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The Vif protein of human immunodeficiency virus type 1 (HIV-1) is a potent regulator of viral infectivity.
Current data posit that Vif functions late in replication to modulate assembly, budding, and/or maturation.
Consistent with this model, earlier indirect immunofluorescence analyses of HIV-1-infected cells demonstrated
that Vif and Gag colocalize to a substantial degree (J. H. M. Simon, R. A. M. Fouchier, T. E. Southerling, C. B.
Guerra, C. K. Grant, and M. H. Malim, J. Virol. 71:5259–5267, 1997). Here, we describe a series of subcellular
fractionation studies which indicate that Vif and the p55Gag polyprotein are present in membrane-free
cytoplasmic complexes that copurify in sucrose density gradients and are stable in nonionic detergents. Both
Vif and Gag are targeted to these complexes independent of each other, and their association with them
appears to be mediated by protein-protein interactions. We propose that these complexes may represent viral
assembly intermediates and that Vif is appropriately localized to influence the final stages of the viral life cycle
and, therefore, the infectivity of progeny virions.

Lentiviruses such as human immunodeficiency virus type 1
(HIV-1) encode a number of genes in addition to the gag, pol,
and env genes that are expressed by all replication-competent
retroviruses (12, 17). One of these additional genes, vif (viral
infectivity factor), is expressed by all known lentiviruses except
equine infectious anemia virus (40) and is essential for the
pathogenic replication of lentiviruses in vivo (13, 31).

Analyses of vif-deficient (Dvif) HIV-1 infections have shown
that such viruses are 10- to 100-fold less infectious than their
wild-type counterparts (2, 4, 22, 23, 46, 49) and that the defect
can be manifested at an early step of the infection process that
may reflect an inappropriate disassembly of postentry viral
nucleoprotein complexes (also known as preintegration com-
plexes) prior to DNA integration (28, 49). Taken together with
the fact that Vif must be present in virus-producing cells for its
effect on infectivity to be exerted (23, 56), this finding has led
to the current belief that Vif functions at a late stage of the life
cycle, such as assembly, budding, or maturation, to prime prog-
eny virions for productive infection. Consistent with this
model, confocal microscopy analyses of HIV-1-infected human
cells and feline immunodeficiency virus-infected feline cells
have revealed that Vif and the respective Gag polyprotein
precursors colocalize to a significant degree (47). Somewhat
surprisingly, however, virions that are produced in the absence
of Vif have been shown to contain a full complement of pro-
cessed viral proteins (4, 22, 41, 56)—a finding that has led to
the suggestion that Vif may act by modulating the structure or
conformation of virion cores or core components. In addition,
there has been one report of Vif being able to interact with the
p7Gag (nucleocapsid [NC]) portion of p55Gag, although the
biological significance of this remains to be ascertained (3).

Two lines of investigation have led to the suggestion that an

interaction between Vif and a host cell factor(s) is crucial to its
function. First, an examination of various primate lentivirus
Vif proteins has revealed that Vif acts in a species-specific
manner; for example, the Vif protein of an African green
monkey isolate of simian immunodeficiency virus (SIVAGM) is
inactive in human cells yet functional in cells derived from
African green monkeys (50). Second, it has been known for
some time that Vif is required for HIV-1 replication in primary
cells and certain cell lines (nonpermissive cells) but is dispens-
able for replication in certain other cell lines (permissive cells)
(18, 19, 23, 46, 52, 56). In other words, the cellular milieu
appears to determine whether Vif is necessary for the forma-
tion of infectious virions. Interestingly, recent experiments
have shown that the fusion of nonpermissive cells to permissive
cells results in the formation of heterokaryons that bear the
nonpermissive phenotype—a finding which suggests that non-
permissive cells harbor an innate activity that inhibits infec-
tious virion production and that the role of Vif is to suppress
this activity (48).

Together, these various studies suggest that Vif functions at
the site of retroviral assembly by interacting with a cellular
factor(s), and possibly p55Gag, to inhibit a process that would
otherwise render progeny virions poorly infectious. To date,
relatively little is known about the processes that drive the
assembly of HIV-1 cores or how cellular factors might be
involved. It is clear that p55Gag encodes several important
signals (32), with membrane association being directed by a
bipartite signal in the p17Gag (matrix [MA]) component (an
amino-terminal myristoyl group and a cluster of positively
charged residues) (29, 54, 58, 59) and intermolecular Gag-Gag
binding being determined by sequences in MA (9, 11) and both
the amino and carboxy termini of p24Gag (capsid [CA]) (10, 14,
44, 55, 57) and NC (15, 34). Consistent with the conclusion that
multiple regions of p55Gag contribute to correct HIV-1 core
assembly, in vitro studies using purified proteins have revealed
that a variety of Gag-derived fragments can form an assort-
ment of tubular and spherical structures that can be visualized
by electron microscopy (8, 30, 57). In addition to these self-
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assembling regions of Gag, cellular components also appear to
be required for the normal assembly of spherical particles. In
particular, the binding of cyclophilin A to an exposed proline-
loop of CA is essential for the production of infectious HIV-1
(38), the assembly of p55Gag into viral cores in a cell-free
system requires a detergent-insensitive cellular factor (37), and
there have been suggestions that p55Gag may interact with
F-actin during assembly (45).

As an approach to dissecting Vif function further, we have
initiated biochemical studies to address the localization of Vif
and p55Gag in nonpermissive human T cells productively in-
fected with HIV-1. Our results indicate that the majority of Vif
and unprocessed p55Gag exist in large, noncytoskeletal com-
plexes that cofractionate in continuous density gradients and
are resistant to solubilization by nonionic detergents such as
Triton X-100 (TX-100). In contrast to previous reports, how-
ever, we were unable to detect associations between Vif and
either cellular membranes or p55Gag in this system.

MATERIALS AND METHODS

Cell lines and viruses. The maintenance of the human T-cell lines C8166,
CEM-SS, H9, HUT 78, and H9/hVif and the wild-type and Dvif HIV-1 proviral
expression vectors pIIIB and pIIIB/Dvif, respectively, have been described pre-
viously (50, 51). For single-cycle infections of T cells with HIV-1, high-titer stocks
of pseudotyped viruses were generated by transient cotransfection of 100-mm-
diameter subconfluent monolayers of 293T cells with the vesicular stomatitis
virus G-protein expression plasmid pHIT/G (21) and either pIIIB or pIIIB/Dvif.
After 24 h, virus-containing supernatants were harvested, clarified by centrifu-
gation at 500 3 g for 5 min and filtration through 0.45-mm-pore-size filters, and
incubated with 10 3 106 T cells for 4 h. The challenged cells were then washed
three times in phosphate-buffered saline (PBS) to remove input virus, incubated
with fresh medium at 37°C for 20 h, washed a further two times to ensure
removal of all input virus, and incubated in fresh medium for a further 24 h. At
this time, the cells were pelleted by centrifugation at 500 3 g for 5 min, washed
in PBS, and lysed for fractionation.

Antibodies and Western analysis. Samples were resolved by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis and electrophoretically trans-
ferred to nitrocellulose. The filters were initially hybridized with mouse mono-
clonal antibodies raised against HIV-1 Vif (319) (51), HIV-1 p24Gag/CA (p24-3)
(47), the heterogeneous ribonucleoprotein particle proteins C1 and C2 (hnC1/
C2) (4F4) (42), anti-bovine a-tubulin (263-10501; Molecular Probes), or rabbit
polyclonal antibodies to calreticulin (Affinity Bioreagents, Inc.) or vimentin (43).
Bound antibodies were detected by using appropriate horseradish peroxidase-
conjugated secondary antibodies raised against mouse or rabbit immunoglobu-
lins, enhanced chemiluminescence, and autoradiography.

Subcellular fractionation. Cells were lysed by incubation in PBS containing
1% TX-100 for 10 min on ice (1 3 107 to 5 3 107 cells) or by nitrogen cavitation
in the absence of detergents (108 cells) (47). Nuclei were pelleted by centrifu-
gation at 1,000 3 g for 10 min at 4°C, lysed in radioimmunoprecipitation assay
(RIPA) buffer (0.1% SDS, 1% TX-100, 1% sodium deoxycholate, 150 mM NaCl,
10 mM Tris-HCl [pH 7.5], 1 mM EDTA), and sonicated. The postnuclear
supernatant was removed for subsequent analysis, and the TX-100-soluble and
-insoluble fractions were separated by centrifugation at 100,000 3 g for 60 min,
using a TLA 100.2 rotor (Beckman Instruments Inc.). The resulting pellet (TX-
100-insoluble fraction) was redissolved in RIPA buffer, and the supernatant
(TX-100-soluble fraction) was adjusted to 13 RIPA buffer. All three fractions
were finally made up to the same volume.

In some experiments, the postnuclear supernatant was loaded directly onto a
20 to 60% (wt/vol) continuous STE (50 mM Tris-HCl [pH 7.5], 100 mM NaCl,
1 mM EDTA)-buffered sucrose gradient and centrifuged at 150,000 3 g for 2 h
at 4°C, using an SW41 rotor (Beckman Instruments Inc.). Ten 1-ml fractions
were collected, and these were separated into a number of equal fractions for
subsequent immunoprecipitation or high-speed pelleting. Pelleting of each frac-
tion was performed by diluting each fraction fourfold in cold PBS and centrifu-
gation at 100,000 3 g for 60 min. The density of each fraction was determined
with a refractometer (see Fig. 3A for a typical gradient).

Immunoprecipitation. Prior to immunoprecipitation, rabbit polyclonal anti-
bodies raised to HIV-1 Vif or CA (47) or preimmune sera from the same animals
were incubated for 1 h at 4°C with the postnuclear supernatant from uninfected
H9 cells that had been lysed with PBS–1% TX-100. Agarose beads conjugated to
protein A (Gibco BRL Inc.) were blocked with a PBS–1% TX-100–3% nonfat
dry milk solution for 1 h at 4°C. The beads were then pelleted, resuspended in
PBS–1% TX-100, added to the antibody-containing cell lysate, and incubated for
a further 1 h at 4°C to allow the beads to bind to the antibodies. The antibody-
coated beads were then pelleted and incubated with a portion of the fractions
from density sucrose gradients that had been diluted fourfold with PBS–1%
TX-100. After a further 1 h of incubation with shaking at 4°C, the beads were

washed three times in PBS–1% TX-100, and the bound proteins were solubilized
in gel loading buffer and subjected to Western blot analysis. In some experi-
ments, immunoprecipitated proteins were quantitated by Western blot analysis
in parallel with standard curves of recombinant proteins and densitometric scan-
ning of the autoradiographs (22).

RESULTS

Using confocal microscopy and human T cells acutely in-
fected with HIV-1, we previously noted that the Vif and Gag
proteins display substantial colocalization within the cytoplasm
(47). In an effort to understand the basis for this result at the
molecular level, we have initiated a series of biochemical stud-
ies. In particular, we are interested in (i) the nature and char-
acterization of the complex or complexes that Vif and Gag are
associated with, (ii) the identity and role(s) of the cellular
factor(s) in Vif function and the regulation of HIV-1 assembly,
and (iii) the possible associations of Vif with membranes
and/or the p55Gag precursor.

Fractionation of HIV-1-infected nonpermissive and permis-
sive T cells. In the first set of experiments, T-cell lines that are
either permissive (C8166 and CEM-SS) or nonpermissive (H9
and HUT 78) to Dvif virus replication were infected with high-
titer stocks of pseudotyped HIV-1, lysed in PBS–1% TX-100 (a
nonionic detergent), and separated by differential centrifuga-
tion into nuclear fractions and TX-100-soluble and -insoluble
cytosolic fractions. Aliquots of each fraction that corresponded
to an equal number of cells were subjected to Western blot
analysis (Fig. 1). For each cell line, the majority of unprocessed
p55Gag was in the TX-100-insoluble fraction, although signifi-
cant levels were also present in the other two fractions. Be-
cause our previous immunofluorescence-based studies demon-
strated that Gag is not localized to the nuclei of virus
expressing cells (47), we suspect that the detection of Gag in

FIG. 1. Fractionation of HIV-1-infected T cells. HIV-1-infected cells were
lysed in PBS–1% TX-100 and fractionated by differential centrifugation into
nuclear (N), TX-100-soluble (S), and TX-100-insoluble (I) fractions. Aliquots of
each fraction corresponding to equivalent numbers of cells were resolved on
SDS-polyacrylamide gels, transferred to nitrocellulose, and analyzed by Western
blotting using antibodies specific for hnRNP C1/C2, vimentin, a-tubulin, calre-
ticulin, HIV-1 CA, or HIV-1 Vif.
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the nuclear fractions was due to modest association(s) with
large organelles and/or cellular debris rather than specific tar-
geting to the nucleus. Most of the fully processed CA was
detected in the TX-100-soluble fraction; this probably corre-
sponds to virions that are either bound to cells or in the process
of budding. In addition, it appears that different processing
intermediates of Gag are associated with the different frac-
tions; the explanation for this awaits further investigation.

As might have been predicted on the basis of our previous
observations (47), the majority of Vif cofractionated with
p55Gag in the TX-100-insoluble fractions of CEM-SS, H9, and
HUT 78 cells. In contrast, a significant proportion of Vif was
also detected in the TX-100-soluble fraction of C8166 cells; we
think that this may be related to cellular damage since infec-
tion of these cells with HIV-1 results in a significantly more
rapid development of cytopathic effects than it does for other
cell lines (data not shown). That the fractionation of p55Gag

was unaltered in C8166 cells may be consistent with the idea
that the subcellular targetings of Vif and Gag occur indepen-
dent of each other (see below). In addition, and as with Gag,
we consider Vif’s association with the nuclear fractions to be a
consequence of experimental approach as opposed to bona
fide nuclear localization. Importantly, the fractionation of Vif
in these experiments was similar to that observed in previous
experiments in which Vif-expressing cells were disrupted by
nitrogen cavitation in the absence of detergents (47).

To help assess the extent of differential fractionation that
was achieved in this analysis, the filters were reprobed with
antibodies specific for a nuclear marker (C1/C2), the cytoskel-
eton (vimentin intermediate filaments or a-tubulin), or an en-
doplasmic reticulum marker (calreticulin). When T cells are
disrupted by nitrogen cavitation in the absence of detergent,
the majority of C1/C2 and calreticulin fractionate with the
nucleus (47). While the presence of TX-100 did not affect the
fractionation of C1/C2, calreticulin no longer purified with the
nucleus but instead entered the detergent-soluble fraction; this
is presumably because TX-100 treatment, but not nitrogen
cavitation, disrupts the endoplasmic reticulum and separates it
from the nucleus.

One potential explanation for the fractionation pattern of
Vif could be that it is associated with the cytoskeleton (35).
However, and in contrast to Vif, the intermediate filament
protein vimentin fractionated with the nucleus and the micro-
tubule-associated protein a-tubulin remained in the TX-100-
soluble fraction (Fig. 1), thus arguing against such interactions.
In fact, immunofluorescence-based analyses of HIV-1-infected
H9 cells have indicated that neither Vif nor Gag colocalizes
with vimentin (47) or microfilaments (data not shown). Fur-
thermore, we have found that treating such cultures with the
cytoskeleton-disrupting drug cytochalasin B (10 mM), which
targets actin microfilaments, or colchicine (30 ng/ml) or no-
codazole (50 ng/ml), which both target microtubules, has no
effect on the fractionation characteristics of Gag or Vif, using
the methods discussed here (data not shown). Taken together,
these data therefore suggest that Vif is not tightly associated
with these cytoskeletal components.

Although we have not specified any of the cellular proteins
that are present in the TX-100-insoluble fraction with this
panel of antibodies, analysis of the three fractions by gel elec-
trophoresis followed by Coomassie blue staining revealed that
they contained similar quantities, yet quite distinct sets, of
proteins (data not shown). Moreover, analysis by agarose gel
electrophoresis and ethidium bromide staining revealed that
the TX-100-insoluble and nuclear fractions each contained
approximately equivalent levels of the rRNAs, suggesting that

ribosomes were present in these two fractions (data not
shown).

Solubilization of Vif and Gag. The finding that substantial
quantities of both Vif and p55Gag are present in a TX-100-
insoluble fraction was surprising in the light of two sets of
previous data. First, experiments conducted with Vif expressed
in rabbit reticulocyte lysates have shown that Vif interacts with
canine microsomes in a TX-100-sensitive fashion (27). Second,
the bulk of the p55Gag precursor is believed to be localized
efficiently to the plasma membrane by virtue of its bipartite
membrane targeting signal as a prerequisite to the later stages
of core assembly and budding (32). A potential explanation for
these discrepancies is (i) Vif and Gag are associated with
glycolipid-enriched membrane domains (GEM domains),
which are resistant to solubilization by TX-100 (5), or (ii) both
proteins are associated with large TX-100-insoluble complexes
as well as with membranes which, at least in the case of Vif, are
not accurately represented in canine microsomes.

To start addressing these issues, the postnuclear supernatant
of a PBS–1% TX-100 lysate of infected H9 cells was treated
with a selection of detergents to a final concentration of 1%, or
with 1 M NaCl, prior to centrifugation at 100,000 3 g for 60
min. Figure 2 shows that the fractionation patterns of both Vif
and Gag track each other in that both were solubilized by
denaturing detergents (SDS and sodium deoxycholate) but not
by zwitterionic {3-([3-cholamidopropyl]dimethylammonio)-2-
hydroxy-1-propanesulfonate (CHAPSO)} or nonionic deter-
gents such as n-octyl b-D-glucopyranoside (octyl glucoside).
Because octyl glucoside solubilizes GEM domains (5), the
finding that neither Vif nor Gag was solubilized by this deter-
gent indicates that neither protein associates with these mem-
brane domains. The observation that both proteins were solu-
bilized by 1 M NaCl is most consistent with their association
with TX-100-insoluble complexes being mediated by protein-
protein interactions. Taken together, these data suggest that
Vif and p55Gag are associated with high-molecular-mass com-
plexes that are resistant to disruption by nonionic detergents
and physiological salt concentrations. At this point, however,
one cannot conclude that Vif and Gag are not associated with
membranes.

FIG. 2. Solubilization of Vif and Gag. HIV-1-infected H9 cells were lysed in
PBS–1% TX-100, and the nuclei were pelleted by low-speed centrifugation.
Various detergents were added to aliquots of the postnuclear supernatant to a
final concentration of 1%, or salt was added to a final concentration of 1 M.
These were then centrifuged at 100,000 3 g to separate soluble (S) from insol-
uble (I) fractions. Aliquots of the fractions corresponding to equal numbers of
cells were examined by Western blot analysis using antibodies specific for calre-
ticulin, HIV-1 CA, or HIV-1 Vif.
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Association of Vif and Gag with cytoplasmic complexes.
Rather than restricting the separation of postnuclear superna-
tants into soluble and insoluble fractions, we next extended this
procedure by subjecting these samples to density centrifuga-
tion in continuous sucrose density gradients. Interestingly, a
similar approach has been used to describe various HIV-1
Gag-containing complexes that are formed in a cell-free system
(37) or in virus-producing cells (36). Importantly, the assembly
of these complexes is unaltered by either detergent addition or
the removal of Gag’s amino-terminal myristoylation signal.
Based on such findings and the demonstration in the cell-free
system that these complexes can be “chased” into capsid-like
structures (37), it has been suggested that these complexes may
represent early core assembly intermediates that have not yet
engaged the plasma membrane.

A cytoplasmic lysate of productively infected H9 cells was
therefore loaded onto a 20 to 60% sucrose gradient, centri-
fuged at 150,000 3 g for 2 h, and harvested as 10 fractions with
densities ranging from 1.03 to 1.22 g/ml (Fig. 3A). Each frac-
tion was then diluted and centrifuged at 100,000 3 g for 60
min, and the pellets were resuspended in loading buffer for
analysis by Western blotting using CA- or Vif-specific antibod-
ies (Fig. 3B). The complexes that contained most of the fully
processed CA protein presumably correspond to viral cores
and were found at the bottom of the gradient (fractions 8 to 10,
density range of 1.19 to 1.22 g/ml). In contrast, the peaks of
both Vif and unprocessed p55Gag were found toward the mid-
dle of the gradient in fractions 3 and 4 (density range of 1.10 to
1.12 g/ml).

To determine whether the expression of Vif influences the
density of these Gag complexes and whether the fractionation
of Vif itself is affected by the presence of Gag, we repeated this
experiment using both H9 cells infected with HIV-1/Dvif (Fig.
3C) and H9 cells that stably express Vif but no other HIV-1
gene products (Fig. 3D). The results clearly demonstrate that
the fractionation pattern of neither protein influences the
other and suggest that Vif and p55Gag each independently
encode signals that, under the conditions used here, enable
them to associate with complexes that are found in fractions
with a density of 1.10 to 1.12 g/ml.

Vif is not associated with membranes. As noted earlier, Vif
expressed in vitro has been shown to interact with microsomes
(27); moreover, we have also shown that Vif cofractionates
with the plasma membrane in Percoll density gradients, though
the binding of Vif to membranes was not directly investigated
in those studies (47). Since the putative Gag complex assembly
intermediates have been shown not to be associated with mem-
branes (36, 37), and since neither TX-100 nor N-octyl glu-
coside was found to solubilize Vif (Fig. 2), we decided to
reexamine Vif’s potential association with membranes in our
Vif-expressing H9 cell line. Specifically, it might be expected
that the density of complexes that are associated with mem-
branes would increase when the membranes are removed by
detergent addition; for example, the density of spherical HIV-1
virions is typically 1.12 to 1.15 g/ml but increases to 1.19 to 1.22
g/ml after removal of the lipid membrane by treatment with
TX-100.

We therefore prepared a cytoplasmic extract from H9/hVif
cells, using nitrogen cavitation in the absence of detergent, and
then subjected it to sucrose density centrifugation as described
above. Each fraction was pelleted at 100,000 3 g and analyzed
by Western blotting (Fig. 3E). Importantly, the profile of Vif
was identical to that observed for the same cells—or HIV-1-
infected H9 cells—lysed in PBS–1% TX-100 (Fig. 3B and D).
In addition, when such an extract was supplemented with 1%
TX-100 prior to gradient centrifugation, the pattern of frac-

tionation was not altered (data not shown). Thus, the density
of Vif-containing complexes appears to be identical regardless
of the presence of 1% TX-100, a result that is most consistent
with Vif not being associated with membranes.

To exclude the possibility that p55Gag and/or Vif might be
associated with TX-100-insoluble membranes, we lysed in-
fected H9 cells in PBS–1% TX-100 and added octyl glucoside
to a final concentration of 1% to half of the postnuclear su-
pernatant. Following density gradient centrifugation of both
samples, both Gag and Vif were found to fractionate identi-

FIG. 3. Fractionation of cytoplasmic extracts of HIV-1-infected H9 cells by
using sucrose density gradients. (A) Densities of fractions from a typical sucrose
gradient, in this case the gradient analyzed in panel B. H9 cells transiently
infected with HIV-1 (B) or HIV-1/Dvif (C) and uninfected H9/hVif cells (D)
were lysed with PBS–1% TX-100. In addition, H9/hVif cells were also lysed in
the absence of detergent by nitrogen cavitation (E). The postnuclear supernatant
from each lysate was loaded onto a 20 to 60% (wt/vol) continuous sucrose
gradient and centrifuged at 150,000 3 g for 2 h. Ten fractions were harvested
(1 5 top; 10 5 bottom), diluted and centrifuged to pellet the high-molecular-
mass complexes. Equivalent amounts from each fraction were resolved on SDS-
polyacrylamide gels and analyzed by Western blotting using antibodies specific
for CA or Vif.
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cally in the presence or absence of octyl glucoside (data not
shown), further implying that the Vif- and Gag-containing
complexes found in the 1.10- to 1.12-g/ml fractions are not
associated with TX-100-insoluble membranes.

Evaluation of Vif-Gag interactions by coimmunoprecipita-
tion. It has previously been reported that Vif can associate with
the NC portion of p55Gag and that it can be coimmunoprecipi-
tated from HIV-1-infected cells by using an NC-specific anti-
body (3). To examine this interaction by the approaches that
we have developed, we fractionated an extract of HIV-1-in-
fected H9 cells by sucrose density gradient centrifugation and
divided the ensuing fractions into five portions of equal vol-
ume. These were then treated in the following ways: (i) dilu-
tion with cold PBS–1% TX-100 and pelleting at 100,000 3 g (as
for Fig. 3B), (ii) immunoprecipitation with a Vif-specific poly-
clonal rabbit antiserum, (iii) immunoprecipitation with a CA-
specific polyclonal rabbit antiserum, (iv) immunoprecipitation
with a combination of the preimmune sera that correspond to
the Vif- and CA-specific sera (as a control for specificity), and
(v) adjustment to 13 RIPA and immunoprecipitation with a
combination of Vif- and CA-specific rabbit antisera. All sam-
ples were then resuspended in equal volumes of gel loading
buffer and subjected to Western analysis using Vif- or CA-
specific murine monoclonal antibodies (Fig. 4).

As demonstrated above, high-speed pelleting showed that
the majority of p55Gag (Fig. 4A) and Vif (Fig. 4B) cofraction-
ated toward the middle in the gradient. Analysis of the samples
that were initially treated with the Vif-specific antiserum re-
vealed that the immunoprecipitation of Vif was extremely in-

efficient (compare Fig. 4D with Fig. 4B) and that any coimmu-
noprecipitation of Gag that may have occurred under these
conditions was below the level of detection afforded by this
CA-specific monoclonal antibody (Fig. 4C). In contrast, when
the samples were treated with RIPA buffer prior to the addi-
tion of antibody, a significant proportion of the Vif could be
immunoprecipitated (Fig. 4H); in fact, we have found that Vif
can be efficiently immunoprecipitated from T-cell lysates only
under conditions that result in its solubilization. We have con-
cluded, therefore, that under the nondenaturing conditions
used here, the polyclonal Vif-specific antiserum can recognize
only a very small proportion of the Vif that is present in these
lysates. This suggests that the majority of Vif epitopes either
are occluded by other proteins present in the Vif-containing
complexes or are unavailable for antibody binding as a conse-
quence of Vif’s tertiary structure.

Unlike Vif, the majority of p55Gag was immunoprecipitated
by the CA-specific polyclonal antiserum (Fig. 4E), and this was
modestly enhanced by the prior adjustment of the samples to
13 RIPA buffer (Fig. 4G). Of note, fractions 1 and 2 contained
a large amount of fully processed CA that was immunoprecipi-
tated but was not pelleted (compare Fig. 4E and G with Fig.
4A); this presumably represents disrupted virion cores that
remained at the top of the gradient. Importantly, when the
samples that were immunoprecipitated with the CA-specific
antiserum were analyzed for the presence of Vif, none could be
detected (Fig. 4F). Because this particular result stands in
contrast to that of others, we also tried to coimmunoprecipi-
tate Vif with Gag from infected H9 cells by using a method-

FIG. 4. Coimmunoprecipitation analysis of Vif-Gag interactions, using density gradient-purified fractions of infected cell lysates. The postnuclear supernatant of
HIV-1-infected H9 cells was fractionated on a sucrose density gradient, and equal portions of each fraction were either pelleted at 100,000 3 g for 60 min (A and B)
or incubated with protein A-conjugated agarose beads bound to rabbit polyclonal antibodies specific for HIV-1 Vif (C, D, and H) or HIV-1 CA (E, F, G, and H) for
immunoprecipitation (IP). Aliquots of each sample equivalent to equal numbers of cells were resolved on SDS-polyacrylamide gels and examined by Western blot
analysis using murine monoclonal antibodies specific for CA (A, C, E, and G) or Vif (B, D, F, and H).
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ology described by others, i.e., using a cell lysis buffer that
comprised 20 mM HEPES (pH 7.5), 5 mM EDTA, 150 mM
NaCl, and 0.2% TX-100. However, and in keeping with our
density gradient approach, we were still unable to detect a
specific coimmunoprecipitation of Vif with Gag (data not
shown).

To pursue the possibility of coimmunoprecipitation further,
we also measured the levels of Vif and Gag that could be
recovered from the peak gradient fraction (Fig. 4, fraction 4)
by pelleting or by immunoprecipitation with the CA-specific
polyclonal antiserum or its corresponding preimmune serum.
Quantitation was achieved by Western analysis of these sam-
ples together with standard curves of purified recombinant
His6-tagged CA or Vif (Fig. 5; a longer exposure of lanes 7 and
8 is shown to the right), followed by densitometric scanning of
the autoradiographs (Table 1). Consistent with our earlier
calculations of the ratio of Vif to Gag in infected cells (22), the
high-speed pellet contained approximately half as much Vif as
p55Gag. Whereas p55Gag was specifically immunoprecipitated
with the CA-specific antiserum (compare lane 7 to lane 8 in the
lower panel), this was not the case for Vif; indeed, low levels of
Vif were nonspecifically precipitated by both the CA-specific
antiserum and the preimmune serum (lanes 9 and 10, upper
panel). Accordingly, once a correction for background binding
was introduced into these calculations, the ratio of Vif to Gag
following Gag-specific immunoprecipitation was essentially
zero (Table 1). Taken as a whole, our data therefore appear to
be inconsistent with the notion that there is a stable interaction
between Vif and p55Gag in HIV-1-expressing cells.

DISCUSSION

A consensus model for the function of HIV-1 Vif is that it
acts late in the virus life cycle to enhance the infectivity of
progeny virions. Consistent with this view, we had previously
shown for HIV-1 (and feline immunodeficiency virus) that the
Vif and Gag proteins colocalize in productively infected cells.
Here, we describe experiments which start to address the un-
derlying basis for colocalization. Using virus-producing cells,
we find (i) that the majority of Vif and p55Gag are present in
cytoplasmic TX-100-insoluble complexes (Fig. 1); (ii) that any
treatment of cytoplasmic extracts that solubilized Vif (in other
words, rendered it no longer pelletable by high-speed centrif-

ugation) also solubilized p55Gag (Fig. 2); (iii) that both Vif and
p55Gag are found associated with complexes that have a density
of 1.10 to 1.12 g/ml in sucrose density gradients (Fig. 3); (iv)
that Vif and Gag are targeted to these complexes independent
of each other (Fig. 3); (v) that the associations of Vif and Gag
with these complexes are likely mediated by protein-protein
interactions (Fig. 2); and (vi) that Vif’s association with these
complexes is not dependent on the method of cell disruption
(Fig. 3).

Because it has been proposed that Vif binds to p55Gag (3),
we also subjected these gradient-isolated complexes to coim-
munoprecipitation analyses in an effort to explore this inter-
action further. Surprisingly, however, we were unable to obtain
evidence of a specific interaction between Vif and Gag (Fig. 4
and 5). Although the reason for this discrepancy is unclear, and
deserves further attention, a possible explanation might be (i)
that the fraction of Vif that interacts with p55Gag and is very
small and below the level of detection achieved here, though
the sensitivity of the Vif-specific monoclonal antibody tends to
argue against this possibility; (ii) that the interaction between
Vif and Gag is very transient and could not be captured by the
methods used here; or (iii) that the polyclonal CA-specific
antiserum used in these experiments precludes detection of the
Vif-p55Gag interaction whereas the NC-specific monoclonal
antibody used by others does not. Our view of this putative
interaction is, therefore, that if it does occur, it likely does so
with fewer than one molecule of Vif interacting with 50 Gag
molecules at any one time (Table 1). Although an interaction
between Gag and Vif is not necessarily inconsistent with our
previous finding that Vif interfaces with a cellular compo-
nent(s) in a species-specific manner (50), the mechanistic sig-
nificance of such an interaction remains to be elucidated.
Moreover, the finding that HIV-1 Vif can modulate the infec-
tivity of other retroviruses, including a number of primate
lentiviruses and the oncoretrovirus murine leukemia virus
(MLV) (50), suggests that a specific interaction between Vif
and Gag must be with a region of Gag that is conserved among
divergent retroviruses.

Little is known about the trafficking of the Gag and Gag-Pol
polyproteins from the site of synthesis at the ribosomes to the
plasma membrane, where, for lentiviruses and type C retrovi-
ruses, the later stages of assembly and budding occur (1, 26,

FIG. 5. Quantitation of Vif and Gag recovered by high-speed centrifugation
and immunoprecipitation. The fraction 4 (Fig. 4) samples that had been either
pelleted, or immunoprecipitated (IP) with anti-CA or preimmune (pre-imm.)
serum were resolved on SDS-polyacrylamide gels together with dilution series of
purified recombinant His6-tagged Vif and CA (which served as standard curves).
The proteins were visualized by using monoclonal antibodies, chemilumines-
cence, and autoradiography, and the bands were quantitated by densitometry.
Short (lanes 1 to 8) and long (lanes 9 and 10) exposures of the final filters are
shown. Note that three times as much sample was loaded on this gel as for the
gels shown in Fig. 4.

TABLE 1. Quantitation of Vif and Gag

Sample Vif a

(ng/sample)
Gagb

(ng/sample)

No. of
moleculesc

(1014)
Vif/Gag
ratiod

Vif Gag

Pelleted 5 11 19 36 0.5
mImunoprecipitate;

anti-CA ,0.032 1.5 ,0.1 5 ;0
Immunoprecipitate;

preimmune ,0.032 ,0.032 ,0.1 ,0.1 ND

a Total amount of protein reactive with the Vif-specific monoclonal antibody,
determined for each sample by using the dilution series of recombinant protein
as the standard curve (Fig. 5), the calculated relative molecular masses of the
native and recombinant proteins, and densitometry.

b The total amount of protein (including p24Gag, p55Gag, and the various
processing intermediates) reactive with the CA-specific monoclonal antibody,
determined for each sample by using the dilution series of recombinant protein
as the standard curve (Fig. 5), the calculated relative molecular masses of the
native and recombinant proteins, and densitometry.

c Calculated by using molecular masses, amounts of each protein, and Avo-
gadro’s constant.

d Molar ratio of Gag/Vif calculated as described in footnote c.
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32). Recent studies of HIV-1 have suggested that Gag-contain-
ing early assembly intermediates may be formed prior to asso-
ciation with the plasma membrane (36, 37); the data presented
in this report can be viewed as being consistent with these
findings. Although such intermediates have not been detected
by electron microscopy, their existence has also been inferred
from in vitro assembly studies with purified proteins which
demonstrate that membranes are not required for the forma-
tion of multisubunit Gag structures (8, 30, 57), from the ability
of Gag mutants that are unable to bind membranes to be
incorporated into assembled virions in the presence of wild
type Gag (58), and from the detection of detergent resistant
complexes of Gag in cells infected with MLV (16).

It has previously been shown that HIV-1 Gag possesses a
bipartite membrane association signal that consists of an ami-
no-terminal myristoyl residue and a neighboring region of pos-
itively charged amino acids. It was therefore unexpected when
processed p17Gag (MA) was found to be present in postentry
HIV-1 nucleoprotein complexes (7, 20, 25, 39); a conforma-
tional switch that results in the myristoyl residue becoming
hidden from the surface of MA (53, 60), in conjunction with
the phosphorylation of MA (6, 24, 25, 33), is thought to be
important for MA’s ability to disengage the membrane and
facilitate postentry events. We propose, therefore, that this
putative switch is in the membrane-free conformation when
unprocessed Gag is present in these putative assembly inter-
mediates. It is also probable that these complexes are associ-
ated with cellular proteins: not only does Gag, on its own, fail
to assemble into virion-like immature cores, but these assem-
bly intermediates must also traffic to their ultimate site of
destination at the plasma membrane.

A molecular model for Vif action remains elusive in the
absence of defined Vif interaction partners and the uncertainty
that exists regarding the significance of the reported interac-
tion between Vif and Gag (Fig. 5). For example, does Vif
transiently bind to virion components to regulate assembly,
and/or does it counteract an innate cellular activity that inter-
feres with productive virion formation? The results presented
here suggest that HIV-1 Vif and p55Gag are independently
associated with TX-100-insoluble cytoplasmic complexes that
may represent membrane-free virion assembly intermediates.
Vif therefore appears to be appropriately positioned to influ-
ence a late step in the virus life cycle and, as a result, to
regulate the infectivity of progeny virions. Clearly, a critical
future direction of this work will be to purify these complexes
further, to identify their components, and to determine the
relative stoichiometries of those components. For instance, it
will be of interest to determine which host cell proteins are
associated with these complexes and whether these vary in
relation to the functionality of different Vif proteins in cells of
different species (50). Such studies should help not only to
identify the relevant cellular cofactors for Vif but also to en-
hance our mechanistic understanding of Vif function and,
more generally, of retrovirus assembly.
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1993. Mapping of functionally important residues of a cysteine-histidine box
in the human immunodeficiency virus type 1 nucleocapsid protein. J. Virol.
67:6159–6169.

16. Edbauer, C. A., and R. B. Naso. 1983. Cytoskeleton-associated Pr65gag and
retrovirus assembly. Virology 130:415–426.

17. Emerman, M., and M. H. Malim. 1998. HIV-1 regulatory/accessory genes:
keys to unraveling viral and host cell biology. Science 280:1880–1884.

18. Fan, L., and K. Peden. 1992. Cell-free transmission of Vif mutants of HIV-1.
Virology 190:19–29.

19. Fisher, A. G., B. Ensoli, L. Ivanoff, M. Chamberlain, S. Petteway, L. Ratner,
R. C. Gallo, and F. Wong-Staal. 1987. The sor gene of HIV-1 is required for
efficient virus transmission in vitro. Science 237:888–893.

20. Fouchier, R. A. M., and M. H. Malim. Nuclear import of human immuno-
deficiency virus type-1 pre-integration complexes. Adv. Virus Res., in press.

21. Fouchier, R. A. M., B. E. Meyer, J. H. M. Simon, U. Fischer, and M. H.
Malim. 1997. HIV-1 infection of non-dividing cells: evidence that the amino-
terminal basic region of the viral matrix protein is important for Gag pro-
cessing but not for post-entry nuclear import. EMBO J. 16:4531–4539.

22. Fouchier, R. A. M., J. H. M. Simon, A. B. Jaffe, and M. H. Malim. 1996.
Human immunodeficiency virus type 1 Vif does not influence expression or
virion incorporation of gag-, pol-, and env-encoded proteins. J. Virol. 70:
8263–8269.

23. Gabuzda, D. H., K. Lawrence, E. Langhoff, E. Terwilliger, T. Dorfman, W. A.
Haseltine, and J. Sodroski. 1992. Role of vif in replication of human immu-
nodeficiency virus type 1 in CD41 T lymphocytes. J. Virol. 66:6489–6495.

24. Gallay, P., S. Swingler, C. Aiken, and D. Trono. 1995. HIV-1 infection of
nondividing cells: C-terminal tyrosine phosphorylation of the viral matrix
protein is a key regulator. Cell 80:379–388.

25. Gallay, P., S. Swingler, J. Song, F. Bushman, and D. Trono. 1995. HIV
nuclear import is governed by the phosphotyrosine-mediated binding of
matrix to the core domain of integrase. Cell 83:569–576.

26. Gelderblom, H. R. 1991. Assembly and morphology of HIV: potential effect
of structure on viral function. AIDS 5:617–638.

27. Goncalves, J., P. Jallepalli, and D. H. Gabuzda. 1994. Subcellular localiza-
tion of the Vif protein of human immunodeficiency virus type 1. J. Virol.
68:704–712.

28. Goncalves, J., Y. Korin, J. Zack, and D. Gabuzda. 1996. Role of Vif in

VOL. 73, 1999 HIV-1 Vif AND Gag LOCALIZATION 2673



human immunodeficiency virus type 1 reverse transcription. J. Virol. 70:
8701–8709.
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