JOURNAL OF VIROLOGY, Mar. 2003, p. 3345-3350
0022-538X/03/$08.00+0 DOI: 10.1128/JV1.77.5.3345-3350.2003

Vol. 77, No. 5

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Replacement of Murine Leukemia Virus Readthrough Mechanism by

Human Immunodeficiency Virus Frameshift Allows Synthesis
of Viral Proteins and Virus Replication

Marie-Noélle Brunelle,' Léa Brakier-Gingras,' and Guy Lemay**

Département de Biochimie and Département de Microbiologie et Immunologie,”
Université de Montréal, Montréal, Québec, Canada H3C 3]7

Received 19 September 2002/Accepted 3 December 2002

Retroviruses use unusual recoding strategies to synthesize the Gag-Pol polyprotein precursor of viral en-
zymes. In human immunodeficiency virus, ribosomes translating full-length viral RNA can shift back by 1
nucleotide at a specific site defined by the presence of both a slippery sequence and a downstream stimulatory
element made of an extensive secondary structure. This so-called frameshift mechanism could become a target
for the development of novel antiviral strategies. A different recoding strategy is used by other retroviruses,
such as murine leukemia viruses, to synthesize the Gag-Pol precursor; in this case, a stop codon is suppressed
in a readthrough process, again due to the presence of a specific structure adopted by the mRNA. Development
of antiframeshift agents will greatly benefit from the availability of a simple animal and virus model. For this
purpose, the murine leukemia virus readthrough region was rendered inactive by mutagenesis and the frame-
shift region of human immunodeficiency virus was inserted to generate a chimeric provirus. This substitution
of readthrough by frameshift allows the synthesis of viral proteins, and the chimeric provirus sequence was
found to generate infectious viruses. This system could be a most interesting alternative to study ribosomal

frameshift in the context of a virus amenable to the use of a simple animal model.

The genome of retroviruses, such as human immunodefi-
ciency virus type 1 (HIV-1), encodes three polyproteins: the
Gag precursor of the viral structural proteins (matrix, capsid,
and nucleocapsid), the Pol precursor of the viral enzymes (pro-
tease, reverse transcriptase, and integrase), and the Env pre-
cursor of the viral envelope glycoproteins (surface and trans-
membrane) (reviewed in reference 28). The coding sequences
of Gag and Pol on the full-length viral RNA are translated
from the same initiation codon, the Pol polyprotein being
produced as a Gag-Pol fusion protein. In HIV, the Gag- and
Pol-encoding sequences overlap and a programmed —1 frame-
shift allows a minority of ribosomes translating the full-length
viral mRNA to slip from the Gag-encoding sequence into the
Pol-encoding sequence. This recoding event occurs when
translating ribosomes encounter a specific frameshift signal
composed of two elements: a slippery heptamer, where the
translating ribosomes can slip by 1 nucleotide in the 5" direc-
tion, and a stimulatory structure located a few nucleotides
downstream from the slippery sequence (10, 11, 28). While, in
most studied cases of the frameshift signal, the RNA secondary
structure that acts as a stimulator is well established as being a
pseudoknot (20, 30), in HIV-1, the stimulator is generally
considered to be a simpler stem-loop located 8 nucleotides
downstream of the slippery heptamer (1, 16, 23). Although
recent data have raised the possibility that the structure is
more complex and could involve downstream nucleotide se-
quences that influence the efficiency of the slippery sequence
(8, 9), it is clearly established that the minimal frameshift
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signal, defined as the slippery site and classical stem-loop struc-
ture, efficiently promotes frameshift (for examples, see refer-
ences 1, 23, and 29).

Programmed —1 frameshift not only permits synthesis of the
Pol precursor but is essential to maintain a specific ratio of
Gag-Pol to Gag. An adequate ratio of these two precursors is
required for Gag monomers and the Gag portion of Gag-Pol to
assemble and incorporate the viral RNA genome. The Gag-Pol
precursor is unable to correctly assemble by itself, and muta-
tions that induce changes in the Gag-Pol to Gag ratio preclude
the assembly of infectious viruses (17, 22, 27). This importance
of the Gag-Pol to Gag ratio in retroviral replication has led
some investigators to propose that programmed HIV-1 frame-
shift could become a target for the development of novel
antiviral agents (13, 14). However, there is no adequate animal
model to conveniently investigate frameshift and antiframe-
shift agents in vivo.

At the present time, the best model mimicking HIV infec-
tion is clearly the simian immunodeficiency virus model; how-
ever, its high cost and limited availability are two of the many
reasons that limit its use. This explains the interest in devel-
oping small, unexpensive, and easy to handle animal models;
the powerful genetic tools available in mice are a further in-
centive to develop murine models. Different approaches have
been investigated in an effort to reproduce HIV replication
and HIV-induced pathogenesis in mice (6, 15). Despite their
interest and contributions to our understanding of retroviral
pathogenesis, none of these models can actually mimic a nat-
ural cycle of viral infection, replication, and pathogenesis. A
major obstacle remains the unexplained block in viral assembly
observed in murine cells (2, 21). An alternative to the devel-
opment of actual animal models for HIV is the study of animal
retroviruses such as murine leukemia viruses (MuLV). This
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FIG. 1. Construction of chimeric virus sequence. The PCR strategy used to introduce the HIV-1 frameshift signal at the junction of gag and
pol in Mo-MuLV is schematized. The Mo-MuLV sequence is represented by black lines, and the HIV-1 sequence is represented by light gray lines.
Gray boxes represent the sequence of the cleavage site recognized by the viral protease. The target sequence of Mo-MuLV, where the HIV-1
frameshift was inserted, was flanked by restriction sites Xhol, in 5', and Mfel, in 3. The X symbol, in primer 3, indicates the single mutation (T—C)
that replaced the gag stop codon (TAG) with a glutamine codon (CAG). The sequence to insert was encompassed in primers 2 and 3 and included
in two separate PCR products, the 3'-end sequence of the PCR A product overlapping with the 5'-end sequence of PCR B product. The two PCR
products were mixed and denatured, allowing one strand from each fragment to act as a primer on the other fragment. The new DNA product
resulting from this extension reaction was then amplified in a third PCR (PCR C) using primers 1 and 4. The final PCR product was then digested

with Xhol and Mfel and inserted into pGMo.

approach will obviously be adequate only when studying the
aspects of HIV biology that are shared by these viruses. An-
other possibility is to produce chimeric viruses in which some
elements of the HIV genome are introduced into the MuLV
genome (for examples, see references 5, 7, 18, and 24). This
last approach was selected in the present study to develop a
model that could eventually be used for the in vivo study of
ribosomal frameshifting in the context of a replicating virus.
The programmed frameshift of HIV-1 was reproduced in
different expression systems, by means of either reporter
genes, expression of Gag and Gag-Pol-encoding constructs, or
transfection of cloned HIV proviral DNA (1, 3, 4, 22, 23, 25,
27). The frameshift phenomenon relies on fundamental mech-
anisms that are conserved in cells of diverse origins. However,
despite the fact that frameshift signals, as found in HIV-1, can
act in cells from diverse mammalian species, retroviruses such
as MuLV have evolved a programmed readthrough, rather
than frameshifting, to generate a Gag-Pol fusion protein (28).
For such retroviruses, the coding sequences of Gag and Pol do
not overlap but rather are juxtaposed in the same reading
frame. A minority of ribosomes translating the full-length viral
RNA bypass the termination codon at the 3’ end of the gag
gene and continue the translation of the mRNA, producing the
Pol portion of the Gag-Pol fusion protein. A pseudoknot, lo-
cated 8 nucleotides downstream from the termination codon, is
required for the readthrough process to occur (11, 28, 30-33).
Since MuLVs do not rely on frameshifting to produce their
pol-encoded proteins, these viruses could not be used directly
for the purpose of studying frameshift and its putative inhibi-
tors. However, it was reasoned that replacing MuLV read-
through by the HIV-1 frameshift could make the production of
the Pol precursor of the murine retrovirus dependent on the

HIV-1 frameshift signal to create a simple chimeric retrovirus
able to replicate and propagate in mice. Moloney MuLV strain
(Mo-MuLV) was chosen for this study since this viral strain
replicates at a high titer in murine cell lines in vitro and has
been extensively studied. It induces the rapid appearance of a
T-cell leukemia in experimentally inoculated mice or rats; a
thermosensitive mutant was also shown to induce neuropatho-
genesis (reviewed in reference 26). Altogether, it thus appears
as an ideal polyvalent virus for the development of a murine
model to study frameshift.

By using the two-step PCR extension method (12) schema-
tized in Fig. 1, the HIV-1 frameshift signal, encompassing both
the slippery heptamer and stem-loop, was thus inserted at the
junction of the gag and pol gene in Mo-MuLV, upstream from
the termination codon of gag that is normally suppressed in the
readthrough process (Fig. 2). A complete infectious cloned
proviral DNA of Mo-MuLV, flanked by EcoRI sites (19), was
first subcloned at the EcoRlI site of the pGEM-7z(—) plasmid
vector (Promega) and used as a template to construct the
chimeric MuLV-HIV DNA fragment as schematized in Fig. 1
and 2. The sequence of oligonucleotide primers 1 (5'-gtc gat
gce get ttt cce cte gag cge cca gac t-3') and 4 (5'-tgt ggg agt ctg
gtc cag gtc aat tgt cct gag att-3') is completely homologous to
the Mo-MuLV sequence and encompasses, respectively, the
underlined Xhol and Mfel sites. The sequence of primers 2
(5'-CCT TCC CTT GTA GGA AGG CCA GAT CTA CCC
TAA AAA ATT gtc atc tag ggt cag gag gga ggt ctg ggg tct tgg
tce ccg-3') and 3 (5'-GGG TAG ATC TGG CCT TCC TAC
AAG GGA AGG CCA Gga cct ccc tee tga cec tag atg acc agg
gag gtc agg gtc ag-3') is also homologous to the genome of
Mo-MuLV at the 3’ ends (lowercase letters) of the two prim-
ers, except for one base in primer 3 (underlined), correspond-
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FIG. 2. Sequence of the chimeric virus. (A) Original sequence at the gag-pol junction in Mo-MuLV. (B) Insertion of the HIV-1 frameshift
region at the Mo-MuLV gag-pol junction. The Mo-MuLV DNA sequence is given in standard uppercase letters, and the HIV-1 DNA sequence
is shown in boldface. The slippery sequence of the frameshift site is enclosed in light gray. A nucleotide was changed (G—T) in the sequence
between the slippery sequence and the sequence coding for the stem-loop, producing an UAG stop codon in the 0 reading frame and a codon
coding for a val* in the —1 reading frame. The first base of the gag stop codon was substituted, replacing the stop codon with a glutamine codon
(gln**). The cleavage sites recognized by the viral protease are indicated by arrowheads.

ing to the first nucleotide in the stop codon, that is normally
subject to readthrough in MuLV. These two oligonucleotides
possess long 5'-end extensions (uppercase letters), correspond-
ing to the two halves of the HIV sequences to be inserted in the
final construct with an overlap of 30 nucleotides. To ensure
that the production of Pol proteins was dependent on the
frameshift signal while allowing the synthesis of Gag proteins,
a few changes in the frameshift and readthrough sequences
had to be made. To shut down the readthrough mechanism of
MuLV, a mutation (T—C) was introduced into the stop codon
of gag, changing it to a glutamine codon (Fig. 2B). Since the
production of the Gag precursor is essential to viral replica-
tion, a new stop codon was created in the sequence, located
between the slippery heptamer and the stem-loop, and in the
same reading frame as the gag initiation codon (Fig. 2B). In the
chimeric proviral construct, ribosomes should translate the
full-length viral mRNA until they encounter the stop codon in
order to generate the Gag precursor. A minority of ribosomes
are, however, expected to slip in the —1 reading frame at the
HIV slippery sequence and then continue translation of the
mRNA until they reach the pol stop codon, producing the Gag-
Pol precursor of pol-encoded enzymes. In Mo-MuLV, the junc-
tion between the Gag and Pol proteins includes a specific
sequence recognized as a cleavage site by the viral protease to
process the Gag precursor into mature proteins (Fig. 2A); in
the chimeric proviral construct, this sequence was duplicated
to flank the extra amino acid sequence generated by the intro-
duction of additional nucleotides that form the frameshift sig-

nal (Fig. 2B). During maturation of the Gag and Gag-Pol
precursors, it is expected that the viral protease cuts the
polyprotein at these sites, removing the extra amino acids
encoded by the HIV-1 sequence. The resulting proteins, nu-
cleocapsid and protease, should thus be identical to those of an
authentic wild-type Mo-MuLV. Two independently obtained
chimeric proviral plasmid constructs were sequenced to verify
the inserted HIV fragment (data not shown).

In order to determine if the frameshift mechanism could
functionally replace readthrough in an MuLV background,
resulting in the production of replication-competent viruses,
proviral DNA was introduced by transfection in NIH 3T3
mouse fibroblasts permissive for Mo-MuLV replication. The
chimeric virus was able to replicate, since levels of reverse
transcriptase activity associated with particles that were re-
leased in the cell culture supernatant increased with time upon
cell passages (Fig. 3). Maximal virus production was reached
about 2 weeks posttransfection in both the wild-type and chi-
meric viruses and was about 10 to 20% lower at all time points
for the chimeric virus than for the wild type (Fig. 3). These
results suggest that both viruses replicate until all cells become
infected, generating a chronically infected cell line; the chi-
meric virus appears to replicate normally, although a slight
reduction in virus production was observed.

To confirm that the viruses produced in chronically infected
cells actually harbored the HIV sequence and to verify the
stability of this sequence in the background Mo-MuLV ge-
nome, sequencing of the viral genome by duplex reverse tran-
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FIG. 3. Replication of chimeric virus. Control wild-type Mo-MuLV
proviral DNA (A) and chimeric (@) constructs were introduced by
transfection in murine NIH 3T3 fibroblasts by the calcium-phosphate
coprecipitation procedure. Transfected cells were each passaged 3
days, and the supernatant from 24 h of incubation was harvested at day
2 of each passage. Virus-containing supernatants were subjected to a
low-speed centrifugation (15 min at 1,000 X g in a Sorval SH 3000
rotor at 4°C) to remove cell debris and ultracentrifuged at 100,000 X
g for 1 h in a Beckman 70.1 Ti rotor at 4°C. Viral pellets were then
resuspended overnight in 200 pl of TE (10 mM Tris-HCI [pH 8.0],
1 mM EDTA [pH 8.0]), and 50 pl of each sample was mixed with 50
wl of a cocktail reaction {final concentrations of 50 mM Tris-HCI [pH
8.2], 20 mM dithiothreitol, 50 mM NaCl, 0.05% Nonidet P-40, 0.6 mM
MnCl,, 10 uM dTTP, 20 pg of poly(A) - oligo(dT), s (Roche Molecular
Biochemicals)/ml, 0.4 p.Ci [*'H]dTTP (1,000 Ci/mmol; ICN)}. The re-
action was incubated for 2 h at 37°C, and reaction products were
precipitated by the addition of 1 ml of 10% trichloroacetic acid and left
on ice for 2 h. The trichloroacetic acid-precipitable material was fil-
tered onto 0.45-pm-pore-size Millipore filters, filters were dried, and
radioactivity was measured in a Beckman LS 600 SC scintillation
counter. The results are summarized from three separate experiments
using independent plasmid preparations.

scription-PCR was performed. Viruses were recovered from
chronically infected cells approximately 30 days posttransfec-
tion, at which time viral production had reached its peak and
was stably maintained. Briefly, the viral genomic RNA of chi-
meric or wild-type Mo-MuLV was isolated from resuspended
viral particles and treated with fast-performance liquid chro-
matography pure DNase I (Amersham Pharmacia Biotech)
before being used for the synthesis of a first DNA strand by
using MuLV reverse transcriptase (Gibco-BRL) primed with
an oligonucleotide located downstream of the Mfel site (5'-gcc
gta gga cag agg atg ag-3'). Amplification of double-stranded
DNA was then achieved by using the same primer in combi-
nation with a second one located 5’ of the Xhol site (5'-gcc cca
ttg gtc cca taa cc-3"). One-tenth of the obtained PCR product
was finally amplified in a second PCR by using two internally
located primers, 5'-gga ggt ccc aac tcg atc gcg-3' and 5'-cag cga
tac cgc ttt cct cca g-3'; these same two primers were also used
to sequence directly the resulting PCR product by automated
DNA sequencing. The replicating virus retained the expected
HIV-1 insertion without any additional change in either the
introduced HIV sequence or the adjacent sequences (data not
shown). The experiment was repeated on two separately es-
tablished cell lines with the same result. Sequencing of the
PCR product obviously revealed only the predominant se-
quence, and it could not be completely excluded that there
were minor variants in the viral population. Closer examina-
tion of the sequence did not reveal consistent minor peaks that
would be indicative of the presence of such a viral subpopula-
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tion, suggesting that, if they do exist, such minor variants do
not possess a strong selective advantage, at least not under
tissue culture conditions. Production of pol-encoded protein is
thus clearly dependent upon the use of the introduced frame-
shift signal in the chimeric virus.

Having proven that the frameshift signal is conserved upon
viral propagation, viral proteins were finally examined. There
were no obvious differences between the nature and amount of
viral proteins detected in cells chronically infected by either the
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FIG. 4. Analysis of viral proteins in chimeric viruses. (A) Chroni-
cally infected NIH 3T3 cells were lysed in RIPA buffer (10 mM sodium
phosphate [pH 7.2], 140 mM NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate) containing a cocktail of protease inhibitors. Cell debris
was removed by centrifugation (15,000 X g for 45 min in a Sorvall F-20
rotor at 4°C); samples of cell lysates were then analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblot-
ting using a goat anti-p30 antiserum (National Cancer Institute) and
horseradish peroxidase-conjugated swine anti-goat secondary antibody
(Cedarlane). Antigen-antibody complexes were detected by enhanced
chemiluminescence and autoradiography. (B) Subconfluent cells were
subjected to metabolic radiolabeling (200 wCi of ICN Tran*S-Label
per 10-cm-diameter petri dish); cell supernatants were collected 8 h
later and clarified by centrifugation (1,000 X g for 15 min in a Sorvall
SH 3000 rotor at 4°C) followed by filtration onto 0.45-pwm-pore-size
nitrocellulose filters. Viruses were then semipurified by ultracentrifu-
gation of clarified supernatants through a 3-ml 20% sucrose cushion in
phosphate-buffered saline for 2 h at 100,000 X g in a 70.1 rotor
(Beckman) at 4°C. Pelleted viral particles were resuspended in 100 pl
of RIPA buffer and centrifuged for 30 min at 15,000 Xg in a Sorvall
F-20 microrotor. These samples containing viral proteins were incu-
bated overnight at 4°C with the anti-p30 antiserum, and the immune
complexes were collected by incubation with protein G-Sepharose
(Amersham) for 3 h at 4°C. Sepharose beads were briefly pelleted in a
microcentrifuge and washed extensively in RIPA buffer. Bound anti-
gen-antibody complexes were analyzed on sodium dodecyl sulfate—
10% polyacrylamide gels, fixed, dried, and exposed on Biomax MR
films (Kodak). The positions of the molecular weight markers and
selected viral proteins in the wild type (Wt) and the chimeric virus
(Chim.) are indicated in both panels A and B.
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wild-type or chimeric virus (Fig. 4A). The three main proteins
recognized by the anti-p30(CA) antiserum were the Gag pre-
cursor Pr65Gayg, its glycosylated form, gPr80Gag, and the viral
capsid protein p30(CA) that is the main product of Gag pre-
cursor proteolytic maturation. Partially processed intermedi-
ates and fully processed proteins could also be seen, especially
the amino-terminal cleavage fragment of gPr80Gag, gp55.
Similar observations were made in five independent experi-
ments using two independently established cell lines. This
shows that synthesis and processing of viral proteins does occur
normally in the chimeric virus despite the introduction of the
HIV frameshift signal and that of an additional cleavage site
for the viral protease. The proteins incorporated into the viral
particles were also examined by the metabolic radiolabeling
and immunoprecipitation of semipurified viruses (Fig. 4B).
Again, the protein profile was virtually indistinguishable be-
tween wild-type and chimeric viruses by this procedure; the
two viral proteins were recognized by the anti-p30 antiserum
being the remaining unprocessed Gag precursor (Pr65Gag)
and p30, the major protein of the viral capsid.

In conclusion, replacement of readthrough in MuLV by
frameshift, consecutive to the introduction of the RNA se-
quence of HIV-1, was achieved and resulted in the production
of infectious virions at an efficiency that closely mimics that of
wild-type MuLV. The small reduction in viral production with
the chimeric virus could be explained if the frameshift effi-
ciency was slightly different from the frequency of ribosomal
readthrough. This could be intrinsic to the two mechanisms,
the exact frequency in vivo of frameshifting and readthrough
remaining difficult to establish, or, simply, this could result
from the introduction of the frameshift element in a different
sequence context.

The construction of an infectious chimeric MuLV encom-
passing the HIV ribosomal frameshift signal opens novel ave-
nues of research on frameshifting. A recent report indicated
that the sequence of the frameshift signal is quite variable
among HIV isolates (29); however, the biological significance
of this variability is unclear. It will clearly be of interest to look
at the replication of the chimeric virus developed in the
present study to determine if, upon prolonged viral replication
in an experimental animal, the sequence of the frameshift
signal could evolve, even though this was not the case in vitro.
Finally, perhaps more important in the context of our constant
need for novel therapies to control HIV as the AIDS etiolog-
ical agent, this experimental system could be used for the study
of frameshift inhibitors in the context of in vivo viral replica-
tion and disease development.
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