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The 5’ UTR of HIV-1 full-length mRNA and the Tat viral
protein modulate the programmed —1 ribosomal
frameshift that generates HIV-1 enzymes
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ABSTRACT

Translation of the full-length messenger RNA (mRNA) of the human immunodeficiency virus type 1 (HIV-1) generates the
precursor of the viral enzymes via a programmed —1 ribosomal frameshift. Here, using dual-luciferase reporters, we in-
vestigated whether the highly structured 5’ untranslated region (UTR) of this mRNA, which interferes with translation initiation,
can modulate HIV-1 frameshift efficiency. We showed that, when the 5° UTR of HIV-1 mRNA occupies the 5’ end of the
reporter mRNA, HIV-1 frameshift efficiency is increased about fourfold in Jurkat T-cells, compared with a control dual-
luciferase reporter with a short unstructured 5’ UTR. This increase was related to an interference with cap-dependent
translation initiation by the TAR-Poly(A) region at the 5’ end of the messenger. HIV-1 mRNA 5’ UTR also contains an internal
ribosome entry site (IRES), but we showed that, when the cap-dependent initiation mode is available, the IRES is not used or is
weakly used. However, when the ribosomes have to use the IRES to translate the dual-luciferase reporter, the frameshift
efficiency is comparable to that of the control dual-luciferase reporter. The decrease in cap-dependent initiation and the
accompanying increase in frameshift efficiency caused by the 5" UTR of HIV-1 mRNA is antagonized, in a dose-dependent way,
by the Tat viral protein. Tat also stimulates the IRES-dependent initiation and decreases the corresponding frameshift efficiency.
A model is presented that accounts for the variations in frameshift efficiency depending on the 5’ UTR and the presence of Tat,
and it is proposed that a range of frameshift efficiencies is compatible with the virus replication.
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INTRODUCTION counter between ribosomes and the FSS forces them to make
a pause. This pause would be responsible for an incomplete
translocation for a small proportion of the ribosomes, which
triggers the —1 frameshift (Namy et al. 2006; Leger et al.
2007; Liao et al. 2011). Whether they frameshift or not,
ribosomes continue translation by unfolding the FSS with
their helicase-associated activity (Takyar et al. 2005). We
previously showed (Gendron et al. 2008) that the frameshift
event is affected by changes in the rate of translation ini-
tiation, although it occurs during the elongation step of
translation. A ribosome must encounter the folded FSS to
frameshift. A high initiation rate results in the ribosomes
being close to each other, reducing the time available for
the FSS to refold between the passage of the ribosomes,
whereas a low initiation rate has the converse effect. HIV-1
frameshift efficiency is thus inversely proportional to the

Conventional translation of the human immunodeficiency
virus type 1 (HIV-1) full-length messenger RNA (mRNA)
produces Gag, the precursor of its structural proteins. It
also produces Gag-Pol, the precursor of its enzymes, via a
programmed —1 ribosomal frameshift (Jacks et al. 1988; for
review, see Brierley and Dos Ramos 2006; Brakier-Gingras
and Dulude 2010). This frameshift occurs in a specific
region of HIV-1 full-length mRNA (Fig. 1), the slippery
sequence, which is followed by an irregular stem—loop, the
frameshift stimulatory signal (FSS) that controls frameshift
efficiency (Dulude et al. 2002; Gaudin et al. 2005; Staple
and Butcher 2005). Current models propose that the en-
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FIGURE 1. Schematic representation of the 5 UTR and frameshift-
ing region of HIV-1 full-length mRNA. This mRNA is capped and
polyadenylated. Its 5" UTR is shown under the Weeks conformation,
as adapted from Wilkinson et al. (2008). The regulatory motifs
present in this region are indicated: the TAR stem-loop, the poly(A)
stem-loop containing the polyadenylation signal, the primer binding
site (PBS), the dimerization initiation site (DIS), the major splice
donor site (SD), and the packaging signal ({s). The IRES encompasses
the region delineated by the dashed line. The AUG initiator codon of
gag is boxed. The rest of the mRNA is represented by a thin line except
for the HIV-1 frameshift region. The slippery sequence, UUUUUUA,
where the frameshift takes place, is indicated, followed by the frameshift
stimulatory signal (FSS). The gag coding region is delineated by the
AUG initiator codon and the stop codon in the zero frame. The pol
coding sequence is delineated by the slippery sequence and the stop
codon in the —1 frame.

is required to produce Fluc (expressed as a Rluc-Fluc fusion
protein), whereas Rluc is produced following the conven-
tional rules of translation. The control dual-luciferase mRNA
reporter has a short (~90 nt long) and unstructured 5’
untranslated region (UTR). This contrasts with the ~300-
nt-long 5" UTR of HIV-1 full-length mRNA, which is highly
structured. This 5" UTR contains several extremely con-
served signals (Fig. 1) that are required for several steps in
virus replication (for review, see Berkhout 1996). HIV-1
full-length mRNA is capped and polyadenylated and can
therefore be translated, like the majority of cellular mRNAs,
via a cap-dependent translation initiation (for reviews on
translation, see Gebauer and Hentze 2004; Pestova et al.
2007; Sonenberg and Hinnebusch 2009; Jackson et al. 2010).
This mode of initiation involves loading of the 40S ribo-
somal subunit and associated factors at the 5’ end of the
mRNA and subsequent scanning in the 3" direction until an
AUG codon in an appropriate context is encountered. An
alternative translation initiation way is via an internal ribo-
some entry site (IRES) to which the 40S subunit binds
within the mRNA, proximal to the AUG start codon (for
reviews, see Lopez-Lastra et al. 2005; Doudna and Sarnow
2007; Hellen 2009; Pacheco and Martinez-Salas 2010). Such
an entry site was detected in the 5" UTR of HIV-1 full-length
mRNA (Fig. 1; Brasey et al. 2003). Therefore, the translation
of this mRNA can be initiated in a cap-dependent and also in
an IRES-dependent way (for reviews, see Yilmaz et al. 2006;
Ricci et al. 2008; Balvay et al. 2009; Chamond et al. 2010).

The 5" UTR of HIV-1 full-length mRNA is known to slow
down mRNA translation (SenGupta et al. 1990; Geballe and
Gray 1992; Miele et al. 1996), an effect mostly due to the

520 RNA, Vol. 18, No. 3

TAR stem—loop at the 5" end (Cullen 1986), which is en-
hanced by the additional presence of the sequence encod-
ing the neighbor poly(A) hairpin (Parkin et al. 1988). It
likely results from an interference of TAR with the binding
of the 40S subunit to the mRNA. In addition, depending on
its concentration, TAR can activate or inhibit the double-
stranded RNA-dependent kinase PKR (for reviews, see
Bannwarth and Gatignol 2005; Clerzius et al. 2011). This
effect, which has an influence on global protein synthesis, is
much weaker than the blockade of accessibility of the 5’
end of the mRNA (SenGupta et al. 1990; Geballe and Gray
1992). The activation of PKR causes translation inhibition
by phosphorylation of the a-subunit of eIF2, an initiation
factor essential for cap-dependent translation initiation,
whereas the inhibition of PKR, by decreasing the amount of
phosphorylated elF2, has the opposite effect (for review, see
Clerzius et al. 2011).

Several cellular proteins, such as La autoantigen (Chang
et al. 1994; Svitkin et al. 1994), Staufen (Dugre-Brisson
et al. 2005), and the TAR RNA-binding protein (TRBP)
(Dorin et al. 2003), bind the TAR stem-loop and alleviate
the blockade of translation initiation caused by TAR, probably
by destabilizing this structure. Some cellular RNA helicases
also contribute to antagonize the effect of TAR on trans-
lation such as RHA, which binds to TAR (Fujii et al. 2001)
and enhances the translation of HIV-1 mRNAs (Bolinger
et al. 2010). DDX3 also enhances the translation of HIV-1
mRNAs (Liu et al. 2011), although it is not known so far
whether it binds to TAR. Among HIV-1 proteins, it was ob-
served more than two decades ago that the Tat protein can
counteract the effect of TAR and stimulates translation of the
viral mRNAs, but other studies contradicted these observa-
tions (see below). The major role of Tat is the transactivation
of transcription of viral transcripts by binding to TAR (for
reviews, see Brady and Kashanchi 2005; Gatignol 2007),
but, by interacting with a variety of cellular proteins, it has
other pleiotropic effects (Pugliese et al. 2005; Gautier et al.
2009; Romani et al. 2009; Van Duyne et al. 2009; Johri et al.
2011). Interestingly, Tat up-regulates several cellular RNA
helicases among which are DDX3 (Yedavalli et al. 2004)
and probably RHA, with which it directly interacts (Van
Duyne et al. 2009). As to the effect of Tat on the translation
initiation of TAR-containing RNA transcripts, it was shown
that in cultured cells, in reticulocyte lysates, or in Xenopus
oocytes (Cullen 1986; SenGupta et al. 1990; Braddock et al.
1993), Tat counteracted the inhibitory effect of TAR, but
other researchers did not see this effect of Tat either in
cultured cells (Chin et al. 1991), in reticulocyte lysates, or
in Xenopus oocytes (Parkin et al. 1988; Svitkin et al. 1994).

Tat also has a stimulatory effect on global protein syn-
thesis by competing with eIF2 for phosphorylation by PKR
or by inhibiting PKR activity, independently of the pres-
ence of TAR (for review, see Clerzius et al. 2011). Because
of the conflicting results in the literature, the role of Tat in
the translation of mRNAs containing TAR at their 5" ends
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remained controversial. In the present study, we investi-
gated, in the absence and in the presence of Tat, the effect
of the 5" UTR of HIV-1 full-length mRNA on the efficiency
of the programmed —1 frameshift occurring upon trans-
lation of this messenger. We constructed dual-luciferase
reporters in which the HIV-1 frameshift region is inserted
between the two luciferases, with the complete HIV-1 full-
length mRNA 5" UTR, or a part of it, at the 5" end of the
reporter mRNA. Our results show that, when CD4+ Jurkat
T-cells or HEK 293T cells were transfected with these
different plasmids, the frameshift efficiency with the con-
structs containing the TAR-Poly(A) region significantly
increased compared with the frameshift efficiency obtained
with the control dual-luciferase reporter with a short and
unstructured 5° UTR. With a long structured 5° UTR
devoid of the TAR-Poly(A) region, the frameshift efficiency
was comparable to or slightly greater than that of the con-
trol dual-luciferase reporter. We constructed another reporter
in which the translation initiation for Rluc and Rluc-Fluc
was exclusively IRES-dependent and found that its frame-
shift efficiency was comparable to that of the control dual-
luciferase. With all of the reporters, the addition of Tat
decreased the frameshift efficiency, the effect being more
pronounced with the constructs containing the TAR-Poly(A)
region at their 5" ends or using exclusively an IRES-dependent
mode of translation initiation.

RESULTS

Description of dual-luciferase constructs containing
the 5" UTR of HIV-1 full-length mRNA or portions
of this 5' UTR

Our aim was to investigate the impact of the structured 5’
UTR of HIV-1 full-length mRNA on HIV-1 frameshift
efficiency. To this end, we used dual-luciferase constructs
coding for Rluc and Fluc separated by the HIV-1 frameshift
region (Fig. 2A,B). The pDual-HIV* mRNA reporter contains
a short and relatively unstructured 5" UTR and corresponds
to reporters commonly used to study HIV-1 frameshift so
far. We first studied the influence of the complete 5° UTR
of HIV-1 full-length mRNA on frameshift efficiency, using
p5'UTR-HIV. Secondly, we determined the impact of
different parts of this 5° UTR by studying the influence
of the TAR-Poly(A) structures at the 5’ end of the mRNA
reporter, with pTP-HIV, and the influence of the portion of
the 5 UTR of HIV-1 full-length mRNA encompassing an
IRES (as determined by Brasey et al. 2003) and without
TAR-Poly(A), with pATP-5"UTR-HIV. Plasmids pDual-HIV*
and pTP-HIV use a cap-dependent mode of initiation,
whereas pATP-5'UTR-HIV and p5'UTR-HIV could use
both the cap-dependent and the IRES-dependent initiation
mode. A last reporter, pCAT-5'UTR-HIV, was made that
forced the ribosomes to use the IRES-dependent mode to
translate the luciferases. The chloramphenicol acetyltransferase
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FIGURE 2. Scheme of the vectors used to assess HIV-1 frameshift
efficiency. (A) Representation of a dual-luciferase reporter. All of the
reporters used in this study are derivatives of this dual-luciferase
reporter, which differ in their 5° UTR. They contain the Renilla (Rluc)
and the firefly luciferase (Fluc) coding sequences, under control of
a CMV promoter, and separated by the HIV-1 frameshift region
(nucleotides 1608-1685 in pLAI). Rluc is synthesized by all of the
ribosomes translating the mRNA, whereas Fluc is synthesized, as
a fusion to Rluc, only by ribosomes that make a —1 frameshift in the
frameshift region. (B) Details on the 5" UTR of the different reporter
mRNAs used in this study. Plasmid pDual-HIV* has a short and un-
structured 5" UTR. The plasmid p5'UTR-HIV contains the complete
5" UTR of HIV-1 full-length mRNA (nucleotides 1-335 in pLAI). The
plasmid pTP-HIV contains the beginning of the 5 UTR of HIV-1
full-length mRNA encompassing the TAR and poly(A) structures
(nucleotides 1-106 in pLAI). The plasmid pATP-5"UTR-HIV con-
tains a part of the HIV-1 full-length mRNA 5" UTR (nucleotides 95—
335 in pLAI), which encompasses HIV-1 IRES but not TAR and
poly(A). Finally, the plasmid pCAT-5'UTR-HIV was designed such
that translation of the CAT sequence results from a cap-dependent
initiation, whereas the production of the luciferases, preceded by the
5" UTR of HIV-1 full-length mRNA, results from an IRES-dependent
initiation. In pDual-HIV* and pTP-HIV, only the cap-dependent
initiation is available. In pATP-5'UTR-HIV and p5'UTR-HIV, both
cap- and IRES-dependent initiations could be possible. In all of the
plasmids, the AUG initiator codon for Rluc is followed by the first
30 nt from the gag coding region. Also, an oligonucleotide coding for
a peptide linker was inserted between the nucleotide from gag and the
beginning of the Rluc coding sequence. The AUG codon and the 30 nt
from gag plus the linker are represented by an open box.

(CAT) coding sequence was added upstream of HIV-1 5’
UTR in p5'UTR-HIV, such that the CAT coding sequence
is translated via a cap-dependent initiation mode, whereas
Rluc and Rluc-Fluc are produced via an IRES-dependent
initiation mode.

The 5’ UTR of HIV-1 full-length mRNA modulates
HIV-1 frameshift efficiency

We assessed how the different 5° UTRs of the mRNA
reporters influence HIV-1 frameshift efficiency when the re-
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porters were transfected in cultured cells. Since HIV-1
infects T-lymphocyte cells, we first chose CD4+ Jurkat
T-cells (Fig. 3A). Using a reporter containing the HIV-1 full-
length mRNA 5" UTR (p5'UTR-HIV), we observed a four-
fold increase in frameshift efficiency compared with a short
and unstructured 5" UTR (pDual-HIV*). This increase mostly
results from the presence of the TAR-Poly(A) region, since
this region alone (pTP-HIV) causes an increase in frame-
shift efficiency comparable to that of the complete 5" UTR.
The remaining structured region of the 5" UTR, devoid of
the TAR-Poly(A) region (pATP-5"UTR-HIV), causes about
a twofold increase in frameshift efficiency when compared
with pDual-HIV* but does not contribute to further in-
crease the frameshift efficiency obtained when TAR-Poly(A)
is present. HIV-1 IRES is contained within this remaining
structured region of the 5" UTR. We also observed that
mutations in the IRES known to increase or decrease by
twofold the IRES activity (Gendron et al. 2011) did not
affect frameshift efficiency when introduced in p5'UTR-
HIV (data not shown). As to the frameshift efficiency of the
pCAT-5'UTR-HIV reporter, for which translation of the
luciferases is IRES-dependent, it was slightly higher than
that of pDual-HIV* and about one-third of the frameshift
efficiency observed with the p5'UTR-HIV reporter. Thus,
the use of an IRES-dependent translation initiation mode
when HIV-1 full-length mRNA is translated results in a
frameshift efficiency that strongly differs from that observed
with a cap-dependent initiation mode. Note that the changes
in frameshift efficiency were assessed by comparing the Fluc/
Rluc ratios in the constructs where Fluc expression depends
on a —1 frameshift (—1 constructs). Such a direct compar-
ison of these ratios is valid to assess changes in frameshift
efficiency because the frameshift site and its local context are
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FIGURE 3. Influence of the 5 UTR of the reporter mRNA on
frameshift efficiency with a dual-luciferase system in Jurkat T-cells.
(A) The Fluc/Rluc ratio represents the relative frameshift efficiency
corresponding to the different 5" UTRs inserted upstream of the dual-
luciferase coding sequences. The Fluc/Rluc ratios are presented
relative to the p5'UTR-HIV construct, with the complete 5" UTR of
HIV-1 full-length mRNA, which is arbitrarily set at 100%. Each value
represents the mean = SEM of at least three independent triplicate
experiments. (B) Effect of the 5' UTR on translation efficiency. The
Rluc activities were divided by the corresponding mRNA levels that
were quantified by qPCR. The Rluc/mRNA ratios are presented
relative to the p5'UTR-HIV construct, which is arbitrarily set at 1.
Rluc/mRNA ratios were measured in triplicate, and one representative
experiment is shown.

522 RNA, Vol. 18, No. 3

identical in the different constructs. In some assays, the
frameshift efficiencies were also assessed by dividing the
Fluc/Rluc ratio in the —1 constructs by that of the Fluc/
Rluc ratio in constructs where Rluc and Fluc are in-frame
(0 constructs) (see Grentzmann et al. 1998). The frameshift
efficiency was found to be 9.1% * 0.8% in pDual-HIV*
and the variations of frameshift efficiency with pTP-HIV,
p5'UTR-HIV, and pATP-5'UTR-HIV, when compared with
pDual-HIV*, reproduced the changes observed when com-
paring the Fluc/Rluc ratios in the —1 constructs.

We next investigated whether the changes seen in frame-
shift efficiency were directly related to translation efficiency
by measuring the ratio of Rluc per mRNA produced, using
real-time quantitative polymerase chain reaction (qPCR)
(Fig. 3B). This experiment showed that the level of intact
reporter mRNA produced in transfected cells was similar
for each construct, eliminating the possibility that premature
termination or aberrant splicing could have occurred in
some of the constructs (data not shown). It also showed
changes in translational efficiency depending on the 5’
UTR of the construct. The presence of a structured 5" UTR,
devoid of TAR-Poly(A) as in pATP-5"UTR-HIV, causes a
1.5-fold decrease in translation efficiency when compared
with the short and unstructured 5" UTR of pDual-HIV*.
The TAR-Poly(A) region, as seen with pTP-HIV, or the
complete 5" UTR, as seen in p5'UTR-HIV, reduces transla-
tion efficiency about fourfold when compared with pDual-
HIV*. With these constructs, a high frameshift efficiency
parallels a low translation efficiency. In contrast, the trans-
lation efficiency of pCAT-5'UTR-HIV (Fig. 3B) is lower
than that of pTP-HIV and p5'UTR-HIV, whereas its frame-
shift efficiency (Fig. 3A) is much lower than that of those
two plasmids. There is thus no apparent inverse correlation
between translation rate and frameshift efficiency when the
IRES-dependent mode is used.

We also verified whether and how the 5" UTR of HIV-1
full-length mRNA influences HIV-1 frameshift efficiency in
HEK 293T, another cell line that is commonly used to study
HIV-1 replication (Fig. 4A). We observed that the pres-
ence of the complete 5' UTR of HIV-1 full-length mRNA
(p5'UTR-HIV) increases frameshift efficiency by ~1.5-fold
compared with the control pDual-HIV*. The TAR-Poly(A)
region (pTP-HIV) causes the same increase of the frame-
shift efficiency as the complete 5° UTR, while the HIV-1 5’
UTR devoid of TAR-Poly(A) (pATP-5'UTR-HIV) does not
affect the frameshift efficiency compared with pDual-HIV*.
With pCAT-5'"UTR-HIV, the frameshift efficiency is com-
parable to that of pDual-HIV*. Therefore, the general trend
for changes in frameshift efficiency is the same for Jurkat
T-cells and HEK 293T cells, although the latter cell line
appears less sensitive than the Jurkat T-cells to variations in
the 5" UTR of the reporter mRNA. As for the Jurkat cells,
the changes in the frameshift efficiency in HEK 293T were
assessed by measuring the changes in the Fluc/Rluc ratios in
the —1 constructs. When the frameshift efficiencies were
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FIGURE 4. HIV-1 frameshifting relative to the type of 5" UTR of the
dual-luciferase reporter mRNA in HEK 293T cells. (A) The Fluc/Rluc
ratio represents the relative frameshift efficiency, which was arbitrarily
set at 100% for p5'UTR-HIV. Each value represents the mean + SEM
of at least three independent triplicate experiments. (B) The Rluc
activities were divided by the level of mRNA quantified by qPCR. The
Rluc/mRNA ratio is shown relative to p5'UTR-HIV, which was
arbitrarily set at 1. Rluc/mRNA ratios were measured in triplicate,
and one representative experiment is shown.

measured by dividing the Fluc/Rluc ratios in the —1 con-
structs by those in the corresponding in-frame constructs,
the frameshift efficiency was found to be 11.0% * 1.0% in
pDual-HIV* and was increased ~1.5-fold in pTP-HIV or
p5'UTR-HIV but did not change in pATP-5"UTR-HIV, in
agreement with the results obtained when comparing the
Fluc/Rluc ratios in the —1 constructs.

The different 5" UTRs were also seen to affect translation
efficiency of Rluc in HEK 293T cells, as examined by the
same procedure described above for Jurkat T-cells (Fig. 4B).
TAR-Poly(A), as seen with pTP-HIV and p5'UTR-HIV,
reduces translation efficiency by ~2.5-fold compared with
pDual-HIV*. A structured region lacking TAR-Poly(A), as
in pATP-5"UTR-HIV, has a translation rate comparable to
pDual-HIV*. The translation rate of Rluc from pCAT-
5'"UTR-HIV is smaller (about one-fifth) than that of the
reporter mRNAs containing TAR-Poly(A) (pTP-HIV and
p5'UTR-HIV). Again, the general trend for the changes in
translation efficiency was comparable to what was observed
in Jurkat T-cells, although there are quantitative differences
between the two types of cells.

Impact of the Tat viral protein on frameshift
efficiency

As explained in the Introduction, the presence of the Tat
viral protein counteracts the blockade imposed by TAR on
translation initiation according to several researchers. How-
ever, this observation was contradicted by several studies,
casting a doubt on a role of Tat in the control of translation
of HIV-1 transcripts. In the present study, Tat was tran-
siently expressed in Jurkat T-cells, as assessed by Western
blotting (data not shown). We investigated the effect of Tat
on frameshift efficiency with luciferase reporters either
containing the TAR-Poly(A) structures or not containing
them (Fig. 5A). Our results show a strong dose-dependent
decrease in frameshift efficiency with increasing quantities

of Tat when TAR is present at the 5’ end of the mRNA
(pTP-HIV and p5'UTR-HIV). For the lowest quantity of
Tat expressed, the frameshift efficiency amounts to 50% of
its value in the absence of Tat and the decline in frameshift
efficiency continues, although less abruptly, for further
increases in Tat expression. As to pATP-5"UTR-HIV, with
the 5" UTR of HIV-1 mRNA devoid of TAR-Poly(A), there
is a slow decrease in frameshift efficiency in the presence of
increasing quantities of Tat, this efficiency amounting to
80% of its value in absence of Tat for the lowest quantity of
Tat expressed. A similar pattern was seen with the control
plasmid, pDual-HIV*. When an IRES-dependent mode of
initiation was used, with pCAT-5"UTR-HIV, the frameshift
efficiency strongly and rapidly decreased in the presence of
Tat, as for pTP-HIV and p5'UTR-HIV.

Next, we examined the translation efficiency in the pres-
ence of Tat by measuring the Rluc/mRNA ratio (Fig. 5B).
Three constructs were selected for these assays: pATP-
5'UTR-HIV, p5'UTR-HIV, and pCAT-5"UTR-HIV. In all
three cases, translation efficiency increases when Tat expres-
sion increases, likely accounting for the decrease in frame-
shift efficiency. The effect of Tat is stronger in the presence
of TAR-Poly(A) (with p5'UTR-HIV), the stimulation of
translation being twofold to fourfold that observed in
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FIGURE 5. Tat decreases HIV-1 frameshift efficiency in a dose-
dependent manner. (A) The Fluc/Rluc ratio was assessed in lysates
from Jurkat T-cells cotransfected with pFRT-Tat and pDual-HIV*,
pTP-HIV, pATP-5'UTR-HIV, p5'UTR-HIV, or pCAT-5'UTR-HIV.
The Fluc/Rluc ratio is presented relative to its value in absence of Tat,
which is set at 100% for each construct. Results are the mean * SEM
of at least three independent triplicate experiments. (B,C) Cotrans-
fection with pFRT-Tat and pATP-5'UTR-HIV, p5'UTR-HIV, or
pCAT-5"UTR-HIV. (B) Impact of Tat on translation efficiency. The
Rluc activity was divided by the level of Rluc mRNA quantified by
qPCR. The Rluc/mRNA ratio is presented relative to the value in the
absence of Tat, which is set arbitrarily at 1. Rluc/mRNA ratios were
measured in triplicate, and one representative experiment is shown.
(C) Relative expression of the dual-luciferase mRNA in presence of
Tat. The value in the absence of Tat was arbitrarily set at 1. The
mRNA levels were quantified in cell lysates by qPCR. The analysis was
performed in triplicate, and one representative experiment is shown.
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absence of TAR-Poly(A) (with pATP-5'UTR-HIV). The
effect of Tat is also stronger with the reporter using the
IRES mode of initiation for the luciferases (pCAT-5"UTR-
HIV). Therefore, our results clearly demonstrate that, in
cultured cells, Tat stimulates translation of the different
reporters, whether translation is cap-dependent or IRES-
dependent, and also decreases the frameshift efficiency.

It is observed that Tat slightly increases the amount of
reporter mRNA in the absence of TAR at its 5" end, whereas
the effect of Tat is stronger in its presence (Fig. 5C). This
transcriptional effect of Tat with heterologous promoters
has already been described (Dingwall et al. 1990; Kim and
Risser 1993). An increased transcription could increase the
frameshift efficiency by decreasing the ribosome load, thus
antagonizing the effect of Tat. The inhibitory effect of Tat
on frameshifting could thus have been even greater if Tat
was not also stimulating the production of mRNA.

Finally, we also investigated the effect of a mutant of Tat,
TatK41T (Kuppuswamy et al. 1989), on frameshift effi-
ciency and on translation efficiency in Jurkat T-cells. This
mutant is transcriptionally inactive, and the mutation is
located in a region (amino acids 40-58) involved in the
interaction of Tat with various cellular proteins, among
which is PKR (Cai et al. 2000; Bres et al. 2002; Brady and
Kashanchi 2005). The expression of TatK41T in Jurkat
T-cells was verified by Western blot (data not shown) and
was similar to that of wild-type Tat. We did not observe any
significant effect on frameshift efficiency and on translation
efficiency with this mutant, whether TAR was present or not
(data not shown), suggesting that the effect of Tat on
translation and, hence, on frameshift could be related to
its capacity to interact with some cellular proteins.

DISCUSSION

Using a dual-luciferase reporter containing either the com-
plete 5" UTR from HIV-1 full-length mRNA or portions of
this UTR, we showed that mostly the TAR-Poly(A) struc-
tures, at the 5" end of this mRNA, affect the programmed
—1 ribosomal frameshift that generates HIV-1 enzymes
upon translation of this messenger. As explained in the In-
troduction, a ribosome that encounters an FSS downstream
from a slippery sequence makes a pause that can result in
a —1 frameshift. Whether it makes a —1 frameshift or not,
the ribosome then unfolds the FSS when continuing trans-
lation. The spacing between ribosomes on the mRNA is
determined by the rate of translation initiation and, de-
pending on the distance between the elongating ribosomes,
the FSS will refold or not between the passage of the
ribosomes. The results analyzed below were obtained with
Jurkat T-cells, but comparable results were obtained with
HEK 293T cells. A strong increase in the frameshift ef-
ficiency is observed in presence of the complete 5" UTR, or
of only the TAR-Poly(A) stem—loops, whereas a smaller
increase is seen with the HIV-1 5" UTR devoid of TAR-
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Poly(A). As mentioned in the Introduction, it has been
known for a long time that the 5" UTR of HIV-1 full-length
mRNA decreases translation initiation, and we show here
that an increase in HIV-1 frameshift efficiency can be linked
to that effect. When translation is cap-dependent, the pres-
ence of the TAR-Poly(A) region, by interfering with the
binding of the 40S subunit to the mRNA, slows down
translation initiation such that the distance between the
ribosomes provides more time for the FSS to refold be-
tween their passage. It is likely that each ribosome encoun-
ters a folded FSS, and an interference with the movement of
the ribosomes such as that provoked by the portion of the
5" UTR following TAR-Poly(A) does not further affect the
probability that a ribosome encounters a folded FSS. Con-
sequently, a comparable frameshift efficiency is observed in
the presence of TAR-Poly(A), with or without the rest of
the HIV-1 full-length mRNA 5" UTR. Most studies on
programmed ribosomal frameshifts were carried out with
cassettes encompassing the slippery site and flanking se-
quence in the RNA whose translation can involve a frame-
shift. No attention was paid to the possible effect of distant
sequence features of this mRNA. There are, however, no-
table exceptions such as the work of the group of Miller
(Barry and Miller 2002), demonstrating that an interaction
between a structure 4 kb distant from the shift site and
a structure downstream from this shift site influences the
frameshift in Barley yellow dwarf virus RNA. Also, a recent
study by Kurian et al. (2011) investigated the synthesis of
Saccharomyces cerevisiae ornithine decarboxylase antizyme,
a protein that controls the level of polyamines and whose
synthesis depends on a ribosomal frameshift. They dem-
onstrated that the N-terminal part of the antizyme controls
the completion of the synthesis of this protein, thus in-
directly involving the portion of the antizyme mRNA coding
for this N-terminal part in this control. The present study
emphasizes the importance of the 5" UTR of HIV-1 full-
length mRNA for an event that occurs at a large distance
but is nevertheless influenced by this region via an effect on
the translation rate, which determines whether a ribosome
will encounter or not encounter a folded ESS.

In the absence of TAR, the Tat viral protein increases the
rate of translation and decreases the frameshift efficiency
with our dual-luciferase reporters. The same type of response
is seen in the presence of TAR, but it is more pronounced.
The absence of TAR corresponds to the situation observed
with the control plasmid and plasmid pATP-5"UTR-HIV,
and the effect of Tat can be explained by the fact that it
competes with elF2 for phosphorylation or inhibits PKR
(for review, see Clerzius et al. 2011). With TAR-containing
reporter mRNAs (p5'UTR-HIV and pTP-HIV), the com-
petition with eIF2 for phosphorylation or the inhibition of
PKR by Tat likely contributes to its stimulation of trans-
lation. However, this stimulation is stronger than in the
absence of TAR, implying that another effect of Tat is
involved. As mentioned in the Introduction, TAR interferes
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with the accessibility of the 5’ end of the mRNA to the
ribosomes, and Tat was shown to antagonize this interfer-
ence. An attractive suggestion is that Tat destabilizes the
TAR structure, which would also contribute to its stimu-
lation of translation with TAR-containing constructs. The
mechanism for this destabilization is still hypothetical. It
does not seem that Tat interacts with TAR in the cytoplasm
since its tight specific binding to TAR in the nucleus re-
quires the presence of a nuclear protein, cyclin T (Luo and
Peterlin 1993; Stauber and Pavlakis 1998; Wei et al. 1998).
A simple model that accounts for the effect of Tat on the
translation of TAR-containing mRNAs would be that it is
mostly exerted in the nucleus by stimulating the expression
of specific proteins, which then counteract the blockade
exerted by TAR on translation in the cytoplasm. This
requires the capacity of Tat to interact with various pro-
teins such as transcription factors, a property that is likely
missing in the TatK41T mutant, which does not affect trans-
lation and frameshift efficiency and is altered in a domain of
interaction with several cellular proteins. We propose that
Tat indirectly destabilizes TAR by increasing the amount of
RNA helicases, such as DDX3 and RHA, which stimulate
HIV-1 mRNA translation. Other cellular proteins that
destabilize the TAR stem-loop could also participate in this
effect. We cannot explain the discrepancy in the literature
concerning the antagonist effect of Tat on TAR in translation
in cultured cells. That the effect of Tat was not seen in
reticulocyte lysates makes sense since such a system is in-
appropriate if the effect of Tat depends on up-regulation of
DDX3 and RHA. The same comment can apply to the
Xenopus oocytes. Interestingly, Tat was recently found to in-
crease translation of its own mRNA, which possesses a
truncated version of the HIV-1 full-length mRNA 5" UTR
including the TAR stem—loop (Charnay et al. 2009). This
increase was not seen in a reticulocyte lysate but in cultured
HelLa cells.

HIV-1 full-length mRNA possesses the characteristics
allowing two modes of initiation to be used: a cap-dependent
and an IRES-dependent mode. However, when both ini-
tiation modes are available, the cap-dependent mode seems
to be highly favored. Indeed, the frameshift efficiency cor-
responding to the IRES-dependent initiation mode is much
smaller than that observed with the cap-dependent initia-
tion mode. However, the frameshift efficiency for the con-
struct containing the complete 5° UTR with the IRES is
comparable to that observed for the construct lacking the
IRES region and containing only the TAR-Poly(A) region
at its 5’ end. Also, introduction of mutations in the com-
plete HIV-1 full-length mRNA 5" UTR that increase or
decrease the activity of HIV-1 IRES by twofold did not
affect the frameshift efficiency. These observations strongly
support the notion that the IRES is not used or is weakly
used under standard conditions of cellular growth. A sim-
ilar conclusion was reached by Berkhout et al. (2011), using
a mutagenesis approach. However, the IRES could become

important under conditions triggered by the viral infection,
in line with the findings of Brasey et al. (2003) and Vallejos
et al. (2011), showing that HIV-1 IRES is active under
specific conditions, such as when the cell cycle is blocked in
the G,/M phase, and requires stimulatory factors present
during this phase of the cell cycle. We found that, when the
Rluc-Fluc reporter was translated exclusively via the IRES
contained within the 5" UTR of HIV-1 full-length mRNA,
its translation efficiency was low, being smaller than that of
a reporter containing the TAR-Poly(A) region or the com-
plete 5" UTR of HIV-1 mRNA. This observation contrasts
with the fact that the frameshift efficiency corresponding to
the use of the IRES was comparable to that obtained with
the control pDual-HIV* plasmid and, therefore, much lower
than that of the reporters containing TAR-Poly(A). This
suggests that only a fraction of the ribosomes encounter the
folded FSS when the IRES is used, in spite of their low
translation efficiency. The IRES-dependent initiation de-
pends on the conformation of the IRES (Fitzgerald and
Semler 2009; Hellen 2009). One can hypothesize that the
IRES oscillates between various conformations, but in the
period of time during which it adopts an active conforma-
tion, a bunch of ribosomes bind quickly. These few ribo-
somes that succeeded in initiating are close together, and
the FSS does not have time to refold between their passage,
accounting for the low frameshift efficiency. When a cap-
dependent initiation is possible, the adoption of an active
IRES conformation must be much rarer due to the move-
ment of the scanning ribosomes across the IRES sequence.
Interestingly, Tat also increases the translation efficiency
when IRES-dependent initiation is used. This increase could
result in part from the up-regulation by Tat of proteins
optimizing the conformation of the IRES. It is worth
mentioning that up-regulation of the RNA helicase DDX3
by Tat was recently shown to stimulate HIV-1 IRES activity
(Liu et al. 2011).

The frameshift event constitutes an interesting target for
the development of novel anti-HIV drugs. We observed in
this study that the frameshift efficiency is extremely sen-
sitive to the concentration of Tat. It is, however, unlikely
that the concentration of Tat remains invariable during the
viral replication cycle. This raises the point that there
should be a range of frameshift efficiencies that are com-
patible with the virus replication. It has been shown that a
decrease in frameshift efficiency handicaps HIV-1 replica-
tion (Telenti et al. 2002; Dulude et al. 2006), and it had
been assumed that either decreasing or increasing the
frameshift efficiency would interfere with HIV-1 replication
(see Dinman and Wickner 1992). We propose that there is
a minimal value providing a Gag-Pol/Gag ratio appropriate
for virus replication. Decreasing this frameshift efficiency
below the minimal value would interfere with the virus
replication, but increasing this frameshift efficiency should
be tolerated to a given extent. This is in agreement with
studies from the group of Yamamoto (Miyauchi et al. 2006)
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and from our group (D Dulude, A-S Guenier, ] Duchaine,
A Tannello, A Ahmad, D Lamarre, L Brakier-Gingras, and
N Heveker, in prep.) showing that doubling HIV-1 frame-
shift efficiency does not handicap viral replication. Under
these conditions, Dulude et al. also showed that the incor-
poration of Gag-Pol within the virions was unchanged. How-
ever, Shehu-Xhilaga et al. (2001) had shown that a greater
increase in frameshift efficiency (about fourfold) decreases
the infectivity of the virions, and this decrease was related to
a perturbation in the dimerization of HIV-1 genomic RNA.
All of these observations combined with our results have im-
plications for the development of drugs targeting the HIV-1
frameshift, since it is not sufficient to alter the frameshift
efficiency with a given drug to handicap the virus replica-
tion, but it is important to bring this efficiency outside
values acceptable for the viral replication.

MATERIALS AND METHODS

Plasmids

Frameshift efficiency was measured using plasmids that contain
a dual-luciferase reporter based on a system pioneered by Atkins
and coworkers (Grentzmann et al. 1998). Briefly, the HIV-1 frame-
shift region (nucleotides 1608-1685 according to pLAI, a vector
expressing a molecular clone of HIV-1 group M subtype B pro-
viral DNA) (Peden et al. 1991) is inserted between the Rluc and
the Fluc such that every ribosome that initiates translation of the
reporter mRNA produces Rluc, but only those that make a —1
frameshift in the frameshift region produce Fluc (as a Rluc-Fluc
fusion protein). Derivatives of pDual-HIV(—1) (Dulude et al.
2006) with a modified 5" UTR upstream of the Rluc were created.
Briefly, p5'"UTR-HIV contains the complete 5" UTR of the HIV-1
full-length mRNA (nucleotides 1-335 from pLAI, where nucleo-
tide 1 corresponds to the transcription start point). pATP-5"UTR-
HIV contains a portion of the 5'-UTR region of HIV-1 full-length
mRNA lacking the TAR and poly(A) structures but containing the
HIV 1 IRES region (nucleotides 95-335 in pLAI). Plasmid pTP-
HIV contains the HIV-1 TAR-Poly(A) region (nucleotides 1-106
according to pLAI). In pCAT-5"UTR-HIV, the translation initi-
ation of the luciferases was made IRES-dependent by adding the
bacterial chloramphenicol acetyltransferase (CAT) coding sequence
upstream of the 5" UTR in p5'UTR-HIV. Finally, the control
pDual-HIV* contains a short and unstructured 5" UTR. In all
derivatives, the first 30 nt of gag after the initiator codon and a 30-nt
glycine-rich linker were added between the AUG initiator codon
and the Rluc coding sequence (for all the details and the primers
used for these constructs, see the Supplemental Material). In-frame
derivatives (0 constructs) of pDual-HIV*, pTP-HIV, p5'UTR-HIV,
and pATP-5"UTR-HIV, where the coding sequences of Rluc and
Fluc are in-frame, were also created. This was done by using pDual-
HIV(0), which contains the HIV-1 frameshift region (Dulude et al.
2006). In this plasmid, an adenine was added after the slippery se-
quence of the HIV-1 frameshift region, and the slippery sequence
was inactivated by mutagenesis to CUUCCUC. The frameshift re-
gion of pDual-HIV(0) was extracted with BsaBI and BamHI and
inserted into pDual-HIV*, pTP-HIV, p5'UTR-HIV, and pATP-
5'UTR-HIV digested with these enzymes.
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The plasmid pFRT-Tat was derived from pCMV1-Tat (Gatignol
et al. 1991). It expresses a Tat protein of 86 amino acids, which
contains an HA tag. The Tat-coding fragment was amplified by
PCR, using primers KK and LL (see the Supplemental Table), and
the fragment was inserted into the Kpnl and the BamHI sites
of pcDNAS/FRT (Invitrogen). The 86-amino-acid form of Tat,
which is frequently used in studies on Tat, corresponds to a
C-terminal truncated form of the natural full-length 101-amino-
acid Tat form and was obtained with a number of laboratory-
passaged viral strains such as pLAI, pHXB2, and pN4-L3 (Jeang
et al. 1999).

Transfection of CD4+ Jurkat T-cells

CD4+ Jurkat T-cells were maintained in RPMI 1640 medium
(GIBCO) supplemented with 10% (v/v) FBS (Wisent). Trans-
fection of these cells was made by electroporation, using the Neon
transfection system (Invitrogen) according to the manufacturer’s
instructions. Briefly, 1.25 pg of DNA was mixed with 2 X 10° cells
and subjected to one pulse of 1150 V for 40 msec. Two trans-
fections were mixed per well of a six-well plate. For assays with
pFRT-Tat, cotransfections were performed with 1 pg of dual-
luciferase reporters and increasing amounts of pFRT-Tat ranging
from 0 to 4 pg. An empty plasmid, pcDNA5/FRT was added,
when required, to maintain an equivalent DNA input. The cells
were harvested 24 h post-transfection.

Transfection of HEK 293T cells

HEK 293T cells (human embryonic kidney cells transformed with
adenovirus and simian virus 40 large T) were maintained in DMEM
(Wisent) supplemented with 10% (v/v) FBS (Wisent). Transfections
were performed with 1 pg of dual-luciferase reporters per well, in
six-well plates containing HEK 293T cells (3 X 10°) prepared 1 d
before transfection, using polyethylenimine (PEL; Polysciences, Inc.)
as described before (Gendron et al. 2008). The cells were harvested
48 h post-transfection.

Luciferase assays

The Fluc and the Rluc activities of the constructs were measured
as relative light units with a Hidex Triathler multilabel tester, as
previously described (Gendron et al. 2011). A Dual-Luciferase Re-
porter Assay System kit (Promega) was used, following the man-
ufacturer’s protocol. The relative frameshift efficiency is assessed
by the ratio of the Fluc activity to the Rluc activity (Fluc/Rluc).

Real-time quantitative PCR (qPCR)

The Rluc mRNA expression was measured relative to that of
GAPDH mRNA. To this end, total RNA was isolated, using the
TRIzol reagent (Invitrogen), from CD4+ Jurkat T-cells or HEK
293T cells transfected with the different plasmids, following the
manufacturer’s protocol. DNAse I (Fermentas) was then used to
remove DNA from the extract, and cDNA was generated, using
the High Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems) with 1 pg of total RNA. Real-time analyses were per-
formed on a Light Cycler 480 multi-well plate 96 (Roche Diagnos-
tics) in a final volume of 10 pL. The reaction samples contained
2X SYBR Green Supermix (Bio-Rad) , 0.125 wM each of the gene-
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specific primers (Rluc-fwd: 5'-GCTGCCCAGCAAGATCATGAGA
AA-3" and Rluc-rev: 5'-GCTCTCAGGTAGGCGTTGTAGTTT-3")
or GAPDH (GAPDH-fwd: 5'-ACATCGCTCAGACACCATG-3’
and GAPDH-rev: 5'-TGTAGTTGAGGTCAATGAAGGG-3'), and
2.5 pL of a 1:5 dilution of cDNA as template. All primer sets were
tested before use in this work to ensure that only a single product
was amplified. The optimal thermal cycling parameters included a
pre-incubation for 5 min at 95°C; 50 cycles of amplification for
10 sec at 95°C, for 15 sec at 65°C, and for 20 sec at 72°C; melting
curve analysis for 5 sec at 95°C (segment 1), 65°C/1 min (segment
2), and 95°C/0 sec (segment 3). Controls lacking reverse tran-
scriptase showed no significant amplification.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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