the latter cases, an unfavorable context at the upstream start
site may have allowed leaky scanning. Evidence suggests that
access to a downstream start site via leaky scanning can be
suppressed by 80S elongating ribosomes advancing from the
upstream initiation site (35). As a result of this ‘elongational

Figure 3. Sequences of pseudoknot-containing mRNAs used in this study. Downstream from the BamH1 site (line 1) these mRNAs are identical to the transcript
shown in full in Figure 1. In line A, the sequences highlighted in blue and red form a pseudoknot close to the 5′ end of the mRNA and far upstream from the CAT
coding domain (construct 2 in Fig. 4A). The mRNAs depicted in lines B and C contain a 17-codon upORF defined by the underlined AUG and UAG codons. Within
this upORF, a pseudoknot forms in the mRNA depicted in line C (construct 7 in Fig. 4A). The potential for base pairing within the upORF has been minimized in
line B (construct 8 in Fig. 4A), which thus serves as a control for construct 7. Line D depicts another control in which the pseudoknot occurs, not within an upORF,
but within the main coding domain (construct 5 in Fig. 4A). This was achieved by mutating the terminator codon of the upORF. As a result, ribosomes that initiate
translation at the upstream AUG codon continue uninterrupted through the CAT coding domain, producing an N-terminally extended ‘preCAT’ protein. Because
the pseudoknot in lines C and D begins 13 nt downstream from the AUG codon, assembly of an initiation complex is not impeded; the pseudoknot thus positioned
is a barrier to only the elongation phase of translation. Deletion of 6 nt (underlined in line D) moves the pseudoknot closer to the start codon and thus blocks the
initiation (scanning) phase of translation (construct 4 in Fig. 4A).
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occlusion,’ access to a downstream start site via leaky scanning
might be augmented when a terminator codon is introduced in
a way that minimizes the overlap between upstream and down-
stream ORFs. In short, one cannot conclude that a reinitiation
mechanism is operative just because access to an internal start
codon depends on the termination of the upstream ORF.
Reinitiation can be studied unambiguously only by using
constructs that preclude leaky scanning. The negligible ability
of eukaryotic ribosomes to reinitiate upstream from the site of
termination, as demonstrated when leaky scanning is
precluded, differs significantly from what is seen in prokaryotes
(6,36).

That eukaryotic ribosomes display little backwards migra-
tion in the reinitiation mode reinforces the evidence from
earlier studies in which the direction of ribosome movement in
the primary scanning mode appeared to be strictly 5′ to 3′ (35).
(The ‘primary scanning mode’ refers to migration from the
5′ end of the mRNA to the first AUG codon.) Initiation factors
associated with the 40S ribosomal subunit might be important
for achieving this forward movement. It is conceivable, for
example, that the 40S subunit inherently can slide in both
directions, but that backsliding is prevented by clamping of
eIF3 onto the mRNA. In the primary scanning mode, the 40S
subunit carries eIF3 from the outset. Following translation of
an upORF, however, very limited backward movement of
ribosomes might be possible (Fig. 5, lane 5) while waiting for

eIF3 to regain its position on the 40S subunit, whereupon the
strict 5′ to 3′ bias would be re-imposed.

Role of reinitiation in modulating translation

cDNA sequencing has uncovered a growing list of genes in
which the major coding domain is preceded by small upORFs.
Some of these encumbered cDNAs do not correspond to func-
tional mRNAs; i.e. many cDNAs with upstream AUG codons
have been traced to incompletely spliced transcripts or other
misinterpretations (37–39). There are, however, many genuine
examples of mammalian mRNAs in which the 5′ untranslated
sequence includes one or two (or occasionally more) small
upORFs. The frequent presence of upstream AUG codons in
transcripts that encode growth factors, cytokines, transcription
factors, kinases and other potent proteins has long been noted
(4).

mRNAs thus structured are likely to be translated by leaky
scanning and/or reinitiation. Reinitiation is inefficient when
synthetic mRNAs are tested, as shown herein, and the presence
of an upORF indeed reduces the translation of a wide variety of
natural mRNAs (16,33,40–48). In some of these cases, an
alternative form of mRNA devoid of upstream AUG codons is
produced when more efficient translation is required. The next
paragraph explains why this is not seen in every case.

Because reinitiation is usually inefficient, the presence of
upORFs is sometimes employed to limit the translation

Figure 4. Reinitiation is inhibited by a pseudoknot in the upORF that slows elongating ribosomes. The pseudoknot depicted in the boxed insert was positioned in
the 5′ untranslated region (constructs 2 and 3), in the main coding domain (constructs 4 and 5) or in an upORF (construct 7). The polyacrylamide gels in (B) and
(C) show protein yields from these structure-containing mRNAs and from unstructured control transcripts (constructs 1 and 8). The numeral preceding each mRNA
in (A) matches the number of the lane in which that mRNA was tested (B and C). Construct 6 is the same as construct 5. Coding domains, which are not drawn to
scale, are shown as filled boxes. The actual sequences of the mRNAs are given in Figure 3. Capped mRNAs were translated as usual at 25°C in reticulocyte lysate
supplemented with [3H]leucine and 2 mM Mg2+.
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of cytokines, transcription factors and other potent proteins
that are required in only small quantities and would be harmful
if overproduced. The thrombopoietin (TPO) gene provides a
striking illustration. The normal gene produces a mixture of
mRNAs with different leader sequences, all of which translate
TPO poorly due to small upORFs (49). The most inhibitory of
the upORFs is one that initiates at a moderately strong AUG
codon and overlaps the TPO start codon. A remarkable study
by Wiestner et al. (50) showed that some patients develop
hereditary thrombocythemia because a mutation alters the
pattern of splicing of TPO mRNA in a way that eliminates
the inhibitory upORF, thereby elevating translation of the
cytokine. The disease results from overriding a built-in
constraint on translation.

Whereas the presence of upORFs and consequent imposition
of a reinitiation mechanism reduces downstream translation in
the foregoing examples, there are special cases in which an
upORF has a facilitating effect; i.e. the upORF promotes
initiation from a particular downstream site by helping ribo-
somes to dodge a strongly inhibitory upstream AUG codon
(19,42,51,52). Inspection of these and other mRNAs (49,53–55)
reveals that the strongest inhibition is caused by an upORF that
overlaps or terminates very close to the start of the downstream
ORF. This reinforces the aforementioned conclusion that

eukaryotic ribosomes have negligible ability to scan back-
wards in order to reinitiate translation.
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