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A unique feature of retroviruses is the packaging of two copies of their genome, noncovalently linked at their 5= ends. In vitro,
dimerization of human immunodeficiency virus type 2 (HIV-2) RNA occurs by interaction of a self-complementary sequence
exposed in the loop of stem-loop 1 (SL-1), also termed the dimer initiation site (DIS). However, in virions, HIV-2 genome
dimerization does not depend on the DIS. Instead, a palindrome located within the packaging signal (Psi) is the essential motif
for genome dimerization. We reported previously that a mutation within Psi decreasing genome dimerization and packaging
also resulted in a reduced proportion of mature particles (A. L’Hernault, J. S. Greatorex, R. A. Crowther, and A. M. Lever, Retro-
virology 4:90, 2007). In this study, we investigated further the relationship between HIV-2 genome dimerization, particle matu-
ration, and infectivity by using a series of targeted mutations in SL-1. Our results show that disruption of a purine-rich
(392-GGAG-395) motif within Psi causes a severe reduction in genome dimerization and a replication defect. Maintaining the
extended SL-1 structure in combination with the 392-GGAG-395 motif enhanced packaging. Unlike that of HIV-1, which can rep-
licate despite mutation of the DIS, HIV-2 replication depends critically on genome dimerization rather than just packaging effi-
ciency. Gag processing was altered in the HIV-2 dimerization mutants, resulting in the accumulation of the MA-CA-p2 process-
ing intermediate and suggesting a link between genome dimerization and particle assembly. Analysis of revertant SL-1 mutant
viruses revealed that a compensatory mutation in matrix (70TI) could rescue viral replication and partially restore genome
dimerization and Gag processing. Our results are consistent with interdependence between HIV-2 RNA dimerization and the
correct proteolytic cleavage of the Gag polyprotein.

All known exogenous retroviruses except for spumaretrovi-
ruses encapsidate two copies of their RNA genome, linked at

their 5= ends through the dimer linkage site (DLS) (8). Genome
dimerization plays an important role during several steps of the
virus life cycle, including reverse transcription and packaging (re-
viewed in references 25 and 51), and allows for greater genetic
diversity by facilitating recombination during reverse transcrip-
tion (30). In human immunodeficiency virus type 1 (HIV-1), the
cis-acting elements required for genome dimerization and encap-
sidation overlap and have been mapped to four stem-loops (SL-1
to SL-4) located in the 5= leader of the genome, suggesting that the
two processes may be linked (6, 7, 12, 13, 28, 39, 50, 54). The
commonly accepted model for the initiation of HIV-1 genome
dimerization is through a loop-loop interaction at the dimer ini-
tiation site (DIS)—a palindromic sequence located in the apical
loop of SL-1 (14, 38, 47, 52, 57)—though there is some suggestion
that the DIS may not be required for HIV-1 dimer formation (7,
29). Although in vitro studies suggested that a similarly sited pal-
indrome in the loop of SL-1 might initiate HIV-2 RNA dimeriza-
tion (20, 35), previous work in our laboratory demonstrated that
the DIS is dispensable for dimerization of the HIV-2 genome in
vivo (41). Instead, a second palindrome, termed pal (392-GGAGU
GCUCC-401), located within the encapsidation signal Psi and part
of SL-1, can promote RNA dimerization both in vitro and in vivo
(34, 41).

In both HIV-1 and HIV-2, mutations within the packaging
signal have been shown to impair genomic RNA dimerization and
packaging and to adversely affect viral replication (26, 34, 36, 41).
Long-term culture and phenotypic reversions of pal-mutated
HIV-2 have led to the suggestion that an extended SL-1, formed

through the base-pairing of stem B, is essential for efficient HIV-2
replication and RNA packaging (36). The 3= end of pal (GCUCC-
3=) is required for the formation of stem B and the extended SL-1.
However, infectivity and viral replication are significantly im-
paired by the sole mutation of the 5= end of pal (5=-GGAGU),
which is not part of stem B (5, 41). Therefore, the precise sequence
and structural elements of SL-1 required for HIV-2 genome
dimerization, packaging, and viral replication remain incom-
pletely defined.

Rous sarcoma virus and HIV-1 Gag have been shown to assem-
ble in vitro in the absence of nucleic acid (10); however, it has been
suggested that the retroviral RNA genome plays a role in particle
assembly (9, 24), and there is increasing evidence that the Gag
protein needs to bind both the RNA genome and the plasma
membrane for the correct folding and assembly of the polyprotein
to occur (17, 48). RNA dimerization, in particular the maturation
step, depends on the viral protease and the proteolytic processing
of Gag (22). Specifically, the primary cleavage of Gag between p2
(also known as SP1) and the nucleocapsid (NC) is required for the
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maturation of the HIV-1 RNA dimer (55). HIV-1 dimerization
mutants have been shown to have a delay in the cleavage of capsid
(CA)-p2 (42), and simian immunodeficiency virus macaque
(SIVmac239) SL-1 mutants with reduced genome dimerization and
encapsidation showed increases in levels of the intermediate Gag
cleavage products matrix (MA)-CA and CA-NC, as well as aber-
rant morphology (59). It was recently proposed that HIV-1 p2
undergoes a coil-to-helix structural refolding required for particle
assembly (18), although the elements or trigger necessary for this
structural change remain unknown. However, the suggestion that
interactions of Gag with itself, nucleic acid, and the plasma mem-
brane are all required for full extension of the protein during as-
sembly (17), together with evidence that the introduction of a
leucine zipper could supplant the NC-RNA interaction and lead to
particle assembly (15, 31, 60), has raised the possibility that the
dimeric genome serves as a scaffold during assembly, helping to
bring the Gag and Gag-Pol molecules into close proximity and the
correct orientation to allow the required conformational change
to occur.

In this study, we set out to investigate further the exact se-
quences and/or structures involved in HIV-2 genome dimeriza-
tion and viral replication and to analyze the role of the dimeric
genome during HIV-2 particle assembly and maturation. Using a
series of substitution mutations in SL-1, we analyzed the con-
formation of the genome and the packaging efficiencies of mu-
tant viruses and assessed their replication in T cells. Our results
show that a purine-rich motif within the Psi region (392-GGAG-395) is
required for HIV-2 replication, as suggested previously by an in
vivo selection approach (5), and that this motif is essential for
genome dimerization and encapsidation. Independently of
dimerization, stem B enhances encapsidation. However, we dem-
onstrate that it is genome dimerization rather than packaging that
is critical for HIV-2 replication. A moderate packaging defect with
a dimeric genome is compatible with efficient replication.

Analysis of Gag processing in the SL-1 mutant viruses revealed
alteration of the rate of Gag processing in the dimerization mu-
tants, resulting in the accumulation of the intermediate product
MA-CA-p2. Revertant viruses harboring compensatory muta-
tions in Gag were identified, including a matrix threonine-to-iso-
leucine mutation at position 70 (MA 70TI), which had been re-
ported previously in SIVmac239 in the context of an SL-1
dimerization mutant (58) and which in HIV-1 rescues a mem-
brane-binding and assembly defect (49). Introduction of the MA
70TI mutation into the HIV-2 dimerization mutants rescued viral
replication, significantly restored the ability of the virus to form a
dimeric genome, and corrected the processing defect of Gag.
Taken together, the data presented here highlight the dependence
of HIV-2 replication on the process of RNA dimerization and
support a model in which the dimeric conformation of the pack-
aged genome is required for the correct assembly of HIV-2 virions,
possibly by acting as a scaffold to allow the correct folding and
processing of the Gag polyprotein.

MATERIALS AND METHODS
Plasmid constructs. pSVR is an infectious proviral clone of HIV-2 ROD
containing a simian virus 40 origin of replication (44). pSVR�NB con-
tains a 550-nucleotide (nt) deletion in the env open reading frame (ORF)
between positions 6369 and 6919 (26). Restriction sites and nucleotide
numbering, where given, are relative to the first nucleotide of the viral
RNA. Mutations in the 5= leader were introduced into a subclone of

HIV-2, pGRAXS (26), by site-directed mutagenesis using the
QuikChange II kit (Stratagene). The sequences of the mutagenic primers
are available on request. Sequences from the resulting subclones were
introduced into the provirus by exchanging an AatII-XhoI fragment, gen-
erating the corresponding proviral constructs. All proviral constructs
were verified by sequencing. pSVRNCm contains alanine substitutions
for all cysteine and histidine residues in the two zinc fingers of the NC
domain of Gag and has been described previously (32). Plasmid KS2ES,
used to generate the antisense riboprobe to detect HIV-2 genomic RNA
(positions 4915 to 5284) by Northern blotting, has been described previ-
ously (33).

Cell culture. 293T (European Collection of Cell Cultures [ECACC])
and C-33A (American Type Culture Collection [ATCC]) cells were
maintained in Dulbecco’s modified Eagle medium (DMEM) (PAA
Laboratories) supplemented with 10% fetal calf serum (FCS; PAA),
penicillin, and streptomycin (PAA) (complete DMEM). PM1 T cells
(Centre for AIDS Reagents [CFAR], National Institute for Biological
Standards and Control [NIBSC], United Kingdom) were maintained
in RPMI 1640 (PAA) supplemented with 10% FCS, penicillin, and
streptomycin (complete RPMI).

Virus preparation. 293T or C-33A cells were transfected with proviral
constructs by using TransIT-LT1 (Mirus Bio) according to the manu-
facturer’s instructions. Cells and supernatants were harvested 48 h
later, and virus production was assessed with a reverse transcriptase
(RT) assay (53). Virus-containing supernatants were purified through
an 8.4% OptiPrep (Sigma-Aldrich) cushion by ultracentrifugation at
98,000 � g for 1 h at 4°C. Virus pellets were resuspended either in 500
�l of complete RPMI for infection or in 200 �l of proteinase K buffer
for RNA extraction.

Virus infection and evolution study. Wild-type (WT) and mutant
viruses were prepared as described above by transfection of 293T cells with
the appropriate proviral plasmid. An equivalent of 500 RT units of virus
was used to infect 1 � 106 PM1 cells in a total volume of 5 ml. Viral
replication was followed by measurement of the RT activity in the
culture supernatant every 2 to 4 days, and cells were passaged 1/5 every
4 days. During the evolution study, upon replication of previously
replication incompetent virus, 1 ml of cells was harvested, and 0.5 ml
of the cell-free supernatant was used to infect 1 � 106 fresh PM1 cells
as described above, while the cell pellet and remaining supernatant
were stored at �20°C until reversion was confirmed by an improved
replication kinetic. The cell pellet was then resuspended in 0.5 ml
phosphate-buffered saline (PBS) and was lysed by the addition of 100
�l of lysis buffer (10 mM Tris-HCl [pH 8], 1 mM EDTA, 0.5% Tween
20) and 6 �l of 20-mg/ml proteinase K. The mixture was mixed gently
and was incubated at 56°C for 1 h. After inactivation of the proteinase
K for 10 min at 95°C, 1 �l of the genomic DNA preparation was used
in PCR with different sets of HIV-2-specific primers (sequences avail-
able on request) and high-fidelity Accuzyme DNA polymerase (Bio-
line). PCR products were purified by using the PCR purification kit
(Qiagen) and were sent for sequencing analysis.

RNA preparation. 293T cells were transfected with a WT or mutant
proviral plasmid as described above, and cytoplasmic RNA was harvested
48 h later by using the RNeasy minikit (Qiagen) according to the manu-
facturer’s instructions. Viral RNA was extracted from purified virions by
lysis of virus particles in 200 �l of proteinase K buffer (50 mM Tris-HCl
[pH 7.5], 100 mM NaCl, 10 mM EDTA, 1% sodium dodecyl sulfate
[SDS], 100 �g/ml of proteinase K, 100 �g/ml of tRNA) for 30 min at 37°C.
After extraction with acid-buffered phenol-chloroform, followed by one
extraction with chloroform-isoamyl alcohol (IAA), the RNA was precip-
itated with ethanol at �80°C. Cytoplasmic and virion RNAs used for
quantitative RT- PCR (qRT-PCR) were subsequently treated with 30 U of
Turbo DNase (Life Technologies) for 2 h at 37°C, extracted once with
phenol-chloroform and chloroform-IAA, and resuspended in 50 �l
RNase-free H2O. Virion RNAs used in Northern blotting were resus-
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pended in 20 �l of a buffer containing 140 mM NaCl, 10 mM Tris-HCl
[pH 7.5], and 5 mM MgCl2.

Northern blotting. Northern blotting was performed using the
NorthernMax-Gly kit (Life Technologies) as recommended by the man-
ufacturer. Virion-extracted RNAs (20 �l) were separated on a 0.8% aga-
rose gel for 4 h at 4°C in 1� Gel Prep/Running Buffer, alongside the
RiboRuler high-range RNA ladder (Fermentas). RNAs were transferred to
a BrightStar-Plus positively charged nylon membrane (Life Technolo-
gies), cross-linked by baking for 20 min at 80°C, and detected using the
BrightStar Biodetect kit according to the manufacturer’s instructions. The
biotinylated riboprobe used for the detection of HIV-2 genomic RNA was
transcribed in vitro from the linearized (BamHI) KS2ES plasmid using T3
RNA polymerase (Promega) and a biotin RNA labeling mix (Roche).
Following DNase treatment (with 10 U of Turbo DNase for 30 min at
37°C), the riboprobe was purified through a G-50 Sephadex column, ali-
quoted, and stored at �20°C.

Quantification of genomic RNA by qRT-PCR. Cytoplasmic and vi-
rion RNAs were normalized to total-RNA concentration and RT activity,
respectively, prior to quantification by one-step qRT-PCR using the Su-
perScript III One-Step RT-PCR system (Life Technologies) in a Rotor-
Gene Q instrument (Qiagen). HIV-2 genomic RNA was detected using a
gag-specific fluorescent probe, 6-carboxyfluorescein (FAM)-CCCAAGTCC
CGCAG-minor groove binder (MGB) (Life Technologies), and primers
5=-GCAGGGCTGCTGGAAGTGTGGTAA-3= and 5=-ACTGGGGGTGC
TGTTGGTGTCA-3= (Sigma-Aldrich). Human PGK1 (Phosphoglycerate
Kinase 1) Endogenous Control (VIC/MGB probe, primer limited; Life
Technologies) was used as an endogenous control in the cytoplasmic RNA
samples. Cycling conditions were as follows: an initial reverse transcrip-
tion step of 30 min at 50°C, followed by 2 min at 95°C and 45 cycles of
95°C for 15 s and 60°C for 1 min. The specific amplification of a 225-nt
fragment (positions 1772 to 1997 of the HIV-2 genome) was validated by
gel electrophoresis.

Western blotting. Forty-eight hours after the transfection of 293T
cells, virions were purified as described above, resuspended in 50 �l PBS,
and lysed by the addition of 2� Laemmli buffer (Sigma-Aldrich). Samples
were boiled and proteins resolved on 12% SDS-polyacrylamide gel elec-
trophoresis (PAGE) gels. Gag was detected using a mouse anti-SIVp57/
p27 antibody (ARP3005; CFAR, NIBSC, United Kingdom) followed by a
horseradish peroxidase (HRP)-conjugated anti-mouse antibody (Santa
Cruz Biotechnology). A mouse anti-�-actin antibody (Abcam) was used
to verify equal loading of the cytoplasmic fractions.

Pulse-chase metabolic labeling of Gag. C-33A cells were transfected
with env-deleted proviral constructs in 6-well plates as described
above. After 24 h, cells were washed twice in PBS and were starved for
60 min in 0.5 ml of DMEM lacking methionine and cysteine (Met-Cys-
free DMEM; Sigma-Aldrich) supplemented with 4 mM glutamine
(Gln; PAA), 10% FCS, penicillin, and streptomycin. Cells were then
pulse-labeled for 30 min with 0.5 ml of Met-Cys-free DMEM supple-
mented with 110 �Ci of EasyTag Express 35S protein labeling mix (11
mCi/ml; Perkin-Elmer) and 4 mM Gln, 10% FCS, penicillin, and strep-
tomycin. The radioactive medium was removed (time point zero), and
cells were chased in 0.5 ml of complete DMEM supplemented with 2
mM Met and 2 mM Cys for 30, 60, 90, and 120 min. At each time point,
the virus-containing supernatants were harvested and their concentra-
tions adjusted to 1% Triton X-100, 1% sodium deoxycholate, and
0.1% SDS. The capsid (CA) and Gag proteins were immunoprecipi-
tated using an anti-SIVp57/p27 antibody (ARP3061; CFAR, NIBSC
United Kingdom) diluted at 1/150 overnight at 4°C. One hundred
microliters of a mixture of protein A- and protein G-Sepharose beads
(Sigma-Aldrich) prepared in radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 1% sodium deoxy-
cholate, 0.1% SDS, 1% Triton X-100, protease inhibitor cocktail
[Roche]) was added, and samples were rotated for a further 1 h 30 min
at 4°C. Samples were spun at 6,000 � g for 2 min, washed three times
in RIPA buffer, and resuspended in 50 �l 2� Laemmli buffer. Samples

were boiled for 5 min, and 25 �l was loaded onto a 13% acrylamide gel
alongside a Precision Plus protein marker (Bio-Rad). Gels were fixed
in 40% methanol–10% acetic acid for 30 min, incubated in Amplify
(GE Healthcare) for 30 min, and dried prior to autoradiography.
Quantification (densitometry analysis) was performed using ImageJ
software.

RESULTS
Mutation of the HIV-2 leader RNA. To investigate the exact re-
quirement for the palindrome pal and the SL-1 structure and in
particular to establish the precise role of stem B in HIV-2 viral
replication, we introduced a series of mutations into the SL-1
region of the leader RNA of an infectious HIV-2 molecular clone
(pSVR) (Fig. 1A), disrupting either the pal sequence or the struc-
ture of SL-1, or both (Fig. 1B to H). A previously characterized
replication- and dimerization-deficient mutant, SM2 (392-CCUC-395)
(41), was included for comparison (Fig. 1C). The SM4 and SM5
mutations both lead to disruption of stem B, with SM4 also dis-
rupting pal, while SM5 retains a palindromic sequence (Fig. 1D
and E). In SM6, a GGAG motif at the 3= end of SL-1 was mutated
to disrupt stem B while leaving pal unaffected (Fig. 1F). To assess
the relative importance of the stem B structure compared to its
constituent sequences, the mutations of SM4 and SM6 were com-
bined (SM9) (Fig. 1H). Finally, since several GGAG motifs are
present in SL-1 and similar purine tetrads have been implicated in
RNA packaging and Gag binding in both HIV-1 (1, 3, 11, 16, 19,
40, 56) and HIV-2 (16), the mutations of SM2 and SM6 were
combined (SM8) (Fig. 1G).

Defects in HIV-2 genome dimerization, but not RNA encap-
sidation, correlate with impaired viral replication. We wanted to
clarify and reconcile previous in vitro and in vivo data on HIV-2
dimerization (37, 41) and the association with viral infectivity
(41). Thus, we analyzed the ability of the mutant viruses to form
genomic RNA dimers in vivo. WT and mutant virions were puri-
fied from transfected cells, and the viral genomic RNA was ana-
lyzed by native Northern blotting (Fig. 2A). Disruption of stem B
(mutants SM4 and SM6) had no significant effect on the propor-
tion of dimeric genomes present in the virions, indicating that the
structure of SL-1 does not play a role in HIV-2 RNA dimerization.
Replacement of the original pal sequence by an alternative palin-
drome (SM5) did affect RNA dimerization, suggesting that the
native sequence is important. However, the self-complementarity
of pal is disrupted in SM9, which dimerized as efficiently as the
WT. To clarify this discrepancy, we compared the dimerization of
two pal mutants, the previously described SM2 mutant (41), in
which the 5= end of pal is mutated, and SM4, in which the 3= end of
pal is mutated. The dimerization efficiencies of these mutants in-
dicated that only the 5= end of pal (392-GGAG-395) was required
for HIV-2 genome dimerization. The level of dimers detected for
the SM2 mutant differed slightly between the current study and
our previously published study (41). This is most likely due to
differences in the RNA extraction protocol. In this study, a more
stringent extraction method was used, which would potentially
increase the dissociation of loose dimers but would have little or
no effect on the integrity of tight dimers. The levels of wild-type
dimer are similar in the two studies, consistent with this interpre-
tation. Mutations of both GGAG motifs present in Psi/SL-1 (SM8
virus) drastically reduced genome dimerization. Comparison of
the SM2 and SM6 viruses (Fig. 2A) (41) strongly suggests that

392-GGAG-395 is the critical element for HIV-2 genome dimeriza-

HIV-2 Replication Depends on Genome Dimerization

May 2012 Volume 86 Number 10 jvi.asm.org 5869

http://jvi.asm.org


tion (Table 1). While mutants lacking the 392-GGAG-395 motif
have an unequivocal dimerization defect, it should be noted that
the method used does not allow us to determine whether the RNA
extracted from virions is truly monomeric or represents unstable

dimer that is disrupted by the extraction procedure. Increasing
evidence that the HIV-1 genome is packaged as a dimer (45, 46),
together with the disparities in the levels of dimer obtained for the
SM2 mutant by different extraction methods, would suggest that

FIG 1 Structure of stem-loop 1 in wild-type and mutant HIV-2. (A) Schematic of the molecular clone pSVR of the HIV-2 ROD genome, with the structure of
the 5= leader RNA (20) shown above and the sequence of the packaging signal (Psi)/stem-loop 1 (SL-1) region detailed below. The palindrome pal (residues 392
to 401) and the GGAG motif at position 439 are highlighted in red and green, respectively. TAR, trans-activator response; PBS, primer binding site; SD, major
splice donor. (B to H) Structures of SL-1 in the WT (B) and substitution mutants (C to H) based on the previously described structure of SL-1 (4). The palindrome
pal is highlighted in red on the WT structure. Stem B and the distal bulge (residues 402 to 409) are indicated. SM2 (C) (residues 392 to 395) has been described
and characterized previously (41). Red letters represent mutated residues.
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loose dimers are initially formed but are not stable enough to
withstand the more stringent extraction procedure.

It was proposed previously that stem B is required for efficient
packaging of the HIV-2 genome and viral replication (36). Since
stem B does not appear to play a role in genome dimerization, we
decided to measure the packaging efficiencies of our Psi/SL-1 mu-
tants relative to that of the WT (Fig. 2B). Our data confirmed the
requirement for stem B in HIV-2 RNA encapsidation, but only in
combination with the 392-GGAG-395 motif (Table 1). Indeed, the
formation of stem B alone is not sufficient to promote efficient
RNA packaging, as illustrated by the poor packaging efficiency of
the SM2 mutant (5, 41; this study).

We next assessed the abilities of the SL-1 mutant viruses to
replicate in T cells (Fig. 2C). We observed a striking direct corre-
lation between the efficiency of genome dimerization and viral
replication, although a packaging efficiency of 100% is not abso-
lutely necessary for HIV-2 propagation. A 2-fold reduction in
RNA packaging had no significant effect on the viral replication of
the SM4 and SM6 mutants, whereas a major reduction in the level
of dimeric genome abrogated replication of the SM2, SM5, and
SM8 viruses. These results are in agreement with previous data
showing that a GGRG motif at position 392 is required for HIV-2
replication, but they do not support an essential role for stem B in
viral replication (5). The data presented here do strongly suggest

FIG 2 HIV-2 replication is dependent on efficient genome dimerization and the presence of the 392-GGAG-395 motif in the RNA leader. (A) (Top) Native
Northern blot analysis of HIV-2 genomic RNA; (bottom) quantification (mean � standard deviation) (n � 3) of the percentage of dimeric RNA in the virions.
293T cells were transfected with WT and mutant proviral constructs, and viral RNA was extracted at 48 h posttransfection and was analyzed by native Northern
blotting using an antisense riboprobe specific for pol. The positions of the dimeric (D) and monomeric (M) RNA species are indicated. Asterisks indicate a
significant difference from the WT (**, P � 0.002) by an unpaired Student t test. (B) Packaging efficiencies of the mutant viruses relative to that of the WT,
measured by qRT-PCR using the standard-curve method of quantification. The packaging efficiency of the WT was set to 100%. (C) WT and mutant HIV-2
virions were produced by transfection of 293T cells with the corresponding proviral plasmid, purified through 8.4% OptiPrep, and used to infect 1 � 106 PM1
T cells. Virus input was normalized on the reverse transcriptase (RT) activity of the virus preparation, and an equivalent of 500 RT units was used. Viral
replication was followed by measuring the RT activity in the culture supernatant every 4 days. Mock, mock-infected cells.

TABLE 1 Correlation between viral replication, RNA dimerization, and packaging and the sequences and structural elements located within HIV-2
SL-1

Virus
Viral
replicationa

Genome
dimerization (%)b

Packaging
efficiencyc

Presence or absence of:

pal Stem B 392-GGAG-395 439-GGAG-442

WT �� 72.7 1.00 � � � �
SM4 �� 60.6 0.51 � � � �
SM6 � 49.4 0.45 � � � �
SM9 �� 63.2 1.10 � � � �
SM2 � 5.8 0.44 � � � �
SM5 � 8.9 0.46 �d � � �
SM8 � 5.6 0.38 � � � �
a Replication in PM1 T cells was followed by measuring the RT activity in the culture supernatant. Symbols indicate the presence (��) or absence (�) of detectable RT activity at 4
to 15 days postinfection (n � 3).
b Percentage of dimeric genome in the virion as measured by native Northern blotting (n � 3).
c Relative to that of the WT (set to 1) as measured by qRT-PCR (n � 3).
d Alternative palindromic sequence in place of WT pal.
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that the conformation of the genomic RNA encapsidated in the
virion, rather than the packaging efficiency, is critical for HIV-2
replication.

A compensatory mutation in matrix can rescue the replica-
tion of dimerization mutants. To seek reversion mutations with
restored replication kinetics, T cells infected with the dimerization
mutants were cultured for more than 3 weeks; eventually, repli-
cating virus was detected in all three cultures (data not shown).
Cell-free supernatant was used to infect fresh cells, and a faster
replication kinetic than that with the original infection was ob-
served, suggesting that a reversion event had occurred. The in-
fected cells were harvested at the peak of infection; total DNA was
isolated; and the 5= untranslated region (5= UTR) and gag gene of
the integrated proviruses were sequenced. Every virus sequenced
had retained the original mutation in the Psi/SL-1 region. How-
ever, several second-site mutations were identified in the gag gene,
most notably a C-to-T mutation at position 754, resulting in a
Thr-to-Ile mutation at position 70 of matrix (MA 70TI), which
was identified in both SM5 and SM8 and had been observed pre-
viously in SIVmac239 in the context of an SL-1 dimerization-defi-
cient mutant also harboring an 184MV mutation in RT (58).

The MA 70TI mutation was therefore introduced into the
SM2, SM5, and SM8 proviral constructs, and the revertant viruses
were phenotypically characterized (Fig. 3). The replication of WT
HIV-2, the three dimerization mutants, and their corresponding
revertant viruses was followed over a period of 4 weeks (Fig. 3A).

The three MA 70TI revertant viruses were able to rescue the viral
replication of SM2, SM5, and SM8, bringing it close to the WT
level. Genome dimerization was then assessed by native Northern
blotting (Fig. 3B). The MA mutation was able to rescue RNA ge-
nome dimerization by the SL-1 mutants (P, �0.05 by an unpaired
Student t test). Introduction of the MA 70TI mutation into WT
proviral DNA had no significant effect on viral replication or ge-
nome dimerization (Fig. 3A and B).

Overall, these data show that a second-site mutation at posi-
tion 70 in matrix can rescue the replication of dimerization- and
packaging-deficient mutant viruses and can partially restore ge-
nome dimerization.

During the course of our evolution study, other second-site
mutations were identified, including MA 68VE, CA 26VI, CA
98TA, p6 35EK, p6 42EK, and p6 53EK. The p6 EK mutations
alone are not sufficient to rescue infectivity—introduction of
the 42EK mutation into the SM5 background did not rescue
viral replication—indicating that other second-site mutations
may have arisen elsewhere in the genome at the same time and
may have been necessary for the improved replication fitness
observed (data not shown). This corroborates a previous study
with SIVmac239 in which a p6 49EK compensatory mutation was
able to rescue the replication of an SL-1 dimerization mutant
only in combination with two second-site mutations, nt 423AG
in the DIS loop and CA 197KR (27). However, none of our
evolution studies yielded reversion of the RNA 5= UTR or any
similar mutation in CA.

Dimerization-deficient mutants show a processing defect
that is partially rescued by the MA 70TI reversion mutation.
Proteolytic processing of Gag is known to be associated with the
RNA dimerization process, promoting the maturation of the
dimer, as shown by analysis of protease-deficient HIV-1 and mu-
rine leukemia virus (MLV) virions (22, 23). Conversely, muta-
tions reducing HIV-1 genome dimerization have been shown to
impair Gag processing by delaying the CA-p2 cleavage (42). With
this in mind, we investigated the effects of our SL-1 mutations on
Gag synthesis and processing.

We first analyzed the levels of Gag and its cleavage products
(Fig. 4A) in the particles released at 48 h posttransfection (Fig. 4B).
While all the Gag protein has been cleaved into CA in the WT
virus, the dimerization mutants showed a delay in Gag processing,
with a small yet significant accumulation of the p41 (MA-CA-p2)
intermediate (Fig. 4C). The replication-competent SL-1 mutants
and the MA 70TI revertant viruses all showed normal processing
of Gag (Fig. 4B and C). To examine further the contribution of
dimer formation and Gag-RNA interaction to Gag processing, we
analyzed an HIV-2 Gag mutant harboring cysteine-to-alanine and
histidine-to-alanine substitutions in the two zinc finger domains
of NC (NCm), which abrogate Gag-RNA binding (32). This mu-
tant displayed the same phenotype as the SL-1 dimerization mu-
tants (Fig. 4B and C), suggesting that binding of Gag to the
genomic RNA is important for the correct processing of the pro-
tein.

The precise step at which Gag processing is disrupted is diffi-
cult to ascertain with the “snapshot” approach described above, so
we investigated this question further by use of pulse-chase meta-
bolic labeling (Fig. 5). Transfected cells were pulse-labeled for 30
min and were chased for as long as 120 min. Gag and its CA-
containing cleavage products were immunoprecipitated and ana-
lyzed by autoradiography (Fig. 5A). Confirming the results ob-

FIG 3 A compensatory mutation in MA (70TI) can rescue the replication of
dimerization mutants and partially restore genome dimerization. (A) PM1 T
cells were infected with an equivalent of 500 RT units of WT, dimerization
mutant, and MA 70TI mutant viruses. Viral replication was followed by mea-
suring the RT activity in the culture supernatant every 2 to 4 days. 70TI, mu-
tation in matrix at position 70; mock, mock-infected cells. (B) (Left) Native
Northern blot analysis of MA 70TI mutant viruses; (right) quantification
(means � standard deviations) (n � 2) of the percentages of dimeric RNA in
the virions. The WT data are reported from Fig. 2A. D, dimer; M, monomer.
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tained by Western blotting (Fig. 4B), the dimerization-deficient
mutant SM8 showed a significant accumulation of the p41 inter-
mediate compared to that in the WT virus (Fig. 5A and B). The
MA revertant of SM8, SM8 70TI, partially rescued this phenotype
after 2 h. The efficiency of each individual cleavage, taken as the
ratio of cleaved to uncleaved product, was calculated for each virus
at 2 h postlabeling and is shown in Fig. 5C. The dimerization
mutant SM8 was twice as efficient as the WT virus at cleaving Gag
into p41 but was significantly slower at the second cleavage site,
which explains the observed accumulation of the p41 intermedi-
ate. In accordance with the results shown in Fig. 4, the MA 70TI
mutation was able to restore the correct rate of Gag processing in
the SM8 mutant. The rates of the third cleavage of CA-p2 into CA
and p2 were similar for all viruses, as were the overall processing
efficiencies (CA/Gag ratios), suggesting that the improper rate of
processing and the subsequent accumulation of p41—rather than
decreases in the proportions of cleaved MA and CA—are respon-
sible for the reduced infectivity.

DISCUSSION

In this study, we evaluated the requirement for sequence and
structural elements within the SL-1 region of the HIV-2 RNA
leader for viral replication, genome dimerization, and encapsida-
tion. Using substitution mutants that interfered with the palin-
drome pal or stem B, we have shown that neither of these elements
is indispensable for HIV-2 replication (Table 1). However, the

392-GGAG-395 motif is critical for viral replication (as previously
proposed [5]), and we show that this correlates precisely with
genome dimerization. In addition, we have observed an absolute
dependence on RNA dimerization, but not packaging, for HIV-2
replication. These findings posit a model in which in vivo
dimerization occurs prior to RNA capture and encapsidation, as
suggested for HIV-1 (46) and MLV (21). Surprisingly, the pres-
ence of stem B does not appear to influence viral replication, in
contrast with the conclusions of a previous report in which the
formation of an extended SL-1 was proposed to be important for
viral replication and encapsidation (36). One explanation for this
discrepancy lies in the fact that the role of stem B was derived from
evolution studies of a randomized sequence, whereas our results
were obtained from a mutagenesis approach whereby specific res-
idues were replaced in order to alter the structure of SL-1. Our
results do, however, confirm that stem B and the extended struc-
ture of SL-1 can enhance HIV-2 genome encapsidation, albeit
exclusively in combination with the 392-GGAG-395 motif. Mainte-
nance of the stem-loop structure immediately downstream of the
nt 392-to-395 purine-rich motif may serve to ensure that the motif
is optimally presented for Gag binding. The recent report that the
HIV-1 leader RNA can adopt multiple conformations which are
involved in the regulation of key processes in the virus life cycle
(43) provides another explanation for the apparent differences
between this and a previous study (36), as well as for those be-
tween the WT and SL-1 mutant viruses. Indeed, one could envis-
age a similar situation in HIV-2 where a structural switch in the
genomic RNA regulates the transition between translation and
genome dimerization and packaging.

Analysis of the HIV-2 dimerization mutants by Western blot-
ting revealed an accumulation of the Gag intermediate cleavage
product p41 (MA-CA-p2), a result confirmed by metabolic label-
ing and Gag immunoprecipitation. The rate of Gag processing was
altered in the dimerization mutant from that in the WT, explain-

FIG 4 Mutations affecting RNA dimerization and Gag-RNA interaction
result in suboptimal processing and the accumulation of the p41 interme-
diate. (A) Schematic of the Gag polyprotein (p57) and its proteolytic pro-
cessing. The sites and order of cleavage are indicated above the p57 precur-
sor and each intermediate product. p17, matrix (MA); p26, capsid (CA);
p2, spacer peptide p2, or SP1; p7, nucleocapsid (NC); p1, spacer peptide p1,
or SP2; p41, MA-CA-p2; p15, NC-p1-p6; p9, NC-p1. (B) Western blot
analysis of virion proteins, extracted at 48 h posttransfection, by use of an
anti-SIVp57/27 antibody. The positions of Gag (p57), MA-CA-p2 (p41),
and CA (p26) are indicated on the right. WT, wild type; 70TI, mutation in
matrix at position 70; NCm, mutation of all Cys and His residues to Ala in
the two NC zinc fingers. (C) Quantification of the percentage of the p41
cleavage intermediate in the virion (means � standard deviations) (n � 3).
Asterisks indicate significant differences from the wild type (*, P � 0.05) by
the unpaired Student t test.
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ing the increase in the p41 level. Indeed, initial cleavage of the Gag
polyprotein was faster, while cleavage of p41 was slower, in the
mutant than in the WT. The overall processing efficiency re-
mained the same, as did the level of CA, suggesting that the incor-
rect timing of processing leading to the accumulation of p41 is
responsible for the poor infectivity of the mutant virus.

Evolution study of the dimerization mutants resulted in the
emergence of several revertant viruses harboring compensatory
mutations in the gag gene. Interestingly, a threonine-to-isoleucine
mutation at position 70 of matrix, analogous to those previously
described for HIV-1 (49) and SIVmac239 (58), was obtained in two
out of three dimerization mutants. In HIV-1, a MA 69TI mutation
was able to compensate for the viral release defect of the MA 6VR
mutant, possibly by affecting the global conformation of the pro-
tein and correcting an alteration in the structure introduced by the
original mutation. More relevant to the present study is the res-
cued replication of the SIVmac239 SL-1 mutant by the MA 70TI
reversion. SIVmac239 is closely related to HIV-2, and it is interest-
ing that, as with our findings for HIV-2, the SIV SL-1 mutant
showed a lower level of dimeric genome and lower infectivity than
the WT virus. However, the authors did not report on the effect of
the compensatory mutation on genome dimerization.

When the MA 70TI compensatory mutation was introduced
into the genomes of WT and mutant viruses, we observed rescue
of the viral replication of the dimerization mutants but no signif-
icant effect on replication in the WT virus. This rescue was asso-
ciated with a largely restored ability to form dimeric genomes and

restoration of the correct rate of Gag processing, with levels of p41
similar to that of the WT at 2 h postlabeling. While residue 70 of
matrix does not appear to be particularly involved in the structure
of the protein, in the HIV-1 structure it is located near the MA-CA
interface, and this spatial positioning may be responsible for the
effect on Gag processing that was observed. In addition, it was
shown recently that upon binding of HIV-1 matrix to the genomic
RNA, certain residues (including residues 68 and 70) become
more reactive (2), indicating a potential change of the conforma-
tion of this region upon MA-RNA interaction. The effects of the
MA mutation on the replication, RNA dimerization, and Gag pro-
cessing of HIV-2 mutants—together with the recently proposed
model whereby HIV-1 NC and MA both bind to the genomic
RNA and, following binding to the plasma membrane, the Gag
protein extends and viral particles assemble (17)—provide addi-
tional insight into the role of matrix in HIV particle assembly.

Taking our findings together, this study provides further evi-
dence of the role of the genomic RNA in retrovirus assembly and
highlights the importance of genome dimerization for HIV-2 rep-
lication. Targeting this process through the cis-acting RNA ele-
ments located in the highly conserved (and thus less prone to
escape mutations) 5= UTR may open the way to new therapeutic
approaches.
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