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The subgenomic mRNA of feline caliciviruses is bicistronic with the two cistrons overlapping by four
nucleotides, ..AUGA. The upstream cistron encodes a 75-kDa major capsid protein precursor (pre-VP1), and
the downstream cistron a 10-kDa minor capsid protein. The kinetics of translation in reticulocyte lysates
show that the downstream cistron is translated by a termination–reinitiation process, which is unusual in not
requiring eIF4G or the eIF4F complex. Reinitiation requires the 3�-terminal 87 nucleotides (nt) of the pre-VP1
ORF, but no other viral sequences. The reinitiation site is selected by virtue of its proximity to this 87-nt
element, and not its proximity to the pre-VP1 ORF stop codon, although this must be located not more than
∼30 nt downstream from the restart codon. This 87-nt element was shown to bind 40S ribosomal subunits and
initiation factor eIF3, and addition of supplementary eIF3 enhanced reinitiation efficiency. Mutants defective
in reinitiation showed reduced affinity for eIF3 or defective 40S subunit binding (or both). These results
suggest a mechanism in which some of the eIF3/40S complexes formed during disassembly of
post-termination ribosomes bind to this 87-nt element in a position appropriate for reinitiation following
acquisition of an eIF2/GTP/Met-tRNAi ternary complex.
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It is widely agreed that mammalian ribosomes generally
do not, and cannot, translate the downstream cistron of
a bicistronic mRNA (in sharp contrast to what happens
in prokaryotic systems). There are two exceptions to this
general rule. One is where the intercistronic spacer in-
cludes an IRES (internal ribosome entry site/segment)
capable of recruiting ribosomes directly to the down-
stream cistron. The other is when the first ORF is short
(less than ∼30 codons), and if eIF4F (or at least the central
domain of eIF4G together with eIF4A) participated in
initiation of translation of this short ORF, in which case
some ribosomes that have completed translation of this
short cistron may resume scanning in a 5� → 3� direction
and reinitiate translation at a downstream AUG codon
(Kozak 2001; Pöyry et al. 2004).

Nevertheless, there are a few cases of apparent reini-
tiation after a long ORF, which, if true, raises the impor-
tant question: What is the special mechanism that pro-
motes reinitiation in these rather exceptional cases, but
not with most mRNAs? One such exception is the bi-
cistronic subgenomic RNAs of the Caliciviridae family
of positive-strand RNA viruses, including feline calicivi-
rus (FCV), the species we chose for study. FCV virion
RNA is ∼7700 nucleotides (nt) long and has three ORFs.
It is thought that translation of the virion RNA leads to
expression of only the 5�-proximal ORF1, encoding a
polyprotein precursor of all the nonstructural proteins
(Fig. 1A), which include an RNA replicase, a VPg, and a
protease that processes both the ORF1 polyprotein prod-
uct and the major capsid protein precursor (Wirblich et
al. 1996; Clarke and Lambden 2000). The RNA replicase
not only synthesizes more full-length viral RNA, but
also a single species of ∼2400-nt subgenomic mRNA (Fig.
1A; Herbert et al. 1996), which is bicistronic, with an up-
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stream ORF (identical to ORF2 of the virion RNA) en-
coding an ∼75-kDa precursor of the major capsid protein,
VP1, and a downstream cistron (corresponding to ORF3
of full-length viral RNA) coding for an ∼10-kDa minor
capsid protein (VP2) that is present in the virion at one to
two molecules per particle (compared with 180 mol-
ecules of VP1), and is essential for infectivity (Sosnovt-
sev and Green 2000; Sosnovtsev et al. 2005).

An unusual feature of both the full-length and subge-
nomic RNAs of caliciviruses is that they do not have a
5�-cap, but a covalently linked ∼15-kDa protein (VPg),
which is encoded within ORF1 (Herbert et al. 1997).
Nevertheless it is thought that initiation on these RNAs
is by a ribosome scanning mechanism virtually identical
to that operating with conventional capped mRNAs, al-
though obviously there must be some difference in how
the 5�-end is recognized by initiation factors (Goodfellow
et al. 2005). There is no evidence that the VPg fulfills a
role that is distinctly different from the usual 5�-cap,
and, indeed, full-length capped transcripts are infectious
(Sosnovtsev and Green 1995; Sosnovtsev et al. 2005).

The two ORFs of the single species of subgenomic
mRNA overlap by four nucleotides in FCV (..AUGA..),
and in other caliciviruses the overlap ranges from one
nucleotide in Norwalk virus (..UAAUG..) to eight resi-
dues in rabbit hemorrhagic disease virus (Fig. 1A; Meyers
2003). Translation of this subgenomic RNA results in
the synthesis of both proteins, suggestive of a termina-
tion–reinitiation event that is rather inefficient, with the
VP2/pre-VP1 molar yield ratio given in one report as 0.1
(Herbert et al. 1996), but only just >0.05 in another study
(Luttermann and Meyers 2007). The cis-acting RNA el-
ements required for downstream cistron expression from
both rabbit hemorrhagic disease virus (RHDV) and FCV
subgenomic RNAs have been investigated in transfec-
tion assays (Meyers 2003, 2007; Luttermann and Meyers

2007). Expression of the downstream cistron was depen-
dent on close proximity of the upstream cistron stop
codon and downstream cistron (re)initiation codon. Sec-
ond, downstream cistron expression required the 3�-ter-
minal ∼90 nt of the upstream cistron, but no other viral
sequences. Third, the putative reinitiation event re-
quired translation through this terminal segment of the
upstream cistron but was not compromised if most of
this segment was translated in the wrong reading frame,
provided the frameshift was corrected just before the ter-
mination codon (Meyers 2003).

Because this previous work was based entirely on
transfection assays, it was not possible to obtain direct
evidence for a stop–restart mechanism, nor was it pos-
sible to investigate other mechanistic aspects, such as
the requirements for translation initiation factors. The
work reported here used in vitro translation assays to
examine not only the requirement for cis-acting RNA
motifs, with results consistent with the findings of Mey-
ers (2003) and Luttermann and Meyers (2007), but also to
examine these mechanistic aspects. Kinetic analysis
shows that the expression of the downstream ORF does
indeed involve a termination–reinitiation event, al-
though one that is unusual in that it is independent of
eIF4G or the eIF4F complex, but involves interaction of
eIF3 and 40S ribosomal subunits with the 3�-terminal
∼90 nt of the upstream ORF. In view of the recently
discovered function of eIF3 in releasing the post-termi-
nation ribosome from the mRNA as a eIF3/40S complex
and a 60S ribosomal subunit (Pisarev et al. 2007), these
results suggest a mechanism in which the binding of
some post-termination eIF3/40S complexes to this short
element of the FCV subgenomic mRNA captures and
restrains them in a position suitable for reinitiation once
they have acquired an eIF2/GTP/Met-tRNAi ternary
complex. This requirement for a specific cis-acting RNA

Figure 1. Diagrammatic map of FCV genomic (vi-
rion) and subgenomic RNAs, and the constructs
used in this investigation. (A) The top part depicts
the ORF structure of the virion (genomic) RNA,
with the ORF structure of the single species of sub-
genomic RNA shown below. The ORF2/ORF3 over-
lap sequence of FCV subgenomic RNA is given, to-
gether with with the largest (RHDV) and smallest
(Norwalk virus) overlaps found in other calicivi-
ruses. (B) Structure of the three starting constructs
used in this study. All three have the complete FCV
subgenomic RNA ORF2 and ORF3 sequences with
the latter fused in-frame to a CAT/triple-HA-tag cis-
tron (lacking the CAT AUG initiation codon). This
extended ORF3 is designated ORF3*. The three con-
structs differ in the sequences upstream of ORF2.
pSG-2/3* has a 68-nt 5�-UTR described previously
(Pöyry et al. 2004), and the 5�-proximal sequences of
pCSFV-2/3* and pCrPV-2/3* are described in the
text. The positions of restriction enzyme sites men-
tioned in the text are shown.
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element with the property of binding eIF3 and 40S sub-
units can explain why termination–reinitiation events
after translation of a long ORF do not generally occur
with the overwhelming majority of mammalian mRNAs.

Results

Characterization of ORF3 expression
in reticulocyte lysate

To facilitate comparison with the recent work of Lutter-
mann and Meyers (2007), we used their nomenclature,
designating the two cistrons of the FCV subgenomic
mRNA as ORF2 and ORF3, but it should be noted that
this is not the same as we used in a previous review
article (Jackson et al. 2007), where our nomenclature
conformed to the different scheme used by Meyers (2003)
for RHDV subgenomic mRNA.

All starting constructs included FCV coding sequences
from the start of ORF2 to the 3�-end of ORF3, modified
by extending ORF3 with CAT coding sequences (lacking
the initiation codon) followed by a triple HA-tag (Fig.
1B), to facilitate ORF3 product identification quantita-
tion and resolution on SDS-PAGE. Rather than use the
17-nt natural FCV subgenomic mRNA 5�-untranslated
region (UTR), which might be prone to leaky scanning
due to its short length (Kozak 1991), a 68-nt 5�-UTR,
described previously (Pöyry et al. 2004), was inserted
ahead of ORF2. This construct is designated pSG-2/3*
(with the 3* signifying that ORF3 is extended by CAT/
triple-HA sequences).

We also replaced this 5�-UTR by nucleotides 1–423 of
classical swine fever virus followed by an ACC linker,
generating pCSFV-2/3*. This represents the entire CSFV
5�-UTR (including the IRES), plus the first 17 codons of
viral coding sequence, which were included because they
enhance internal initiation efficiency in some situations
(Fletcher et al. 2002). In a third type of construct (pCrPV-
2/3*), the 5�-UTR element of pSG-2/3* was replaced by
the cricket paralysis virus intergenic IRES plus the first
five codons of downstream viral coding sequence fol-
lowed by an ACC linker (Pöyry et al. 2004). Linearization
of the plasmids with either BglII or XmaI allowed the
production of mRNAs with or without a poly(A) tail, but
as there was no difference in the ORF3*/ORF2 product
yield ratio (Supplementary Fig. S1), most experiments
were done with poly(A)-RNA. All three types of tran-
script were translated under the same conditions, except
for the concentration of added KCl, which was the stan-
dard 100 mM for capped transcripts of pSG-2/3*, but the
optimum 120 mM KCl for the two uncapped IRES-con-
taining RNAs.

The ORF3* (VP2-CAT-HA3) product, migrating at ∼43
kDa as expected, was identified by immunoprecipitation
using anti-HA antibodies, and by its absence in assays of
a transcript of pSG-2/3* that had been linearized with
EcoRI at the very start of ORF3* (Supplementary Fig. S1).
We also translated capped transcripts of pSG-2/3* that
had been linearized with XmnI near the start of ORF2

(Fig. 1B), but no ORF3* product was detected (Supple-
mentary Fig. S1), an important control showing that
there is no cryptic T7 promoter within ORF2 generating
a monocistronic mRNA that could give rise to ORF3*
expression via 5�-end-dependent scanning. In addition,
RNA (re)extracted from translation assays of the full-
length transcript was analyzed by gel electrophoresis,
but no cleaved RNAs of a size that could give rise to the
ORF3* product by scanning were detected (Supplemen-
tary Fig. S2).

Time-course experiments confirm that initiation
of translation of the downstream cistron is delayed
until upstream cistron translation has been completed

In time-course experiments using an uncapped transcript
of pCSFV-2/3*, the ∼75-kDa ORF2 product first appeared
at 12 min, much as expected from our previous estimates
of the rate of translation elongation in reticulocyte ly-
sates (Jackson 1986), but the smaller ORF3* product did
not appear until 21 min (Fig. 2A). This unexpectedly late
appearance of the ORF3* product was not due to an ab-
normally slow rate of elongation through ORF3*, but to
a delay in initiation of ORF3* translation, as shown by
the fact that almost no ORF3* product was synthesized
if the initiation inhibitor, edeine, was added at any time

Figure 2. Time course of translation of the surrogate FCV sub-
genomic RNA. (A) Uncapped CSFV-2/3* mRNA was translated
under standard conditions. Samples were taken at the times
indicated for separation by gel electrophoresis, and the resulting
autoradiograph is shown. (B) Products of translation of un-
capped CSFV-2/3* mRNA (at 80 µg/mL) for 60 min, with (+) or
without (−) addition of edeine to 2 µM at 8 min. (C) Products of
translation of SG-2/3* and CSFV-2/3* mRNAs in standard RRL
(un) and eIF4G-depleted lysate (d).

Reinitiation on mammalian mRNAs
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before ∼10 min (Fig. 2B). If edeine addition was delayed
until after 12 min, the ORF3* product was detectable,
with the ORF3*/ORF2 product yield ratio increasing the
later the time of edeine addition (data not shown).

Reinitiation occurs by a mechanism that is sensitive
to inhibition by edeine but independent of eIF4G

The results of Figure 2B imply that the reinitiation
mechanism leading to ORF3* translation is sensitive to
inhibition by edeine. With mRNAs translated via the
scanning mechanism, edeine does not inhibit the bind-
ing of an eIF2/GTP/Met-tRNAi ternary complex to the
40S ribosomal subunit, nor Met-tRNAi/40S complex
scanning, but there is a complete failure of AUG codon
recognition, so that scanning continues past all AUG
codons, and, probably as a secondary consequence, there
is no ribosomal subunit joining (Kozak and Shatkin
1978; Kozak 1979).

Although reinitiation appears to be via the standard
mechanism by the criterion of sensitivity to edeine, it is
decidedly nonstandard in being completely independent
of eIF4G or the eIF4F complex. This was demonstrated
by using the eIF4G-depleted reticulocyte lysate system
described previously (Ali et al. 2001) and an uncapped
transcript where upstream ORF2 expression is driven by
the CSFV IRES, which does not require eIF4F or eIF4G in
any form (Pestova et al. 1998). The synthesis of the
ORF3* product was just as efficient in this system as in
a standard reticulocyte lysate (Fig. 2C). Moreover, stan-
dard RRL assays of capped SG-2/3* mRNA that were
supplemented at 6 min with recombinant dominant-
negative R362 → Q mutant eIF4A (Pause et al. 1994;
Pestova et al. 1998; Pöyry et al. 2004) showed that this
independence of eIF4F (or eIF4G/4A) was not a peculiar-
ity of using an RNA with the CSFV IRES. As expected,
the dominant-negative eIF4A severely curtailed further
initiation of ORF2 translation, but the ORF3*/ORF2
product yield ratio was the same as in an unsupple-
mented control (data not shown), thus demonstrating
that those ribosomes that initiated ORF2 translation in
the first 6 min reinitiated at the ORF3* restart codon
with normal probability, despite the dominant-negative
eIF4A. With the exception of initiation promoted by the
pestivirus, hepatitis C virus, and CrPV IRESs (Pestova et
al. 1998; Wilson et al. 2000; Pestova and Hellen 2003),
and scanning-dependent mRNAs with an absolutely un-
structured 5�-UTR (Pestova and Kolupaeva 2002), there
are no precedents for initiation without the involvement
of eIF4G in some form, either as intact eIF4G in the
eIF4F complex, or, at a minimum, the central one-third
domain of eIF4G, which retains the potential to interact
with eIF3 and eIF4A (for review, see Jackson 2005).

The data of Figure 2C clearly show that reinitiation
efficiency in the standard RRL system is slightly lower
in the case of the mRNA with the CSFV-IRES than
capped SG-2/3* mRNA. Over several different experi-
ments, the ORF3*/ORF2 molar yield ratio was in the
range 0.10–0.15 for capped SG-2/3* mRNAs, and 0.08–
0.12 for CSFV-2/3* mRNA. Our results suggest that two

factors contribute to this lower efficiency. One is the
higher concentration of added KCl in the assays of the
IRES-containing mRNA. The other is the fact that the
CSFV IRES binds a translation initiation factor (eIF3),
which, as we show subsequently, is directly involved in
the reinitiation mechanism.

Deletion mapping of the cis-acting RNA element
required for the termination–reinitiation event

To investigate the requirement for viral sequences
downstream from the reinitiation site, the whole of the
viral ORF3 coding sequences (apart from the first 7 nt)
were deleted and replaced by an AUGAGCUC linker
(Fig. 3A). The lack of any reduction in downstream CAT-
HA3 cistron expression (Fig. 3B) shows that viral ORF3
sequences are not required for the reinitiation event.

The requirement for upstream viral sequences was in-
vestigated by making a nested set of 5�-deletions of
ORF2, and fusing the residual ORF2 segment in-frame to
the Xenopus laevis cyclin B2 complete ORF (lacking a
termination codon), in the background of pCSFV-2/3*
(Fig. 3A). Retention of the 3�-terminal 87 nt (i.e., the
terminal 28 sense codons plus the stop codon) of ORF2
was found to give the same ORF3*/ORF2 product yield
ratio as the full-length complete ORF2; if only the 3�-
terminal 75 nt of ORF2 was retained, the yield ratio was
consistently in the range 10%–15% of this control value,
and the ORF3* product was undetectable if just the ter-
minal 63 nt was retained (Fig. 3C).

For comparison, the transfected cell assays of Lutter-
mann and Meyers (2007) gave 75%–80% of maximum
reinitiation efficiency when the terminal 84 or 72 nt was
retained, 30% with the terminal 69 nt, and essentially
zero ORF3 expression with just the terminal 66 nt of
FCV ORF2. Thus the main discrepancy with our results
concerns their 72- and our 75-nt truncations, suggesting
that the minimum length of required 3�-terminal ORF2
sequences may be greater for in vitro translation assays
than transfected cells. This difference is certainly due to
the higher protein concentration (notably the eIF3 con-
centration) in intact cells, because, as shown later,
supplementation of our in vitro translation assays with
extra eIF3 stimulated reinitiation with the 75-nt trunca-
tion mutant by six- to sevenfold, thus completely elimi-
nating the difference between in vitro and transfected
cell assays,

The sequence of the 3�-terminal 87 nt of FCV (F9
strain) ORF2 is shown in Figure 3D, together with a ten-
tative secondary structure prediction based on a combi-
nation of Mfold predictions and direct structure probing
of a 5�-end-labeled fragment representing the terminal
114 nt of ORF2 (data not shown). Phylogenetic compari-
son of different FCV strains did not contribute much
additional information except to show that almost all
variations were in segments predicted to be unpaired
(Fig. 3D), while there is too much divergence between
different species of the Caliciviridae for cross-species
comparisons to be useful. We did not carry out more
detailed mapping of this essential 87-nt segment, as in
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the meantime this was done by Luttermann and Meyers
(2007) for the FCV system, with a useful comparative
study of the rabbit calicivirus (RHDV) by Meyers (2007).
In both cases, two short segments, designated Motif 1
and Motif 2 (see Fig. 3D), were found to be particularly
important for downstream cistron expression. The spac-
ing, but not the sequence, between Motif 2 and the re-
start site was critical for reinitiation, but shortening the
distance between Motifs 1 and 2 had only a small effect.
Motif 1 has an essential A/GUGGGA core sequence (Fig.
3D) that is conserved in other caliciviruses. In addition,
nonconserved flanking sequences up to six residues on
either side of this core seem to play a stimulatory rather
than an essential role. In both cases, Motif 2 has a core 6
nt in length that, apart from being purine-rich, is not
conserved between FCV and RHDV. Consequently, the
RHDV Motif 2 could only be identified by experimental
mutagenesis, and not by simple sequence comparison
with the corresponding region of FCV RNA (Meyers
2007). The lack of conservation in Motif 2 and in the
flanking sequences of Motif 1 suggests that these ele-
ments may required more for secondary structure rea-
sons than as primary sequence signals.

The importance of the proximity of the ORF2 stop
codon to the ORF3 initiation codon

The position of the ORF2 termination codon was altered,
while maintaining the ORF3* initiation codon in its
original position. Introduction of a UAA codon 29 or 40
codons upstream of the endogenous ORF2 stop codon
completely abrogated ORF3* expression (Fig. 4B). Be-
cause the sequence of at least part of the 3�-terminal 87
nt of ORF2 is important for reinitiation (as we show
below), but the reading frame is not critical (Meyers
2003), we used frameshift rather than point mutations to
engineer premature termination within this segment, by
inserting one or two T residues immediately upstream of
the −87 position in pCSFV-2/3*. The single insertion
generated an in-frame UAA 28 nt upstream of the endog-
enous stop codon residues −31 to −29 in Figure 3D,
which reduced reinitiation by 80%; and the double in-
sertion created an in-frame UGA at −14/12 (Fig. 3D),
which caused a 90% decrease in ORF3* expression
(Fig. 4C).

To study the effect of extending ORF2 by moving the
termination codon further downstream, we initially
took advantage of the existence of in-frame stop codons
located four and six codons downstream from the natural
termination codon and made each of these the sole ter-
mination codon in this region (Fig. 4A). The efficiency of
ORF3* expression was largely unaffected by having the
sole stop codon at the +4 (UAG) or +6 (UGA) position,
and having a UAA stop codon at these positions also had
no effect (Fig. 4D).

No ORF3* expression whatsoever occurred when all
three of these stop codons were mutated, which resulted
in an extension of ORF2 by 46 codons (Fig. 4E). When an
in-frame UAA codon was introduced at the +10 or +14
position (in the background of a construct in which the

Figure 3. Mapping the viral sequences required for down-
stream ORF expression. (A) Schematic diagram (not to scale) of
the deletions introduced to map the requirement for viral se-
quences. (B) Translation of the �ORF3 mRNA shows that ORF3
coding sequences are not required for downstream cistron ex-
pression. The full-length ORF3* product is indicated by an as-
terisk, and the CAT-HA product is indicated by an arrow. (C)
Deletion mapping of the ORF2 sequences required for ORF3*
expression. The deletions are designated according to the num-
ber of 3�-terminal residues of ORF2 retained. The ORF3* prod-
uct is indicated by an asterisk. Numbers below each lane show
the efficiency of reinitiation (the ORF3*/ORF2 product yield
ratio) expressed relative to the control mRNA value set at 1.0.
(nd) Not detectable above background (i.e., effectively zero). The
anomalous high value for the construct with 114 nt retained is
due to the comigration of the ORF3* product with an incom-
plete translation product of ORF2. (D) Sequence and tentative
secondary structure prediction of the 3�-terminal 87 nt of FCV
strain F9 ORF2, with the variations found in other strains
shown in lowercase. The core segments of Motif 1 and Motif 2
identified by Luttermann and Meyers (2007) as especially criti-
cal for downstream cistron translation are highlighted by italics
and underlining.
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endogenous stop codon and the +4 and +6 termination
codons had all been mutated to sense codons), the
ORF3*/ORF2 product yield ratio was consistently re-
duced by 50%–60% with the 10-codon extension, and by
90% with the extra 14 codons (Fig. 4D). Thus reinitiation
occurs only if ORF2 translation terminates within a nar-
row window extending ∼10 codons downstream from the
wild-type stop codon position. Notably, the expression
of ORF3* when ORF2 was extended by four, six, or 10
codons was as completely resistant to inhibition by
R362 → Q dominant-negative eIF4A as when ORF2 ter-
minated at the endogenous stop codon (data not shown).

What determines the selection of the reinitiation
codon?

In order to test whether the termination–reinitiation
mechanism selects the ORF3* initiation codon by virtue
of its proximity to the ORF2 termination codon, we took
constructs in which the ORF2 termination codon had
been displaced further downstream and created a new
AUG codon in the ORF3* reading frame, as an alterna-
tive and competing (re)initiation site in the extended re-
gion of overlap. Three such mutants were generated (in
the background of pCSFV-2/3*) with the sequences
shown in Figure 5, some of which recapitulated the

..AUGA.. overlap found in the wild-type stop–restart
site. When these mRNAs were translated in vitro, no
products initiated at the newly created AUG codons
were detected, but the usual ORF3* product initiated at
the wild-type start codon was still synthesized in undi-
minished yield (Fig. 5), consistent with the conclusion
that there was no competing initiation at the new AUGs.
We conclude that the reinitiation site is selected by vir-
tue of its proximity to the critical 87-nt 3�-terminal ele-
ment of ORF2, and not its proximity to the ORF2 stop
codon, even though this stop codon must be located
within a quite narrow window relative to the restart site.

Thus it seems that the wild-type position of the ORF3
initiation codon is somehow a “privileged site” for reini-
tiation. A further indication of this was seen when the
ORF2 stop codon was mutated to UAA, which conse-
quently resulted in the reinitiation codon becoming
AUA. Despite this change to a non-AUG codon that sel-
dom functions as an initiation codon in other mRNAs,
the yield of ORF3* product was reduced by only ∼65%
(data not shown). Similarly, Luttermann and Meyers
(2007) found that expression of FCV ORF3 was reduced
by only 50%–60% when the AUG restart codon was mu-
tated to AUA, CUG, or GUG; even CUA, which has
never been found to act as an initiation codon in other
mRNAs, allowed ORF3 expression at ∼30% of the effi-

Figure 4. The effect on ORF3* expression of displacing the ORF2 termination codon. (A) Sequences of the ORF2/ORF3* overlap
region and the start of ORF3* in the transcripts of the various mutants of pCSFV-2/3* tested. The ORF3* initiation codon is in bold,
termination codons are in lowercase, and the introduced mutations are underlined. (B) Translation products of CSFV-2/3* mRNA with
UAA stop codons introduced in the ORF2 frame 29 or 40 codons upstream of the wild-type ORF2 stop codon. (C) Products of
translation of transcripts of pCSFV-2/3* with one (t) or two (tt) T residues inserted into ORF2 between residues −87 and −88 in the
numbering system of Figure 3D. (D) Translation products of the CSFV-2/3* mutants with the ORF2 stop codon displaced up to 14
codons further downstream, as shown in A. (E) Translation products of CSFV-2/3* mRNA lacking the wild-type ORF2 termination
codon and the in-frame stop codons at +4 and +6 (shown in A), resulting in an extension of ORF2 by 46 codons. The numbers below
each lane show the ORF3*/ORF2 product yield ratio (reinitiation efficiency) obtained with each mutant relative to the wild-type
mRNA value set at 1.0. (nd) Not detectable above background (i.e., effectively zero).
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ciency seen with an AUG. With the exception of initia-
tion promoted by the pestivirus, hepatitis C virus, and
CrPV IRESs (Reynolds et al. 1995; Wilson et al. 2000),
such efficient initiation at non-AUG codons is unprec-
edented, because eIF1 usually prevents recognition of
such codons as initiation sites (Lomakin et al. 2006).
This raises the interesting question of whether the reini-
tiation event occurs without the involvement of eIF1.

The terminal 87 nt of ORF2 binds eIF3 and 40S
ribosomal subunits

In order to understand how the ORF2 3�-terminal ele-
ment promotes reinitiation, it would be useful to know
what binds to it, particularly in a dynamic situation
where ongoing translation termination is occurring at
the end of this element. However, practical consider-
ations necessitated studying protein–RNA interactions
under static conditions, effectively treating the element
as if it were an IRES. Although the translation data show
that it has no detectable IRES activity, it seemed possible
that the critical proteins might nevertheless bind, albeit
weakly, under static conditions. Because only weak in-
teractions were expected, we preferred UV-cross-linking
over band-shift assays (for reasons of irreversibility), and

included Escherichia coli rRNA in all assays to suppress
nonspecific binding to the probe. The pattern of cross-
linked proteins obtained with the terminal 114 nt of FCV
ORF2 using a HeLa cell cytoplasmic extract was remark-
ably similar to that seen with a CSFV IRES probe
(Supplementary Fig. S3A,B), and virtually identical re-
sults were seen using RRL except that the signal inten-
sity of all bands was lower. Since the CSFV IRES is
known to bind eIF3 (Pestova et al. 1998; Sizova et al.
1998), these UV-cross-linking reactions were subjected
to immunoprecipitation with anti-eIF3, and in addition,
cross-linking assays were done with purified eIF3. Both
approaches confirmed that eIF3a, eIF3b, eIF3d, eIF3l, and
eIF3g were cross-linked to the FCV element (Supplemen-
tary Fig. S3C,D,E), showing that this element binds not
only purified eIF3 but also the eIF3 present in HeLa cell
cytoplasmic extracts. (The HeLa cell extracts clearly
have several other proteins that bind to the FCV ORF2
terminal segment, but these show no obvious correspon-
dence to known initiation factors.)

We next examined several mutants of the ORF2 3�-
terminal element for correlations between reinitiation
efficiency and the binding of eIF3 to this segment. The
mutants included not only the truncations of the cis-
acting element to 75 or 63 nt examined in Figure 3C, but
also the following point mutations in the pCSFV-2/3*
background: GGG−64/62 → CCC in Motif 1 of Lutter-
mann and Meyers (2007), AGU−21/19 → UUA in Motif 2,
and UUG−54/52 → AAU (see Fig. 3D). The −54/52 mutant
consistently retained 35%–40% of the control reinitia-
tion activity, and the −21/19 mutant 15%–20%, but the
GGG−64/62 → CCC mutant was essentially inactive
(Figs. 6A, 7C). Taken together with the results of Figure
3C, the following hierarchy of reinitiation efficiency was
seen: “wild type” (at least the terminal 87 nt of ORF2
retained) k −54/52 mutant k −21/19 mutant > trunca-
tion to 75 nt k 63-nt truncation ≈ −64/62 mutant,
which were both judged to be completely inactive.

These mutant sequences were then used as probes in
UV-cross-linking assays with purified eIF3 (Fig. 6B), and
as unlabeled competitors in cross-linking competition
assays with HeLa cell lysate, the 114-nt terminal frag-
ment of ORF2 as probe, and a single concentration of
each mutant RNA element as competitor, monitoring
the labeling of eIF3b (Fig. 6C). Taking all the results of
these different assays into consideration, plus data (data
not shown) from similar competition assays using puri-
fied eIF3, the consensus hierarchy of eIF3 binding to the
mutant sequences was −21/19 mutant > wild-type con-
trol > −54/52 mutant > 75-nt truncation > 63-nt trunca-
tion > −64/62 mutant. In general, this rank order paral-
lels the relative efficiency of reinitiation, but with the
obvious exception of the −21/19 mutant, which binds
eIF3 even more effectively than the control, yet gives
only 15%–20% as much reinitiation (Figs. 6A, 7C). In
other cross-linking assays with purified eIF3 and the
wild-type control probe, we noted a band at ∼29 kDa (Fig.
6D), which was apparent as a smear in Figure 6B and
which corresponds in position to eIF3k. The relative sig-
nal intensity of this band (wild-type k −54/52 mu-

Figure 5. The restart codon is selected by virtue of its proxim-
ity to the ORF2 87-nt element and not by its proximity to the
ORF2 stop codon. The top part shows the sequences of the
pCSFV-2/3* mutants tested, with initiation codons in the
ORF3* frame shown in bold, termination codons in the ORF2
frame shown in lowercase, and the introduced mutations un-
derlined. The bottom panel shows the products of translation of
these mRNAs (at 80 µg/mL). The outside lanes designated “a7”
and “a10” show products of translation of capped monocis-
tronic mRNAs with a start codon in either the +7 or +10 posi-
tion and 5�-UTRs of 21 or 30 nt in length, respectively, and serve
as markers for any initiation at these two sites that might have
occurred (but did not actually occur) in translation assays of the
CSFV-2/3* mRNAs. Numbers below each lane show the rela-
tive reinitiation efficiency determined and defined as in Fig-
ure 4.
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tant > 75-nt truncation k −21/19 mutant ≈ 63-nt trun-
cation > −64/62 mutant, which gave essentially zero
signal) correlated particularly well with reinitiation effi-
ciency, with the slight reservation that the two trunca-
tion mutants gave somewhat stronger signals than
would be expected.

We next attempted UV-cross-linking assays with pu-
rified 40S ribosomal subunits in the presence or absence
of eIF3 (although the latter situation seldom, if ever, ex-
ists under physiological conditions). The presence of 40S
subunits invariably increased the eIF3a, eIF3b, and eIF3d
polypeptide cross-linking signals, and to a lesser extent
eIF3l (Fig. 6D). Because this increase was seen with all
mutant RNA elements, even those that showed virtually
no 40S/mRNA cross-linking (e.g., GGG−64/62 → CCC),
the signal enhancement seems more likely to be due to
conformational changes induced in eIF3 when it inter-
acts with 40S subunits than to stabilization of the eIF3/
mRNA interactions by 40S/mRNA interactions. In con-
trast, the presence of eIF3 had little effect on the 40S

subunit cross-linking signals obtained with the wild-
type probe but decreased the intensity of labeling of
many 40S-dependent bands in the case of the mutants
(Fig. 6D), particularly those mutants that showed no de-
tectable reinitiation (the 63-nt truncation and the −64/62
point mutant). We conclude that the reinitiation effi-
ciency of all mutants, apart from the −21/19 point mu-
tant, parallels the binding to the 3�-terminal segment of
ORF2 of both eIF3 and 40S subunits (Fig. 6B–D); i.e., both
components of the eIF3/40S complex that is the product
of disassembly of the post-termination 80S ribosome
(Pisarev et al. 2007). As for the −21/19 mutant, this ap-
pears to retain high affinity for eIF3 (Fig. 6B,C), although
with very poor cross-linking of the putative eIF3k (Fig.
6D), but is defective for the binding of 40S subunits as
judged by the fact that it does not give the same 40S-
dependent labeled bands as the wild-type probe (Fig. 6D).
This aberrant binding of 40S subunits provides a plau-
sible explanation for its severely reduced reinitiation ef-
ficiency.

Figure 6. Correlations between reinitiation efficiency and the eIF3 or 40S binding of various mutant derivatives of the 3�-termi-
nal ORF2 element. (A) Translation assays of uncapped transcripts of pCSFV-2/3* wild-type control, and (in the same background)
GGG−64/62 → CCC, AGU−21/19 → UUA, and UUG−54/52 → AAU mutants. Numbers below each lane show the relative reinitiation
efficiency determined and defined as in Figure 4. (B) UV-cross-linking assays of purified eIF3 (200 nM) with the following labeled
probes: the 3�-terminal 114 nt of ORF2 wild type and the three point mutants described above, and the 75-nt and 63-nt truncations.
The bar in the margins highlights the smeared signal at ∼29 kDa discussed in the text. (C) UV-cross-linking competition assays with
HeLa cell extract, the wild-type 114-nt 3�-terminal ORF2 element as labeled probe, and a 200-fold molar excess of the same set of point
mutants and truncation mutants as unlabeled competitors. Numbers below each lane show the intensity of the eIF3b signal relative
to the average of the two outside lanes with no competitor (−) set at 1.0. (D) UV-cross-linking assays with 160 nM eIF3, or 80 nM
purified 40S subunits (or both together), as indicated, and the same labeled probes as in B. In order to reveal the weak 40S subunit
cross-linking signals, the autoradiogram was deliberately overexposed, which resulted in some loss of differential eIF3 signal intensity
between the various mutants, due to film saturation. The cross-linking signal attributed to eIF3k in the assay of FCV-114 and eIF3
alone is highlighted with an asterisk to the right of the relevant lane.
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Functional evidence that eIF3 is involved
in the reinitiation mechanism via binding
to the 3�-terminal segment of ORF2

Given the reservations that the binding assays were un-
avoidably done under static conditions, it was consid-
ered essential to use functional tests to confirm the im-
portant role of eIF3 in reinitiation, and so we investi-
gated the effect of manipulating the eIF3 concentration
in translation assays. With the pCrPV-2/3* surrogate
subgenomic mRNA, supplementary eIF3 stimulated
ORF3* expression (with a negligible effect on ORF2 ex-
pression), resulting in a concentration-dependent in-
crease in the ORF3*/ORF2 product yield ratio that
reached a plateau value of 1.5-fold that of the control
(unsupplemented) system (Fig. 7A). A similar concentra-
tion-dependent increase in ORF3*/ORF2 product yield
ratio reaching a comparable plateau level although at a
higher eIF3 concentration was seen with the other two
surrogate subgenomic mRNAs (data not shown), but
with the complication that especially with capped SG-
2/3* mRNA, and to a lesser extent with uncapped CSFV-
2/3* mRNA, supplementary eIF3 above ∼100 nM
showed increasing inhibition of upstream ORF2 expres-
sion, for unknown reasons.

If it is the binding of eIF3 to the ∼90-nt 3�-terminal
segment of ORF2 that is the critical eIF3 interaction re-
quired for reinitiation, a very strong prediction is that
supplemental eIF3 should promote a stimulation propor-
tionately >1.5-fold in the case of those mutants that
show a moderately reduced binding of eIF3 (and reduced,
but still detectable reinitiation). This was tested using
mRNAs with an upstream cistron consisting of the cy-
clin B2 ORF fused to the 3�-terminal 87, 75, or 63 nt of

ORF2 (Fig. 7B). With the terminal 87 nt retained, which
is sufficient to promote full reinitiation efficiency (Fig.
3C), supplementary eIF3 stimulated ORF3* expression
1.5- to 1.6-fold (Fig. 7B), much as in Figure 7A. In con-
trast, with the deletion mutant in which only the termi-
nal 75 nt of ORF2 was retained (resulting in an ∼10-fold
reduction in reinitiation efficiency), supplementary eIF3
consistently elicited a much higher six- to sevenfold
stimulation of the ORF3*/ORF2 product yield ratio (Fig.
7B), as is strongly predicted if reinitiation is dependent
on eIF3 binding to this element.

Supplementary eIF3 also promoted a visible but ex-
tremely weak ORF3* band with the 63-nt truncation
mutant, and the GGG−64/62 → CCC mutant (Fig. 7B),
neither of which gave a detectable ORF3* product in the
unsupplemented system. The effect of supplementary
eIF3 on the two other point mutants was tested in the
background of pCSVF-2/3* (Fig. 7C), where, as men-
tioned above, it causes some reduction in upstream
ORF2 expression, and thus the results are not directly
comparable with those of Figure 7B. The greatest stimu-
lation in absolute terms was seen with the −54/52 mu-
tant, which showed slightly lower eIF3 binding than the
wild-type control in the majority of binding assays, as
well as reduced binding of 40S subunits (Fig. 6D). With
the −21/19 point mutant, which shows almost as low
reinitiation efficiency as the 75-nt truncation, the pro-
portional stimulation by supplementary eIF3 was greater
than the wild type but was nevertheless rather modest,
presumably because its main defect is in 40S subunit
binding (Fig. 6D) rather than eIF3 binding, which is ac-
tually rather better than the wild type (Fig. 6B,C). Taken
together, the results of Figure 6, B and C, argue strongly
that binding of eIF3 to the terminal segment of ORF2 is

Figure 7. ORF3* expression is stimulated by
supplementation of translation assays with
eIF3. (A) CrPV-2/3* mRNA (100 µg/mL) was
translated in the presence of varying concen-
trations of supplementary eIF3. The yields of
the ORF3* and ORF2 products were deter-
mined by densitometry of the autoradio-
graphs, and the molar yield ratio is plotted
against the concentration of added eIF3. (B)
Selected mRNAs from the deletion series
shown in Figure 3C (but in the background of
the construct with the CrPV IRES) and the
−64/62 point mutation in the same back-
ground were translated (at 80 µg/mL) in the
presence or absence of 250 nM supplementary
eIF3. (C) Uncapped transcripts of full-length
pCSFV-2/3*, or (in the same background) the
−64/62, −54/52, and −21/19 point mutants
were translated in the absence or presence of
250 nM supplementary eIF3. (D) Translation
of CSFV-2/3* mRNA (80 µg/mL) in eIF3-de-
pleted RRL (dep), with or without supplemen-
tation with 150 nM eIF3. Numbers below
each lane show the relative ORF3*/ORF2
product yield ratio (i.e., reinitiation effi-
ciency) determined and defined as in Figure 4.
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a prerequisite for reinitiation and a major determinant of
its efficiency, but is not sufficient in the absence of an
appropriate interaction of the 40S subunits with this el-
ement.

We also attempted to deplete the system of en-
dogenous eIF3 using oligo(dT) magnetic beads and a
poly(A)-tailed derivative of the CSFV IRES with a
CCA331–333 → GGU mutation in pseudoknot stem 1b
that has been shown to abrogate translation and ribo-
some binding without perturbing eIF3 binding (Supple-
mentary Fig. S4; Kolupaeva et al. 2000). This is similar to
the approach that achieved ∼95% depletion of eIF4G
from RRL in a single cycle (Ali et al. 2001). However,
Western blotting showed that even after four cycles of
exposure to the mutant CSFV IRES affinity matrix, only
about one-third of the eIF3 had been removed (data not
shown), suggesting that a large fraction of the endog-
enous eIF3 may be unavailable for binding to the affinity
matrix; after four cycles, the translation efficiency of the
lysate was distinctly compromised, presumably because
other important factors had been partially removed.
Nevertheless, this depletion reduced the ORF3*/ORF2
product yield ratio (the index of reinitiation efficiency)
by fivefold, and supplementation of the depleted system
with eIF3 resulted in (incomplete) rescue, raising the
product yield ratio threefold (Fig. 7D). This confirms the
critical role of eIF3 in the reinitiation mechanism and
shows that the reduction in reinitiation resulting from
the affinity depletion procedure is primarily due to
depletion of eIF3 rather than some other proteins that
happen to bind to the CSFV IRES.

Discussion

This investigation was driven by the wish to address the
longstanding question: Why are termination–reinitiation
events following translation of a long ORF so extremely
rare in eukaryotic mRNA translation when they are
commonplace with prokaryotic polycistronic mRNAs?
To this end, we studied one of the few eukaryotic bicis-
tronic mRNAs, calicivirus subgenomic mRNA, where
downstream cistron translation appears to be dependent
on such an obligatory termination–reinitiation event.
Other bicistronic mRNAs possibly translated by a simi-
lar mechanism include the M2 mRNA of pneumoviruses
such as respiratory syncytial virus (RSV), where the two
ORFs overlap by 32 nt (Ahmadian et al. 2000; Gould and
Easton 2005); the M RNA (segment 7) of the influenza B
viruses, where the overlap is ..UAAUG.. (Horvath et al.
1990); and non-long-terminal repeat retrotransposons,
the majority of which have either ..UAAUG.. or
..AUGA.. overlaps (Kojima et al. 2005). In all three cases,
downstream cistron expression was absolutely depen-
dent on translation of the upstream ORF and required
close proximity of the termination and (re)start codons.
Although the question of whether the putative reinitia-
tion event required a cis-acting RNA element was not
examined in the influenza B virus case, with RSV M2
mRNA, the 3�-terminal 150- to 200-nt segment of the

upstream ORF was necessary, and in the case of the
SART1 retrotransposon, it was suggested that a second-
ary structure element downstream from the restart site
is required.

All our results are indicative of a termination–reinitia-
tion mechanism for expression of FCV subgenomic
mRNA ORF3. Taken together, the presence of 38 AUG
triplets within the upstream ORF2, the time course of
ORF3* expression (Fig. 2), plus the observations that
ORF3* translation is dependent on the position of the
ORF2 stop codon, and is sensitive to edeine but insensi-
tive to dominant-negative mutant eIF4A when these are
added before 10 min, eliminate most of the alternative
explanations for ORF3* expression; e.g., leaky scanning,
ribosome shunting, internal initiation via an IRES, or a
frameshift leading to synthesis of an ORF2/ORF3* fu-
sion protein that is subsequently cleaved.

This leaves only the rather baroque alternative that
translation through the terminal ∼90 nt of ORF2 might
remodel the RNA structure to generate a functional
IRES. However, because ORF3* expression is abrogated
if the ORF2 stop codon is moved more than ∼15 codons
further downstream, it would be necessary to concede
that the structure must snap back to the inactive con-
formation once the elongating ribosome has cleared this
90-nt segment, in which case would it not also snap back
when a ribosome that has just terminated translation at
the wild-type stop codon dissociates from the mRNA?
Thus generation of a functional IRES by translation-de-
pendent remodeling would only be a tenable hypothesis
if the ribosome, or at least its small subunit, remained
mRNA-associated following termination (in order to
maintain the remodeled state), and this type of scenario
is not an IRES within the usual meaning of that term.

In prokaryotic systems, this type of translational cou-
pling involving an obligatory termination–reinitiation
event is seen when the downstream cistron B initiation
site has a vestigial Shine-Dalgarno (SD) motif that is too
weak to recruit ribosomes from the free pool. Conse-
quently, expression of cistron B is absolutely dependent
on translation of the upstream cistron A and also re-
quires close proximity of the cistron A stop codon and
the cistron B (re)initiation site. As with the FCV system,
the efficiency of reinitiation is low and is further reduced
if the distance between the stop codon and the restart
site is increased. Examples include reinitiation at sites
within the lac i ORF and the T4 rII cistron B when there
is a nearby in-frame nonsense mutation, and the trans-
lation of the bacteriophage f1 gene VII cistron, which is
dependent on translation of the upstream gene V cistron
(Sarabhai and Brenner 1967; Steege 1977; Ivey-Hoyle and
Steege 1992). The data suggest that following termina-
tion at the cistron A stop codon, the ribosome, or more
likely just its small subunit, undergoes bidirectional dif-
fusion for a very limited period of time (and therefore
limited in distance) before dissociating from the mRNA,
unless it encounters a potential reinitiation site in this
brief time window (Adhin and van Duin 1990). There is
a strong preference for reinitiation at the nearest accept-
able SD-initiation codon tandem (albeit one with a weak
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SD motif), even to the extent of preferring a nearby UUG
start codon over a more distant AUG.

Kinetic analysis of the disassembly of the post-termi-
nation prokaryotic ribosome suggests that any such dif-
fusion must be of very short duration indeed (Peske et al.
2005). The first step is the release of the large ribosomal
subunit by the combined action of ribosome release fac-
tor (RRF), EFG, and GTP, leaving the small subunit (with
an associated deacylated tRNA) still bound to the
mRNA. Next, the binding of IF3 to the 30S subunit
serves not only to prevent any rejoining of the large sub-
unit but also promotes ejection of the tRNA, whereupon
dissociation of the 30S subunit from the mRNA then
follows almost immediately, leaving only the very brief-
est time for any bidirectional diffusion.

If the disassembly of the post-termination mammalian
ribosome also leads to very limited bidirectional diffu-
sion of the 40S subunit, the reason that termination–
reinitiation events occur so rarely is presumably because
there is no equivalent of the SD interaction to stabilize
the association of this 40S subunit with the mRNA, and
to restrain it in a position suitable for reinitiation once it
had acquired an eIF2/GTP/Met-tRNAi ternary complex.
A special type of reinitiation is seen if the upstream ORF
is short (less than ∼30 codons) and translated rapidly
without any holdups, and if, in addition, the eIF4F com-
plex, or at least the central domain of eIF4G in associa-
tion with eIF4A, participated in the primary initiation
event at the upstream ORF initiation codon (Kozak 2001;
Pöyry et al. 2004). Provided all these preconditions are
met, some of the ribosomes that translated the upstream
short ORF resume scanning and can reinitiate at a down-
stream AUG. The very nature of these preconditions
suggests that the contacts between eIF4G and the ribo-
some, which is an indirect interaction bridged by eIF3
(Hinnebusch 2006), are not disrupted concomitantly
with initiation at the short ORF AUG, but decay sto-
chastically over a period of a few seconds following this
initiation event; and that if this tripartite eIF4G/eIF3/
ribosome interaction is still in place by the time trans-
lation of the short ORF is completed, it serves not only
to retain the post-termination 40S subunit on the mRNA
but also to promote (re)scanning. However, because this
mechanism of retaining the post-termination 40S sub-
unit on the mRNA is necessarily limited to very short
ORFs, it cannot be operative in the case of FCV subge-
nomic mRNA. The radical difference between the two
types of reinitiation is well illustrated by the fact that
using a CSFV IRES to drive initiation of upstream ORF
translation has no negative effect on reinitiation in the
FCV system (Fig. 2C), but is nonpermissive for reinitia-
tion downstream from a short ORF (Pöyry et al. 2004).

Given that reinitiation after translation of a long ORF
is such a rare event in eukaryotes, it is intuitive that in
the few exceptions there must be some cis-acting mRNA
element that serves to retain and restrain some of the
post-termination ribosomes (or more likely, just their
40S subunits) on the mRNA in the appropriate location
relative to the reinitiation site. Our results confirm that
the terminal ∼90 nt of ORF2 is essential for reinitiation

to occur and that translation must proceed through this
element and terminate not >10–15 codons downstream
from the normal (wild-type) stop codon position. How-
ever, the reinitiation site is actually specified by its po-
sition relative to the 3�-terminal element of ORF2, not
its position relative to the ORF2 stop codon. This 3�-
terminal element of ORF2 has the potential to bind both
40S ribosomal subunits and eIF3 (Fig. 6). Because point
mutations and truncations of this element that have a
negative effect on reinitiation were either shown to be
defective in eIF3 binding or showed aberrant interactions
with 40S subunits (or to have both defects), it is likely
that reinitiation depends on an appropriate interaction of
post-termination eIF3/40S complexes with it, and our
functional assays confirmed the involvement of eIF3 in
the reinitiation process (Fig. 7). As for interactions of the
40S subunit with the 90-nt element, Luttermann and
Meyers (2007) have suggested that the critical conserved
5�..UGGGA..3� core sequence of Motif 1 base-pairs with
the apical tetraloop (5�..UCCC..3�) of helix 26 in 18S
rRNA. However, as with all such suggestions relating to
mammalian ribosomes, this cannot be rigorously tested
by making mutations in the 18S rRNA motif and com-
pensatory mutations in the mRNA. In fact, our results
show that mutation of the central residues of Motif 1 has
a negative effect on the interaction of both eIF3 and 40S
subunits with this element (Fig. 6B–D), which is more
suggestive of a major structural perturbation than the
simple loss of primary sequence complementarity.

Our results fit very nicely with the major new insights
into the mechanism of disassembly of post-termination
mammalian ribosomes reported by Pisarev et al. (2007),
which had hitherto been very much of a mystery, largely
because there is no counterpart of prokaryotic RRF in the
cytoplasm of eukaryotes. It has been amply demon-
strated that although the combination of eRF1, eRF3,
and GTP is sufficient to promote release of the com-
pleted nascent protein chain, it does not promote disas-
sembly of the post-termination ribosome and its disso-
ciation from the mRNA. Rather, following peptide chain
release, initiation factors eIF1, eIF1A, and eIF3 are suffi-
cient and necessary to achieve complete disassembly via
the following sequence of events (Pisarev et al. 2007).
First, eIF3 promotes dissociation of the 60S subunit,
leaving a eIF3/40S complex still bound to the mRNA
with a deacylated tRNA in the P-site. Ejection of this
deacylated tRNA is promoted by eIF1, and, finally, the
loosely associated eIF3j subunit promotes release of the
eIF3/40S complex from the mRNA. Gratifyingly, this se-
quence of events is identical to that operating in prokary-
otic systems (Peske et al. 2005), with eIF1 fulfilling the
deacylated tRNA ejection role of IF3, in much the same
way as the two factors can substitute for each other’s
initiator tRNA surveillance function in initiation (Lo-
makin et al. 2006).

This major breakthrough provides a solid framework
for considering possible reinitiation mechanisms on FCV
subgenomic mRNA. One possibility is that disassembly
of the post-termination ribosome at the ORF2 stop
codon proceeds in the normal way up to and including
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the stage of dissociation of all eIF3/40S complexes from
the mRNA, but proximity effects allow some of them to
be (re)captured by interaction with the 3�-terminal 90-nt
segment of ORF2. The problem with this model is that
such a proximity effect would also be expected to allow
reinitiation when the ORF2 stop codon lies immediately
upstream of the 90-nt segment, or even within it, which
is not the case (Fig. 4B,C). In addition, if the 90-nt seg-
ment can (re)capture a eIF3/40S complex that has disso-
ciated from the mRNA stop codon and started to diffuse
away, it should also have at least some potential for de
novo capture of an eIF3/40S complex from the free pool,
and to the extent that this occurs, the element should
function as an IRES, promoting initiation of ORF3*
translation from zero time, which was not observed (Fig.
2A).

We therefore favor models in which those post-termi-
nation eIF3/40S complexes that reinitiate translation do
not actually dissociate from the mRNA, but instead get
transferred directly a very short distance from the stop
codon to a “standby” site on the 90-nt segment, where
binding is stabilized by interactions of eIF3 and the 40S
subunits with this element, and where the position and
orientation of the 40S subunit allow the restart codon to
enter the ribosomal P-site. There are two variants of this
model: In one, all the post-termination ribosomes at the
ORF2 stop codon are disassembled by eIF3 entirely re-
cruited from the free pool (just as would happen at any
termination codon), but only 10%–15% of the resulting
eIF3/40S complexes are successfully transferred from the
stop codon to the standby site; in the alternative variant,
those ribosomes whose 40S subunits are destined to
reinitiate translation are disassembled by eIF3 that binds
initially to the 90-nt element and remains so bound
while it promotes post-termination ribosome disassem-
bly (while the majority of post-termination ribosomes
are disassembled by eIF3 recruited from the free pool).
We favor the second variant because it provides a more
rational explanation for why supplementary eIF3 and the
consequent increase in the free eIF3 pool increases the
efficiency of reinitiation, and why this increase is pro-
portionately greater for the 75-nt truncation mutant,
which shows reduced affinity for eIF3 and reduced reini-
tiation efficiency, as compared with the construct that
retains the terminal 87 nt of ORF2 (Fig. 7B). In contrast,
in the first variant, an increase (or decrease) in the free
eIF3 pool will probably increase (decrease) the rate of
loading eIF3 on to the post-termination ribosome, but,
once loaded, the expectation is that the disassembly of
the post-termination ribosome will proceed at the same
rate and by the same route as in the control system, and
therefore supplementary eIF3 would not be expected to
stimulate reinitiation, nor would eIF3 depletion be ex-
pected to result in the reduced reinitiation efficiency
that was, in fact, observed (Fig. 7D).

Because disassembly of post-termination ribosomes
requires eIF3, inevitably leading to formation of eIF3/40S
complexes, it seems likely that all such reinitiation
events will involve interaction of the eIF3/40S complex
with the required cis-acting element. However, this does

not rule out the possibility of additional protein factors
playing a role in stabilizing the interaction of the eIF3/
40S complex with the cis-acting RNA element in some
cases, and, indeed, at this stage we cannot definitively
rule out such additional protein/RNA interactions in the
FCV system. One obvious candidate for an additional
stabilizing interaction would be if eIF4G bound to the
cis-acting element and captured the post-termination
eIF3/40S complex via the well-known eIF3–eIF4G inter-
action (Hinnebusch 2006), although it is clear that in the
particular case of FCV subgenomic mRNA, reinitiation
is completely independent of eIF4G (Fig. 2C). What is
important to note, however, is that all interactions in-
volved in the capture and retention of the post-termina-
tion 40S subunit by the cis-acting mRNA element would
have to be quite weak if this element is to function spe-
cifically in promoting a reinitiation event following ter-
mination at a nearby stop codon, rather than acting as an
IRES capable of promoting internal initiation by recruit-
ment of ribosomes from the free pool.

Materials and methods

Plasmid constructs

The construction of the three starting plasmids pSG-2/3*,
pCSFV-2/3*, and pCrPV-2/3*, and the mutant derivatives is de-
scribed in the Supplemental Material. Unless otherwise stated,
they were all linearized with XmaI prior to transcription.

In vitro transcription and translation reactions

Capped and uncapped RNAs were synthesized using bacterio-
phage T7 RNA polymerase, and the RNA product was isolated
and quantitated exactly as described by Dasso and Jackson
(1989).

In vitro translation reactions were carried out in nuclease-
treated RRL as described previously (Kaminski et al. 1990). In
brief, the reactions contained 50% (by volume) nuclease-treated
reticulocyte lysate (Promega), with 500 µCi/mL [35S]methio-
nine (GE Healthcare, Amersham, SJ1515; >1000 Ci/mmol), and
incubation was for 60 min at 30°C unless otherwise stated.
Added KCl was at 100 mM for capped transcripts of pSG-2/3*,
or 120 mM for uncapped CSFV-2/3* and CrPV-2/3* mRNAs.
The standard concentration of mRNA was 50 µg/mL, except
where stated otherwise. Translation products were separated by
15% polyacrylamide gel electrophoresis and visualized by au-
toradiography with Biomax (Kodak) or Hyperfilm �max (GE
Healthcare). Quantitation was carried out by densitometry of
the autoradiograms using Phoretix software with several differ-
ent exposures to ensure that measurements were made within
the linear response range of the film, or by PhosphorImaging and
volumetric analyses using Imagequant software (Molecular Dy-
namics).

The preparation of eIF4G-depleted reticulocyte lysate was
carried out exactly as described by Ali et al. (2001). The same
procedure was used in attempts to deplete eIF3, except that the
affinity substrate was a poly(A)-tailed mutated CSFV IRES
(CCA331–333 → GGU) incapable of supporting translation but
unaffected in eIF3 binding (Supplementary Fig. S4; Kolupaeva et
al. 2000). Recombinant His-tagged R362 → Q dominant-nega-
tive eIF4A was purified as described by Pestova et al. (1998).
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HeLa cell eIF3 and 40S ribosomal subunits were purified as
described by Siridechadilok et al. (2005).

UV-cross-linking assays

The preparation of HeLa cell HS-S100 (high-salt S100 extract)
and its use in UV-cross-linking assays was as described in Hunt
and Jackson (1999). E. coli rRNA (Sigma) was present through-
out at 100 µg/mL to suppress nonspecific interactions with the
probe.
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