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Human immunodeficiency virus type 1 (HIV-1) variants resistant to protease inhibitors have been shown to
contain a mutation in the p1/p6 Gag precursor cleavage site. At the messenger RNA level, this mutation
generates a U UUU UUU sequence that is reminiscent of the U UUU UUA sequence required for ribosomal
frameshifting and Gag-Pol synthesis. To test whether the p1/p6 cleavage site mutation was generating a novel
frameshift site, HIV sequences were inserted in translation vectors containing a chloramphenicol acetyltrans-
ferase (CAT) reporter gene requiring 21 frameshifting for expression. All sequences containing the original
HIV frameshift site supported the synthesis of CAT but expression was increased 3- to 11-fold in the presence
of the mutant p1/p6 sequence. When the original frameshift site was abolished by mutation, expression
remained unchanged when using constructs containing the mutant p1/p6 sequence, whereas it was decreased
2- to 4.5-fold when using wild-type p1/p6 constructs. Similarly, when introduced into HIV molecular clones, the
p1/p6 mutant sequence supported Gag-Pol synthesis and protease activity in the absence of the original
frameshift site, indicating that this sequence could also promote ribosomal frameshifting in virus-expressing cells.

To overcome the antiviral effects of protease inhibitors in
culture or in vivo, human immunodeficiency virus type 1
(HIV-1) accumulates mutations in its protease gene and in
Gag precursor cleavage sites (reviewed in reference 21). Two
cleavage sites were shown to be mutated in resistant variants:
the p1/p6 cleavage site (3, 6, 25) and the NC(p7)/p1 cleavage
site (6, 25). These mutations improve peptide hydrolysis by the
protease in vitro and improve polyprotein processing in virions
(6). In all mutants analyzed, the p1/p6 mutation involves an
L3F modification at the p19 position of the scissile bond (6).
In the DNA, this mutation is a C-to-T transition of the first
base of the leucine codon, replacing the wild-type AAT TTT
CTT sequence in this region with the AAT TTT TTT sequence
(Fig. 1A). When this sequence is transcribed into RNA, the
resulting mutant stretch of nucleotides, AAU UUU UUU, is
quite reminiscent of the AAU UUU UUA sequence required
for ribosomal frameshifting and Gag-Pol synthesis (Fig. 1B)
(13). Interestingly, this mutant sequence is also located in close
proximity to the original frameshift site in HIV, which itself
overlaps the p7/p1 cleavage site sequence in Gag (Fig. 1A).
This therefore suggested not only that the p1/p6 cleavage site
mutation was improving the processing of precursors at the
protein level but also that the mutant sequence could consti-
tute a novel slippery site promoting ribosomal frameshifting
during mRNA translation.

In HIV, as in many other retroviruses (7, 9, 13, 14), frame-
shifting is required to synthesize two polyproteins (Gag and
Gag-Pol in HIV) starting from the same initiation codon of an
mRNA. Translation of the HIV Gag terminates at the carboxy-
terminal end of the p6 protein, around codon 500 of the

mRNA, whereas synthesis of Gag-Pol requires a shift of the
reading frame in the 59 direction (21 shift) at the p7/p1 junc-
tion, around codon 432 of the mRNA (13). Translation of
Gag-Pol then proceeds in this new reading frame until a stop
codon is reached, about 3,000 nucleotides later. Ribosomal 21
frameshifting is a very controlled event requiring both a hep-
tameric X XXY YYZ consensus slippery sequence (U UUU
UUA in HIV) and a downstream secondary RNA structure
which causes the ribosome to pause (a stem-loop in HIV; Fig.
1B) (4, 8, 9, 13). Under optimal conditions, however, frame-
shifting is a rare event, occurring only for 1 of 10 to 20 ribo-
somes. This controlled frequency ensures that the synthesis of
Gag and Gag-Pol occurs in the correct ratio, which is required
for optimal enzyme activation and virus assembly (12, 18).

Since protease inhibitor-resistant variants have impaired
protease activity due to mutations (5, 10, 20), they could ben-
efit from an increased level of Gag-Pol frameshifting that
would increase the level of enzyme proteins in the virus. To
determine if the p1/p6 mutation observed in resistant HIV was
indeed creating a novel frameshift site, in vitro translation
vectors were constructed. A plasmid construct in which a 93-bp
DNA sequence encompassing the HIV p7/p1/p6 region was
inserted at the beginning of the chloramphenicol acetyltrans-
ferase (CAT) coding sequence of pHC(21), a derivative of
plasmid bluescript SK2 (Stratagene), was made (Fig. 2). The
HIV sequence encodes the original frameshift site (site a), the
putative stem-loop structure, and the p1/p6 cleavage site se-
quence (site b). Expression of the CAT reporter gene is driven
by a T7 promoter, and requires a 21 frameshift in the HIV
sequence, in the absence of which an in-frame stop codon
terminates translation at codon 45 of the CAT coding se-
quence. Construct pHC(21) has the wild-type HIV sequence
at the beginning of the CAT gene sequence, while construct
pHCF(21) has an HIV sequence in which a C-to-T transition
was inserted at the p1/p6 junction (site b). As controls, con-
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structs in which no frameshift was required for CAT expression
were used. These constructs [pHC(0) and pHCF(0)] contain
an additional base pair four codons downstream of the putative
second frameshift site, at site c, which renders the HIV gene

sequence in frame with the CAT gene sequence. All constructs
were linearized at the unique BamHI site located 39 of the
CAT coding sequence, and 1 mg of DNA was used for in vitro
RNA transcription by the T7 RNA polymerase. RNA was then
translated in a rabbit reticulocyte lysate. In assays using
[35S]methionine, messengers from both pHC(0) and pHCF(0)
constructs were efficiently translated into a protein whose mo-
lecular mass, 28 kDa, corresponded to the expected molecular
mass of the HIV-CAT fusion protein. In contrast, constructs
pHC(21) and pHCF(21), requiring a 21 frameshift for ex-
pression, gave only weak bands of 28 kDa, as expected (data
not shown).

To quantitate the frequency of frameshifting generated with
these constructs, the level of CAT expression was assessed by
an immunological CAT enzyme-linked immunosorbent assay
(ELISA). As shown in Table 1, the wild-type HIV sequence
[pHC(21)] gave a frameshift of from 5 to 12.9% in rabbit
reticulocyte lysates with respect to the in-frame pHC(0) con-
struct, a result similar to that already reported for this se-
quence (19, 24). The presence of a mutation at the p1/p6
junction in pHCF(21) clones, however, gave a frameshift of
from 15 to 30% with respect to the in-frame control constructs
[pHCF(0)], an approximately threefold increase compared to
that for the wild-type HIV sequence. Both capped (experiment
3) and uncapped (experiments 1 and 2) RNAs were assayed in
these experiments, with no significant difference found. CAT
levels determined by the method of chloramphenicol acetyla-
tion (CAT assays) (22) also gave results comparable to those in
Table 1 (data not shown). Therefore, these experiments sug-
gest that the mutation in the HIV p1/p6 cleavage site sequence
was enhancing the extent of ribosomal frameshifting in vitro.

The effect of the p1/p6 mutation could be due to the gen-
eration of a novel frameshift site in the pHCF(21) sequence.

FIG. 1. Nucleic acid sequences of the p1/p6 cleavage site mutation in HIV-1 protease inhibitor-resistant variants. (A) Variants obtained in the presence of protease
inhibitors were sequenced in the p7/p1/p6 region, and DNA sequences were compared to that of the HIV-1 IIIB strain (5, 6, 17). The portion of the DNA sequence
from HIV-1 IIIB is shown in its entirety as well as the deduced amino acid sequences (indicated in single-letter codes), read either in the Gag frame (top) or in the
Pol frame (bottom). The arrows indicate the scissile bonds of the p7/p1 and p1/p6 cleavage sites. The sequences of variants obtained in the presence of palinavir (2011.40
and 2011.nL.23), BILA 1906 BS (1906.33), and BILA 2185 BS (2185.37) are shown, with sequence identity illustrated by a dash. All mutants contain a C-to-T transition
at the p1/p6 junction. (B) Transcribed into RNA, the p7/p1/p6 sequence is predicted to give a stem-loop structure, with the p7/p1 and p1/p6 potential slippery sites
(underlined) lying on either side. The dotted line shows a sequence possibly involved in transient pairing with 18S rRNA (see the text).

FIG. 2. Construction of a CAT expression vector for in vitro translation. A
93-bp DNA sequence encompassing the HIV p7/p1/p6 region was inserted in the
beginning of the coding sequence of a CAT reporter gene which is under the
control of a T7 promoter. The HIV and CAT sequences are not in the same
reading frame, so a 21 frameshift in the HIV sequence is required to produce
the CAT protein. The inserted HIV sequence is shown in boldface, with the
original frameshift site (site a), the p1/p6 junction (site b), and the region in
which an additional base pair was added to make the HIV and CAT sequences
in frame (site c) underlined. The sequences of sites a, b, and c of all constructs
used in this study are indicated in the bottom half of the figure, with added or
modified nucleotides underlined. Apart from these three sites, all constructs
were identical and were used in similar in vitro transcription and translation
experiments.
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However, there is a possibility that the increase in frameshift-
ing could also be due to the presence of novel or more complex
secondary structures in the mutant mRNA. To distinguish be-
tween these two possibilities, constructs pHC(21)k/o and
pHCF(21)k/o were generated (Fig. 2). In these constructs, the
original T TTT TTA slippery sequence at site a was replaced
by site-directed mutagenesis with the nonslippery sequence T
CCC GCG, thereby preventing frameshifting at this site. This
mutation also generated a novel SacII restriction site in the
DNA, used for easy screening. Table 1 shows the levels of CAT
expression found when comparing these pHC(21)k/o and
pHCF(21)k/o constructs with their parental pHC(21) and
pHCF(21) constructs. Abolishing the original frameshift site
in pHC(21)k/o reduced CAT expression by 2.6- to 4.5-fold
with respect to the wild-type HIV sequence. Interestingly,
residual CAT levels were consistently observed with
pHC(21)k/o constructs, suggesting that ribosomal slippage at
the original frameshift site was not the only mechanism gen-
erating CAT expression in this system. In assays using mutant
pHCF(21) and pHCF(21)k/o constructs on the other hand,
there was no significant difference in CAT expression (1.1- to
1.3-fold reduction) suggesting that the p1/p6 cleavage site mu-
tation could compensate for the change in the original frame-
shift site. Again, uncapped RNAs (experiment 1), capped
RNAs (experiments 2 and 3), and CAT assays (data not
shown) gave similar results. Since ribosomal slippage still effi-
ciently occurs in the absence of the original frameshift site in
pHCF(21)k/o constructs, the p1/p6 mutation must therefore
generate a novel frameshift site.

To determine the relevance of these results for virions, HIV
molecular clones were constructed (Fig. 3A). These clones,
derived from a modified pNL4.3 (1) plasmid called 2.12 (6),
contained all the NL4.3 HIV genetic information except for a
930-bp sequence taken from the HIV-I IIIB strain. This 930-bp
sequence contained part of the p7 gene, the entire p1 and p6
genes, and 39 sequences leading into the reverse transcriptase
gene (6). Clone wt contained all wild-type HIV-1 sequences,
whereas site-directed mutagenesis was conducted to introduce
the C-to-T transition at the p1/p6 junction of clone wtFF.
Mutagenesis was also carried out to modify the original frame-
shift site from T TTT TTA to T CCC GCG in constructs wtk/o
and wtFFk/o. Proviral DNA (2 mg) from these clones was
transfected in human embryonic kidney cell line 293 to pro-
duce virions, as described previously (6). Western blot analysis
of recovered virions showed that whereas both wt and wtFF
virions produce mature p24 protein by processing the p55gag

precursor, wtk/o viruses, in which the original frameshift site
was abolished by mutation, produce very low levels of the p24
protein (Fig. 3B). These wtk/o viruses did, however, contain
high levels of precursor polyprotein p55gag, suggesting that
processing by an active protease, which requires ribosomal
frameshifting to synthesize Gag-Pol, was deficient in the ab-
sence of a functional slippery sequence. In contrast, wtFFk/o
viruses containing a C-to-T mutation at the p1/p6 junction
produced significant amounts of mature p24 protein, although
the original slippery sequence had been abolished, indicating
that Gag-Pol frameshifting had occurred in these viruses. In all
wtFFk/o clones examined, large amounts of unprocessed
p55gag precursors were detected, suggesting that protease ac-
tivity, although obviously present in these viruses, must be
suboptimal. An analysis of p6 protein expression by Western
blotting confirmed the presence of active protease in wtFFk/o
clones but not in wtk/o clones (Fig. 3B). These results there-
fore indicate that the C-to-T mutation at the p1/p6 junction
gives rise to a functional frameshift site in HIV, in the absence
of the original slippery sequence.
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Surprisingly, although Gag-Pol synthesis seemed possible in
wtFFk/o viruses and high levels of mature p24 and p6 proteins
were produced in these mutant viruses, no productive infection
of T cells could be obtained. Indeed, 10 days following infec-
tion of T-cell line C8166 with wtFFk/o virus, no p24 protein
could be detected in culture supernatants by a sensitive ELISA
and no cytopathic effect could be observed (Fig. 3B, bottom).
This lack of infectivity could be due to the mutations intro-
duced to abolish the original frameshift site.

Finally, to unambiguously demonstrate that Gag-Pol synthe-
sis had occurred in wtFFk/o viruses and to confirm the pres-
ence of an active protease in these mutants, proviral DNA was
transfected in the presence of the protease inhibitor palinavir
(15) (Fig. 4). High concentrations of this protease inhibitor
should block all protease activity and lead to the accumulation
of unprocessed precursors p55gag and p160gag-pol in virions

(15). Figure 4 shows that in the presence of 10 mM palinavir, wt
viruses indeed did not contain mature p24 protein and that
there was an accumulation of the polyprotein precursors p55gag

and p160gag-pol due to inactivation of the protease. Quantifica-
tion of precursor bands by density integration indicated that
the Gag-Pol/Gag ratio in these viruses is 0.13. Similar results
were obtained with wtFF viruses, where there are about 10
times more Gag than Gag-Pol precursors (ratio of 0.10). In
wtk/o viruses, the very low level of mature p24 protein ob-
served previously disappeared in the presence of palinavir, and
there was also a slight accumulation of the p160gag-pol precur-
sor, giving a Gag-Pol/Gag ratio of 0.02, about sixfold lower
than that observed for wt viruses. In wtFFk/o viruses, p24
production was also completely blocked by the presence of
palinavir and significant levels of the p160gag-pol precursor were
observed. The Gag-Pol/Gag ratio was estimated to be 0.08 for
these mutant viruses, about fourfold higher than that observed
for wtk/o viruses. Therefore, Gag-Pol synthesis does occur
quite efficiently in wtFFk/o viruses in the absence of the orig-
inal slippery sequence.

These results therefore demonstrate that the U UUU UUU
p1/p6 mutant sequence found in HIV protease inhibitor-resis-
tant variants can promote ribosomal frameshifting both in vitro
and in virus-expressing cells. This is somewhat surprising be-
cause although the mutant sequence does contain a consensus
slippery heptamer, the latter is not in close proximity to any 39
secondary structure, as determined by RNA substructure
search analysis (data not shown). The major function of sec-
ondary structures is to cause the ribosome to pause, a process
during which frameshifting is thought to be more likely to
occur (8, 9). Two mechanisms could explain how frameshifting
could occur in the absence of 39 secondary structures. First, as
the mutant p1/p6 sequence is a stretch of seven consecutive
U’s, it is considered superslippery (2, 24) and may not require

FIG. 3. Construction and analysis of HIV frameshift mutant molecular
clones. (A) A 930-bp DNA fragment containing part of the p7 gene, the entire
p1 gene, and 39 sequences leading into the reverse transcriptase gene from
HIV-1 strain IIIB was inserted between the unique ApaI (A) and BST1107 (B)
restriction sites of a modified NL4.3 vector called 2.12 to generate clone wt.
Site-directed mutagenesis was then used as described previously (11) to intro-
duce the p1/p6 cleavage site mutation in clone wtFF and to abolish the original
frameshift site in clones wtk/o and wtFFk/o. The original frameshift site is
represented by a solid box, the abolished frameshift site is represented by an
open box, the wild-type p1/p6 cleavage site is also represented by a solid box, and
the mutated p1/p6 cleavage site is represented by a shaded box. (B) Viral
particles harvested upon transfection of molecular clones were analyzed by
Western blotting using monoclonal antibodies directed either against the p24
protein (clone 39/5.1.23; ID Labs Inc.) or the p6 protein (23). Proteins of 55, 41,
24, and 6 kDa representing the p55gag and p41 precursors and the mature p24
and p6 proteins, respectively, were detected. Two independent wtk/o clones and
four independent wtFFk/o clones are shown. Immune reactivity was detected by
a chemiluminescent substrate detection assay. The infectivities of viruses, deter-
mined by infection of C8166 cells with transfection supernatants, are shown as
positive (1) or negative (2) at the bottom of the figure.

FIG. 4. Blocking of protease activity in mutant viral clones leads to the
accumulation of polyprotein precursors. Viral particles were produced in the
presence of the protease inhibitor palinavir (10 mM) and then harvested and
analyzed by Western blotting using an anti-p24 monoclonal antibody. Proteins of
24, 55, and 160 kDa, representing the mature p24 protein and the p55gag and
p160gag-pol precursors, respectively, were detected. Longer exposure was required
for efficient p160gag-pol detection (bottom panel). Gag-Pol/Gag ratios were esti-
mated by comparing results obtained from density integration of the 160- and
55-kDa bands.
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ribosomal pausing at all for frameshifting. Second, frameshift-
ing could occur following 59 base pairing between viral and
ribosomal RNAs, a frameshift-enhancing mechanism already
described for the Escherichia coli dnax gene (16). Interestingly,
analysis of mRNA sequences around the HIV p1/p6 junction
reveals 59 sequences that could pair with eukaryotic small-unit
rRNA (bases 2113 to 2117 in the mRNA [Fig. 1B] and bases
1115 to 1119 in the 18S rRNA). Experiments using constructs
in which both the original frameshift site and 59 flanking se-
quences are altered by mutagenesis could give more insight
into these possibilities.

The M35/2F8 anti-p6 monoclonal antibody (23) was a generous gift
from M. G. Samgadharan (Advanced BioScience Laboratories Inc.,
Kensington, Md.). We thank M. G. Cordingley for critical review of the
manuscript.
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