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The 5* leader of Rous sarcoma virus (RSV) genomic RNA and of retroviruses in general is long and contains
stable secondary structures that are critical in the early and late steps of virus replication such as RNA
dimerization and packaging and in the process of reverse transcription. The initiation of RSV Gag translation
has been reported to be 5* cap dependent and controlled by three short open reading frames located in the
380-nucleotide leader upstream of the Gag start codon. Translation of RSV Gag would thus differ from that
prevailing in other retroviruses such as murine leukemia virus, reticuloendotheliosis virus type A, and simian
immunodeficiency virus, in which an internal ribosome entry segment (IRES) in the 5* end of the genomic RNA
directs efficient Gag expression despite stable 5* secondary structures. This prompted us to investigate whether
RSV Gag translation might be controlled by an IRES-dependent mechanism. The results show that the 5*
leaders of RSV and v-Src RNA exhibit IRES properties, since these viral elements can promote efficient
translation of monocistronic RNAs in conditions inhibiting 5* cap-dependent translation. When inserted
between two cistrons in a canonical bicistronic construct, both the RSV and v-Src leaders promote expression
of the 3* cistron. A genetic analysis of the RSV leader allowed the identification of two nonoverlapping 5* and
3* leader domains with IRES activity. In addition, the v-Src leader was found to contain unique 3* sequences
promoting an efficient reinitiation of translation. Taken together, these data lead us to propose a new model
for RSV translation.

Most eucaryotic mRNAs use the 59 proximal AUG codon as
the site for translation initiation. According to the scanning
model, the 40S ribosomal subunit binds to the methylated 59
cap structure of an mRNA and then scans in the 59-to-39
direction until an initiation codon is recognized (39, 42). Ge-
netic elements within the 59 untranslated region control ribo-
some access to the downstream major coding region as follows.
(i) The consensus sequences surrounding the initiator codon
[(A/G)CC AUG G] significantly modulate the efficiency of
translation initiation (39). (ii) Stable secondary structures
(DG , 250 kcal/mol) will inhibit translation initiation by halt-
ing ribosome scanning (35, 37). (iii) Small open reading frames
(ORFs) upstream of the major coding region (uORFs) atten-
uate translation initiation at downstream AUGs. Two classes
of inhibitory uORFs have been described. In the first class,
attenuation occurs because of the intrinsic inefficiency of the
reinitiation mechanism. In the second class, attenuation is se-
quence dependent (13, 14, 30, 31, 44, 62–64). These uORFs
seem to act in cis on the translating ribosome, and therefore it
has been proposed that the nascent peptide translated from
the uORF specifically interacts with a component of the trans-
lation apparatus to stall the ribosome at the uORF stop codon
(for a review, see reference 41). As a result, ribosomes cease
scanning and do not arrive at AUG codons downstream of the
uORF. However, when the initiation codon of the uORF is
located in a poor initiation context, the majority of the scan-
ning ribosomes ignores the uORF and initiates translation at a

downstream AUG. This process is known as leaky scanning
(34, 38).

In picornaviruses, translation initiation is promoted by a
small domain located within the 59 region of the viral RNA,
designated the internal ribosome entry segment (IRES) (49).
In these viruses, the IRES directs the ribosomes to the trans-
lation initiation site in a cap-independent manner. When in-
serted between two genes in a canonical bicistronic construct,
the IRES directs expression of the 39 cistron independently
from that of the 59 one. IRESs have also been identified in
retroviruses such as murine leukemia virus (MLV) (Friend
MLV and Moloney MLV) (3, 12, 60), Harvey murine sarcoma
virus (HaMSV) (4), avian reticuloendotheliosis virus REV-A
(40) and simian immunodeficiency virus (SIV) (47). In these
viruses, the 59 leader is formed of stable secondary structures
that are required for several steps of virus replication such as
genomic RNA dimerization and packaging and for the process
of reverse transcription. These stable secondary structures are
thought to strongly interfere with ribosome scanning, and
IRES-dependent translation might provide a direct way for the
ribosomes to gain access to the initiation codon of Gag.

As is the case for MLV and SIV, the 59 leader of Rous
sarcoma virus (RSV) is formed of several stable secondary
structures necessary for genomic RNA packaging and reverse
transcription (12). In addition, it contains three conserved
uORFs (26). Mutations of the initiation codon of these greatly
perturbs gene expression and viral replication (17, 45, 46, 54).
For example, mutations of uORF 1 and/or uORF 3 cause a
strong reduction of RNA packaging (17). Although no direct
evidence exists for the translation of these sequences in vivo,
their translational properties have been proposed to be impli-
cated in the regulation of viral replication. Although conflict-
ing data have been obtained with respect to the impact of these
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uORFs on Gag translation, upstream AUG 1 has been found
to be a major ribosome binding site on RSV RNA (10, 11, 52,
53, 54). In vitro, its translation generates the predicted 7-ami-
no-acid peptide (27), thus allowing two models for Gag trans-
lation to be proposed: one based on reinitiation (29) and the
other based on shunt (11).

In view of the discovery of IRESs in MLV, REV-A and SIV,
we wanted to reexamine the mechanism of RSV translation.
Data presented here show that the 59 leader of RSV genomic
RNA contains an IRES and therefore suggest that synthesis of
Gag occurs through a cap-independent mechanism. In addi-
tion, our results show that the 59 leader of v-Src RNA contains
a unique 39 region, downstream of the region corresponding to

the RSV 59 leader, which favors efficient translation reinitia-
tion.

MATERIALS AND METHODS

General methods. Standard procedures were used for restriction nuclease
digestion and plasmid DNA construction. A variant of Escherichia coli HB101,
strain 1035 (recA mutant), was used for plasmid DNA amplification. The details
of the plasmid constructions are given below. Numbering is with respect to the
RNA cap site (position 11) unless otherwise stated.

DNA constructs. RSV DNA segments from positions 1 to 379, 1 to 324, 1 to
200, 230 to 379, and 285 to 379 were generated by PCR using plasmid pLAD4 as
the template (5), followed by digestion with NheI (PCR-added restriction site).
The v-src DNA segments from positions 1 to 473, 1 to 442, and 407 to 473 were
generated by PCR using plasmid pSJ2 (5) as the template, followed by digestion
with NheI (PCR-added restriction site). The MLV DNA fragments from posi-
tions 1 to 620 and 212 to 565 were obtained by digestion with NheI of pMLV-
CB63 and pMLV-CB39, respectively (3). To construct plasmids pBi-RSV (1–
379), pBi-RSV (1–324), pBi-RSV (1–200), pBi-RSV (230–379), pBi-RSV (285–
372), pBi-SRC (1–473), pBi-SRC (1–442), pBi-SRC (407–473), pBi-MLV (1–
620), and pBi-MLV (212–651), each fragment described above was inserted
between neo and lacZ of plasmid pBi digested by NheI. To construct plasmids
pBi-RSV loop (1–379), pBi-RSV loop (1–200), pBi-RSV loop (230–379), pBi-
RSV loop (285–379), pBi-SRC loop (1–473), pBi-SRC loop (1–442), pBi-SRC
loop (407–473), and pBi-MLV loop (1–620), each fragment described above was
inserted between neo and lacZ of plasmid pBi loop digested by NheI. Plasmids
pBi and pBi loop were obtained after digestion with BstBI and SmaI, Klenow
fragment filling, and subsequent religation of plasmids pMLV-CB63 (3) and pD
891. The pD 891 plasmid was obtained by inserting into the HindIII site of
plasmid pMLV-CB63 a sequence with the ability to form a stable stem-loop
structure (DG 5 250 kcal/mol). To construct pBi-RSV (103–379) and pBi-RSV
loop (103–379), pCB-65 and pCB-65 loop were digested with BstBI and BstEII,
Klenow fragment filled, and subsequently religated. To construct plasmids pM-
RSV (1–372) and pM-RSV (1–200) and plasmid pM-SRC (1–475), each previ-
ously described fragment was inserted into pCB-63 digested with NheI; subse-
quently the SmaI-XbaI fragment of each construct, which contains the RSV or
v-src 59 leader and the lacZ gene, was ligated into pMLV-CB28 digested with
EcoRV and XbaI (3). In plasmids containing the insert RSV (1–200), the lacZ
coding region was fused to the second codon of uORF 3, which led to a poor
initiation context (UGC AUG ACG); in all other plasmids containing an RSV
insert, the context of the lacZ initiation codon was the same as that of the
wild-type AUGgag (AGC AUG G). In plasmids containing a v-Src insert, the
context of the lacZ initiation codon was the same as that of the wild-type
AUGv-src (ACC AUG G). The pb-actin-LacZ plasmid contains the lacZ gene
under the control of the rat actin promoter. This plasmid was a gift of P. Savatier
(Lyon, France). Plasmids pMLP-P2A and pMLP-PR2A contain the poliovirus
protease 2A coding sequence derived from poliovirus type 1 (Mahoney strain).
In pMLP-P2A, the protease coding sequence was inserted downstream of the
adenovirus major late promoter and its tripartite leader. The pMLP-PR2A

FIG. 1. Genetic organization and expression of RSV. (A) RSV provirus. LTR, long terminal repeat; SD, splice donor site; SA, splice acceptor site. Numbering is
with respect to the RNA cap site (position 11). (B) Viral RNAs (genomic RNA and spliced RNAs).

FIG. 2. Schematic representation of the 59 leader of RSV genomic and v-src
RNAs. The uORFs are represented by rectangles. PBS, primer binding site; SD,
splice donor site. Numbering is with respect to the cap site (position 11). The
contexts for the initiation codons were as follows: for uORF 1, UUG AUG A; for
uORF 2, UGC AUG A; for uORF 3, UCG AUG A; for Gag, AGC AUG G; and
for v-src, ACC AUG G. For details of the molecular constructs, see Materials and
Methods.
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plasmid contains the insert in the reverse orientation and served as a control.
These plasmids were gifts of N. Fouillot (Orsay, France).

Cell culture and DNA transfection. Murine NIH 3T3 cells were cultured in
Dulbecco’s modified Eagle’s medium (GIBCO-BRL) containing 10% newborn
calf serum at 37°C in the presence of 5% CO2. Avian QT6 cells were grown in
Ham’s F10 medium (Flow) supplemented with 10% tryptose phosphate broth
(Difco), 5% fetal calf serum (Eurobio), 1% chicken serum (Eurobio), 0.2%
NaHCO3 at 37°C in the presence of 5% CO2. Transfections were performed on
70% confluent plate by the Fugene method (Roche Inc.) using 1.5 mg of plasmid
DNA. Cotransfection experiments were performed with the same method using
1.5 mg of monocistonic plasmid and 1.5 mg of either pMLP-P2A or pMLP-PR2A.
Twenty-four hours after transfection, cells were split in three separate aliquots.
After 24 additional hours, cells of the first aliquot were fixed and histochemically
stained for lacZ expression, cells of the second aliquot were lysed for extraction
of cellular proteins, and total RNA was extracted from the third aliquot. Cellular
proteins were submitted to a b-galactosidase enzymatic test, and total RNA was
analyzed by Northern blot or dot blot analysis using a lacZ probe.

lacZ histochemical staining. After transfection, cells were fixed with 2% form-
aldehyde and 0.2% glutaraldehyde, washed twice with phosphate-buffered saline
and incubated for 6 h at 37°C in phosphate-buffered saline containing 5-bromo-
4-chloro-3-indolyl-b-D-glucoronic acid (X-Gal) (1 mg/ml), ferrocyanure (4 mM),
ferrycyanure (4 mM), and MgCl2 (4 mM).

RNA extraction and slot blot and Northern blot analysis. Extraction of cellular
RNAs from transfected cells was performed using the Trizol reagent (Life
Technologies) according to the manufacturer’s instructions. Northern blot and
slot blot analysis were performed as previously described (33). A 32P-labeled
probe complementary to the lacZ gene (ClaI-ClaI fragment of pCB 63) was
generated using the prim-It room temperature kit (Stratagene).

Protein extraction and enzymatic activities. Cellular proteins were extracted
using the b-galactosidase enzyme assay kit (Promega). Protein concentration was
determined using the Micro bicinchoninic acid kit (Pierce). Neomycin phospho-
transferase (encoded by neo) activity was measured by [g-32P]ATP phosphate
transfer to neomycin (57). b-Galactosidase activity was determined spectropho-
tometrically (b-galactosidase enzyme assay system; Promega). In order to check
for linearity of the assays and to determine the relative activities of neomycin and
b-galactosidase in each cell extract, an internal standard curve was generated by
serial dilutions of the cell extract giving the strongest Neo or b-galactosidase
activity.

RESULTS

Translation mediated by 5* leader of RSV genomic and v-src
RNAs is not inhibited by poliovirus protease 2A. In poliovirus-
infected cells, cap-dependent translation is strongly inhibited
by the viral protease 2A (15, 19, 28). Poliovirus protease 2A

cleaves the initiation factor eIF4G, a subunit of eIF4F, which
bridges together the ribosome and the 59 cap structure of an
mRNA. Intact eIF4G is required in cap-dependent translation
mediated by canonical scanning, leaky scanning, reinitiation,
and shunt mechanisms. As has been described previously, tran-
sient expression of poliovirus protease 2A strongly inhibits
cap-dependent translation but not IRES-dependent transla-
tion (3, 4, 21). To examine whether gag and v-src translation is
cap-dependent, a monocistronic construct with the RSV or
v-src 59 leader sequences upstream of a reporter gene (lacZ)
(Fig. 1 and 2) was transfected into NIH 3T3 cells with a plas-
mid encoding poliovirus protease 2A (pMLP-P2A). In this
plasmid, the coding region of the protease 2A is preceded by
the adenovirus major late promoter and its tripartite leader,
which has been shown to promote efficient translation even in
the presence of the poliovirus protease 2A (16). A plasmid
containing the protease 2A coding sequence in the reverse
orientation was used as a negative control (pMLP-PR2A). The
pb-actin-LacZ plasmid was used as a positive control for cap-
dependent translation, and pMLV-CB93 with the MLV IRES
was used as a positive control for IRES-dependent translation.
Two days after DNA transfection, cells were submitted to
histochemical staining for b-galactosidase activity (see Fig. 3).
In addition, translation efficiency was estimated from the ratio
between the b-galactosidase activity and the concentration of
lacZ mRNA (expressed in arbitrary units) (see Fig. 4 for a
summary of the results).

Histochemical staining of NIH 3T3 cells for lacZ (Fig. 3)
revealed that poliovirus protease 2A drastically inhibited cap-
dependent translation since no blue cells were detected when
pb-actin lacZ and pMLP-P2A were coexpressed by DNA
transfection (Fig. 3, compare panels A and C). In contrast,
efficient b-galactosidase expression occurred after cotransfec-
tion of either pMLP-P2A or pMLP-PR2A with pMLV-CB93,
pM-RSV (1–379), pM-RSV (1–200), or pM-SRC (1–479) (data
shown for pM-RSV (1–379) [Fig. 3, compare panels B and D]).
It should also be noted that the expression of poliovirus pro-

FIG. 3. Histochemical staining of NIH 3T3 cells for lacZ expression. (A) Cotransfection of pMLP-P2A and pb-actin-LacZ. The expression of poliovirus protease
2A inhibits lacZ expression. (B) Cotransfection of pMLP-P2A and pM-RSV (1–379). The expression of poliovirus protease 2A does not inhibit lacZ expression, and
cells with a round morphology can be visualized. (C) Cotransfection of pMLP-PR2A and pb-actin-LacZ. (D) Cotransfection of pMLP-PR2A and pM-RSV (1–379).
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tease 2A in NIH 3T3 cells caused a round-shaped morphology
previously reported to be a proapoptotic phenotype (2, 23)
(Fig. 3B). In contrast, cells cotransfected with pMLP-PR2A
and any one of the monocistronic lacZ-carrying plasmids ex-
hibited a normal morphology (Fig. 3C and D).

The levels of b-galactosidase activity and of recombinant
lacZ RNA in cells cotransfected with the lacZ construct and
pMLP-P2A or pMLP-PR2A were monitored, and the values
reported are relative levels of enzymatic activity (Fig. 4). In
NIH 3T3 cells expressing the pb-actin lacZ construct and po-
liovirus protease 2A, the relative level of b-galactosidase ac-
tivity was drastically lower than that in control cells, confirming
that protease 2A strongly inhibited cap-dependent translation
(Fig. 4). In contrast, coexpression of protease 2A and pMLV-
CB93, pM-RSV (1–379), pM-RSV (1–200), or pM-SRC (1–
479) resulted in relative levels of b-galactosidase activity sim-
ilar to those obtained in the absence of poliovirus protease 2A
(Fig. 4). These findings indicate that synthesis of RSV Gag and
v-Src does not proceed via a cap-dependent mechanism but
most probably uses an IRES. In addition, these results indicate
that the AUG of uORF 3 is a strong site for translation initi-
ation and that ribosome recognition at this site is probably cap
independent [Fig. 2, pM-RSV (1–200)].

5* leaders of RSV and v-src RNAs promote efficient trans-
lation of downstream cistron in a bicistronic RNA. In order to
further characterize the translation properties of the 59 leaders
of RSV and v-src RNAs, bicistronic plasmids were constructed
in which the 59 leader of RSV genomic or v-src RNAs was
inserted between the neo and lacZ genes. In these constructs,
a cytomegalovirus promoter allows the production of bicis-
tronic RNAs in cell culture (Fig. 5). Expression of the 59
cistron (neo) is cap dependent, whereas that of the 39 cistron
(lacZ) can occur only if the intercistronic region contains a
functional IRES (3, 4, 12, 40, 49). These bicistronic plasmids
were expressed in avian QT6 cells by means of DNA transfec-
tion. For each experiment, the relative efficiencies of neo and
lacZ translation were calculated as the ratio of the specific
enzymatic activity (Neo or b-galactosidase) to the level of
cellular bicistronic mRNA (see Materials and Methods).

To rule out that a cryptic promoter and/or cryptic splice sites
could function during the expression of the bicistronic con-
structs, RNAs from transfected cells were analyzed by North-
ern analysis using a lacZ probe. As shown in Fig. 6, lanes 1, 3,
4, 6, 8, and 10, only one major RNA species of the expected
size was detected. Thus, it can be concluded that all lacZ RNAs
synthesized in transfected QT6 cells were bicistronic.

As shown in Fig. 7, the MLV IRES directed a high level of
lacZ expression (Fig. 7, lane 2) whereas the MLV IRES in the
reverse orientation was inactive (Fig. 7, lane 3). The 59 leader
of RSV and v-src RNAs were active in the canonical bicistronic
assay (Fig. 7, lanes 4 and 10). In an attempt to map the regions
of the RSV and v-src 59 leaders responsible for the IRES
activity, bicistronic DNAs were constructed and transfected
into QT6 cells (Fig. 7, lanes 4 to 9 for RSV RNA and lanes 11
and 12 for v-Src RNA). Clearly two domains of the RSV leader
exhibited IRES activity, namely nucleotides (nt) 1 to 200 and
nt 285 to 379, corresponding to the 59 and 39 ends of the leader
(Fig. 7, lanes 7 and 9). Addition of nt 230 to 284 increased by
about twofold the IRES activity of the 39 region of the leader
using the canonical bicistronic assays (Fig. 7, lanes 6 and 7).
The 59 domain (nt 1 to 200) had significantly a lower activity
than the 39 domain (nt 285 to 379) (Fig. 7, compare lanes 7 and
9). Finally, a unique domain of the v-src leader (position 407 to
473 [Fig. 2]) was found to direct strong lacZ expression (Fig. 7,
lane 11). To rule out the possibility that lacZ expression could
be due to translation reinitiation, we examined the influence of
a stable 59 stem-loop structure on the relative expression of neo
and lacZ genes.

Influence of 5* stem-loop structure on the translation of
bicistronic neo-lacZ mRNAs. A stable stem-loop structure
(DG 5 250 kcal/mol) was inserted 30 nucleotides upstream of
the neo AUG codon in the bicistronic plasmids (Fig. 5C). This
stem-loop structure was designed to block ribosome scanning
and thus to impair cap-dependent translation of neo cistron
and, as a consequence, of lacZ in situations where reinitiation
is driving translation of the second cistron of this bicistronic
RNA (37). Northern blot analysis confirmed that the mRNAs
synthesized in the transfected QT6 cells were bicistronic (Fig.
6, lanes 2, 5, 7, 9, and 11).

As shown in Fig. 8, the presence of the stable stem-loop
structure reduced neo expression by 50 to 80% with respect to
the control. In contrast, lacZ expression directed by pBi-MLV
loop (1–620), pBi-RSV loop (1–379), pBi-RSV loop (230–379),
pBi-RSV loop (285–379), and pBi-SRC loop (1–473) was not
inhibited. Interestingly, the expression of lacZ was even en-
hanced with pBi-RSV loop (103–379) (Fig. 8, lane 3) and
pBi-RSV loop (1–200) (Fig. 8, lane 6). This confirms that in the
corresponding RNAs, translation of the lacZ cistron is inde-
pendent from that of the neo cistron and that the intercistronic

FIG. 4. Effect of poliovirus protease 2A on translation efficiency of recom-
binant RSV lacZ RNA. (A) The recombinant plasmids contain the MLV leader
(positions 28 to 620) for pMLV-CB 93; the RSV leaders (positions 1 to 379) and
(positions 1 to 200) for pM-RSV (1–379) and pM-RSV (1–200), respectively; and
the v-src leader (positions 1 to 473) for pM-SRC (1–473). (B) pMLP-P2A
encodes the poliovirus protease 2A under the control of the adenovirus late
promoter; pMLP-PR2A has the coding sequence of poliovirus protease 2A in the
reverse orientation and was used as a control. Cotransfections were performed
for each recombinant plasmid with pMLP-P2A or pMLP-PR2A. Forty-eight
hours later, lacZ expression was calculated as the ratio between b-galactosidase-
specific activity and the amount of recombinant lacZ RNA present in transfected
cells (see Materials and Methods). Results are in arbitrary units and are the
averages of results from two independent experiments.
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region contains a functional IRES. However, in pBi-SRC loop
(403–476) bicistronic RNA, the presence of the stem-loop de-
creased lacZ translation efficiency by 70% with respect to the
control (Fig. 8, lane 9). This shows that in these bicistronic
RNAs, the translations of neo and lacZ do not occur indepen-
dently, indicating that the 59 leader of v-Src RNA from posi-
tions 403 to 476 does not contain an IRES but instead allows
efficient reinitiation.

DISCUSSION

The 59 leader of avian sarcoma and leukosis virus (ASLV)
and of other related oncoviruses is long and contains several
stable secondary structures that are involved in key functions
of the viral life cycle such as dimerization and packaging of the
genomic RNA and in the process of reverse transcription (8,
11, 65). The 59 leaders of several MLV oncoviruses and SIV

each contain an IRES (4, 5, 40, 47, 60). This suggests that to
initiate translation of the viral RNA, ribosomes do not scan the
59 leader but are directly recruited at or near the Gag initiation
codon. This is in agreement with the observation that stable
secondary structures do not allow efficient ribosome scanning
(35, 37). In addition to stable secondary structures, the 59
leader of RSV RNA contains three conserved, short ORFs
(uORFs) which seem to constitute an additional barrier for
efficient translation initiation mediated by any of the known
cap-dependent mechanisms (scanning, leaky scanning, and

FIG. 5. Schematic representation of the bicistronic constructs used for transfection of QT6 cells. Po CMV, cytomegalovirus early promoter; SV40, simian virus 40.
(A and B) DNA constructs direct synthesis of bicistronic capped RNAs. However, the presence of a stable stem-loop structure just upstream of neo in the construct
shown in panel B is thought to inhibits neo expression (36). (C) Sequence and computer-predicted structure of the stem-loop structure (DG 5 250 kcal/mol).

FIG. 6. Northern blot analysis of recombinant bicistronic neo-lacZ mRNAs
produced in QT6 cells. Total RNA was extracted from QT6 cells 48 h after
transfection with the bicistronic construct pBi-RSV (1–379) (lane 1), pBi-RSV
loop (1–379) (lane 2), pBi-RSV (103–379) (lane 3), pBi-RSV (230–379) (lane 4),
pBi-RSV loop (230–379) (lane 5), pBi-RSV (1–200) (lane 6), pBi-RSV loop
(1–200) (lane 7), pBi-SRC (1–473) (lane 8), pBi-SRC loop (1–473) (lane 9),
pBi-SRC (407–473) (lane 10), or pBi-SRC loop (407–473) (lane 11) or a negative
control (lane 12). RNAs were subjected to electrophoresis in an 0.8% agarose gel
and transferred to a nitrocellulose membrane. Hybridization was performed with
a 32P-labeled probe corresponding to nucleotides 829 to 3105 of the lacZ cistron
(ClaI-ClaI fragment). The 28S and 18S rRNAs were revealed by ethidium bro-
mide staining prior to RNA transfer. Positions of the 18S and 28S rRNA and of
the bicistronic neo-lacZ mRNAs are indicated.

FIG. 7. Synthesis of b-galactosidase directed by bicistronic neo-LacZ RNAs
in QT6 cells. Transfection of the bicistronic plasmids was performed by the
Fugene method (Materials and Methods). Two days later, b-galactosidase-spe-
cific activity was measured on cellular extracts and neo-lacZ RNA was quantified
by slot blot analysis. Efficiency of lacZ translation for each bicistronic RNA is
given as the ratio of b-galactosidase-specific activity per arbitrary unit of bicis-
tronic neo-lacZ mRNA. Results are the averages of the results from two inde-
pendent experiments.
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reinitiation). This prompted us to reexamine the mechanism of
translation initiation of RSV RNA.

As first indicated by the results obtained with monocistronic
RNAs, the 59 leaders of RSV and v-src RNAs most probably
both contain an IRES that drives translation, since expression
of the poliovirus protease 2A, which cleaves the initiation fac-

tor eIF4G, thus impairing cap-dependent translation, had no
effect on b-galactosidase synthesis (Fig. 3 and 4). In the mono-
cistronic RSV lacZ RNA, which contains the 59 leader from
position 1 to 200, lacZ translation uses the initiation codon of
uORF 3, which is in a poor consensus context (UGC AUG
ACC). Therefore, if lacZ expression were to occur by a canon-
ical ribosome scanning, the AUG of uORF 3 would have
probably been poorly recognized by the ribosomes and thus
lacZ would have been poorly expressed. On the contrary, pM-
RSV (1–200) was well expressed in the presence or absence of
protease 2A (Fig. 4) and thus most probably was expressed by
an IRES-directed mechanism. These findings were confirmed
by investigating the translation of canonical bicistronic neo-
lacZ RNAs in which neo expression is 59 cap dependent
whereas that of lacZ must rely on either reinitiation or the
presence of an IRES (Fig. 5). As shown in Fig. 7 and 8, both
the RSV and v-src leaders are able to drive translation of the
39 cistron of bicistronic RNA independently from that of the 59
cistron, a property of IRESs (49). Interestingly, the first 200 nt
59 of the RSV leader display a low level of IRES activity in
avian cells (Fig. 7, lane 9) whereas the last 150 nt (positions 230
to 379) 39 of the leader direct a strong IRES-dependent trans-
lation (Fig. 7, lane 6). Also, site-directed mutagenesis suggests
that the AUG of Gag is probably an integral part of the RSV
IRES. The AUG of Gag was changed to a CUG known to be
functional for the synthesis of MLV GlycoGag (55, 60) and
although the CUG was in an optimal context (AGC CUG G in
place of AGC AUG G) (38), this mutation completely inhib-
ited the RSV IRES activity (data not shown). This bipartite
IRES in the RSV 59 leader may ensure a high level of RSV and
more generally of ASLV expression in infected cells. Possible
interactions between the 59 and 39 domains of this bipartite
IRES, as suggested by the scheme shown in Fig. 9, are pres-
ently under investigation.

As does the RSV 59 leader (positions 1 to 379), the v-src
leader contains a unique sequence (positions 407 to 473) (Fig.
2) with a stop codon in-frame with the gag start codon. This
small v-src sequence was found to promote a high level of
translation reinitiation (Fig. 7, lane 12, and Fig. 8, lane 9).
These findings would thus favor the notion that translation of
v-src is mediated by the IRES of the RSV 59 leader followed by
a reinitiation mechanism between the AUGgag and AUGv-src.
In agreement with this, a previous work has shown that mu-
tating the stop codon downstream of the AUGgag resulted in
the production of a v-Src fusion protein (32).

In the light of the present data, previous studies on the RSV
should be reinterpreted. We present an RSV translation model
(Fig. 9) that could explain how mutating the initiation codon of
uORF 1 or uORF 3 can strongly affect RSV RNA translation
and packaging (17, 45, 46). Our model implies that the ribo-
some is binding to and stalling at uORF 1 (10, 11) due to stable
secondary structures located downstream of uORF 1 which are
required for internal translation initiation of Gag and RNA
packaging. In fact, a computer-predicted structure of the RSV
59 leader where a ribosome is bound to uORF 1 highlights an
extended stable structure with a DG of 2148 kcal/mol (Fig. 9).
In this model the RSV IRES maps to a Y-like structure, since
the long stem and the two short upper stem-loops each appear
to contribute to the IRES activity (Fig. 7, lanes 5 to 8, and Fig.
9). Also, this model structure suggests that translation reini-
tiation at uORF 3 or gag is very unlikely due to the predicted
stable RNA structures (Fig. 9) (12, 25, 37). In addition, ribo-
some stalling at the level of uORF 1 (10) might require an
interaction between the uORF-encoded peptide and the trans-
lation apparatus which has been shown to block ribosome
dissociation at the stop codon (6, 7, 41, 61). In agreement with

FIG. 8. Influence of stable 59 stem-loop structure on neo and lacZ expression.
QT6 cells were transfected with a bicistronic plasmid allowing synthesis of a
bicistronic RNA with or without the potential to form a very stable secondary
structure (DG 5 250 kcal/mol) 59 to the neo cistron. The inserts used as the
intercistronic spacers are indicated at the top of the figure. Forty-eight hours
later, the percent variation of Neo and b-galactosidase enzymatic activities in the
presence or absence of the 59 stem-loop structure was calculated (activity with
the stem-loop 2 activity without the stem loop)/activity without the stem-loop 3
100).

FIG. 9. Schematic representation of RSV 59 leader structure upon ribosome
binding to uORF 1. Numbering is with respect to the cap site (position 11). PBS,
primer binding site. In this model, nucleotides from positions 1 to 77 are engaged
in ribosome binding at uORF 1 (10, 11). Structures described in other models
(26) and conserved in this model are indicated; the L3 stem-loop is implicated in
RSV RNA dimerization (5, 20), and the US-IR stem-loop is implicated in the
initiation of reverse transcription (43). The DG of the structure is estimated to be
2148 kcal/mol. Note that the extended secondary structure with stem-loops and
bulges (from the PBS to the AUG of Gag) corresponds to the bipartite IRES.
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this notion, the RSV uORF 1 encoded peptide (MAGPLIP)
displays similarities with the inhibitory peptide encoded by the
uORF present in the mammalian S-adenosylmethionine decar-
boxylase RNA (MAGDIS) (31). Mutating the AUG codon of
uORF 1 might allow the preinitiation complexes to scan down-
stream of uORF 1 and thus unwind some RNA structures
engaged in IRES activity and RNA packaging. Consistent with
this hypothesis, after translation termination, the 40S subunits
can resume scanning but progression is easily inhibited by
secondary structures (25); in contrast, preinitiation complexes
can unfold more-stable secondary structures (DG 5 230kcal/
mol) (35, 37).

The existence of an IRES in the 59 leader of RSV RNA and
other retroviruses such as MLV (3, 61), REV-A (40) and SIV
(47) should direct ribosome recruitment at or near the Gag
translation start site, thus bypassing the secondary structures
which are required for the process of reverse transcription.
Furthermore, colocalization of the RSV IRES with the dimer-
ization and packaging sequences favors the notion that the
full-length retroviral RNA could be used both as a messenger
RNA and as pregenomic RNA (5, 11), as in the case of polio-
virus RNA (22). It has recently been shown that uORF 3 is
located in stem-loop O3, which is capable of promoting encap-
sidation of an heterologous RNA (1). In addition, a previous
report shows that uORF 3 is critical for RNA encapsidation,
probably through its translational properties (18). The present
findings suggest that uORF 3 is not translated after reinitiation
from uORF 1 but uses an IRES-dependent mechanism. This,
however, has major consequences because IRES-dependent
translation does follow the same rules as classical cap-depen-
dent translation. In that respect, trans-acting factors are
thought to play a major role in internal initiation. In particular,
it has been shown that Gag acts as a translational repressor of
RSV RNA which would be capable of sorting viral RNA for
translation or encapsidation (5, 59). It is therefore tempting to
speculate that, by binding to the RSV IRES, Gag can regulate
its own translation and, therefore, virus assembly.

Interestingly IRES-dependent translation might well pro-
vide some advantages to the virus since it occurs independently
of the initiation factor eIF4E which recognizes the 59 cap
structure and regulates cellular protein synthesis (48, 50, 51).
In that respect, the retroviral IRES-directed translation, which
avoids eIF4E regulation, may represent a strategy to favor viral
protein synthesis, especially during the G2/M phase of the cell
cycle, when cap-dependent translation is significantly de-
creased (9, 56, 58).
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