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A critical early event in the HIV type 1 (HIV-1) particle assembly
pathway is the targeting of the Gag protein to the site of virus
assembly. In many cell types, assembly takes place predominantly
at the plasma membrane. Cellular factors that regulate Gag tar-
geting remain undefined. The phosphoinositide phosphatidylino-
sitol (4,5) bisphosphate [PI(4,5)P2] controls the plasma membrane
localization of a number of cellular proteins. To explore the
possibility that this lipid may be involved in Gag targeting and virus
particle production, we overexpressed phosphoinositide 5-phos-
phatase IV, an enzyme that depletes cellular PI(4,5)P2, or overex-
pressed a constitutively active form of Arf6 (Arf6�Q67L), which
induces the formation of PI(4,5)P2-enriched endosomal structures.
Both approaches severely reduced virus production. Upon 5-phos-
phatase IV overexpression, Gag was no longer localized on the
plasma membrane but instead was retargeted to late endosomes.
Strikingly, in cells expressing Arf6�Q67L, Gag was redirected to the
PI(4,5)P2-enriched vesicles and HIV-1 virions budded into these
vesicles. These results demonstrate that PI(4,5)P2 plays a key role
in Gag targeting to the plasma membrane and thus serves as a
cellular determinant of HIV-1 particle production.

Retrovirus particle production is a multistep process pro-
moted by the viral Gag precursor protein (1, 2). The HIV

type 1 (HIV-1) Gag polyprotein, Pr55Gag, is composed of four
domains that are cleaved by the viral protease (PR) concomi-
tantly with virus release to generate the mature Gag proteins:
matrix (MA or p17), capsid (CA or p24), nucleocapsid (NC or
p7) and p6, and two small spacer peptides, SP1 and SP2. The
N-terminal portion of MA, which is myristylated, facilitates the
binding of Gag to membrane, whereas CA and NC promote Gag
multimerization. p6 plays a central role in the release of virus
particles from the cell by interacting with the class E vacuolar
protein sorting protein Tsg101 (3, 4).

Mutational analyses have established that, in addition to
directing Gag membrane binding, the HIV-1 MA domain reg-
ulates the targeting of Gag to the site of virus particle assembly
(5–14). Recent reports suggest that wild-type HIV-1 assembly
occurs either on the plasma membrane or in a late endosome�
multivesicular body (MVB) compartment. In cell types such as
HeLa and T cells, the majority of virus assembly takes place at
the plasma membrane. In contrast, in primary macrophages,
assembly occurs predominantly in late endosomes�MVBs (15–
18). Some cell types appear to support assembly both at the
plasma membrane and in late endosomes�MVBs (19, 20). Mu-
tations in a highly basic domain of MA (amino acids 17–31), or
between MA amino acids 84 and 88, shift Gag localization from
the plasma membrane to intracellular vesicles (10–13), a com-
partment we recently identified as the MVB (18). In addition to
its role in Gag targeting, the MA basic domain has been
suggested to contribute to the membrane binding of Gag by
interacting with acidic phospholipids on the cytoplasmic leaflet
of cellular membranes (21). Mutations in the MA basic domain
can thus affect both Gag targeting and overall membrane
binding efficiency (12, 21–23). The above-mentioned studies on
the cell type-dependent nature of Gag targeting strongly suggest
that not only the MA domain of Gag but also host cell factors

play an active role in determining the subcellular location of
HIV-1 particle assembly. However, the identity of cellular
cofactors for HIV-1 Gag targeting remains to be defined.

Many cellular proteins are known to contain membrane
targeting domains in which basic amino acids play a key role
(24–26). These structural determinants, which include pleckstrin
homology (PH) domains, engage in interactions with negatively
charged lipid molecules collectively known as phosphoinositides
(24–26). Members of the phosphoinositide family of lipids differ
from each other in the position and number of phosphate
moieties on the inositol ring. Phosphoinositides can thus be
converted from one type to another via the action of specific lipid
kinases and phosphatases (27, 28). Importantly, different phos-
phoinositides localize preferentially to distinct subcellular mem-
branes, thereby influencing the targeting of proteins to which
they bind (29, 30). For example, phosphatidylinositol (4,5)
bisphosphate [PI(4,5)P2] is concentrated primarily on the cyto-
plasmic leaflet of the plasma membrane. As a result, the
interactions between PI(4,5)P2 and various basic domains (e.g.,
the PH domain of phospholipase C�1) can direct a wide variety
of proteins with such domains specifically to the plasma mem-
brane (27–33). Intracellular levels of PI(4,5)P2 can be regulated
by phosphatases, including polyphosphoinositide 5-phospha-
tases, which reduce PI(4,5)P2 levels by hydrolyzing the phos-
phate at the D5 position of PI(4,5)P2. In addition, the activity of
phosphatidylinositol-4-phosphate 5-kinase, an enzyme that gen-
erates the majority of PI(4,5)P2, is regulated by a number of
factors including the small G protein ADP-ribosylation factor 6
(Arf6) (ref. 34, reviewed in ref. 35). Expression of a constitu-
tively active form of Arf6 defective for GTP hydrolysis, Arf6�
Q67L, alters cellular PI(4,5)P2 localization by inducing the
formation of PI(4,5)P2-enriched endosomal structures (36, 37).

Because the basic amino acid sequence in HIV-1 MA is
critically involved in Gag targeting to the plasma membrane, we
hypothesized that the subcellular localization of Gag may be
determined by PI(4,5)P2 in a manner analogous to proteins
containing phosphoinositide-binding domains. Consistent with
this hypothesis, inositol phosphates, which are structurally re-
lated to phosphoinositides, bind Gag and modulate particle
assembly in vitro (38).

In the current study, we examined whether cellular PI(4,5)P2
is involved in HIV-1 Gag targeting and virus particle production.
To address this question, we perturbed PI(4,5)P2 levels in
virus-producing cells by using two different approaches: (i)
overexpressing polyphosphoinositide 5-phosphatase IV (5pta-
seIV), and (ii) overexpressing the constitutively active Arf6
mutant Arf6�Q67L. The results of this study strongly suggest
that PI(4,5)P2 plays a key role in localizing Gag to the plasma
membrane and promoting efficient virus particle production.
These findings shed light on a critically important step in HIV-1
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replication and reveal a previously undescribed function of
PI(4,5)P2.

Materials and Methods
Cells, Plasmids, Transfections, and Virus Release Assays. HeLa cells
were maintained as described (39). The HIV-1 molecular clone
pNL4-3 (40) and its derivatives, pNL4-3�PR� (41) and pNL4-
3�55FLAG (12), were reported. The 5ptaseIV expression plas-
mid, pcDNA4TO�Myc5ptaseIV, was a kind gift from P. Majerus
(Washington University School of Medicine, St. Louis) (42). The
�1 5ptaseIV mutant lacking the phosphatase signature domain
was constructed by removing a 1.1-kb fragment between the NarI
and BstBI restriction sites in pcDNA4TO�Myc5ptaseIV. Plas-
mids expressing the AP180 C-terminal fragment and PHGFP
were generous gifts from L. Greene [National Heart, Lung, and
Blood Institute, National Institutes of Health (NIH), Bethesda]
(43) and T. Balla (National Institute of Child Health and Human
Development, NIH) (44), respectively. In the experiment de-
scribed in Fig. 4, both Gag and PHGFP were expressed from a
pNL4-3 derivative, pNL4-3�KFS�398�PHGFP, that expresses
PHGFP from the nef ORF. This plasmid was constructed by
using a transfer vector p398-6, a kind gift from K.-T. Jeang
(National Institute of Allergy and Infectious Diseases, NIH)
(45). A plasmid expressing HA-tagged Arf6�Q67L, pXS�
Arf6Q67L-HA, was a generous gift from J. Donaldson (National
Heart, Lung, and Blood Institute, NIH). Transfection and

metabolic labeling of HeLa cells and immunoprecipitation of
viral proteins were performed as described (39). Virus release
efficiency was calculated as the amount of virion-associated Gag
as a fraction of total (cell plus virion) Gag synthesized during a
2-h metabolic labeling period.

Abs, Fluorescent Reagents, and Immunostaining. Abs and fluores-
cent reagents were obtained from the sources listed in Supporting
Text, which is published as supporting information on the PNAS
web site. Immunostaining and confocal microscopy were per-
formed as detailed (12, 18). Quantitative analyses of colocaliza-
tion between Gag and CD63 were performed by using the
colocalization measurement function (46) of MIPAV (Medical
Image Processing, Analysis, and Visualization) software (Divi-
sion of Computational Bioscience, Center for Information Tech-
nology, National Institutes of Health).

Electron Microscopy (EM). Fixation and processing of transfected
HeLa cells were carried out as described (47). Cells were
examined by a Hitachi H7000 electron microscope.

Results
Overexpression of 5ptaseIV Inhibits HIV-1 Particle Production. To
determine whether PI(4,5)P2 is involved in HIV-1 particle
assembly and release, we reduced cellular PI(4,5)P2 levels by
overexpressing 5ptaseIV (48). To monitor plasma membrane

Fig. 1. HIV-1 particle production is inhibited by 5ptaseIV overexpression. (A) HeLa cells were transfected with pNL4-3 alone (�) or were cotransfected with
pNL4-3 and expression plasmids encoding 5ptaseIV (wt) or the �1 5ptaseIV mutant (�1). One day after transfection, cells were metabolically labeled for 2 h with
[35S]Met�Cys, and labeled viral proteins in cell and virion lysates were immunoprecipitated with anti-HIV Ig and analyzed by SDS�PAGE followed by fluorography.
Viral proteins Pr55Gag, p24 (CA), and Nef are indicated. (B) Virus release efficiency from pNL4-3-expressing cells was calculated as described in Materials and
Methods. Data from three independent experiments were quantified by PhosphorImager analysis and are shown as means � SD. Note that the reduction in virus
release efficiency measured upon 5ptaseIV overexpression may be an underestimate, because a small number of cells in the cotransfected culture express pNL4-3
but not 5ptaseIV (see Fig. 2). (C) HeLa cells transfected with pNL4-3�55FLAG alone (�) or cotransfected with pNL4-3�55FLAG and plasmids encoding 5ptaseIV
(wt) or the �1 5ptaseIV mutant (�1) were analyzed as in A. (D) Virus release efficiency of cells expressing the FLAG-tagged Gag was calculated based on the data
from seven independent experiments as described above and in Materials and Methods.
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PI(4,5)P2 levels, we used a GFP-tagged PH domain from phos-
pholipase C�1 (PHGFP; ref. 44). As reported (44), when singly
expressed, PHGFP was localized primarily on the plasma mem-
brane (Fig. 6 A and D, which is published as supporting infor-
mation on the PNAS web site). In contrast, when PHGFP was
coexpressed with Myc-epitope-tagged 5ptaseIV, the GFP signal
was detected throughout the cytoplasm and nucleus but not on
the plasma membrane (Fig. 6 B and E). These observations
demonstrate that 5ptaseIV overexpression indeed reduced the

levels of plasma membrane PI(4,5)P2 as reported in 293 cells
(42). As a control, we constructed a mutant form of 5ptaseIV
(�1) lacking the 5-phosphatase signature domain that contains
two motifs highly conserved among different classes of 5-phos-
phatases. As anticipated, the �1 mutant had no effect on the
localization of PHGFP (Fig. 6 C and F).

Having established that 5ptaseIV overexpression reduces the
level of cell surface PI(4,5)P2 in HeLa cells, we examined the
impact of this depletion on virus particle production (Fig. 1).
HeLa cells were transfected singly with the full-length, infectious
HIV-1 molecular clone pNL4-3 or were cotransfected with
pNL4-3 and the 5ptaseIV expression vector. Cell- and virus-
associated Gag proteins were analyzed by immunoprecipitation
after metabolic labeling of the transfected cells (Fig. 1 A). In the
culture overexpressing 5ptaseIV, virus release efficiency was
reduced �8-fold compared with the control (Fig. 1B). In con-
trast, in cells expressing the �1 mutant, virus release efficiency
was unaffected (Fig. 1 A and B). Marked inhibition of virus
release by 5ptaseIV overexpression was also observed in Jurkat
T cells (data not shown). Significantly, the observed impact of
5ptaseIV on WT HIV-1 release is not caused by global cyto-
toxicity, as particle release mediated by an NC-deleted Gag
derivative in which the MA domain is replaced by the N terminus
of Fyn kinase [Fyn(10)�MA�delNC] was markedly less affected
by 5ptaseIV overexpression (Fig. 7, which is published as
supporting information on the PNAS web site). These results
strongly suggest that PI(4,5)P2 is involved in virus particle
production.

We noted that 5ptaseIV overexpression caused an increase in
the ratio of cell-associated Pr55Gag to p24, indicating that
PI(4,5)P2 depletion was accompanied by a defect in PR-
mediated Gag processing (Fig. 1 A). To determine whether the
effect of PI(4,5)P2 depletion on Gag processing was linked to the
defect in virus particle production, we examined the impact of
5ptaseIV overexpression in the absence of a functional PR. For
this purpose, we used two PR-defective pNL4-3 derivatives: one
containing a mutation in the PR active site (pNL4-3�PR�; ref.
41), the other encoding a C-terminally FLAG-tagged Pr55Gag

and lacking an intact PR gene (pNL4-3�55FLAG; ref. 12). In
both cases, virus production was markedly reduced (8-fold) by
5ptaseIV overexpression but not by the �1 mutant (Fig. 1 C and
D and data not shown). These results indicate that depletion of
plasma membrane PI(4,5)P2 impairs HIV-1 particle production
in a manner independent of PR-mediated Gag processing.

Fig. 2. Overexpression of 5ptaseIV inhibits Gag localization to the plasma
membrane and retargets Gag to a late endosomal compartment. HeLa cells
were cotransfected with pNL4-3 and the Myc-tagged 5ptaseIV expression
plasmid. Gag (green in A and D) and 5ptaseIV (red in B and blue in C) were
detected by mouse monoclonal anti-p17 (MA) and rabbit polyclonal anti-Myc
Abs, respectively. The boundary of cells coexpressing Gag and 5ptaseIV is
indicated by white dotted lines. Note that, in cells not overexpressing 5ptaseIV
(arrow), Gag is localized on the cell surface, whereas, in the 5ptaseIV-
overexpressing cells, Gag is predominantly detected in the perinuclear region.
In C–F, cells were also immunostained with anti-CD63 Ab (red in E). (F) A
merged image of Gag and CD63 signals, with colocalization indicated in
yellow, is shown.

Fig. 3. Expression of the constitutively active Arf6 mutant Arf6�Q67L inhibits
virus particle production. HeLa cells were transfected with pNL4-3 alone (�) or
were cotransfected with pNL4-3 and an expression plasmid encoding HA-
tagged Arf6�Q67L (�) and were analyzed as in Fig. 1. Virus release efficiency
was calculated based on data from four independent experiments as de-
scribed in Materials and Methods. Data are shown as means � SD.
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Overexpression of 5ptaseIV Inhibits Gag Localization to the Plasma
Membrane and Retargets Gag to Late Endosomes. We next examined
whether localization of Gag to the plasma membrane is affected by
PI(4,5)P2 depletion. HeLa cells were cotransfected with pNL4-3
and the 5ptaseIV expression vector and were analyzed by confocal
microscopy (Fig. 2). When singly expressed, the majority of Gag
visualized with an anti-p17 (MA) antibody was present in a punc-
tate pattern on the plasma membrane (Fig. 2A). In contrast,
Gag-positive cells overexpressing 5ptaseIV (Fig. 2 A–D, outlined by
dotted line) showed little or no Gag signal at the cell surface, but
instead typically displayed an accumulation of Gag in intracellular
vesicles (see also Fig. 8 A and B, which is published as supporting
information on the PNAS web site). These Gag-containing vesicles
were also positive for CD63, a marker for late endosomes�MVBs
(49) (Fig. 2 C–F). Quantitative image analyses showed that 78% of
Gag colocalized with CD63 in 5ptaseIV overexpressing cells,
whereas only 6% of Gag did so in the absence of 5ptaseIV
overexpression. These results, which were confirmed in �10 inde-
pendent experiments, suggest that depletion of plasma membrane
PI(4,5)P2 blocks the localization of Gag at the cell surface and
causes mistargeting of virus assembly to a late endosomal com-
partment. This mistargeting of virus assembly was confirmed by
electron microscopy (EM) (Fig. 9, which is published as supporting
information on the PNAS web site).

Expression of the Constitutively Active Arf6 Mutant Arf6�Q67L De-
creases Virus Particle Production and Induces Accumulation of Gag in
PI(4,5)P2-Enriched Intracellular Vesicles. Because 5ptaseIV dephos-
phorylates not only PI(4,5)P2 but also PI(3,4,5)P3 (42), we sought
to validate the results presented above by employing an indepen-
dent approach to perturb cellular PI(4,5)P2 levels. As mentioned in
the Introduction, Arf6 regulates the activity of the PI(4,5)P2-
generating kinase phosphatidylinositol-4-phosphate 5-kinase (ref.
34, reviewed in ref. 35). When we cotransfected HeLa cells with
pNL4-3 and a plasmid expressing HA-tagged Arf6�Q67L, we
observed a 3-fold reduction in virus release (Fig. 3), confirming that
perturbation of cellular PI(4,5)P2 inhibits virus particle production.
Significantly, particle release mediated by the Fyn(10)�MA�delNC
mutant Gag was unaffected by Arf6�Q67L expression (Fig. 7),
demonstrating that the impact of Arf6�Q67L on WT virus release
is not caused by global cytotoxicity.

In contrast to the effect of 5ptaseIV overexpression (Fig. 6),
constitutively active Arf6�Q67L stimulates PI(4,5)P2 production
(34, 37, 50) and induces the accumulation of PI(4,5)P2-enriched
endosomal structures (36, 37). If PI(4,5)P2 influences Gag
localization by directly or indirectly interacting with Gag, one
might expect to see a relocalization of Gag to these Arf6�Q67L-
induced structures. To address this possibility, we examined the
distribution of Gag and PI(4,5)P2 in Arf6�Q67L-expressing cells
(Fig. 4). Confirming previous reports (36, 37), in cells expressing
Arf6�Q67L, PHGFP localized to intracellular vesicular struc-
tures (Fig. 4B). Strikingly, Gag partially relocalized to the
intracellular region containing these PI(4,5)P2-enriched vesicles
(Fig. 4 C and D). We also observed that, in a number of cells, the
PHGFP-positive membranes formed large vacuole-like struc-
tures (Fig. 4F). In these cells, the p17 (MA) signal colocalized
with these vacuoles (Fig. 4 G and H). These results suggest that
PI(4,5)P2 accumulation in intracellular vesicles shifts Gag local-
ization from the plasma membrane to these endosomal struc-
tures thereby inhibiting virus particle production from the
plasma membrane. We found little colocalization between Gag
accumulated in Arf6�Q67L-induced vesicles and CD63 (Fig. 4
I–L). Together, the results shown in Fig. 4 suggest that the
altered Gag localization in Arf6�Q67L-expressing cells is caused
by a different mechanism from that observed in cells overex-
pressing 5ptaseIV.

To examine further the localization of Gag in PI(4,5)P2-
enriched endosomal structures, we performed electron micros-

Fig. 4. Gag localizes to PI(4,5)P2-enriched vesicles induced by Arf6�Q67L.
HeLa cells were cotransfected with the HA-tagged Arf6�Q67L expression
plasmid and either pNL4-3�KFS�398�PHGFP (A–H) or pNL4-3 (I–L). Arf6�Q67L
(blue in A, E, and I) and Gag (red in C and G and green in K) were detected by
anti-HA and anti-p17 (MA) Abs, respectively. PHGFP localization is shown in
green in B and F. In I–L, cells were also immunostained with anti-CD63 Ab (red
in J). Merged images of Gag and PHGFP or CD63 signals are shown in D, H, and L.
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copy (EM) analysis of HeLa cells cotransfected with pNL4-3 and
the Arf6�Q67L expression vector (Fig. 5). In contrast to HeLa
cells transfected with pNL4-3 alone (Fig. 5 A and C), cells
cotransfected with pNL4-3 and the Arf6�Q67L vector contained
large vesicles with an electron-lucent luminal space (Figs. 5 B and
D and 9). We believe that these vesicles correspond to the
PI(4,5)P2-enriched vesicles shown in Fig. 5. In cells singly
expressing NL4-3, virus particles were seen budding predomi-
nantly from the plasma membrane (Fig. 5 A and C). In Arf6�
Q67L-expressing cells, virus particles in the process of budding
were observed on the membrane of the enlarged intracellular
vesicles and virions with condensed cores were found in the
lumen of these vesicles (Figs. 5 B and D and 9). Taken together,
the confocal and EM data indicate that Arf6�Q67L expression
leads to the formation of PI(4,5)P2-enriched vesicles to which
virus particle assembly is directed.

Discussion
In this study, we examined the role of the phosphoinositide
PI(4,5)P2 in HIV-1 Gag targeting and virus assembly. To this
end, we perturbed cellular PI(4,5)P2 levels by exogenous over-
expression of the phosphatase 5ptaseIV and the constitutively
active Arf6 mutant Arf6�Q67L. Overexpression of 5ptaseIV
severely reduced levels of plasma membrane PI(4,5)P2 (Fig. 1
and ref. 42) and strongly inhibited virus production (Fig. 1). The
latter defect is likely caused by the lack of Gag localization to the
plasma membrane and the accompanying targeting of Gag to
CD63-positive late endosomes (Fig. 2). Arf6�Q67L expression
also markedly decreased virus production (Fig. 3), but most

likely by a mechanism distinct from that induced by 5ptaseIV.
Arf6�Q67L expression induced PI(4,5)P2-enriched endosomal
vesicles (Fig. 5 and refs. 36 and 37) to which Gag was localized,
thereby reducing virus particle production and release from the
cell surface (Figs. 4, 5, and 9). As two independent methods of
PI(4,5)P2 perturbation altered Gag localization, the results pre-
sented here strongly suggest that PI(4,5)P2 plays an important
role in Gag targeting and virus production. To our knowledge,
this is the first report demonstrating an involvement of PI(4,5)P2
in virus assembly and release.

There are several nonmutually exclusive models that could
account for the role of PI(4,5)P2 in Gag targeting. PI(4,5)P2
could promote or stabilize the interaction of Gag with the plasma
membrane by interacting with Gag directly, or indirectly through
an unknown adaptor molecule, or by creating a lipid microen-
vironment favorable for Gag binding and virus assembly. This
model is consistent with the data obtained with the Arf6�Q67L
mutant; upon induction of PI(4,5)P2-enriched vesicles by Arf6�
Q67L, Gag accumulated in these newly formed structures (Fig.
4). In addition, virus production by a Gag deletion mutant
[Fyn(10)�MA�delNC] containing the N terminus of Fyn but
lacking MA and NC domains (and hence the Gag highly basic
sequences) was significantly less sensitive to PI(4,5)P2 pertur-
bation (Fig. 7). Therefore, an interaction between PI(4,5)P2 and
Gag may at least partially determine the subcellular location of
Gag targeting and virus assembly. Alternatively, PI(4,5)P2 may
stabilize the interaction between Gag and the plasma membrane
by affecting Gag conformation or enhancing its multimerization.
This latter possibility is consistent with the observation that Gag
interaction with inositol derivatives affects the stability and size
of virus-like particles assembled in vitro from purified Gag (38).
Although assays widely used to measure protein–phosphoinosit-
ide binding (e.g., protein–lipid overlay and liposome binding)
require careful interpretation (see Supporting Text), such anal-
yses aimed at probing possible Gag–PI(4,5)P2 interactions
should be performed. When plasma membrane PI(4,5)P2 is not
available, Gag may bind other membranes, e.g., those of the
late endosomes�MVBs. In this regard, it is noteworthy that
steady-state binding of Gag to total membrane is unaffected by
5ptaseIV overexpression (A.O. and E.O.F., unpublished data).
The fact that the Gag proteins of many retroviruses in addition
to HIV-1 use a basic cluster of amino acids in MA to direct the
binding of Gag to membrane (reviewed in ref. 51) suggests that
a role for PI(4,5)P2 or other phosphoinositides in Gag targeting
may be a general phenomenon among retroviruses. Indeed,
preliminary results suggest that the release of equine infectious
anemia virus and Mason–Pfizer monkey virus is inhibited by
5ptaseIV overexpression (A.O. and E.O.F., unpublished data).

An alternative model to explain the effects of perturbing
cellular PI(4,5)P2 on Gag targeting and virus release postulates
that cellular functions regulated by PI(4,5)P2 could play an
important role in promoting Gag trafficking to the plasma
membrane. PI(4,5)P2 has been implicated in several cellular
processes through direct interactions with key regulatory pro-
teins. PI(4,5)P2 involvement in clathrin-mediated endocytosis
and actin cytoskeleton rearrangement is well documented (27–
33). However, inhibition of clathrin-mediated endocytosis or
disruption of the actin cytoskeleton by PI(4,5)P2-independent
methods did not reduce virus production (Fig. 8). Therefore, the
effects we observe on Gag targeting and virus release are
unlikely to be caused by disruption of clathrin-mediated endo-
cytosis or rearrangement of the actin cytoskeleton. We do not
exclude the possibility, however, that other cellular functions
regulated by PI(4,5)P2 may impact Gag targeting and virus
production. Several reports have suggested that retroviral Gag
can be transported to the plasma membrane through the retro-
grade trafficking of endosomes (19, 20, 52, 53). Although we did
not detect PI(4,5)P2 on late endosomal membranes in HeLa

Fig. 5. HIV-1 particles assemble in Arf6�Q67L-induced vesicles. HeLa cells
transfected with pNL4-3 alone (A and C) or cotransfected with pNL4-3 and the
HA-tagged Arf6�Q67L expression plasmid (B and D) were observed by trans-
mission electron microscopy (EM). Higher magnification of boxed areas in A
and B is shown in C and D, respectively. Note that virus particles as well as
budding structures are detected on the membrane of Arf6�Q67L-induced
vesicles (arrows in D). In the cultures cotransfected with pNL4-3 and the
Arf6�Q67L expression plasmid, 42% of the virus particles were detected in
association with these vesicles, whereas only 6% of virions in cultures trans-
fected with pNL4-3 alone was associated with intracellular vesicles. Scale bars
are shown in each panel. Nuclei are indicated (N).
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cells, if PI(4,5)P2 is critically involved in membrane trafficking
from the late endosome to the cell surface, the accumulation of
Gag in late endosomes upon 5ptaseIV overexpression could be
explained by this trafficking block. Similarly, the impact of
Arf6�Q67L on Gag localization could be influenced by a block
in the endosomal pathway as Arf6 has been shown to regulate
endosomal trafficking (37, 54–57). Monitoring Gag trafficking in
living cells in real time will help elucidate whether PI(4,5)P2
influences Gag localization to the plasma membrane by direct or
indirect interactions, by regulating endosomal transport path-
ways, or by a combination of both mechanisms.

In cell types such as HeLa and T cells, the majority of Gag is
targeted to the plasma membrane, whereas in primary human
macrophages, Gag assembles predominantly in late endosomes
(15–18). Cellular determinants of Gag localization to late en-
dosomes in macrophages have not been defined. p6 is dispens-
able for this localization (18), suggesting that an interaction
between Gag and Tsg101 is not essential. Our preliminary data
show that, in human monocyte-derived macrophages, PI(4,5)P2
colocalizes with HIV-1 Gag on late endosomes (A.O. and
E.O.F., unpublished data). Therefore, PI(4,5)P2 may play a role
in Gag targeting to late endosomes in macrophages. Given that
PI(4,5)P2 is also abundant on the macrophage plasma membrane

(A.O. and E.O.F., unpublished data), other factors are likely to
be involved in regulating Gag localization in this cell type.

In summary, we used two independent approaches to perturb
cellular PI(4,5)P2 levels to show that this phosphoinositide is
critically involved in determining the subcellular location of
HIV-1 assembly. The data presented in this report not only
suggest a previously undescribed role for this important lipid, but
also provide significant insights into the molecular mechanism of
Gag trafficking. Further studies will need to explore the extent
to which Gag targeting of divergent retroviruses is regulated by
PI(4,5)P2 or other phosphoinositides. Elucidating the viral and
cellular determinants of Gag targeting is essential, because the
localization of assembly in virus-producing cells likely affects
retrovirus replication and pathogenesis by enhancing viral trans-
mission through cell–cell contact and by creating intracellular
viral reservoirs that are inaccessible to the host immune system.
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