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The genomic retroviral RNA is the messenger for the translation of the gag and pol genes encoding the
precursors to the major structural proteins and enzymes, respectively, of the virion core. The long 5’ untrans-
lated region, the leader, is formed of independent well-structured domains involved in key steps of the viral life
cycle such as the initiation of proviral DNA synthesis, genomic RNA dimerization and packaging, and the
initiation of gag translation. These functional features and the presence of stable secondary structures between
the cap and the gag initiation codon suggested that translation initiation of gag might proceed through a
mechanism different from the canonical ribosome scanning process. Interestingly enough, murine leukemia
viruses code also for a glycosylated gag precursor, named glyco-gag, initiated at a CUG codon upstream and in
the same open reading frame as the AUG***. We have investigated the translation initiation of gag and glyco-gag
precursors of Friend murine leukemia virus (F-MLYV) in the rabbit reticulocyte lysate system and in murine
cells. Through site-directed mutagenesis of gag and glyco-gag initiation codons, we show that initiation of gag
and glyco-gag synthesis does not utilize the classical ribosome scanning. When poliovirus protease 2A is
coexpressed in murine cells, expression of MLV-lacZ RNA is not modified, indicating that translation initiation
of MLV gag precursors is a cap-independent mechanism. In addition, the F-MLYV leader was inserted between
two genes in a dicistronic neo-MLV-lacZ mRNA, and its ability to promote expression was examined in vitro
and in vivo. Results obtained demonstrate that an internal ribosome entry mechanism promotes translation of
F-MLYV gag precursors. This finding led us to construct a new dicistronic retroviral vector in which the F-MLV

leader can promote both packaging of recombinant genomic RNA and expression of the 3’ gene.

Cells infected by a retrovirus synthesize virus-specific RNAs
by transcription of the integrated proviral DNA. The primary
transcript is 5’ capped and 3’ polyadenylated and can be either
spliced to give the subgenomic RNAs or transported to the
cytoplasm where it serves as an mRNA for the synthesis of gag
and gag-pol polyproteins and/or as the pregenomic RNA. The
gag and gag-pol polyproteins are the precursors to the major
proteins and enzymes, respectively, of the virion core (10).

The genetic organization of the 5’ sequences of the genomic
RNA appears to be original and complex in that a long mul-
tifunctional 5’ untranslated domain, the leader, precedes the
gag gene. In fact, the 5’ leader is formed of independent well-
structured domains involved in key steps of the viral life cycle
such as the initiation of proviral DNA synthesis (the primer
binding site [PBS] and R sequences), genomic RNA dimeriza-
tion and encapsidation (the dimerization-encapsidation signal
[E/DLS]), and the initiation of gag precursor translation
(AUG-619 gag initiation codon) (Fig. 1). The genomic RNA of
murine leukemia virus (MLV) directs the synthesis of two
gag-related proteins: Pr65%, the precursor to the virion core
structural proteins, and Pr758%<°£% the precursor to the gly-
cosylated gag protein found on the surface of MLV-infected
cells (glyco-gag is also called Gross cell surface antigen) (16, 17,
36, 46). Translation of Pr655“ starts at an AUG (position 619
for Friend murine leukemia virus [F-MLV]) while Pr758%<°-84¢
is initiated at a CUG (position 355 for F-MLV) located within
the 5" leader and in frame with AUG*** (43, 44). The func-
tional characteristics of the leader and the identification of two
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initiation codons in the same open reading frame in the 5’
leader of MLV RNA are two features which could be expected
to inhibit the scanning ribosome from reaching the correct
initiation sites. According to the ribosome scanning model,
most likely used by most 5’ capped eukaryotic mRNAs (29, 32,
34, 39), the ribosomal 40S subunit, carrying Met-tRNA and
initiation factors, binds to the 5’ cap and migrates along the 5’
leader until it encounters an AUG codon in a favorable con-
text, i.e., (A/G)CCAUGG (30, 34). The presence of stable
secondary structures (AG = —50 kcal [ca. —200 kJ]/mol) be-
tween the cap and the initiation codon was shown to strongly
inhibit the initiation of translation by a 40S ribosomal subunit
scanning stop (29). The 5" MLV leader has been shown to be
very structured (40, 50) and thus could interfere with the scan-
ning of 40S ribosomal subunits along the 5’ leader. These
structural features and the functional characteristics of the 5’
leader described above suggested that translation initiation of
gag might proceed through a mechanism different from the
canonical ribosome scanning process.

In this study, initiation of F-MLV gag and glyco-gag transla-
tion was investigated in the rabbit reticulocyte lysate system
(RRL) and in murine cells. Results show that initiation of
F-MLYV gag and glyco-gag translation does not utilize the clas-
sical ribosome scanning or leaky scanning. Rather, results in-
dicate that initiation of gag precursor translation is most prob-
ably controlled by an internal ribosome entry mechanism.

MATERIALS AND METHODS

Plasmid construction. All Moloney, Friend, and AKR strains of MLV code for
glyco-gag and gag polyproteins (16, 17, 36, 46). To study the translation initiation
of these two gag precursors, we used F-MLV 57 provirus (F-MLV 57), which is
responsible for the development of hemolytic anemia and erythroleukemia in
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FIG. 1. A secondary structure model of F-MLV 5’ leader RNA based on
chemical probing and computer analysis. Numbering is with respect to the
genomic RNA cap site (position +1). R, U5, PBS, SD, and E-DLS are the
repeat, the untranslated 5’ region, the primer tRNAP™ binding site, the donor
splice site, and the packaging-dimerization sequence, respectively. CUG-355 and
AUG-619 are the glyco-gag and gag initiation codons, respectively.

mice (48). F-MLV 57 encodes Pr65%, initiated at an AUG at position 619, and
Pr7585<069¢ initiated at a CUG at position 355 (11, 44).

Standard procedures were used for restriction endonuclease digestion and
plasmid DNA construction (45). Escherichia coli HB101 strain 1035 (RecA™)
was used for plasmid DNA amplification. Details of the constructions are given
below. All numbering is with respect to the genomic RNA cap site (position +1).

(i) pMLV-CB1. The Moloney MLV DNA fragment Nhel-Sacl from pMLV-
SI4 (12) containing the 5’ leader and glyco-gag and gag coding sequences (posi-
tions 1 to 2558) under the control of the T7 RNA polymerase promoter was
ligated to the pMLV-CG19 DNA fragment [positions 8233 to 8333 plus 23-
nucleotide poly(A) tail] obtained by digestion with SacI and Spel (3).

(ii) pMLV-CB2. The F-MLV DNA fragment KpnI-Sacl (positions 36 to 2559)
from p57A (gift of M. Sitbon, Paris, France) corresponding to the 5’ leader,
glyco-gag, and gag coding sequences was inserted into pMLV-CB1 digested with
KpnI and Sacl (see Fig. 2).

(iii) pPolio-CB27. The pLNPOZ DNA fragment EcoRI-Nhel (2) (position
1025 upstream of neo gene to position 6035 downstream of lacZ gene; see Fig.
9A) was cloned into Bluescript I1 KS* digested with EcoRI and Spel to generate
pCB25. The HindIII-Xbal fragment of pCB25 containing the neo-poliovirus
internal ribosome entry site (IRES)-lacZ sequences was cloned into the pRc/
CMV vector (Invitrogen), lacking positions 1284 to 3253, digested with HindIII
and Xbal. The neo-IRES-lacZ sequences are under the control of the T7 RNA
polymerase promoter for in vitro expression and the cytomegalovirus early pro-
moter for expression in eukaryotic cells.

(iv) pMLV-CB28. The F-MLV 57 DNA fragment 1-651 was generated by
PCR. This PCR fragment was digested with Xhol and BamHI and inserted
between neo and lacZ of pPolio-CB27 partially digested with XhoI and BamHI.
In this plasmid, initiation of B-Gal translation was under the control of F-MLV
AUG#* (position 619).

(v) pMLV-CB39. The F-MLV DNA fragment 212-651 was generated by PCR
and digested with Nhel. This fragment was inserted in the antisense orientation
(positions 651 to 212) between neo and lacZ of pMLV-CB28 digested with Nhel.
In this construct, the initiation of B-Gal translation was under the control of an
AUG in a favorable context, i.e., (A/G)CCAUGG (30), which was created by
PCR at position 212 (see Fig. 5).

(vi) pMLV-CB50. The F-MLV DNA fragment 1-565 was generated by PCR.
The 280-565 fragment was recovered after digestion with Spel (position 280) and
Nhel (inserted after position 565) and inserted between neo and lacZ of pMLV-
CB28 digested with N#el. In this construct and in pMLV-CB61 described below,
the initiation of B-Gal translation was under the control of an AUG in a favor-
able context, i.e., (A/G)CCAUGG (30), which was created by PCR at position
565 (see Fig. 5).

(vii) pMLV-CB61. The F-MLV DNA fragment 1-565 was generated by PCR
and digested with Nhel. This fragment was inserted between neo and lacZ of
pMLV-CB28 digested with Nhel (see Fig. 5).
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(viii) pMLV-CB63. The F-MLV DNA fragment 1-620 was generated by PCR.
The PCR fragment was digested by Nhel and inserted between neo and lacZ of
pMLV-CB28 digested by Nhel. In this construct and in pMLV-CB94 and pMLV-
CB98, the initiation of B-Gal translation was under the control of F-MLV
AUG#* (position 619) (see Fig. 5).

(ix) pMLV-CB71. The Cla12-AP EcoRI-Xbal DNA fragment (21a) containing
the alkaline phosphatase gene was cloned into Bluescript II KS* digested with
EcoRI and Xbal to generate pCB70. The EcoRV-Sall fragment of pCB70 con-
taining the alkaline phosphatase gene and the neo gene obtained by Sa/l-BamHI
digestion of the PCR-amplified DNA 1659-2499 of pLNPOZ were cloned into
pLNPOZ (see Fig. 9A) digested with Ball and BamHI by a trimolecular ligation.
A Spel site was inserted during the PCR of the neo fragment between the Sall
site and position +4 of the neo gene.

(x) pMLV-CB74. The F-MLV DNA fragment 212-651 was generated by PCR
and digested with Nhel. This fragment was inserted in the antisense orientation
(positions 651 to 212) between phosphatase and neo of pMLV-CB71 digested
with Spel. In this construct, the initiation of neo translation was under the control
of an AUG in a favorable context, i.e., (A/G)CCAUGG (30), which was created
by PCR at position 212 (see Fig. 9A).

(xi) pMLV-CB78. The F-MLV DNA fragment 212-620 was generated by PCR
and digested with Nhel. This fragment was inserted between phosphatase and neo
of pMLV-CB71 digested with Spel. In this construct, the initiation of neo trans-
lation was under the control of F-MLV AUG#* (position 619) (see Fig. 9A).

(xii) pMLV-CB92. The Smal-Xbal fragment of pMLV-CB61 containing the
F-MLYV deleted leader and the lacZ gene was ligated into pMLV-CB28 digested
with EcoRV and Xbal. This construct contains the F-MLV leader upstream of
the lacZ gene under the control of the cytomegalovirus early promoter and the
T7 promoter (see Fig. 4A).

(xiii) pMLV-CB93. The Smal-Xbal fragment of pMLV-CB63 containing the
entire F-MLYV leader and the lacZ gene was ligated into pMLV-CB28 digested
with EcoRV and Xbal. This construct contains the F-MLV leader upstream of
the lacZ gene under the control of the cytomegalovirus early promoter and T7
promoter (see Fig. 4A).

(xiv) pMLV-CB94. The F-MLV DNA fragment 280-620, obtained by Spel-
Nhel digestion of the PCR-amplified DNA 1-620, was inserted between neo and
lacZ of pMLV-CB28 digested with Nhel (see Fig. 5).

(xv) pHMSV-LacZ. The Harvey murine sarcoma virus DNA fragment 1-380
was generated by PCR and digested with Nhel (position +1) and HindIII (po-
sition 380). This fragment was inserted in the antisense orientation (positions 380
to 1) upstream of the lacZ gene of pMLV-CB28 digested with HindIII and Nhel.
This construct contains the Harvey murine sarcoma virus sequence (positions
380 to 1) upstream of the lacZ gene under the control of the cytomegalovirus
early promoter and T7 promoter. The initiation of B-Gal translation was under
the control of an AUG in a favorable context, i.e., (A/G)CCAUGG, which was
created by PCR at position +1.

(xvi) pMLP-P2A and pMLP-RP2A. Plasmids pMLP-P2A and pMLP-RP2A
contain the poliovirus protease 2A coding sequence derived from poliovirus type
1 (Mahomey strain). In pMLP-P2A, the protease coding sequence was inserted
downstream of the adenovirus major late promoter and its tripartite leader. The
PMLP-P2AR plasmid containing the insert in the reverse orientation served as a
control. These plasmids were gifts of N. Fouillot (18).

(xvii) pp-actin-LacZ. The B-actin-LacZ plasmid contains the lacZ gene under
the control of the B-actin promoter. This plasmid was a gift of P. Savatier (47)
(see Fig. 4A).

Site-directed mutagenesis of Pr758%°*¢%¢ and Pr65%“¢ initiation codons. Mu-
tagenesis was carried out with the Muta-gene M13 in vitro mutagenesis protocol
(Bio-Rad Laboratories) based on the method described by Kunkel (35). The
KpnlI-EcoRI F-MLV DNA fragment (positions 36 to 2852) containing the initi-
ation codons of glyco-gag and gag was ligated to M13mp19 DNA digested with
EcoRI and Kpnl (pMLV-CB4). The following oligonucleotides were used to
mutate the CTG-355 codon to CAG (5'-GACGTCTCCCTGGGTTGCGGC-3")
or to ATG (5'-GACGTCTCCCATGGTTGCGGC-3") (mutated nucleotides are
underlined). The oligonucleotide used to alter the ATG-619 codon to AGC was
5'-AGTCTGGCCGCTGTTTTCAGA-3'. The following oligonucleotide was
used to mutate the GTG-319 codon to ATG (5'-CCGTCAGTTCCATC
ACGGGTCCGCC-3"). The Kpnl-Sacl DNA fragment (positions 36 to 2559)
containing one mutation or a combination of two or three mutations was rein-
serted into pMLV-CB2. The resulting plasmids were named pMLV-CB6 (CTG-
355 to CAG), pMLV-CB7 (CTG-355 to ATG), pMLV-CB16 (CTG-355 to ATG;
ATG-619 to AGC), pMLV-CB82 (GTG-319 to ATG), pMLV-CB84 (GTG-319
to ATG; CTG-355 to CAG), and pMLV-CB86 (GTG-319 to ATG; CTG-355 to
ATG). Mutant clones were selected upon sequencing by the dideoxyribonucle-
otide chain termination method using DNA primers, modified T7 DNA poly-
merase (Sequenase), and *>S-dATP.

In vitro-generated RNA. pMLV-CB2, -CB6, -CB7, -CB16, -CB82, -CB84, and
-CB86 plasmids were digested with Sacl to generate the template used to syn-
thesize wild-type and mutated F-MLV RNAs (positions 1 to 2559) with T7 RNA
polymerase. pMLV-CB39, pMLV-CB50, pMLV-CB61, pMLV-CB63, pMLV-
CB92, pMLV-CB93, and pMLV-CB94 plasmids were digested with SspI (posi-
tion 1240 in lacZ gene) to obtain the template used to synthesize dicistronic
RNAs with T7 RNA polymerase.
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Five micrograms of linearized plasmid DNA was transcribed in 0.1 ml of 40
mM Tris-HCI (pH 7.5)-6 mM MgClL,-2 mM spermidine-10 mM dithiothrei-
tol-10 mM NaCl-0.5 mM (each) ribonucleoside triphosphate with 40 U of T7
RNA polymerase and 80 U of the RNase inhibitor RNasin for 3 h at 37°C.
Following DNase treatment (RQ1 DNase), the RNA was extracted with phenol-
chloroform and precipitated with ethanol. The pellet was washed with 70%
ethanol, and the RNA was dissolved in sterile bidistilled water. RNA was ana-
lyzed by electrophoresis through a 0.7% (wt/vol) agarose gel in 50 mM Tris-
borate (pH 8.3)-0.1 mM EDTA at 5 V/cm and visualized by ethidium bromide
staining (1 wg/ml for 5 min). To synthesize capped RNAs, the reaction was
performed with the same conditions as described above, except that ATP, CTP,
and UTP were added at a final concentration of 0.5 mM with 0.05 mM GTP and
0.5 mM m’G(5")ppp(5')Gm (Pharmacia).

In vitro translation. Wild-type and mutated MLV RNAs were translated in
the nuclease-treated RRL (Promega) at 50% of the original concentration with
10 pg of RNA per ml and 1 mCi of [*>S]methionine per ml (Amersham) at 31°C
for 1 h. The assays were supplemented in potassium acetate to a final concen-
tration of 130 mM. The samples were then boiled in 62.5 mM Tris-HCI (pH
6.8)-2% sodium dodecyl sulfate (SDS)-10% glycerol-5% B-mercaptoethanol-
0.02% bromophenol blue, and the 3*S-labelled proteins were analyzed by 7%
(wt/vol) polyacrylamide—0.2% SDS gel electrophoresis. Pr654*¢ and Pr75* prod-
ucts were quantitated by means of scanning with Cirrus 1.0.1 (Softhansa GmbH)
and Scan Analysis 2.0 (Biosoft).

pMLV-CB39, pMLV-CB50, pMLV-CB61, pMLV-CB63, pMLV-CB92,
pMLV-CBY3, and pMLV-CB9% RNAs were translated with the RRL assay as
described above. The 33S-labelled proteins were analyzed by 12% (wt/vol) poly-
acrylamide-0.2% SDS gel electrophoresis either directly or after immunopre-
cipitation. Efficiencies of neomycin and B-Gal translation were quantitated by
means of scanning with Cirrus 1.0.1 (Softhansa GmbH) and Scan Analysis 2.0
(Biosoft). The efficiencies of IRES-mediated translation initiation were deter-
mined by the ratio of truncated B-Gal expression to neomycin expression.

Immunoprecipitation. Anti-B-galactosidase mouse monoclonal antibody (4
wg) (Promega) and 1X TNE (90 wl) (150 mM NaCl, 50 mM Tris HCI [pH 7.4],
1 mM EDTA) were added to the translation products. After 2 h at 4°C, immu-
noprecipitates were captured by addition of 10% (vol/vol) protein A-Sepharose
(Pharmacia) and incubated for 1 h at 4°C. Then, immunoprecipitates were
centrifuged and the pellets were washed three times with TNE. After a 10-min
incubation at 100°C in the presence of protein sample buffer (62.5 mM Tris-HCI
[pH 6.8], 2% SDS, 10% glycerol, 5% B-mercaptoethanol, 0.02% bromophenol
blue), the supernatants containing the immunoprecipitated proteins were re-
solved on an SDS-12% polyacrylamide gel. After electrophoresis, the gel was
fixed with acetic acid-methanol (10%/30% [vol/vol]) and dried, and the results
were visualized by autoradiography.

Cell culture and DNA transfection. NIH 3T3 cells were grown in Dulbecco
modified Eagle medium containing 5% newborn calf serum at 37°C in the
presence of 5% CO,. For DNA transfections, cells were seeded at 5 X 10° cells
per 100-mm plate 24 h prior to transfection. Cells were transfected by the
calcium phosphate procedure exactly as described previously (9). Transfections
were performed in triplicate for each plasmid with 6 pg of the pMLV DNA
construct. Two days later, the transfected cells were washed. For each triplicate,
24 h after, transfected cells were either fixed to detect B-galactosidase expression
by histochemical staining with X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galacto-
pyranoside) (20), pooled to measure B-galactosidase enzyme activity, or lysed to
extract the RNAs for Northern (RNA) analysis. Efficiencies of IRES-mediated
translation initiation were determined by the ratio of B-galactosidase activity to
level of arbitary units of scanned mRNA lacZ per blue-stained cell. Cotransfec-
tion experiments with the protease 2A were performed in duplicate for each
plasmid combination with 5 pg of pMLP-P2A or pMLP-P2AR plasmid and 7 pg
of pMLYV, or 10 pg of pB-actin-LacZ plasmids by plate. Three days later, proteins
of the transfected cells were extracted to assay B-galactosidase activity, and
cellular RNAs were subjected to Northern analysis. Efficiencies of B-Gal expres-
sion were determined by the ratio of B-galactosidase activity to level of arbitary
units of scanned mRNA lacZ.

B-Galactosidase enzyme assays were performed on cell extracts by the B-ga-
lactosidase enzyme assay system (Promega).

Transfection and infection with dicistronic retroviral vectors. An ecotropic
retroviral packaging cell line, GP-E+86 (38), was grown in Dulbecco modified
Eagle medium containing 5% newborn calf serum at 37°C in the presence of 5%
CO, and was seeded at 5 X 10° cells per 100-mm plate 24 h prior to transfection.
The cells were transfected by the calcium phosphate procedure (9) with 18 ug of
pLNPOZ (2), pMLV-CB74, or pMLV-CB78 plasmid. The transfected cells were
incubated 3 days before the virus-containing medium was harvested and were
either fixed for alkaline phosphatase or B-galactosidase histochemical staining or
placed under G418 selection at 0.8 mg/ml for 2 weeks.

All retrovirus infections were performed by adding 4 ml of virus-containing
medium to the cells. One day prior to infection, NIH 3T3 cells were seeded at 3
% 10° cells per 60-mm plate. Freshly harvested viruses from transient expression
of helper cells were filtered (0.45-wm-pore-size filter), and Polybrene was added
at a concentration of 8 pwg/ml. Infected cells were grown for 24 h. Before their
passage, infected cells were either placed under G418 selection at 0.8 mg/ml for
2 weeks or stained for alkaline phosphatase or B-galactosidase expression de-
tection.

J. VIROL.

Preparation of cellular RNAs and Northern analysis. Extraction of cellular
RNAs from transfected cells and Northern analysis were performed on trans-
fected cells as described previously by Khandjian and Meric (28). A 3?P-labelled
probe complementary to the lacZ gene (positions 23 to 436) (27) was labelled by
the NonaPrimer Kit I (Appligene). The membrane was autoradiographed over-
night at —80°C. RNAs were quantitated by means of scanning with Cirrus 1.0.1
(Softhansa GmbH) and Scan Analysis 2.0 (Biosoft). The level of lacZ mRNA
expressed was given in arbitary units by fixed area scanning on the same auto-
radiography.

Alkaline phosphatase histochemical staining. After transfection or infection,
cells were fixed with 2% formaldehyde and 0.2% glutaraldehyde, washed twice
with phosphate-buffered saline, and incubated for 30 min in phosphate-buffered
saline at 65°C. Then, cells were washed twice with phosphatase buffer containing
100 mM Tris-HCI (pH 9.5), 100 mM NaCl, and 50 mM MgCl, and incubated for
3 h in a staining solution containing 0.1 mg of BCIP (5-bromo-4-chloro-3-
indolylphosphate toluidinium) per ml, 1 mg of nitroblue tetrazolium salt per ml,
and 1 mM levamisole in phosphate buffer.

RESULTS

Effect of the 5’ cap on gag precursor synthesis. To investi-
gate whether gag and glyco-gag translation initiation is depen-
dent on ribosome scanning, we analyzed the effect of the 5’
RNA cap on the efficiency of glyco-gag and gag translation. In
vitro-generated capped or uncapped RNAs containing the 5’
leader and the glyco-gag and gag coding sequences of F-MLV
(PMLV-CB2) (see Fig. 2 and Materials and Methods) were
translated in the RRL at 50% (79 mM potassium acetate) or
70% (110 mM potassium acetate) of the original concentra-
tion. Two major products, Pr75¢¥<#%¢ and Pr65%“¢, were ob-
tained, and no change in the level of in vitro glyco-gag or gag
synthesis was observed when uncapped RNA was used (data
not shown), whatever the dilution of the RRL. Synthesis of
F-MLV glyco-gag and gag was found to be independent of the
5’ cap in the RRL at both dilutions, suggesting that a mecha-
nism different from the canonical ribosome scanning could be
involved (51). It should be noted that, under these translation
conditions, a four- to sevenfold increase in 3-Gal synthesis was
observed with capped versus uncapped control Harvey murine
sarcoma virus-LacZ RNA containing the Harvey murine sar-
coma virus sequence (positions 1 to 380) in an antisense ori-
entation upstream of the lacZ gene (pHMSV-LacZ) (data not
shown). To further investigate the mechanism of translation
initiation of gag protein, we mutated the glyco-gag and gag
initiation codons and analyzed their influence on the synthesis
of the gag precursors.

Influence of glyco-gag initiation codon mutations on the level
of gag precursor synthesis. Several other cap-dependent mech-
anisms, such as termination-reinitiation, promoter switching,
or leaky ribosome scanning, have been proposed to account for
the initiation of translation of bifunctional mRNAs with initi-
ation codons in the same open reading frame as in F-MLV
genomic RNA (33, 34). Termination-reinitiation is not thought
to occur with F-MLV RNA since no additional cistron was
found upstream of the gag open reading frame (31). In addi-
tion, promoter switching is very unlikely because only one
F-MLYV genomic RNA has been identified (10). On the other
hand, leaky ribosome scanning, in which some 40S ribosomes
bypass the first initiation codon and start translation at the
second initiation codon, may explain translation initiation at
both the CUG#%**#%¢ and AUG#* (8, 34).

To investigate this possibility, the CUG-355 initiation codon
of glyco-gag, which is in a favorable context, i.e., ACCCUGG
(30), was mutated to either CAG to prevent glyco-gag synthesis
(PMLV-CB6) or to AUG in order to overexpress glyco-gag
(pMLV-CB7). In addition, a double mutation was made in
which AUG#%<?%8 was substituted for CUG and AUG** was
changed to AGC in order to abolish gag synthesis (pMLV-
CB16) (Fig. 2; see also Materials and Methods). Subsequently,
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FIG. 2. F-MLV mutant RNAs generated in vitro. Wild-type (pMLV-CB2)
and mutated (pMLV-CB6, -CB7, -CB16, -CB82, -CB84, and -CB86) plasmids
containing the glyco-gag and gag coding sequences (in the same open reading
frame) under the control of the T7 RNA polymerase promoter were digested
with Sacl (+2559) to generate the templates used to synthesize F-MLV wild-type
and mutated RNAs.

wild-type and mutated in vitro-generated RNAs were trans-
lated in the nuclease-treated RRL supplemented in potassium
acetate at the final concentration of 130 mM (Fig. 3) (51). The
positive control was RNA coding for luciferase (65 kDa; lane
1), and the negative control corresponded to translation with-
out RNA (lane 2). Translation of wild-type RNA containing
the 5 first 2,558 nt of F-MLV yielded two major products,
Pr65%°¢ and Pr75¢%<°#% (lane 3). An additional band with a
mobility of 55 kDa was seen. This band may well correspond to
a premature stop of Pr65%*® translation since it disappeared
when AUG**® was mutated to AGC (lane 6). Mutation of
CUG-355 to CAG resulted in a complete inhibition of glyco-
gag synthesis while a slight increase in Pr65%“¢ synthesis was
observed (~30%) (lane 4). When CUG-355 was mutated to
AUG, Pr758%¢o8% gynthesis was increased 1.6-fold while
Pr65%*¢ synthesis was decreased 1.3-fold (lane 5 versus lane 3).
On the other hand, only Pr75¢¥<°¢%¢ expression was observed
(compared with 30% for the wild type) when CUG-355 was
mutated to AUG and AUG**® was changed to AGC (lane 6
versus lane 3). The persistent expression of Pr655% (~75% of
that observed for the wild type) even when expression of the
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b ——— ~ - - Pr65 gag
-
43 - —
- B =) v w
=] o = v a
E € e(“ju gg e ©
§ 828 & B moa mz &S
S 2 Q,Q 0D 0I0 080X
A IR R RS R IES
2 S SR rO R RIS S
7 pS:89¢ssgscdede 38
& Z ‘a3 Al a< a< A< A< a<

FIG. 3. Translation of F-MLV RNA in the RRL. Wild-type (lane 3) and
mutant MLV (lanes 4 to 9) RNAs were translated in the RRL. After heat
denaturation, >*S-labelled proteins were analyzed by 7% (wt/vol) polyacryl-
amide-0.2% SDS gel electrophoresis. The positions of F-MLV Pr65%“¢ and
Pr7584<o8%¢ are indicated. Lane 1, luciferase RNA. Lane 2, no RNA. Molecular
weight is in thousands.
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upstream reading frame Pr75%%<#%¢ was increased 1.6-fold
suggests that a small percentage of gag synthesis may be due to
leaky scanning. However, this would account for at most a
small percentage of gag translation initiation.

To further rule out the possibility that translation was due to
scanning from the 5’ end, the GUG-319 codon located in a
good translation context, i.e., GUGGUGG, and in frame with
CUG-355 was mutated to AUG (pMLV-CB82). The effect of
this mutation was analyzed when the glyco-gag initiation codon
was changed to either CAG (pMLV-CB84) or AUG (pMLV-
CB86) (Fig. 2). Translation of these RNAs in the RRL could
potentially yield three products, Pr65%, Pr758%<°#%¢ and a
higher-molecular-weight protein (Pr77) corresponding to ini-
tiation at the new AUG-319. glyco-gag synthesis was abolished
when AUG-319 was introduced, even when CUG-355 was mu-
tated to AUG (lanes 7 and 9). The strong negative effect on
glyco-gag translation resulting from the insertion of AUG-319
upstream of CUG-355 indicates that the ribosomes scan be-
tween positions 319 and 355 of the F-MLYV leader. In addition,
regardless of the level of Pr77 synthesis, Pr65%“¢ was always
expressed at 56% of the wild-type level (lanes 7 to 9 versus lane
3). It should be noted that the level of Pr77 synthesis in relation
to gag synthesis was similar for the three constructs tested
(lanes 7 to 9) as determined by scan analysis. These results are
consistent with those described above when CUG-355 was
mutated and support the idea that a minor part of gag trans-
lation initiation may result from leaky scanning of 40S ribo-
somal subunits between the CUGS***#% and the AUGS.
However, the majority of gag translation initiation does not
depend on leaky ribosome scanning between these two codons.

Influence of poliovirus protease 2A on the expression of
monocistronic vectors containing the F-MLYV leader 5’ to the
lacZ gene. In poliovirus, ribosomes bind directly within the 5’
nontranslated region of the uncapped viral RNA and scan to
the initiation codon while translation of cellular mRNAs is
inhibited by inactivation of the cap-binding complex eIF-4F, a
process mediated by poliovirus protease 2A (23). In a previous
study of the translation of the hepatitis B virus polymerase
gene, Fouillot et al. have shown that transient expression of
protease 2A was sufficient to inhibit cap-dependent hepatitis B
virus P gene translation (18). To examine whether gag and
glyco-gag translation is a cap-dependent mechanism, monocis-
tronic vectors with the F-MLV leader upstream of the lacZ
gene were constructed (Fig. 4A) and cotransfected into NIH
3T3 cells with a plasmid expressing poliovirus protease 2A. In
the latter plasmid, it should be noted that the poliovirus pro-
tease 2A-coding region was inserted downstream of the ade-
novirus major late promoter and its tripartite leader (18). The
adenovirus tripartite leader confers on this mRNA the ability
to be translated independently of the formation of the cap-
binding complex and allows its translation in poliovirus-in-
fected cells (14). The plasmid pMLP-P2A contains the insert in
the correct orientation, allowing the expression of protease 2A,
while the plasmid pMLP-RP2A contains the insert in the re-
verse orientation, serving as a control. In pMLV-CB93 and
pMLV-CB92, the F-MLYV leader (positions 28 to 620 or posi-
tions 28 to 565, respectively) was inserted upstream of the lacZ
reporter gene (see Materials and Methods). The pB-actin-
LacZ plasmid corresponded to a positive control for a cap-
dependent translation process. Cotransfection experiments
with protease 2A were performed in duplicate for each plasmid
combination. After 48 h, B-galactosidase activity was assayed
on transfected cells and cellular RNAs were extracted to per-
form Northern analysis. Efficiencies of translation were mea-
sured as units of B-galactosidase per arbitary unit of mRNA
B-Gal.
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FIG. 4. Effect of poliovirus protease 2A on the translation of monocistronic
MLV B-galactosidase mRNA. (A) Plasmids pMLV-CB93 and pMLV-CB92 con-
tain the F-MLV leader (positions 28 to 620 or 28 to 565) 5’ to the lacZ gene. In
pB-actin-LacZ, B-galactosidase expression is driven by the rat B-actin promoter.
(B) Plasmid pMLP-P2A expresses poliovirus protease 2A under the control of
the adenovirus major late promoter; pMLP-RP2A has the p2A sequence in the
reverse orientation as a control plasmid. Cotransfection experiments with pro-
tease 2A were performed in duplicate for each plasmid combination. After 48 h,
B-galactosidase activity was assayed on transfected cells, and cellular RNAs were
extracted to perform Northern analysis. Efficiencies of translation are given as
units of B-galactosidase per arbitrary unit of mRNA B-Gal. Results are the
average of two independent experiments. SV40, simian virus 40; CMV, cytomeg-
alovirus.

The results of the cotransfection experiments are reported in
Fig. 4B. The level of B-Gal in cells cotransfected with pp-actin-
LacZ and pMLP-P2A was 20 times lower than in cells cotrans-
fected with pMLP-P2AR (Fig. 4B). These results indicate that
the poliovirus protease 2A encoded by the pMLP-P2A plasmid
was capable of strongly inhibiting the cap-dependent synthesis
of B-galactosidase. When protease 2A was coexpressed with
pMLV-CB93 or pMLV-CB92 in NIH 3T3 cells, the level of
B-galactosidase expression was very similar to that in the pres-
ence of pMLP-P2AR. Since protease 2A had no effect on gene
expression directed by the F-MLV leader, it can be concluded
that gag precursor translation initiation is most probably di-
rected by a cap-independent mechanism.

In vitro translation of dicistronic neo-MLV-lacZ mRNAs. In
picornaviruses, positive-strand RNA viruses (7, 21, 25, 26, 42),
and in the human immunoglobulin heavy-chain-binding pro-
tein mRNAs (24, 37), translation initiation occurs by an inter-
nal ribosome entry mechanism. Defined structural elements
and pyrimidine-rich regions compose the IRES and permit
ribosome scanning-independent translation by direct binding
of ribosomes to the leader sequences of these mRNAs (15, 25).
Similar structured and pyrimidine-rich regions are located in
the leader of F-MLV RNA upstream of CUG#>“*#% and of
AUG* (40, 50). In addition, the F-MLV 5’ first 205 nucleoti-
des corresponding to R, U5, and PBS sequences have a poten-
tial RNA secondary structure with a stability in the range of
—50 kcal (ca. —200 kJ)/mol (16a) (Fig. 1). The presence of
these stable secondary structures between the cap and the
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FIG. 5. Dicistronic Neo-MLV-LacZ plasmid DNA constructs used in vitro
and in vivo. Dicistronic plasmid DNAs contain the leader sequence of F-MLV
between the neomycin and B-galactosidase genes under the control of the T7
RNA polymerase promoter (Po T7) and the cytomegalovirus early promoter (Po
CMYV). The viral DNA fragments cloned in the plasmids are shown (numbering
is with respect to the +1 cap site of the viral RNA). SV40, simian virus 40.

CUG#»*#% and AUG** initiation codons could strongly in-
hibit the initiation of glyco-gag and gag translation by prema-
turely stopping the scanning of 40S ribosomal subunits. In-
deed, the presence of stable secondary structures in the 5’
leader of mRNAs appears to strongly inhibit the initiation of
translation (29). Thus, these features suggest that initiation of
glyco-gag and gag protein translation might occur by direct
binding of ribosomes to the F-MLV 5’ leader sequence.

To investigate this possibility, the complete F-MLV leader
sequence was inserted between the neomycin (neo) and the
B-galactosidase (lacZ) reporter genes (Fig. 5; see Materials
and Methods). The recombinant pMLV plasmids allowed the
in vitro synthesis of dicistronic RNAs ranging from 2,400 to
2,800 nucleotides in length (Fig. 5). Agarose gel electrophore-
sis of the in vitro-generated RNAs confirmed that they were
intact and unique (data not shown).

Subsequently, dicistronic RNAs were translated in the RRL.
These RNAs encoded neo protein, directing standardization of
the level of translation, and a C-terminally truncated -galac-
tosidase with an average molecular mass of 46 kDa (B-Gal*®).
This system allows -galactosidase expression only if an IRES
is present in the F-MLV RNA leader (Fig. 6). The positive
control employed RNA coding for luciferase (65 kDa; lane 1),
and the negative control corresponded to translation without
RNA (lane 2). Insertion of the F-MLYV leader in the antisense
orientation (pMLV-CB39) resulted in the synthesis of a very
low level of B-Gal*® (lane 5), corresponding to a basal level of
lacZ initiation resulting most probably from termination-reini-
tiation between neo and lacZ. Translation of the dicistronic
RNA in which the F-MLV 5’ leader (positions 1 to 620) was
inserted between the neo and lacZ genes (pMLV-CB63) pro-
duced a high level of B-Gal*® (lane 4). This indicates that
ribosomes can recognize sequences within the F-MLV leader
to initiate B-Gal translation. Two forms of B-Gal were ob-
tained with pMLV-CB63 as well as with the monocistronic
construct pMLV-CB93 (Fig. 4): one initiated at CUGE>“5%¢
(molecular mass, 56 kDa), and the other one initiated at AUG
898 (molecular mass, 46 kDa) (lanes 3 and 4). When the 5’ first
280 nucleotides of the F-MLV leader were deleted (pMLV-
CBY4), synthesis of the B-Gal form initiated at the CUGS»“5%¢
was abolished (compare higher-molecular-weight band corre-
sponding to B-Gal®® in lane 4 versus lane 6). It should be noted
that no B-Gal®® was observed with pMLV-CB94 even after
overexposure of the gel (data not shown). However, initiation
at the AUG® was decreased by only about 10% (lane 6). To
determine if the region 565-620 of the F-MLV leader is im-
portant, a construct containing only the region 1-565 was tested
(pPMLV-CB61). In this construct, the CUG#>“°#%¢ is no longer
in phase with B-Gal. However, an AUG initiation codon was
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FIG. 6. Translation of monocistronic and dicistronic RNAs in RRL. Lanes 1
and 2 are positive (luciferase plasmid DNA [Promega]) and negative (no plasmid
DNA) controls, respectively. Lanes 3 to 9 are pMLV-CB93, pMLV-CB63,
pMLV-CB39, pMLV-CB9%4, pMLV-CB92, pMLV-CB61, and pMLV-CB50
RNAs, respectively, expressed in the RRL (Promega). After heat denaturation,
35S-labelled proteins were analyzed by 12% (wt/vol) polyacrylamide-0.2% SDS
gel electrophoresis. Positions of neo (28 kDa) and C-terminally truncated B-Gal
proteins (46 kDa) are indicated. Lower-molecular-weight (MW) (in thousands)
bands corresponded to premature translation stops.

introduced just before the B-Gal coding region. pMLV-CB61
was able to efficiently direct synthesis of B-Gal*® (lane 8),
indicating that this region is not important for the internal
ribosome entry mechanism. Finally, deletion of the first 280
nucleotides of the F-MLV 1-565 fragment (pMLV-CB50) still
permitted the synthesis of B-Gal*® with a ratio of translation
corresponding to 85% of that obtained with pMLV-CB61 (lane
9 versus lane 8). Identical results were obtained with dicis-
tronic RNAs coding for neo and the entire lacZ sequence (data
not shown). These results strongly suggest that an internal
ribosome entry mechanism promotes translation initiation of
gag precursors. Results obtained with pMLV-CB94 indicate
that the 5’ first 280 nucleotides are important for the transla-
tion of the B-Gal form initiated at the CUGE?“#%¢ since the
synthesis of this B-Gal form was abolished when this region
was deleted (lane 6 versus lane 4). Moreover, it appears that
the region 280-565 of F-MLYV is still able to promote internal
translation initiation of B-Gal in vitro.

Expression of the dicistronic neo-MLV-lacZ DNA constructs
in NIH 3T3 cells. In order to confirm the in vitro data, the
dicistronic pMLV DNA plasmids were assayed in cell culture
by means of DNA transfection, and B-galactosidase expression
was examined by histochemical staining of the cells with X-Gal
(20), quantitation of B-galactosidase activity, and Northern
analysis of dicistronic RNAs.

To rule out that a cryptic promoter and/or cryptic splice sites
could function with the dicistronic MLV plasmids used, cellu-
lar RNAs were extracted 2 days after transfection and sub-
jected to Northern analysis using a **P-labelled lacZ probe (see
Materials and Methods). As shown in Fig. 7, only one major
RNA was detected at the expected size by Northern analysis in
NIH 3T3 cells transfected with the dicistronic pMLV DNA
constructs. If a cryptic promoter and/or cryptic splice site were
to be used, a mRNA of at least 3,000 nucleotides (lacZ gene is
3,078 bp) should be present and thus should migrate between
the 18S (1,900-nucleotide) and the 28S (4,700-nucleotide)
RNAs. Since no RNA was observed in this region or outside of
the region presented (Fig. 7), the neo-MLV-lacZ RNAs were
dicistronic in our in vivo assay conditions.
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FIG. 7. Synthesis of MLV-derived dicistronic mRNAs in NIH 3T3 cells.
Total RNA was extracted from NIH 3T3 cells transfected with 6 pg of plasmid
DNA pMLV-CB63, pMLV-CB9%, pMLV-CB61, and pMLV-CB50. RNAs were
subjected to electrophoresis in an 0.8% agarose—formaldehyde gel in morpholi-
nopropanesulfonic acid buffer and transferred to nitrocellulose. Hybridization
was conducted with a 3*P-labelled probe corresponding to bases 23 to 436 of
lacZ. The 18S and 28S rRNAs were revealed by ethidium bromide staining prior
to RNA transfer and hybridization. Positions of 18S and 28S rRNAs and of
dicistronic neo-MLV-lacZ RNAs are indicated.

NIH 3T3 cells were transfected with monocistronic and di-
cistronic pMLV plasmids, and the results of these experiments
are reported as units of B-galactosidase per arbitrary unit of
dicistronic mRNA B-Gal per blue-stained cell (see Materials
and Methods) (Fig. 8). As a positive control of B-galactosidase
expression, we used pMLV-CB93 in which the cytomegalovirus
early promoter directed the synthesis of a monocistronic 5’
MLV leader lacZ mRNA with the F-MLV AUG®* as the
B-Gal initiation codon (Fig. 4A). All transfected pMLV plas-
mids produced about 20 to 100 times more P-galactosidase
than the negative control corresponding to the MLV leader
inserted in the antisense orientation (pMLV-CB39) (Fig. 8).
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FIG. 8. B-Galactosidase expression of F-MLYV dicistronic DNA constructs in
transfected cells. NIH 3T3 cells (5 X 10° cells per 100-mm plate) were trans-
fected in triplicate with pMLV-CB93, pMLV-CB63, pMLV-CB9%4, pMLV-CB61,
pMLV-CB50, and pMLV-CB39 by the calcium phosphate procedure. Two days
after transfection, transfected cells of one plate were either fixed to reveal
B-galactosidase expression by histochemical staining with X-Gal, pooled to mea-
sure B-galactosidase activity, or lysed to extract the RNAs for Northern analysis.
Efficiencies of IRES-mediated translation initiation are given as units of B-ga-
lactosidase per arbitary unit of mRNA lacZ per blue-stained cell. Results are the
averages of three experiments.
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FIG. 9. Dicistronic MLV-derived retroviral vectors with the F-MLV leader
controlling packaging and internal initiation of translation. (A) A pMLYV dicis-
tronic retroviral vector was constructed with the leader sequence of F-MLV
between the phosphatase and neomycin cistrons flanked by the MLV long ter-
minal repeats (LTRs). The MLV DNA fragments used in the constructs are
shown. In these vectors, the 5’ sequences contained the R, US, PBS, and donor
splice elements while the dimerization-encapsidation signal (E/DLS) from posi-
tions 212 to 620 was located between the two reporter cistrons. The pLNPOZ
dicistronic vector was used as a positive control and contained the poliovirus
IRES between the neomycin and B-galactosidase cistrons. The E/DLS or Psi*
(5) is located at the 5" end of this vector and extended to position 1040. (B) Data
presented are from two independent experiments. The relative titer of each
recombinant virus was normalized to that of pMLV-CB78. The average titer of
pMLV-CB78 was 1,400 CFU/ml. The percentage of transfected cells giving rise
to G418-resistant foci is expressed as the ratio of the number of G418" foci to the
number of cells transiently expressing the indicator gene (lacZ or phosphatase).
The percentage of infected foci expressing the two genes was calculated as the
ratio of infected G418" foci expressing the indicator gene (lacZ or phosphatase)
after 2 weeks of G418 selection to the number of infected G418" foci.

The low level of B-Gal expression in the negative control is
most likely due to termination-reinitiation between neo and
lacZ. Furthermore, NIH 3T3 cells containing the negative con-
trol were much less intensely stained (data not shown). The
dicistronic vector containing the entire F-MLV leader (pMLV-
CB63) between the two reporter genes produced almost the
same quantity of B-Gal as the monocistronic plasmid contain-
ing the F-MLV 5’ leader upstream of the lacZ gene (pMLV-
CB93; Fig. 8). This result is in complete agreement with the in
vitro translation data and confirms the presence of an internal
ribosome entry in the F-MLYV leader. Deletion of nucleotides
565 to 620 containing AUG**® caused only a slight reduction in
the level of B-Gal observed (Fig. 8, pMLV-CB61). In contrast,
deletion of region 1-280 resulted in a fourfold decrease in
B-Gal (Fig. 8, pMLV-CB9%4 versus pMLV-CB63 and pMLV-
CB61 versus pMLV-CB50). These effects correlate with those
observed in vitro but are amplified. Moreover, these results
support the idea that the region 1-280 is important for the
internal ribosome entry function of the F-MLV leader.

A new retroviral vector with the MLV leader inserted be-
tween two genes. The finding that the F-MLYV leader contains
a functional internal ribosome entry prompted us to construct
a new dicistronic retroviral vector. In this DNA construct, the
F-MLV leader (positions 212 to 620) was inserted between the
phosphatase and neomycin genes (Fig. 9A, pMLV-CB78)
flanked by the MLV 5’ long terminal repeat and PBS se-
quences, and by the 3’ long terminal repeat, respectively. In-
sertion of the F-MLV leader in the antisense orientation be-
tween the phosphatase and neomycin genes represented a
negative control. As a positive control, we used the pLNPOZ
dicistronic vector (2) in which the poliovirus IRES (42) was
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inserted between the neomycin and B-galactosidase genes. It
should be noted that the Psi™ sequence (also called E/DLS)
(positions 212 to 1040) is present in pLNPOZ and is known to
promote a 10- to 30-fold increase in MLV-derived RNA pack-
aging compared with RNA containing only the leader (5).

Ecotropic GP-E+86 helper cells were transfected with these
MLV-derived retroviral vectors, and short-term expression of
B-Gal or phosphatase as well as long-term expression of neo-
mycin by the transfected helper cells was monitored (see Ma-
terials and Methods). The number of transfected helper cells
was measured by means of the short-term expression of B-ga-
lactosidase or phosphatase (data not shown). After 2 weeks of
G418 selection (see Materials and Methods), the percentage of
phosphatase-expressing transfected cells giving Neo® foci was
2.1% with the pMLV-CB78 dicistronic vector and thus similar
to the 2.3% of B-Gal-expressing transfected cells obtained with
the pLNPOZ vector. The number of Neo" foci was only 0.2%
with the negative control where the F-MLV leader was in the
antisense orientation (Fig. 9B).

The 5' leader of MLV contains the packaging Psi (or
E/DLS) sequence, which is a cis-acting element necessary for
the specific encapsidation of the genomic RNA and MLV-
derived RNA in MLV virions (1). To investigate the ability of
the F-MLYV leader inserted between two genes in a retroviral
vector to direct RNA packaging, the recombinant viruses tran-
siently expressed by the helper cells were used to infect fresh
3T3 cells. The titer of the dicistronic pMLV-CB78 vector was
found to be about 1.4 X 10° CFU/ml (Fig. 9B). As expected,
the titer of the pLNPOZ vector was about 14 times higher
since it contains the Psi™ packaging signal extending into gag
known to enhance by 10- to 30-fold the encapsidation of re-
combinant MLV-derived RNA (Fig. 9B) (5). The titer of the
dicistronic pMLV-CB74 vector with the leader in the antisense
orientation was very low (Fig. 9B).

The infected 3T3 cells were put under G418 selection to
monitor the long-term expression of neomycin and phos-
phatase or B-Gal. As shown in Fig. 9B, 91 and 80% of the
infected Neo" foci also expressed phosphatase and B-Gal, re-
spectively. In conclusion, these results clearly show that the
F-MLYV leader inserted between two genes can promote both
translation as an IRES and RNA packaging into MLV virions
as Psi” (E/DLS). Further improvements of this dicistronic
MLV vector are presently under way by inserting the leader
and the 5’ gag sequences between the two genes (Psi™) (5).

DISCUSSION

One important feature of retroviruses like MLV, Rous sar-
coma virus, and human immunodeficiency virus type 1 (4, 13,
40, 50) is the presence of a long and well-structured leader at
the 5" end of the genomic RNA that is involved in key steps of
the viral life cycle such as the initiation of gag precursor trans-
lation, the dimerization and encapsidation of the unspliced
genomic RNA, and the initiation of reverse transcription (Fig.
1). The presence of a long stem-loop structure (AG of —50 kcal
[ca. —200 kJ]/mol [16a]) as well as other structures between the
5" cap of F-MLV RNA and the glyco-gag and gag initiation
codons suggested that the initiation of translation of these
polyprotein precursors might not proceed through the classical
ribosome scanning (Fig. 1). In favor of this notion, it has been
shown that stable secondary structures (AG of —50 kcal [ca.
—200 kJ]/mol) inserted between the 5’ cap and the initiation
codon can strongly inhibit the initiation process, probably by
interfering with the scanning of 40S ribosomal subunits (29).

Through site-directed mutagenesis of the initiation codons
of F-MLYV glyco-gag and gag polyprotein precursors, we have
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shown that the majority of initiation at the downstream
AUG** did not result from leaky ribosome scanning between
the CUG*?*°#%¢ and the AUG** (Fig. 3). These results are in
contrast to those obtained for fa¢ and rev translation in equine
infectious anemia virus. These two regulatory proteins are syn-
thesized from the same viral subgenomic mRNA in which
AUG™ is downstream from CUG'. Translation of rev ap-
pears to rely on a leaky scanning since changing CUG* to
AUG resulted in a drastic reduction of rev translation (8).

To examine whether the gag and glyco-gag translation is a
cap-dependent or independent process, poliovirus protease
2A, which inhibits cap-dependent translation by inactivating
the cap-binding complex eIF-4F (23), was coexpressed in NIH
3T3 cells with pMLYV plasmids. The protease 2A had no effect
on gene expression directed by the F-MLV leader (Fig. 4).
These results strongly suggest that expression of glyco-gag and
gag is initiated by a cap-independent mechanism and are in
agreement with the in vitro translation data obtained with
capped and uncapped F-MLV RNAs.

Translation initiation of picornavirus uncapped genomic
RNA and human immunoglobulin heavy-chain-binding pro-
tein capped cellular mRNAs occurs by an internal ribosome
entry mechanism (7, 21, 24-26, 37, 42). To investigate the
possible presence of an IRES in the F-MLYV leader, dicistronic
vectors were constructed and assayed in vitro and in cell cul-
ture. The in vitro experiments clearly showed that sequences
within the F-MLV 5’ leader between nucleotides 1 and 620 can
direct the efficient internal initiation of protein synthesis (Fig.
6). In addition, preliminary electron microscopic observations
showed that ribosomes directly bind to internal sequences of
the 5" leader of MLV RNA (43). The results obtained in cell
culture are in agreement with in vitro experiments and confirm
that the F-MLV leader possesses an internal entry for ribo-
somes. In picornavirus, the internal ribosome entry domain is
a long, highly structured RNA element containing pyrimidine-
rich regions (15, 25). Similar structured and pyrimidine-rich
regions are located in the leader of F-MLV RNA upstream of
CUG#Y<o82 (positions 210 to 280) and AUG** (positions 510
to 580; Fig. 1) (40, 50). Removal of this sequence (positions 1
to 280) had a negative effect on translation (Fig. 6, lane 6
versus lane 4), indicating that this region is implicated in F-
MLYV internal ribosomal initiation. It is possible that, as was
observed with picornavirus, the pyrimidine-rich region is an
important element of the IRES (15, 25). It is also possible that
removal of this region perturbs the secondary structure or
alters the spacing of conserved elements in the IRES. On the
basis of these results, we can envisage two possible models for
the initiation of gag and glyco-gag synthesis. Translation of
glyco-gag starts by the direct binding of the 40S ribosomal
subunit within the leader upstream of CUG#>“°¥“¢ and neces-
sitates the presence of structural elements and/or the pyrimi-
dine-rich sequence within the region 1-280 (Fig. 1). Subse-
quently, the 40S ribosomal subunit scans to reach the
CUG#”°>#% which is in a favorable context (34), as described
for translation initiation of poliovirus (25). This model is in
total agreement with the results of in vitro translation since we
show that the 40S ribosomal subunits scan between positions
319 and 355 (Fig. 3, lanes 7 to 9). Initiation of gag synthesis
appears to be much less clear since leaky ribosome scanning
between the CUG*>“*#%¢ and AUG** codons is unlikely to
account for the majority of gag synthesis as indicated by our
data (Fig. 3). It could be envisioned that the 40S ribosomal
subunit, bound upstream of the CUG#»“*#%¢, would be directly
transferred (shunted) to the F-MLV 540-580 sequence, which
is probably base paired to the ribosome binding region as
indicated by the secondary structure model of the F-MLV
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leader (Fig. 1), and initiate the synthesis of gag protein (13, 19,
49). Or, it is possible that the 40S ribosomes bind to the RNA
between the two initiation codons, a process facilitated by the
presence of a highly structured RNA element containing pyri-
midine-rich regions, and scan until they encounter the AUG#**
initiation codon. This model is supported by results obtained
with pMLV-CB50 containing the region 280-565 of the leader
(Fig. 6 and 8) in which synthesis of B-Gal was observed. Both
models are in agreement with the observation of Evans et al.,
who showed that the levels of glyco-gag and gag proteins may
vary independently according to the cell growth phase (17).

Initiation of picornavirus RNA translation clearly requires
cell-specific factors that are thought to be RNA-binding pro-
teins (7, 22). Interestingly, P-galactosidase expression was
clearly lower in HeLa cells than in NIH 3T3 cells (data not
shown). Thus, it is likely that in murine retroviruses the inter-
nal initiation of translation promoted by the 5’ leader requires
specific cellular factors. This is presently under investigation.

Identification of an IRES in the F-MLYV leader has resulted
in the development of a new dicistronic MLV vector for gene
transfer in which the F-MLYV leader has been inserted between
two genes. In this retroviral vector, the F-MLV IRES promotes
efficient expression of the second gene in almost the same
number of transfected or infected cells as the poliovirus IRES.
Furthermore, insertion of the F-MLV leader between two
genes did not strongly impair the packaging function (Fig. 9).
New dicistronic MLV-derived vectors are being constructed to
improve the packaging function by extending the leader into
the 5’ gag sequences (5).

The presence of an IRES in the F-MLV leader adjacent to
or overlapping other elements essential for the viral life cycle
such as the packaging sequence (Psi or E/DLS) raises impor-
tant questions. These elements are implicated in the control of
gag translation and genomic RNA dimerization-packaging, two
steps which are necessary for virus replication but which ap-
pear to be mutually exclusive (10, 43, 44). In hepatitis B virus,
it has been shown that the binding of 80S ribosomes to the
encapsidation signal of the genomic RNA prevents packaging
(41). Therefore, one function of the IRES in the retroviral
leader could be to regulate the balance between gag protein
synthesis and genomic RNA packaging in the course of virion
formation. This is presently under investigation.
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