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ABSTRACT

Synthesis of the Gag-Pol protein of the human
immunodeficiency virus type 1 (HIV-1) requires a
programmed -1 ribosomal frameshifting when ribo-
somes translate the unspliced viral messenger RNA.
This frameshift occurs at a slippery sequence fol-
lowed by an RNA structure motif that stimulates
frameshifting. This motif is commonly assumed to
be a simple stem—loop for HIV-1. In this study, we
show that the frameshift stimulatory signal is more
complex than believed and consists of a two-stem
helix. The upper stem-loop corresponds to the
classic stem-loop, and the lower stem is formed by
pairing the spacer region following the slippery
sequence and preceding this classic stem-loop
with a segment downstream of this stem—loop. A
three-purine bulge interrupts the two stems. This
structure was suggested by enzymatic probing with
nuclease V1 of an RNA fragment corresponding to
the gag/pol frameshift region of HIV-1. The involve-
ment of the novel lower stem in frameshifting was
supported by site-directed mutagenesis. A fragment
encompassing the gag/pol frameshift region of
HIV-1 was inserted in the beginning of the coding
sequence of a reporter gene coding for the firefly
luciferase, such that expression of luciferase
requires a —1 frameshift. When the reporter was
expressed in COS cells, mutations that disrupt the
capacity to form the lower stem reduced frameshift-
ing, whereas compensatory changes that allow re-
formation of this stem restored the frameshift effi-
ciency near wild-type level. The two-stem structure
that we propose for the frameshift stimulatory signal
of HIV-1 differs from the RNA triple helix structure
recently proposed.

INTRODUCTION

The human immunodeficiency virus type 1 (HIV-1) uses a
programmed —1 ribosomal frameshift to produce the Gag-Pol

polyprotein, the precursor of its enzymes, when ribosomes
translate the full-length viral messenger RNA. Conventional
translation of this RNA by the majority of ribosomes produces
the Gag polyprotein, the precursor of the structural proteins of
the virus, while the frameshift allows a small number of
ribosomes to change the reading frame at a specific sequence
and extend their reading over the stop codon of the 0 frame
gag gene, until the stop codon of the pol gene in the —1 frame
is encountered (1). The ratio of Gag-Pol to Gag is critical for
viral assembly and replication, and increasing or decreasing
the frameshifting efficiency interferes with the formation of
infectious viral particles (2—4). Programmed —1 ribosomal
frameshift has also been reported in several other retroviruses,
coronaviruses, plant viruses (5,6), in a yeast virus (7,8), in
bacteria (9—12) and, recently, in humans (13).

A programmed -1 ribosomal frameshift requires two
elements in the mRNA: (i) a heptanucleotide where the
frameshift occurs, called the slippery sequence, with an X
XXY YYZ consensus sequence (where the 0 frame is
indicated by spaces), and (ii) a secondary structure located
downstream of the slippery sequence that stimulates the
frameshift. These two elements are separated in most cases by
a short spacer sequence (5). When ribosomes bearing two
tRNAs, the peptidyl-tRNA and the aminoacyl-tRNA, in the P
and A site, respectively, encounter the slippery sequence, a
minority of them shift the reading frame. This recoding event
can be described as follows: the two tRNAs whose anticodons
interact with the codons of the mRNA in the 0 frame (X XXY
YYZ) unpair from this mRNA, the ribosome shifts backward
by 1 nt and the tRNAs re-pair in the —1 frame (XXX YYY)
(14). Peptide bond formation then occurs and translation
resumes in the new reading frame (reviewed in 15). The
stimulatory secondary structure downstream of the slippery
sequence makes the ribosome pause at the slippery sequence
(16-18). However, this pausing is necessary but not sufficient
for promoting the frameshift and little correlation was found
between the extent of this pause and the frameshift efficiency
(19). It has been suggested that a specific interaction between
the frameshift stimulatory signal and the ribosome is required
for the shift to occur (20,21). The slippery sequence is U UUU
UUA for HIV-1, and the frameshift stimulatory signal is
commonly assumed to be a simple stem—loop, with an 11-bp
stem, separated from the slippery sequence by an eight-base
spacer. This contrasts with the majority of known frameshift
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events, where the stimulatory signal is a pseudoknot,
although there are other well documented cases of stem—
loop-containing frameshift signals (6). The structure of the
HIV-1 frameshift stimulatory signal was first proposed from a
computer structure analysis program (22) and later demon-
strated by structural probing experiments, using a short RNA
transcript encompassing the HIV-1 classic frameshift region
and ending immediately after the stem—loop (23).

In this study, we investigated whether the sequence
following the stem—loop could influence the frameshift
efficiency in HIV-1. We inserted the HIV-1 frameshift region
in the beginning of the coding sequence of a luciferase reporter
gene, such that its expression depends on a —1 frameshift, and
assessed the expression of luciferase in COS cells and in vitro,
in a rabbit reticulocyte lysate (RRL). Based on site-directed
mutagenesis experiments, we propose that the frameshift
stimulatory signal of HIV-1 is larger than assumed, and
consists of a two-stem helix, where the upper stem-loop
corresponds to the classic stem—loop and the lower stem is
made by base pairing the spacer sequence to a segment
following the classic stem-loop. While this study was
underway, a paper was published by Dinman et al. (24),
supporting our findings that the frameshift region of HIV-1 is
longer than believed but suggesting a different structure for
the frameshift stimulatory signal.

MATERIALS AND METHODS
Construction of plasmids

Plasmid pHIV90-luc is derived from pcDNA3.1/Hygro(+)
(Invitrogen). A portion of the firefly luciferase gene encom-
passing the coding sequence and part of the 3" untranslated
region, contained between the BamHI and Xhol sites from
pGEM®-Iuc (Promega) was first introduced between the same
restriction sites of pcDNA3.1/Hygro(+), and the AUG initi-
ation codon of luciferase was removed by standard muta-
genesis, generating pcDNA3.1-luc. The HIV-1 gag/pol
frameshift region encompassing bases 2076 to 2158 of
HIV-1 HXB2 molecular clone (GenBank accession no.
K03455) was amplified from plasmid pHC(-1) (25), where
it had been inserted in the beginning of the chloramphenicol
acetyltransferase gene. The amplification used the following
forward and reverse primers, respectively: 5-TAATAC-
GACTCACTATAGGG-3" and 5-GCATGCTGGGGATC-
CTGTTGGC-3". The resulting PCR fragment was inserted
before the second codon of luciferase, between Kpnl and
BamHI restriction sites of pcDNA3.1-luc, generating pHIV90-
luc(-1) (see details in Fig. 1). In this construct, the gag/pol
frameshift region corresponds to bases 8 to 90. A short region
containing an AUG initiation codon precedes the HIV portion,
and the HIV-luc fusion is under the control of a cytomega-
lovirus (CMV) and a T7 promoter. This construction is such
that the luciferase coding sequence is in the —1 frame relative
to the initiator codon, so that only ribosomes that make a —1
frameshift produce luciferase. An in-frame plasmid control,
pHIV90-luc(0), was created by inserting an additional adenine
at position 81 in pHIV90-luc(-1), using PCR amplification.
Derivatives of pHIV90-luc (deletion and substitution mutants)
were created by PCR, by first amplifying mutated DNA
fragments from pHIV90-luc for the (0) and (-1) constructs
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with two primers for deletion mutants or mutants with
substitutions in the 3’ strand of the lower stem of the
stimulatory signal, and with four primers for mutants with
substitutions in the slippery sequence or in the 5" strand of
the lower stem, according to the procedure of Ho er al. (26).
The amplified DNA fragments were then subcloned between
the Kpnl and BamHI sites of pcDNA3.1-luc, and all the
constructs were verified by sequencing the entire insert.

Transient transfections and luciferase assays

COS1 cells were cultured in Dulbecco’s modification of
Eagle’s medium supplemented with 10% (v/v) fetal bovine
serum (BioMedia, Canada). Transfections were carried out in
duplicate, using a standard calcium-phosphate precipitation
method (27). Cells (1.5 X 105) were seeded in 35 mm dishes
the day before transfection, 90 ul of the calcium-phosphate
transfection precipitate containing 5 pg of a pHIV-luc
construct and 2 pg of pcDNA3.1/Hygro/lacZ coding for
B-galactosidase were overlayed over the cells. Cells were
harvested 48 h post-transfection, washed twice with 2 ml of
PBS, and 600 pl of the Cell Culture Lysis Reagent (Promega)
were added. Following an incubation of 15 min at room
temperature, cells were harvested and the supernatants
assayed immediately for luciferase and [-galactosidase
activity. For luciferase assays, 1.5 pl of cell extracts was
added to 100 ul of the Luciferase Assay Reagent (Promega)
and the light output was measured in relative light units with a
Berthold Lumat LB 9507 luminometer. The [-galactosidase
activity was measured with the chlorophenolred-B-galacto-
pyranoside substrate (Calbiochem), as described (28), with
aliquots of 10 pl of cell extracts, and used to normalize
luciferase activities for variations in transfection efficiency.

In vitro transcription and translation

In vitro transcriptions were carried out essentially as pre-
viously described (29), using Stul-linearized pHIV-luc con-
structs. The RNA transcript was extracted twice with 1 vol of
phenol/choloroform [50:50 (v/v)], once with 1 vol of chloro-
form/isoamyl alcohol [24:1 (v/v)], followed by precipitation
with 1/10 vol of 3 M sodium acetate (pH 6.0) and 2.5 vol of
100% ethanol. The RNA pellet was dissolved in water, and
unincorporated nucleotide triphosphates removed by G-50
Sephadex chromatography (MicroSpin G50 column,
Amersham Pharmacia Biotech). RNA was quantified by
spectrophotometry and checked for integrity by electro-
phoresis on 1.5% (w/v) agarose gels containing 0.1% (w/v)
sodium dodecyl sulfate. For translation assays, RNA tran-
scripts were heated at 65°C for 10 min and then briefly kept on
ice prior to use, 0.2 ug of these transcripts were translated in
25 ul of RRL (Promega) at 30°C for 15 minutes, and the
reaction was stopped by addition of EDTA at a final
concentration of 6 mM. Luciferase activity was monitored
as mentioned above, with 2.5 ul of the translation mixture.

Enzymatic probing of RNA structure

Enzymatic probing of the structure of an RNA fragment
encompassing the frameshift region of HIV-1 was performed
as described with minor modifications (30). An oligonucleo-
tide cassette containing a T7 promoter followed by the HIV-1
gag/pol frameshift region (bases 16 to 70 according to the
numbering of the construct depicted in Fig. 1) was cloned
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Figure 1. Description of pHIV90-luc, a frameshift reporter construct. Plasmid pHIV90-luc is a derivative of pcDNA3.1/Hygro(+) (Invitrogen) in which a
BamH1/Xhol fragment encoding the firefly luciferase gene sequence has been added, with an insertion at the beginning of the coding sequence corresponding
to the HIV-1 gag/pol frameshift region (see Materials and Methods). The Kpnl and BamHI sites were used for subcloning the HIV-1 sequence between the
vector and the luciferase sequences. The AUG initiator codon is italicized. Bases from positions 8-90 (in bold) originate from HIV-1. The slippery site is
UUUUUUA (underlined). It is followed by a spacer, the classic frameshift stimulatory signal (a stem—loop) and an additional 30 nt sequence. The figure
presents construct (—1), which produces luciferase only when ribosomes make a —1 frameshift. Addition of an adenine at position 81 corresponds to construct

(0), which produces luciferase when ribosomes do not shift the reading frame.

between the Nael and Bspl191 sites of pGEM®-7Zf(-)
(Promega), generating the recombinant plasmid pGEM-HIV.
The RNA transcript, produced by in vitro transcription of the
Bsp119I-linearized plasmid, was 5’-end labeled with [y-32P],
using a standard dephosphorylation—-rephosphorylation
method (31), purified from a 10% acrylamide—7 M urea gel
and dissolved in 500 mM NH4OAc, 10 mM Mg(OAc),, | mM
EDTA and 0.1% SDS. Probing with RNase V1 (in a total
volume of 10 pl containing 103 ¢.p.m. of 5’-end labeled RNA
supplemented with 1 pg of yeast tRNA) was carried out at
25°C for 15 min in 10 mM Tris—HCI (pH 8), 10 mM MgCl,,
100 mM KClI and 0-0.01 U of enzyme (Ambion). The reaction
was stopped by adding an equal volume of formamide gel
loading buffer, the sample heated for 2 min at 95°C and
immediately loaded for analysis on a 20% polyacrylamide—
7 M urea gel.

RESULTS
Length of the HIV-1 frameshift region

Several studies on HIV-1 frameshift have been performed
where the frameshift region, encompassing the slippery site,
the spacer and the classic stem-loop, was inserted in the
beginning of the coding sequence of a reporter gene, such that
its expression requires a translational frameshift (32,33). We
decided to investigate whether the frameshift region that was
previously studied contains all the signals required for
maximal frameshifting and examined whether the sequence
following the classic stem—loop could influence the frame-
shift. To this end, we made a HIV-1 frameshift reporter
construct, using as a vector the pcDNA3.1/Hygro(+) plasmid,
which contains a CMV and a T7 promoter, allowing us to
assess the expression of a reporter gene in cultured cells and in
a RRL, respectively. The firefly luciferase (luc) reporter gene
was first introduced into this plasmid, and the HIV-1
frameshift region, longer by 30 bases than the classic
frameshift region, was inserted in the beginning of the luc

coding sequence. This generated plasmid pHIV90-luc(-1) (see
Fig. 1 and Materials and Methods). This HIV-1 insertion is
such that expression of the LUC protein requires a -1
frameshift. To quantify the frameshift efficiency, an ‘in-
frame’ version [pHIV90-luc(0)] was derived from pHIV90-
luc(-1), in which an additional adenine base was inserted
upstream of the luciferase coding sequence so that expression
of the reporter does not require a frameshift event.
Linearization of the plasmid with Stul and transcription with
T7 RNA polymerase generate a transcript of ~1.9 kb, which
was translated in a RRL. For assays in cultured cells,
constructs were transfected into COS cells and luciferase
levels were measured 48 h post-transfection. In both types of
experiments, the frameshift efficiency was calculated by
determining the ratio of the luciferase activity with the (-1)
construct to the luciferase activity of the (0) construct plus that
of the (1) construct, assuming that the same level of
frameshift should take place in the in-frame and in the (-1)
construct. Different deletions were made in the frameshift
region, generating pHIV60-luc(-1), which corresponds to the
insertion of the classic frameshift region, ending after the
stem—loop, and pHIV69-luc(-1), which contains the classic
frameshift region plus 10 bases after the stem-loop (see
Fig. 2A). For each of these constructs, an in-frame (0) control
was also created. Results from experiments made in cultured
cells and in vitro are presented in Figure 2B. As a control,
mutations that altered the slippery sequence were made in
pHIV90-luc to generate pHIV-k/o-luc. In cultured COS cells,
these mutations almost abolished the frameshift (0.1%). The
level of frameshifting in cultured cells was ~2.5% in the
presence of the classic stem—loop (pHIV60-luc), a value in full
agreement with previous studies using reporters where the
classic frameshift region of HIV-1 was inserted in the
beginning of the coding sequence and whose expression
depends upon a —1 frameshift (32,33). It was reduced to 0.2%
in the absence of the stem—loop (pHIV-DSL-luc), stressing the
importance of the classic stem-loop for the frameshift
event. When frameshifting was assessed with the construct
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Figure 2. Effect on frameshifting of mutations in the HIV-1 frameshift region. (A) A series of mutations were made within the frameshift region of pHIV90-
luc (the dots correspond to the BamHI linker connecting the frameshift region to the luciferase coding sequence): deletion mutants pHIV69-luc and pHIV60-
luc, where the region 3’ to the classic stem-loop is shortened; a slippery site mutant, pHIV-k/o-luc, where the slippery sequence (underlined) is mutated
(bases that are changed are in uppercase letters); a deletion mutant, pHIV-DSL-luc, where the classic stem—loop is eliminated (deletion of bases 31-60).
(B) Frameshift efficiency in vitro and in cultured cells with the pHIV-luc constructs described above. In vitro translation experiments were made in 25 pl of
RRL with 0.2 pg of mRNAs transcribed from Stul-digested pHIV90-luc and mutant constructs. Assays in cultured cells were made by co-transfecting COS1
cells with 5 ug of pHIV-luc and 2 pg of pcDNA3.1/Hygro/lacZ. Frameshift efficiencies were determined as described in the text. Each value represents the
mean * standard deviation of five to six independent experiments. The bars indicate the standard deviation on the means.

containing a longer frameshift region (pHIV90-luc),

frameshift efficiency was increased to 4.8% in cultured
cells, 2-fold higher than with the classic frameshift region.
With construct pHIV69-luc, where the classic frameshift
region was extended by a small pyrimidine-rich 10-base
segment, the frameshift efficiency (4.6%) was identical to the
frameshifting level observed with construct pHIV90-luc.
These results indicate that a segment of 10 bases adjacent to
the classic stem—loop contributes to increase the level of
frameshift, showing that the frameshift region is longer than
believed. Similar values for frameshift efficiencies were

obtained when transfecting another cell line, 293T (data not
shown). Moreover, the frameshift efficiencies were indepen-
dent of the reporter gene, since replacing the luciferase
reporter with the green fluorescent protein reporter provided
identical results (data not shown). Our findings that the
frameshift region of HIV-1 is longer than believed are, thus, in
perfect agreement with the recent study of Dinman et al. (24).
The same constructs that were used in cultured cells were also
assayed in vitro in a RRL. With the construct containing the
conventional frameshift region, it was found that the classic
stem—loop influences the frameshift efficiency but to a lesser
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Figure 3. Novel structure proposed for the frameshift stimulatory signal of HIV-1. (A) Structure probing of the frameshift stimulatory signal by RNase V1
attack. An RNA transcript encompassing the HIV-1 gag/pol frameshift region was 5" end-labeled with [y-3?P] and digested with RNase V1. Digestion products
were analyzed on a 20% acrylamide—7 M urea gel. The sites of cleavage were identified by comparison with a ladder of bands created by limited alkaline
hydrolysis of the RNA (OH") and by the position of RNase T1 cuts (not shown). Uniquely cleaved nucleotides were identified by their absence in the
untreated control lane (0). The amount of units of enzyme added to each reaction is also indicated. (B) Description of the novel two-stem model for the frame-
shift stimulatory signal as suggested by structure probing. The upper stem corresponds to the classic stem—loop and the lower stem is formed by pairing the
spacer to a segment downstream of this stem—loop. The sensitivity of nucleotides in the HIV-1 frameshift region to RNaseV1 is shown. The size of the arrows
is approximately proportional to the intensity of the cleavage at that site. Bases in bold originate from HIV-1.

extent than in cultured cells. Indeed, the frameshift level was
9.5% in its presence and decreased to 3.7% in its absence.
With mutations that alter the slippery sequence, the frameshift
efficiency was 1%, suggesting the possibility of aberrant
initiation events. Lengthening the frameshift region resulted in
a frameshift efficiency of 8.8 and 10.4% (constructs pHIV69-
luc and pHIV90-luc, respectively), showing no significant
variation, compared with the value of 9.5% obtained with the
classic frameshift region. It has already been observed that the
slippery sequence of HIV-1 is very efficient on its own in vitro
(4-5%) compared with other natural slippery sequences, for
which the frameshift efficiency is 1% or less (reviewed in 34).
Previous reports have also shown that in vitro the frameshift of
HIV-1 is more efficient and less sensitive to the presence of
the stimulatory signal, compared with the situation in cultured
cells (33,35). It has been proposed that the lower in vitro rate
of translation accounts for the higher efficiency of the
frameshift promoted by the slippery sequence of HIV-1 on
its own (35), and this higher frameshift efficiency probably
minimizes the effect of the frameshift stimulator. The weak
effect of the classic stimulator on the frameshift efficiency, as
shown by our results and in agreement with previous reports,
led us to conclude that an in vitro system is not sensitive
enough to investigate the length of the frameshift region
and the structure of the stimulatory signal of HIV-1.
Therefore, the following experiments were performed only
in cultured cells.

Proposed structure for the frameshift stimulatory signal
of HIV-1

Our results reveal that, in cultured cells, a pyrimidine-rich
segment downstream of the classic stem—loop enhances the
frameshift efficiency for constructs containing an extended
frameshift region of HIV-1. To account for the contribution of
the downstream segment, we investigated the structure of an
RNA fragment encompassing the gag/pol frameshift region of
HIV-1. Enzymatic probing with RNase V1, an enzyme that
cleaves RNA in helical conformation, showed that the purine-
rich spacer region following the slippery sequence and
preceding this classic stem-loop and the pyrimidine-rich
downstream segment were attacked by the enzyme (Fig. 3).
Interestingly, a similar observation had been made by Aupeix
et al. (36). Based on these observations, we suggested that the
frameshift region folds into a two-stem helix, made of an upper
stem—loop, corresponding to the classic stem—loop, and a
lower stem, formed by pairing the purine-rich spacer region to
the pyrimidine-rich segment downstream of the classic
stem—loop. A three-purine bulge interrupts these two stems
(Fig. 3B). The thermodynamic stability of the novel frameshift
stimulatory signal is —24.6 kcal/mol, as predicted by the
MFOLD program at Michael Zucker’'s MFOLD server at
http://bioinfo.math.rpi.edu/~mfold/rna/form1.cgi (37), whereas
the classic frameshift signal has a thermodynamic stability of
—21.3 kcal/mol. We then reasoned that if the lower stem
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Figure 4. Effect on frameshifting of mutations in the lower stem of the pro-
posed frameshift stimulatory signal. (A) Description of mutations made
within the gag/pol frameshift region of pHIV90-luc. (1) Two series of
mutants (the pHIV1 and pHIV2 series) were made in the lower stem. For
each series, mutations were introduced either in the 5" or 3’ strand of the
lower stem, impairing the formation of this stem (pHIVI1.1-luc and
pHIV1.2-luc; pHIV2.1-luc and pHIV2.2-luc), or allowing re-formation of
this stem (pHIV1.12-luc and HIV2.12-luc). (2) The three purines forming
the bulge separating the two stems were substituted with pyrimidines
(pHIV-Bulge-luc). (B) Frameshift efficiency in cultured cells with the
pHIV-luc constructs described above. Assays were as described in the
legend to Figure 2.

contributes to stimulate frameshifting, mutations that prevent
the formation of this stem should decrease the frameshift
efficiency.

Mutagenesis studies

To further investigate the structure that we propose for the
frameshift stimulatory signal of HIV-1, we introduced muta-
tions in the two strands of the putative lower stem, which
individually disrupt this stem, but when present simul-
taneously allow its re-formation (Fig. 4A). Frameshift
efficiencies with the different constructs are shown in
Figure 4B. We first replaced five bases of the 5” strand of
the putative lower stem of the HIV-1 frameshift stimulator
with five bases of the 3’ strand of this stem, generating
construct pHIV1.1-luc. This mutation was found to reduce
frameshifting ~3-fold in cultured cells (1.6% frameshifting),
near the level obtained with the construct containing the
classic frameshift region. Similarly, the frameshift efficiency
was decreased 2-fold when replacing five bases in the 3" strand
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of the lower stem with five bases of the 5” strand (pHIV1.2-luc;
2.3% frameshifting). However, when both strands were
mutated simultaneously, allowing re-formation of the lower
stem, the frameshift was enhanced, although still inferior to
the wild-type level (pHIV1.12-luc; 3.8% frameshifting). A
second series of complementary and compensatory base-pair
change mutations were also made in the putative lower stem.
These mutations are such that they can create four new G-C
pairs in the lower stem, so as to increase its stability (Fig. 4A).
In the compensatory mutants, while pHIV1.12-luc has the
same thermodynamic stability as pHIV90-luc (AG° =
—24.6 kcal/mol), this stability is significantly increased in
pHIV2.12-luc (AG° = -32.9 kcal/mol). Assays with this
second series of mutations in the lower stem confirmed the
results obtained with the first series of mutations, showing that
changes in either the 5’ strand or the 3" strand of the lower stem
reduced the frameshifting level ~2-fold (pHIV2.1-luc and
pHIV2.2-luc; 2.3 and 2.1%, respectively), and that the
frameshift was restored to a wild-type value when both
strands were mutated so as to re-form a lower stem
(pHIV2.12-1luc; 4.8%). It can be observed that the frameshift
efficiency was not higher with the more stable lower stem. We
also investigated whether the three-purine bulge separating the
two stems participates in the frameshift event. To address this
question, mutations were made that replaced the three purines
of the bulge with pyrimidines (pHIV-Bulge-luc). We found
that this mutation reduced the frameshifting level ~2-fold
(2.5% compared with 4.8% for pHIV90-luc), bringing it to the
level observed when only the classic stem—loop is present and
showing that the bulge contributes to the frameshift.

Conservation of the two-stem helix among HIV-1
isolates

Since the frameshift efficiency is critical for maintenance of
the Gag-Pol to Gag ratio that allows viral replication, the
structure of the frameshift stimulatory signal should be highly
conserved in HIV-1 natural isolates. To verify the capacity of
the spacer following the slippery sequence to base pair with
the pyrimidine-rich region downstream of the classic stem—
loop, we analyzed 139 complete pol sequences retrieved from
the Los Alamos National Laboratory HIV Sequence Database
(38) (Table 1). This analysis shows that the proposed duplex
structure can be formed in 96.4% of the sequences, with 58.3%
of them conserving the capacity to form the proposed structure
with only Watson—Crick or G-U base-pairs and 38.1%
containing non-Watson—Crick A-C base-pairs (35.2 and
2.9% with one and two A-C base pairs, respectively), which
are known not to distort significantly the geometry of an RNA
helix (39). Only 3.6% of the sequences analyzed contain
mismatches able to distort the RNA helix. Therefore, the
analysis of sequences strongly supports our suggestion that the
capacity to form the lower stem in the structure that we
proposed for the frameshift stimulatory signal of HIV-1 is
evolutionarily conserved. As mentioned in the Introduction, a
different structure was recently proposed for the frameshift
stimulatory signal of HIV-1 by Dinman ef al. (24). In their
model, the pyrimidine-rich sequence downstream of the
classic stem-loop interacts with three bases in the loop
capping this stem through Watson—Crick interactions and
forms a triple helix with 4 bp on top of this stem. Analysis of
the pol sequences retrieved from the Los Alamos National
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Table 1. Conservation of the proposed structure for the frameshift stimulatory signal among HIV-1 isolates

Description of the sequence

Proposed structure

Two-stem helix? Triplex helix?

Total of sequences that do not affect the capacity to form the structure
Consensus sequence
Changes that do not affect the capacity to form the structure®

Changes that have a minimal impact on the capacity to form the structured

Total changes that do not or minimally affect the capacity to form the structure

Mismatches that disrupt the capacity to form the structure®

81 (58.3%) 57 (41.0%)
19 (13.7%) 13 (9.3%)
62 (44.6%) 44 (31.7%)

53 (38.1%)
134 of 139 (96.4%)
5 of 139 (3.6%)

72 (51.8%)
129 of 139 (92.8%)
10 of 139 (7.2%)

Complete pol sequences (139) from HIV-1 were retrieved from the Los Alamos National Laboratory HIV Sequence Database (38), and analyzed manually for
the capacity to form the proposed frameshift stimulatory signals. The 139 sequences include natural isolates of HIV-1 group M (main), the most widespread
group in the world (38). Sequences belonging to members of divergent lineages such as group O (outlier) (four sequences) and N (non-M, non-O) (two

sequences) have not been included in the analysis.
aTwo-stem helix proposed in this study.
bTriplex helix proposed by Dinman et al. (24).

¢Sequential changes allowing the formation of Watson—Crick and G-U base pairs and, in the model of Dinman et al. (24), conserving the capacity to form the

triplex structure.

dSequential changes allowing the formation of A-C base pairs that minimally distort RNA double helices.
*Mismatches (U-U, A-A, C-C, G-A, U-C, C-U and C-A base pairs) that disrupt double-helical structures and, in the model of Dinman et al. (24), impair the

capacity to form the triplex structure.

Laboratory HIV Sequence Database does not contradict their
model, as shown in Table 1, if one assumes that a U can
replace a C in the third strand of the triplex and interact with
the G of a C-G pair without destabilizing the triplex. This,
however, is not the case (39—41), especially in a short triplex
formed with only 4 bp where three U*G-C triple interactions
are proposed. If, nevertheless, we accept the assumption of
Dinman et al. (24), 92.8% of the sequences could form the
triple helix, with 41% of them conserving the capacity to form
the triplex structure and 51.8% containing changes that
minimally affect the capacity to form this structure. Only
7.2% of the sequences could not form this structure. However,
a major criticism that we address to the model of Dinman ef al.
(24) is that the pyrimidine-rich third strand that forms the
triplex is in an antiparallel orientation relative to the purine-
rich strand of the duplex with which it interacts, an orientation
that is not sterically favored (see 40—42), making this structure
highly improbable. Moreover, Dinman et al. (24) claim that
structural probing supports their model but this probing was
done with a short fragment of the frameshift region of HIV-1
encompassing only the classic stem—loop and the downstream
sequence. When a longer fragment encompassing, in addition,
the slippery sequence and the spacer region was probed, this
spacer region and the downstream segment to which we
propose that it base pairs were found to be sensitive to RNase
V1, an endonuclease that cleaves RNA in helical conform-
ation (Fig. 3) (36). This probing fully supports the lower stem
of the structure that we propose for the frameshift stimulatory
signal of HIV-1. Finally, it can be observed that our mutants
pHIV1.12-luc and pHIV2.12-luc have frameshift efficiencies
near wild-type level although they cannot participate in the
structure proposed by Dinman et al. (24).

DISCUSSION

Our results show that the HIV-1 frameshift stimulatory signal
folds into a more complex structure than commonly assumed.
A two-stem structure was proposed where the sequences
flanking the classic stem-loop base-pairs, thus forming the
lower stem of an extended helix. This structure was proposed

from structure probing of the frameshift stimulatory signal and
supported by mutagenesis studies. Indeed, mutations that
disrupted base pairing between the sequences forming the
lower stem of our proposed structure (pHIV1.1-luc and
pHIV1.2-luc; pHIV2.1-luc and pHIV2.2-luc) reduced frame-
shift efficiencies. It could be argued that sequences flanking
the stem-loop influence frameshifting by modulating stem—
loop unfolding kinetics (43). However, compensatory muta-
tions that enable re-formation of the lower stem, by
exchanging the sequence of each strand, restored frameshift-
ing near the wild-type level (pHIV1.12-luc and pHIV2.12-
luc), and this could not result from a simple effect of mutations
in the flanking sequences on the unfolding kinetics of the
classic stem—loop. As mentioned in the Introduction, the
function of the stimulatory signal is not completely under-
stood, and it is thought that specific interactions between the
ribosome and the frameshift stimulatory signal are required to
achieve efficient frameshifting. The upper stem of the
stimulator obviously plays a major role in the interaction
with the ribosome since its presence strongly increases
frameshifting, compared with what is observed when only
the slippery sequence is present, whereas the lower stem only
contributes to enhance frameshifting ~2-fold. However, as
indicated above, the frameshift efficiency controls the Gag-Pol
to Gag ratio, and small variations in frameshifting can
dramatically affect the virus propagation. Indeed, studies
with the yeast L-A double-stranded RNA virus, for which the
synthesis of Gag-Pol also requires a programmed —1 frame-
shift, showed that either increasing or decreasing the frame-
shift efficiency by >2-fold, by altering the slippery sequence,
disrupted viral propagation (8). Also, a 3-fold increase in the
Gag-Pol to Gag ratio in HIV-1 producing cells, achieved by
co-transfecting HIV-1 proviral DNA with an HIV-1 Gag-Pol
expression vector, resulted in a 10-fold decrease in virion
infectivity (4). The novel frameshift stimulatory structure is
only slightly more stable than the classic signal, and it is
unlikely that its enhancing effect results from this increased
stability. Indeed, it was even observed that increasing the
stability of the classic stem—loop by lengthening the stem could
reduce frameshifting (44). Our data show the importance of



the three-purine bulge interrupting the two stems in the HIV-1
frameshift stimulatory signal. The formation of this bulge
requires the presence of the lower stem and substitution of the
purines of the bulge with pyrimidines decreased frameshifting
to the level observed in the absence of the lower stem.
Although purely speculative, we suggest that this bulge, by
interacting with the ribosome through purine-mediated inter-
actions, could contribute to enhance the interaction of the
upper stem with the ribosome.

A feature that differentiates the frameshift stimulatory
signal in HIV-1 from other signals is that it is distant from the
slippery site by one base only. In most cases where
frameshifting occurs, there is a spacer sequence of five to
eight bases between the slippery sequence and the stimulatory
signal (5). However, in the Rous sarcoma virus (RSV) RNA,
which uses a programmed -1 frameshift, the frameshift
stimulator, which is a pseudoknot, is also located one base
after the slippery sequence (30). Since frameshift takes place
when the slippery sequence occupies the A and P sites of the
ribosome, either the RSV frameshift stimulatory signal or the
stimulatory signal that we propose for HIV-1 would have to
evade the unwinding activity of the translating ribosome or re-
fold once inside the ribosome. Interestingly, the possibility
that a signal stimulating a recoding event can evade the
ribosome unwinding activity or re-fold within the ribosome
has also been proposed for the ribosomal hopping that occurs
during translation of the T4 gene 60 (45). In this recoding
event, a stem—loop in close proximity to the decoding site
stimulates tRNA slippage, implying that this structure is
present within the ribosome.

In conclusion, we propose a refinement of the structure of
the HIV-1 frameshift stimulatory signal, which consists of
increasing the size and complexity of this signal. A complete
characterization of the signal that promotes frameshifting in
HIV and of its interaction with the ribosome will be extremely
useful in providing valuable information for the development
of antiviral agents that target programmed -1 ribosomal
frameshift.
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