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formed according to the protocol of the manufacturer (Bio-Rad, Richmond,
Calif.). The neomycin phosphotransferase gene (neo) was amplified by PCR
from pLXSN (23) with primers that incorporated Clal and Xhol sites at the 5
and 3’ ends, respectively, of neo™. PCR was performed according to conditions
recommended by Perkin-Elmer with the primers 5'-ATGAGGATCGATCGAT
ATGA TTGAACAAGA-3" and 5'-AACCCCAGAGCTCGAGTCAGAAGAA
CTCGT-3’ (restriction sites underlined). PCR-amplified neo™ was then digested
with Clal and Xhol and cloned into the modified HXB2 construct at the Clal and
Xhol sites of nef, generating HXB2NEO.

Cloning of the His-tagged Vif-encoding construct was performed by PCR
amplification of Vif from the HXB2 clone. EcoRI sites were incorporated into
the primers to flank Vif: 5'-AAGATCATTAGAATTCATGGAAAACAGATG-
3" and 5'-AGCTCCTCTAGAATTCCTAGTGTCCATTCA-3' (restriction sites
underlined). PCR-amplified Vif was then digested with EcoRI and cloned into
pRSET B (Invitrogen, Carlsbad, Calif.) at the EcoRI site. The orientation of the
PCR product in pRSET B was determined by DNA sequencing.

Cells, DNA transfection, and infection. COS-7 cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum and
antibiotics and passaged upon confluence. H9 cell lines were grown in RPMI
1640 with 10% fetal bovine serum, antibiotics, and G418 and maintained at a
density of <1 X 10° cells per ml. Cell culture reagents were obtained from Life
Technologies, Gaithersburg, Md.

COS-7 cells were transfected by the DEAE-dextran method. Briefly, COS-7
cells were trypsinized and seeded at 50% confluence 24 h prior to transfection.
Cells (5 X 10°) were then trypsinized, pelleted, and resuspended in 1 ml of TD
buffer (25 mM Tris-HCI [pH 7.4], 140 mM NaCl, 5 mM KCl, 0.7 mM K,HPO,)
containing 500 pg of DEAE-dextran and 5 pg of HXB2NEO or pNL4.3 DNA
(1). Transfection was carried out at 37°C for 30 min; cells were washed in 5 ml
of complete medium and reseeded in T-75 flasks.

Cell culture supernatants containing viral particles were harvested 3 days after
transfection, precleared by centrifugation in a Sorvall RT 6000B centrifuge at
3,000 rpm for 30 min, filtered through a 0.2-pm-pore-size membrane, and used
to infect H9 cell lines. At 24 h postinfection, cells were grown in the presence of
1.2 mg of G418 per ml for at least 2 weeks prior to analysis of cellular and viral
protein profiles to ensure that all surviving cells contained viral genomes. Pro-
duction of H9(LVifSN) cell lines has been described previously (58). H9 cell
lines producing HIV-1 protease mutant (Pr~) virus (Pr~/H9) and HIV-1 pol
deletion mutant virus (APol/H9) have also been described previously (35).
Pr5592¢ was obtained from Gag particles produced by APol/H9 cells, and the
protein concentration was determined by Coomassie blue staining on sodium
dodecyl sulfate (SDS) polyacrylamide gels against known standards.

RT assay and p24 ELISA. Cell culture supernatants were cleared of cells and
cellular debris by centrifugation in a Sorvall MC 12V centrifuge at 14,000 rpm for
2 min. For each sample, 250 pl of culture supernatant was mixed with 125 pl of
30% polyethylene glycol 8000-0.5 M NaCl at 4°C overnight. The samples were
centrifuged at 2,500 rpm for 30 min (Sorvall RT 6000B centrifuge), viral pellets
were dissolved in 25 pl of reverse transcriptase (RT) lysis buffer (1% Triton
X-100, 20 mM Tris-HCI [pH 7.5], 60 mM KCI, 1 mM dithiothreitol, 30% glyc-
erol), and 10 pl of each sample was used for the RT reaction. Viral lysates were
combined with 90 pl of RT reaction cocktail {40 mM Tris-HCI [pH 7.8], 8 mM
dithiothreitol, 10 mM MgCl,, 0.05 A,4, unit of poly(rA)-(dT),s [Boehringer
Mannheim], 2.5 nCi of [PH]dTTP} at 37°C for 2 h. The reaction product was
precipitated with 3 ml of chilled 10% (wt/vol) trichloroacetic acid, with tRNA as
a carrier. Incorporation of [*H]dTTP was determined on the basis of material
bound to GF/C glass microfiber filters following five washes with chilled 5%
trichloroacetic acid and quantified with a Beckman LS 6500 scintillation counter.
For gradient fractions, 50 pl of each sample was diluted with 200 wl of phos-
phate-buffered saline (PBS) and mixed with 125 ul of 30% polyethylene glycol
8000-0.5 M NaCl at 4°C overnight. Samples were then centrifuged and resus-
pended in RT lysis buffer, and reactions were conducted as described above. The
p24 enzyme-linked immunosorbent assay (ELISA) was performed as described
by the manufacturer (DuPont, Wilmington, Del.).

Immunoblotting. Virion-associated viral proteins were prepared from cell cul-
ture supernatants by removal of cellular debris by centrifugation at 3,000 rpm for
30 min in a Sorvall RT 6000B centrifuge and were then filtered through a 0.2-
pm-pore-size membrane. Virus-particle-containing supernatants were concen-
trated by centrifugation through a 20% sucrose cushion at 100,000 X g for 2 h in
a Sorvall Ultra80 centrifuge. Viral pellets were resuspended in PBS. Cell-asso-
ciated viral proteins were analyzed from chronically infected H9 cell lines. Cells
(10°) were lysed in 1X loading dye (0.08 M Tris [pH 6.8], 2.0% SDS, 10% glyc-
erol, 0.1 M dithiothreitol, 0.2% bromophenol blue). Samples were boiled for 10
min, and proteins were separated by SDS-polyacrylamide gel electrophoresis
(PAGE). Proteins were transferred to two separate nitrocellulose membranes by
passive diffusion for 48 h, producing identical mirror-image blots. Membranes
were probed with either HIV-1-positive patient serum (1:200) or polyclonal se-
rum against Vif (1:1,000), Nef (1:1,000), Cyclophilin A (1:1,000 [Affinity Biore-
agents, Golden, Colo.]), or p6S2 (1:1,000). Generation of p6“?¢ antiserum has
been described previously (64). Vif, Nef, and Cyclophilin A proteins were detected
using by enhanced chemiluminescence (Amersham Life Science, Arlington Heights,
Ill.), whereas other proteins were detected by an alkaline phosphatase reaction.

Sucrose and OptiPrep gradients. Once viral supernatants were filtered through
20% sucrose and pelleted, they were resuspended in 200 pl of PBS and centri-
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FIG. 3. Comparison of sedimentation patterns of extracellular nonviral and
viral proteins by sucrose density-equilibrium gradient or OptiPrep gradient anal-
ysis. Culture supernatants from HXB2NEO HO9 cells were first concentrated by
being pelleted through a 20% sucrose cushion and then subjected to a 20 to 60%
sucrose density-equilibrium gradient centrifugation (A and B) or a 6 to 18%
iodixanol velocity gradient centrifugation (C and D). Fractions were collected,
with fraction 1 referring to the top of the gradient, as indicated; the protein
profiles were analyzed by Coomassie blue staining (A and C) or immunoblotting
with an HIV-1-positive serum (B and D). (E) Proteins from fraction 13 of the
OptiPrep velocity gradient were separated by SDS-PAGE and stained with
Coomassie blue. Lanes 1X and 2X represent 2.5 ug and 5.0 ug of CAp24 viral
equivalents, respectively.
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fuged in either a sucrose equilibrium gradient or an OptiPrep (60% [wt/vol] 25
iodixanol; Life Technologies) velocity gradient. Sucrose gradients were prepared
in PBS as 11 steps in 4% increments ranging from 20 to 60%. Virions were lay-
ered onto the top of the gradient and centrifuged for 14 h at 100,000 X g in an
0

SW41 Ti rotor. Todixanol gradients were prepared in PBS as 11 steps in 1.2%
increments ranging from 6 to 18%. Virions were layered onto the top of the gra-
dient and centrifuged for 1.5 h at 250,000 X g in an SW41 Ti rotor. Gradient
fractions were collected from the top of the gradient and were either assayed for
RT activity or analyzed for protein content. Densities of fractions were deter-
mined by weight of a 100-pl sample on an analytical balance. Gradient samples
were precipitated with trichloroacetic acid, resuspended in 1X loading dye, and
subjected to SDS-PAGE, followed by either Coomassie blue staining or immu-
noblot analysis.

Expression and purification of recombinant Vif. His-tagged Vif was expressed
and purified as described by the manufacturer (Invitrogen). Briefly, Vif-His was
overexpressed in Escherichia coli BL21 and purified by Ni**-affinity chromatog-
raphy in the presence of 6 M guanidine hydrochloride. Column elutions were
performed in 8 M urea by sequential reduction in pH. Concentrations of protein
were determined by Coomassie blue staining on SDS-polyacrylamide gels against
known standards.

RESULTS

Detection of extracellular Vif by sedimentation in a sucrose
density-equilibrium gradient. In order to examine whether the
formation of viral particles is required for the presence of
extracellular Vif, we utilized an H9 cell line which expresses
Vif in the absence of all other HIV-1 gene products (58). We
compared the gene expression pattern of H9 cells chronically
infected with the HXB2-derived virus with that of H9 cells
stably transfected with a Vif expression vector (Fig. 1). The
HXB2-infected cells expressed Pr5592¢, Pr419*¢, and CAp24
(Fig. 1A), as well as Vif (Fig. 1B), whereas the H9(LVifSN)

Fraction

cell line expressed Vif (Fig. 1B) but not other viral proteins
(Fig. 1A).

We next examined the extracellular sedimentation pattern
of Vif relative to that of the viral Gag proteins in sucrose
density-equilibrium gradients. Cell culture supernatants were
harvested from H9 cells chronically infected with HXB2. Fol-
lowing centrifugation to remove large cellular debris, culture
supernatants were passed through a 0.2-pm-pore-size filter
and then pelleted through a 20% sucrose cushion. The pelleted
material was then subjected to ultracentrifugation for 14 h
through a 20 to 60% sucrose gradient. The sedimentation pat-
terns from the HXB2-infected cells showed that Gag proteins
peaked in fractions 8 and 9 (Fig. 2A), corresponding to den-
sities of 1.14 to 1.16 g/ml (Fig. 2C). When the sedimentation
pattern of Vif was examined from these culture supernatants,
it was found in fractions 4 to 9 (Fig. 2A), corresponding to
densities of 1.09 to 1.16 g/ml (Fig. 2C). Although Vif sedimen-
tation overlaps with that of the virus particle, it also tends to be
present in fractions which are less dense than those with ma-
ture virions.

We then examined the sedimentation pattern of the cell
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culture supernatants from the cell line expressing Vif in the
absence of other HIV-1 gene products. We observed that Vif
sedimented in fractions 4 to 9 (Fig. 2B) in the 20 to 60% su-
crose gradient with a density (1.09 to 1.16 g/ml [Fig. 2D]) sim-
ilar to that of Vif from HIV-1-infected cells (Fig. 2C). These
results indicate that Vif is present in extracellular supernatants
irrespective of the presence of budding virions. Additionally,
Vif is present in association with material sufficiently dense to
be pelleted through 20% sucrose but has a broader yet over-
lapping density range with viral particles. These data suggest
that some extracellular Vif may be contained in microvesicles,
which have been previously described (5, 24).

Development of an OptiPrep velocity gradient technique to
separate extracellular proteins from virions. In order to de-
termine whether Vif is a component of viral particles or con-
tained in microvesicles, it was necessary to physically separate
them. We then developed and evaluated a velocity-gradient-
based method for this purpose. A velocity gradient was used
for this study instead of a density gradient because previous
observations suggested that microvesicles and HIV-1 virions
have a similar density (5, 24). OptiPrep was selected for this
purpose because it has been used to separate different intra-
cellular membrane compartments such as Golgi, lysosomes,
mitochondria, and peroxisomes (28). Unlike sucrose, OptiPrep
can form iso-osmotic solutions at all densities and therefore
can maintain the sizes of original membrane organelles, allow-
ing better separation.

The distribution of extracellular proteins from culture su-
pernatant in a typical 20 to 60% sucrose gradient was deter-
mined by staining proteins from each gradient fraction with
Coomassie blue (Fig. 3A). The distribution of extracellular vi-
ral proteins in the same gradient was determined by immuno-
blotting with an HIV-1-positive human serum (Fig. 3B). Most
of the extracellular non-viral proteins were found in frac-
tions 1 to 7 (Fig. 3A). Viral Gag proteins peaked in fractions
7 through 9 (Fig. 3B).

When the similar starting materials used in the sucrose gra-
dient were analyzed on an OptiPrep (6 to 18% iodixanol) ve-
locity gradient, most of the extracellular proteins were present
in fractions 1 to 7, as detected by Coomassie blue staining (Fig.
3C). On the other hand, most of the viral Gag proteins sedi-
mented in fractions 12 to 16 (Fig. 3D), as detected by the
HIV-1-positive human serum. Although some of the extracel-
lular proteins (nonviral) overlap with viral proteins in the su-
crose gradient, there is little overlap between the extracellular
proteins (nonviral) and the viral proteins in the OptiPrep gra-
dient. Analysis of virions obtained from the peak fractions of
an OptiPrep velocity gradient indicated that viral Gag proteins
CAp24, MAp17, and NCp7/p6°°¢ contributed more than 80%
of the total protein content (Fig. 3E). This is in sharp contrast
to virions purified by sucrose gradient (5) or gel filtration (49),
in which viral products account for 40% or less of the total
protein.

Analysis of extracellular Vif by the OptiPrep velocity gradi-
ent method. By the OptiPrep velocity gradient method, the sed-
imentation pattern of extracellular Vif in relationship to that of
other viral proteins was examined. Analysis of HXB2-derived
virions in 6 to 18% iodixanol gradients revealed a protein
sedimentation pattern in which the majority of Vif was physi-
cally separated from the HIV-1 Gag proteins (Fig. 4A to C).
The viral Gag proteins sedimented in fractions 12 to 16, where-
as Vif was present in fractions 2 to 7. Additionally, the RT
activity peaked in fraction 13, which overlaps with the peak of
CAp24, while no RT activity was detected in the fractions con-
taining Vif (Fig. 4E). The sedimentation profiles of the extra-
cellular proteins in this OptiPrep gradient were studied by
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FIG. 5. Virion-associated protein composition from the OptiPrep gradient.
Peak fractions were separated by SDS-PAGE and immunoblotted with an HIV-
I-positive serum (A), anti-Nef serum (B), anti-Cyclophilin A serum (C), and
anti-Vif serum (D).

SDS-PAGE and stained with Coomassie blue (Fig. 4D). The
majority of these proteins were nonviral and were present in
fractions 2 to 7, which overlap with fractions where Vif was
found.

We then assessed whether the gradient conditions disrupted
viral infectivity. Aliquots from each gradient fraction were
used to initiate a syncytium formation assay on SupT1 cell lines
(Fig. 4F). Fractions 12 to 16 yielded syncytia within 3 to 5 days,
which demonstrates the functional integrity of these viral par-
ticles. In contrast, peak Vif-containing fractions failed to pro-
duce syncytia. These data show that the majority of extracel-
lular Vif fails to associate with infectious virions.

Analysis of virion-associated proteins. Since the majority of
the extracellular Vif appeared to be excluded from virions, we
next examined the presence of other known virion-associated
proteins. OptiPrep-gradient-purified virions derived from H9
cells acutely infected with the NL4.3 strain of HIV-1 were
analyzed for incorporation of Nef and Cyclophilin A. Peak
gradient fractions were collected and analyzed by immunoblot-
ting (Fig. 5). Both Nef and Cyclophilin A had sedimentation
patterns that overlapped with those of the virion Gag proteins,
whereas Vif was not detected (Fig. 5D).

Quantitation of Vif in purified virions. Previous reports have
shown the number of Vif molecules that are present in virions
to range from 7 to 100 per particle (10, 18, 36). By separating
infectious virions from the majority of the extracellular Vif, we
were able to determine the number of Vif molecules present in
highly purified virions. Viral particles from fraction 13 of an
OptiPrep velocity gradient were quantitated by p24 ELISA,
proteins were separated by SDS-PAGE, and their concentra-
tions were compared with known concentrations of CAp24 and
recombinant Vif. After electrophoresis, proteins were allowed
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FIG. 6. Quantitation of Vif in OptiPrep-gradient-purified virions. (A) H9-derived HXB2NEO virions from fraction 13 of the OptiPrep velocity gradient were
separated by SDS-PAGE and analyzed by immunoblotting. p24©4¢ and Vif-His proteins, shown in nanogram quantities, were run side by side with OptiPrep-velocity-
gradient-purified HIV-1 (3,000 ng of p249%¢) on SDS-12% polyacrylamide PAGE. (B) H9-derived protease mutant (Pr™) virions from fraction 13 of the OptiPrep
velocity gradient were separated by SDS-PAGE and analyzed by immunoblotting. P555¢ and Vif-His proteins, shown in nanogram quantities, were run side by side
with OptiPrep-velocity-gradient-purified HIV-1 (3,000 ng of p2492¢) on SDS-12% polyacrylamide PAGE. Protein profiles were analyzed by immunoblotting with

anti-HIV-1-positive serum (top panels) and anti-Vif serum (bottom panels).

to passively diffuse onto two separate membranes, generating
identical mirror-image blots from the same gel, which were
then probed with either anti-HIV-1 or anti-Vif antiserum (Fig.
6A). Purified virus consisting of 3,000 ng of CAp24 yielded
<0.63 ng of Vif. After the weights of Gag and Vif were con-
verted to numbers of molecules, and assuming an average of
2,750 CA molecules per virion, the number of Vif molecules
per virion was determined to be 0.70, or one Vif molecule per
4,000 Gag molecules. These purified virions were subsequently
shown to be infectious in H9 cell lines (data not shown).

We further examined the quantities of Vif in immature viri-
ons by use of a viral protease mutant. Virions from Pr~/H9 cell
culture supernatants were purified by the OptiPrep gradient
method. Viral proteins were separated by SDS-PAGE, and the
concentrations were compared with known concentrations of
p5592¢ and recombinant Vif as standards (Fig. 6B). Purified
Pr~ virus, consisting of 3000 ng of p552¢, revealed <0.31 ng
of Vif. Using an estimation similar to that for the wild-type
virus, we found there to be 0.74 Vif molecule per virion, or one
Vif molecule per 3,700 Gag molecules.

DISCUSSION

Previous reports have demonstrated that microvesicles are
major contaminants in preparations of HIV-1 particles (5, 24).
Cell-derived RNA as well as protein cosediments with HIV-1
particles in conventional sucrose density-equilibrium gradi-
ents. In this report, we have developed a velocity-gradient-
based method for purification of HIV-1 virions and compared
it to the routine sucrose density-equilibrium gradient method.
Since microvesicles have a density similar to that of HIV-1
virions (5, 24), a velocity gradient is more likely to separate
microvesicles from virions. OptiPrep (60% iodixanol in water)
was used instead of sucrose because it offers several advan-
tages. OptiPrep can form iso-osmotic solutions at all densities

(up to 1.32 g/ml), whereas the osmolality increases as the den-
sity of sucrose increases. Hyperosmotic conditions may lead to
the loss of water from organelles, vesicles, and virions and there-
fore reduce the power of separation. OptiPrep is less viscous
than sucrose and requires less sedimentation time for separa-
tion. Iodixanol was developed as an X-ray contrast medium for
injection into humans, and the lack of toxicity to a variety of
biological materials has been confirmed after rigorous testing
(28).

By comparing the sucrose density-equilibrium gradient and
the OptiPrep velocity gradient, we found that the OptiPrep
velocity gradient tends to separate HIV-1 virions away from
most of the extracellular nonviral proteins more effectively
than the routine sucrose density-equilibrium gradient (Fig. 3).
Therefore, virions obtained by OptiPrep velocity gradient frac-
tionation are less likely to be contaminated with nonviral ex-
tracellular proteins than the routine sucrose density-equilib-
rium gradient method. We have also found that extracellular
Vif sediments in fractions in the sucrose density-equilibrium
gradient which overlap with those of viral particles irrespective
of the expression of all other HIV-1 gene products (Fig. 2).
Utilization of the OptiPrep velocity gradient instead of the
conventional sucrose density-equilibrium gradient permitted
the separation of most extracellular Vif from viral particles.
This new technique for purification of HIV-1 may represent a
rapid and easy method to separate the majority of the nonviral
extracellular molecules from infectious virions.

Previous studies have claimed that the HIV-1-encoded mol-
ecule, Vif, copurifies with viral particles (6, 10, 18, 32, 36).
However, to date no structural domain within the viral genome
confers specific incorporation. In fact HIV-1 Vif has been
shown to be incorporated in murine leukemia virus, which
lacks an open reading frame for Vif (10). Results presented
here indicated that the vast majority of Vif cosedimented with
nonviral extracellular proteins. Quantitatively, it was deter-
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mined that there is <1 Vif molecule per virion, which raises
the question of its functional significance in particles. On the
other hand, significant amounts of Cyclophilin A and Nef co-
sedimented with infectious virions, suggesting that these mol-
ecules are components of HIV-1 particles (Fig. 5). In light of
these data, it would be difficult to envision Vif functioning
directly within viral particles or during the early stages in newly
infected target cells. It remains more plausible that Vif influ-
ences the infectivity of virions from its effects in the virus-
producing cells.

The reported discrepancies in the amount of Vif cosedi-
menting with virions, 7 to 100 molecules of Vif per virion (10,
18, 36), may be accounted for in part by the number of CA
molecules each investigator assigns to a given viral particle,
1,500 to 2,750. In this report we assumed 2,750 CA per virion
to calculate the level of Vif virion incorporation. An additional
factor may be the varying numbers and sizes of microvesicles
released from the cell surface at any given time. More numer-
ous and larger budding vesicles may produce more Vif in the
extracellular supernatants. It should be considered that if there
were a viral determinant for incorporation of Vif into virions,
the amount of Vif in particles should be constant. Since trace
amounts of Vif are still present in highly purified particles (Fig.
6A), it remains to be determined whether Vif is actively ex-
cluded from viral particles or is only randomly incorporated
into virions at low concentrations.

It has been suggested that Vif both colocalizes with (52) and
binds directly to (7) Pr559°¢ within infected cells. This notion
seems intriguing since Vif appears to regulate steps in reverse
transcription (6, 13, 26, 55, 58), which can be influenced by
NCp7 (4). Also, if Vif were regulating early steps in the pen-
etration of the core into newly infected cells (53), it could be
doing so by modulating the Gag molecules. However, since Vif
does not appear to be present within virions in significant
amounts, its association with Gag suggests a number of possi-
bilities. Vif may associate with Pr55°“¢ in the cell and fail to
bind the fully cleaved form of Gag. However, this possibility is
less likely, since no significant enhancement of virion incorpo-
ration of Vif was observed in the case of a protease mutant
virus (Fig. 6B). Alternatively, the association of Vif with Gag
may be transient in the cell and may involve additional mole-
cules, which function as a molecular bridge. This latter notion
might be considered since the coimmunoprecipitation of Vif
with an anti-NCp7 antibody was performed in the presence of
only 0.2% Triton (7).

This study indicates that Vif does not constitute a significant
component of mature or immature HIV-1 virions. In light of
these data, Vif may be interacting with cellular factors during
viral particle formation in virus-producing cells. It has been
suggested that Vif colocalizes with vimentin in transfected
HeLa cells (32), although these data were not confirmed with
HIV-1-infected H9 cells (52). In addition, the C terminus of
Vif appears to be critical for its association with canine pan-
creatic microsomes, suggesting that Vif binds membranes di-
rectly (27). These data are consistent with the cosedimentation
of Vif with membranes from HIV-1-infected cells (27), even
when expressed in the absence of other viral proteins, includ-
ing Gag (52). In contrast, it appears as though the same C-
terminal Vif mutants which disrupt membrane binding also
disrupted the ability of Vif to associate with Gag (7). By con-
sidering these data, it remains to be determined whether the C
terminus of Vif is responsible for its association with Gag,
membranes, or other, yet to be determined, factors. Identifi-
cation of cellular components which interact with Vif will be
useful to elucidate its function.
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