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Human immunodeficiency virus type 2 (HIV-2) is similar in genetic organization to HIV-1 but contains a
unique gene (vpx) that encodes a 16-kDa protein. A replication-competent molecular clone of HIV-2
(HIV-2sb,iSy) that infects human primary cells in vitro and rhesus monkeys was used to generate three
mutations in the vpx gene. In the first mutant, the vpx open reading frame was truncated at amino acid 20; the
second mutant was tailored to eliminate the proline-rich carboxyl terminus of the protein; and the third mutant
was obtained by addition of four amino acids (KDEL) to the carboxyl terminus of the protein to provide a
retention signal in the endoplasmic reticulum. The viral infection kinetics of the three mutant viruses and
isogeneic HIV-2sbl/isy in the SupTl cell line were similar. Slight impairment in the early phases of viral
replication was observed during infection of primary human peripheral blood mononuclear cells with the vpx
mutant viruses. All of the vpx mutant viruses readily infected macrophages, indicating that vpx expression is
dispensable for HIV-2 infection and replication in human macrophages.

Two distinct human immunodeficiency viruses (HIVs) are
the causative agents ofAIDS in humans. HIV type 1 (HIV-1)
is associated with AIDS worldwide (1, 9, 10, 24-26). HIV-2
infection is prevalent in West Africa and seems substantially
less pathogenic than HIV-1 (2, 15, 18). Retroviruses related
to the HIVs have been isolated from several nonhuman
primate species and are designated simian immunodeficiency
viruses (SIVs) (4, 8, 14, 21, 29). Both the HIV-1 and HIV-2
genomes carry equivalent structural and accessory genes,
except that the vpu gene is unique to HIV-1 (3, 28) and the
vpx gene is present only in HIV-2 (7, 13). The vpx gene is
present in all SIVs except SIVmnd (29) and SIVcpz (14). The
x open reading frame (x-ORF) encodes a 16-kDa protein in
HIV-2 and a 14-kDa protein in SIVmac (7, 13, 32). The Vpx
protein is present in mature virions and is associated with
both the cytoplasmic and membrane fractions of infected
cells (7).
The HIV-2 used in this study is a biologically active

molecular clone of the HIV-26669 West African isolate (5),
HIV-2sbi/isy. This molecular clone encodes a full-length 16-
kDa Vpx protein (7) and infects primary cell cultures of
human T lymphocytes and macrophages (12). Unlike a
previously reported HIV-2 molecular clone (22), HIV-2sbl/isy
also efficiently infects rhesus monkeys (6). We investigated
the biological significance of the Vpx protein in HIV-2
replication in vitro with the intention of using the resulting
viral mutants to infect rhesus macaques. The HIV-2 proviral
DNA from the recombinant DNA was subcloned in two
separate plasmids (pEGP and pKF3) because of the instabil-
ity of the entire provirus in Escherichia coli, as previously
described for HIV-2 (12) and SIVmac (16). To reconstitute
the entire provirus, the two plasmids were linearized at a

Sacl site and ligated together. Three different mutations in
the x-ORF were generated as depicted in Fig. 1. A BglII-
Sacl proviral DNA fragment containing the vpx ORF was
subcloned in the psP72 vector, and the resulting plasmid
(pPN) was used to introduce mutations in the vpx gene. The
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BglII-SacI mutated fragments were then recloned in pEGP
to reconstitute the first half of the provirus.
The ISY1 mutant was constructed by linearizing pPN

DNA at the StuI site and inserting the XbaI linker
(TCTAGA), which contains an in-frame termination codon
for the Vpx protein. The Vpx protein in this construct is
interrupted at amino acid 20, and the mutation introduced a
novel XbaI restriction site. The ISY12 mutant was generated
by linearizing the pPN subclone at the NsiI site, blunting the
two ends with T4 polymerase, and ligating them together.
Elimination of the NsiI site was associated with a 4-bp
deletion and a frameshift in the vpx ORF at amino acid 80. In
this mutant, the proline-rich tail of the Vpx protein is
substituted with a similar-size tail of 28 amino acids.

Since the Vpx protein is present in mature virions, we
wanted to investigate whether addition of a signal for the
retention in the endoplasmic reticulum to the Vpx protein
would change the viral phenotype in infected cells. The
amino acid sequence Lys-Asp-Glu-Leu (KDEL) has been
shown to anchor proteins to the endoplasmic reticulum (20,
23), and a KDEL receptor has been recently identified (30).
The ISY16 mutant was constructed by subcloning the pro-
viral BglII-SacI fragment of pPN in M13 and then using the
M13 mutagenesis kit (Bio-Rad). The mutagenic primer CCA
GGT TTA GTC AAG GAT GAA CTA TAA TGA CTG
AAG CAC was used to add four amino acids (KDEL) at the
carboxyl terminus of the Vpx protein. The mutations intro-
duced in the proviral DNA were verified by DNA sequenc-
ing after introduction of the BglII-SacI fragment into the
pEGP DNA before reconstitution of the entire proviral
DNA. The HUT78 cell line was transfected with 10 ,ug of
either mutated or wild-type proviral DNA by the DEAE
dextran technique to generate viral particles (12). All three
mutant proviruses yielded viral protein production and syn-
cytium formation in the transfected cells, indicating that lack
of the Vpx protein does not impair viral replication and
propagation (data not shown). The supernatants of trans-
fected HUT78 cells were collected and filtered through a
0.22-,um-pore-size filter and used to infect either HUT78 or
SupTl cells to generate viral stocks for infectivity assays.
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FIG. 1. Graphic representation of vpx gene mutant viruses. The
bars represent the vpx gene. The numbers refer to amino acids of the
vpx ORF, starting from the first initiating AUG codon (methionine).
The letters represent the nucleotides inserted or deleted in the vpx

ORFs of the mutated viruses. Mutant ISY1 was constructed by
insertion of nucleotides TCTAGA, which contain an in-frame stop
codon (underlining an asterisk). Mutant ISY12 was generated by
deletion of the nucleotides CATG. Mutant ISY16 was constructed
by insertion of 12 nucleotides (indicated under the curved line) that
encode the four amino acids KDEL before the two naturally existing
stop codons of the Vpx protein (asterisks). K, lysine; D, aspartic
acid; E, glutamic acid; L, leucine.
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FIG. 2. Southern blot analysis of PCR-amplified DNA fragments

obtained from SupTl cells infected with HIV-2sbVisy and vpx mutant
viruses. The virus name is at the top of each lane. WT indicates
isogeneic HIV-2sb,,isy, and ISY1 and ISY12 indicate the respective
mutated viruses. The restriction endonuclease used to cleave the
PCR DNA product appears at the bottom of each lane. The size of
the uncleaved product is 589 bp. The probe used in this experiment
(B8) is a BglII-SacI fragment containing the DNA sequence from
4970 to 5870 of the HIV-2sb,,isy genome (5).

AAG CAC 3'). This oligonucleotide failed to anneal to
amplified ISY16 DNA (Fig. 3B), although it hybridized to the
two DNA fragments from the other viral mutants. However,
only the PCR product from ISY16 annealed when the labeled

(0cc

To verify the genetic stability of the viral mutants, ge-

nomic DNA was extracted from chronically infected cells at
1 and 3 months posttransfection, and the polymerase chain
reaction (PCR) technique was used to amplify a region of 589
bp containing the vpx gene. The two primers (5' GTC CAA
GGT ACC GTC AC3' and 5' CCC TAA TGA GCT CTC
TGG 3') used for the amplification procedure overlapped the
natural KpnI and SacI restriction sites of HIV-2Sbli,Sy Since
the NsiI site was eliminated in ISY12 and a novel XbaI site
was introduced in ISY1, the presence or absence of these
restriction sites is diagnostic for these mutations. The PCR
DNA products were cleaved with the appropriate restriction
endonucleases, electrophoresed on a 1.5% agarose gel, and
transferred to a nitrocellulose filter (17). The filters were

hybridized either with a 32P-labeled HIV-2 probe encom-

passing the 0.9-kb BglII-SacI fragment or with labeled
oligonucleotides. Figure 2 shows that cleavage of isogeneic
HIV-2Sbl/isy DNA with NsiI yielded the expected two comi-
grating bands of 295 and 294 kb upon hybridization, whereas
no size reduction of the 589-bp PCR product was observed in
ISY12. Conversely, upon XbaI cleavage, a reduction in size
was seen in amplified ISY1 DNA but not in wild-type DNA.
Various internal controls for the cleavage conditions were

also performed to ensure that the lack of cleavage was not
due to impurities in the DNA (data not shown). To monitor
the stability of the ISY16 mutation, the PCR products from
the proviral DNAs of the HIV-2sbVisy and vpx mutants were

first hybridized with the HIV-2 probe (Fig. 3A), demonstrat-
ing the presence of the entire 589-bp fragment in the wild-
type and mutant DNAs. The same filter was stripped and
rehybridized with an isogeneic oligonucleotide probe corre-

sponding to the 3' end of the vpx gene of HIV-2SblwiSY (5' CCA
GGT TTA GTC AAG GAT GAA CTA TAA TGA CTG
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FIG. 3. Southern blot analysis of PCR-amplified DNA fragments
obtained from SupTl cells infected with HIV-2Sb,1Sy and vpx mutant
viruses (A, B, and C) and sequence analysis of the PCR product of
vpx mutant virus ISY16 (D). (A, B, and C) The virus name is at the
top of each lane in panel A (WT, wild type). The filter was serially
hybridized with the B8 probe (5) (A), and end-labeled oligonucleo-
tide (5' CCA GGT TTA GTC TAA TGA CTG AAG 3') correspond-
ing to a DNA sequence overlapping the wild-type 3' end of the vpx
gene (B), and the end-labeled oligonucleotide (5' CCA GGT TA
GTC AAG GAT GAA CTA TAA TGA CTG AAG CAC 3') used to
generate mutant ISY16 containing the 12 additional nucleotides
before the vpx gene termination codons (C); 589 bp is the size of the

uncleaved PCR-amplified product. (D) The autoradiograph repre-
sents the nucleotide sequence of the 3' end of vpx mutant virus

ISY16. The nucleotide designation appears at the top of each lane

(A, adenine; C, cytosine; G, guanine; T, thymine). The nucleotide
sequence includes the 12 nucleotides inserted between nucleotides
5674 and 5675 which encode lysine (K), aspartic acid (D), glutamic
acid (E), and leucine (L).
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FIG. 4. Radioimmunoprecipitation of viral proteins from SupTl
cells uninfected and infected with wild-type HIV-2sbl/isy and vpx
mutant viruses. Cell lysates and supernatants (L and S, respec-
tively) of uninfected and infected cell cultures were reacted (19) with
human HIV-2 immune serum (A) and rabbit serum raised against the
recombinant Vpx protein (7) (B). (A) At the top, SupTl indicates the
uninfected cell culture, and the other notations indicate the viruses
(WT, wild type). At the left, the positions of the major viral proteins
are indicated. (B) In the first two lanes, the cell lysate and superna-
tant of a culture infected with the wild-type virus were reacted with
preimmune rabbit serum (PRE). Virus names are at the top. At the
left, the position of the Vpx protein is indicated.

oligonucleotide carrying the extra four triplets encoding the
KDEL tail was hybridized (Fig. 3C). The PCR product from
ISY16 was also cleaved with KpnI and Sacl and subcloned
at the equivalent sites of a Bluescript vector. The DNAs of
eight independent clones were sequenced and shown to
carry the additional 12 nucleotides (Fig. 3D). The results of
these experiments indicate the stability of the mutations
introduced.

Protein analysis was performed by radioimmunoprecipita-
tion of [35S]cysteine and [35S]methionine metabolically la-
beled infected cell cultures (19). Supernatants and cell ly-
sates were independently immunoprecipitated with HIV-2-
positive human serum and rabbit polyclonal antibody raised
against the Vpx protein (7). The human serum recognized
the envelope glycoproteins (gpl60 and gpl20) and the major
gag-encoded antigen, p24, in all of the cells infected with the
viral mutants (Fig. 4A), indicating that the mutations in the
vpx gene did not interfere with viral protein expression in the
SupTl cell line. The polyclonal rabbit serum raised against a
recombinant Vpx protein recognized the 16-kDa protein only
in the supernatant and the lysate of cells infected with the
wild-type virus and not in cells infected with the vpx mutant
viruses (Fig. 4B). The results obtained with the ISY1 mutant
were predictable, since the introduced mutation eliminated
80% of the Vpx protein, but those obtained with ISY12 and
ISY16 were not. In ISY12, the last 31 amino acids of the Vpx
protein were substituted with 28 amino acids encoded by
another reading frame, and detection of a protein similar in
size to Vpx in both the lysates and supernatants of infected
cells was expected. In ISY16, because of addition of the
KDEL sequence retention signal, we expected the presence
of the Vpx protein in the cell lysate but not in the infected
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cell supernatant. The failure to immunoprecipitate the Vpx
protein from both the cell lysates and supernatants of ISY12-
and ISY16-infected cells was surprising. It is unlikely that
the rabbit immune serum recognizes only epitopes resident
within the last 28 amino acids of the Vpx protein, since the
rabbits were immunized with the entire Vpx protein and
most of the immunogenic hydrophilic domains are located in
the first portion of the Vpx protein. It is possible that
introduction of extraneous amino acids at the carboxyl
terminus in both ISY12 and ISY16 induced conformational
changes which could interfere with antibody recognition.
Alternatively, the modifications introduced in both the
ISY12 and ISY16 mutants could render the Vpx protein
particularly unstable and therefore subject it to rapid intra-
cellular degradation.
To investigate the role of the Vpx protein in viral replica-

tion, we infected primary peripheral blood mononuclear
cells (PBMCs). A total of 1.5 x 106 PBMCs obtained from
two different human donors were phytohemagglutinin stim-
ulated for 3 days and infected with 2 x 105 cpm of reverse
transcriptase (RT) activity per ml for each virus. Each
culture was monitored for viral expression by measuring the
RT activity in the supernatant and by radioimmunoprecipi-
tation of metabolically labeled viral proteins. The results of
experiment 1 (Fig. 5) indicated a delay in the appearance of
the peak RT activity in all cultures infected with the vpx-
negative mutants compared with those infected with HIV-
2sbI/isy (15 versus 11 days). To ascertain whether a delay in
virus release from infected cells or a delay in the synthesis of
viral proteins occurred, we metabolically labeled viral pro-
teins after infection. In experiment 2, radioimmunoprecipi-
tation of total cellular proteins with HIV-2 immune serum
showed a lower amount of intracellular p24 present at days 9
through 14 in cultures infected with the vpx mutant viruses
than in cultures infected with isogeneic HIV-2isY/isY (Fig. 5).
These results parallel the RT activity data from experiment 1
and indicate that mutations that interfere with the production
(ISY1), or perhaps the metabolism (ISY12 and ISY16), of the
Vpx protein decrease the viral replication rate in the early
days of infection. However, in another experiment, per-
formed with PBMCs from a third blood donor, such a clear
delay in the vpx mutant was not observed.
When SupTl cells were used as targets in infectivity

assays, no differences in the rate of protein synthesis or virus
release in the medium were detected. Similarly, productive
infection of human macrophages was obtained readily with
the vpx-negative viruses, as shown by radioimmunoprecipi-
tation of de novo-synthesized viral proteins from cell lysates
and supernatants of infected cultures (Fig. SC). In summary,
we confirmed and extended the observation that introduc-
tion of stable mutations in the HIV-2 vpx gene does not alter
viral infection and replication in human PBMCs or in en-
riched macrophage cultures (27, 31). However, we and
others (11) observed a delay in viral production in human
PBMCs. The results presented in the cited study were
obtained with a nef-defective molecular clone. The quanti-
tative differences between the results of the two studies
could be due to an intrinsic difference in the replicative
abilities of the two clones. Modifications introduced at the
carboxyl terminus of the Vpx protein confer the same viral
phenotype displayed when almost the entire vpx ORF is
eliminated in HIV-2sb1,isy, suggesting that the protein car-
boxyl terminus is important for its function.
The delay in viral replication observed in human PBMC

infection was not observed when a neoplastic cell line was
used as the target, indicating that the target cell background
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FIG. 5. Kinetics of viral infection in human PBMCs (A) and radioimmunoprecipitation in human PBMCs (B), and macrophages (C)

infected with wild-type HIV-2sbl/isy and vpx mutant viruses. (A) RT activity detected in the supernatant of infected PBMCs at different days

during infection. Symbols: *, wild-type virus; A, ISY1; *, ISY12; O, ISY16. (B) Radioimmunoprecipitation of total cellular proteins with

human HIV-2 immune serum from infected PBMCs on different days during infection. The virus name is on the right of each panel, and the

position of the major Gag protein is indicated on the left. The arrows point at the protein bands. (C) Total cellular proteins from uninfected
and infected macrophages were metabolically labeled on day 25 postinfection and immunoprecipitated (19) with human HIV-2 immune serum.

The first two lanes contained uninfected macrophages, and the rest contained the viruses indicated (L, lysate; S, supernatant). The positions
of viral proteins are indicated at the right and left. The arrows point at the protein bands.

can influence viral expression. The significance of the vpx

gene of HIV-2 in infection of rhesus monkeys is being
investigated, and preliminary results indicate that lack of the
vpx gene does not interfere with viral infectivity in vivo (4a).
Whether ablation of the vpx gene from the HIV-2sbi,Sy virus,
which is nonpathogenic in rhesus monkeys, can modulate its
pathogenicity is a subject of active investigation.

We are grateful to Randy Zicht for technical assistance and
Oliviero Varnier for the gift of HIV-2 immune serum.
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