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Human immunodeficiency virus type 1 (HIV-1) particle assembly mediated by the viral structural protein
Gag occurs predominantly on the plasma membrane (PM). Although it is known that the matrix (MA) domain
of Gag plays a major role in PM localization, molecular mechanisms that determine the location of assembly
remain to be elucidated. We observed previously that overexpression of polyphosphoinositide 5-phosphatase IV
(5ptaseIV) that depletes PM phosphatidylinositol-(4,5)-bisphosphate [PI(4,5)P2] impairs virus particle pro-
duction and redirects processed Gag to intracellular compartments. In this study, we examined the impact of
PI(4,5)P2 depletion on the subcellular localization of the entire Gag population using Gag-fluorescent protein
chimeras. Upon 5ptaseIV overexpression, in addition to perinuclear localization, Gag also showed a hazy
cytosolic signal, suggesting that PI(4,5)P2 depletion impairs Gag membrane binding. Indeed, Gag was less
membrane bound in PI(4,5)P2-depleted cells, as assessed by biochemical analysis. These observations are
consistent with the hypothesis that Gag interacts with PI(4,5)P2. To examine a putative Gag interaction with
PI(4,5)P2, we developed an in vitro binding assay using full-length myristoylated Gag and liposome-associated
PI(4,5)P2. Using this assay, we observed that PI(4,5)P2 significantly enhances liposome binding of wild-type
Gag. In contrast, a Gag derivative lacking MA did not require PI(4,5)P2 for efficient liposome binding. To
analyze the involvement of MA in PI(4,5)P2 binding further, we examined MA basic amino acid substitution
mutants. These mutants, previously shown to localize in perinuclear compartments, bound PI(4,5)P2-contain-
ing liposomes weakly. Altogether, these results indicate that HIV-1 Gag binds PI(4,5)P2 on the membrane and
that the MA basic domain mediates this interaction.

Retroviral particle production is a complex multistep pro-
cess mediated by a viral structural protein, Gag. Human im-
munodeficiency virus type 1 (HIV-1) Gag is synthesized as a
precursor polyprotein, Pr55Gag. This precursor polyprotein
consists of four major domains which, upon virus release, are
cleaved by the viral protease (PR) to generate the mature Gag
proteins p17 matrix (MA), p24 capsid (CA), p7 nucleocapsid
(NC), and p6. In addition, Pr55Gag contains two spacer pep-
tides, SP1 and SP2 (2, 21, 83). MA, which constitutes the
N-terminal domain of Pr55Gag, is important for Gag mem-
brane binding and targeting of Gag to the plasma membrane
(PM). CA and NC promote Gag multimerization, and p6 is
essential for the release of virus particles (2, 21, 83).

Membrane binding of HIV-1 Gag is mediated by two signals
in MA: the N-terminal myristic acid and the conserved basic
region between MA amino acids 17 and 31 (8, 26, 93). The
myristate moiety is considered to be regulated by a mechanism
termed a myristoyl switch (30, 57, 65, 72, 74, 75, 80, 84, 94). In
this model, the N-terminal myristate is normally sequestered in
the MA globular domain, but a structural change exposes my-
ristate and enhances Gag membrane binding. The patch of
conserved basic residues likely contributes to membrane bind-

ing by interacting with acidic phospholipids in the inner leaflet
of the PM (32, 69, 93). In addition, the MA basic domain is
involved in specific localization of Gag to the PM. In HeLa and
T cells, mutations in the basic domain of MA shift the Gag
localization from PM to intracellular vesicles containing late
endosomal marker proteins (24, 31, 58, 61, 91). In apparent
contrast to HeLa and T cells, in macrophages, even when
wild-type (WT) Gag is expressed, the virus particles localize
primarily at compartments positive for late endosomal markers
(52, 58, 66, 70). However, these compartments, which first
appeared to be internal, were later shown to be invaginations
of the PM (17, 88). Moreover, even in macrophages, a popu-
lation of Gag was clearly observed at the cell surface, especially
at early time points (37). This specific localization of Gag to
the PM or PM-related compartments suggests that host cellu-
lar factors play a role in determining the site of virus assembly.

Many cellular proteins that bind the PM have membrane-
targeting sequences, such as pleckstrin homology (PH) do-
mains. These domains are known to have clusters of basic
amino acids that interact with negatively charged lipids collec-
tively known as phosphoinositides (18, 35, 41). Different phos-
phoinositides localize in different subcellular membranes,
thereby influencing the location of proteins to which they bind
(79, 89). Phosphatidylinositol (4,5)-bisphosphate [PI(4,5)P2] is
concentrated primarily on the cytoplasmic leaflet of the PM,
which is also the site where Gag assembles in most cell types.
As mentioned above, Gag also contains a patch of basic amino
acids that are important for PM localization. Furthermore, IP5
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and IP6, which are structurally similar to PI(4,5)P2, were
shown to interact with Gag in in vitro Gag assembly studies
(10, 16). Altogether, this information led to the hypothesis that
PI(4,5)P2 plays a role in PM localization of Gag through in-
teraction with the MA basic amino acids.

Previously, we showed that perturbing PM PI(4,5)P2 in
HeLa cells markedly reduces virus production. This was dem-
onstrated using two different approaches: overexpression of
polyphosphoinositide 5-phosphatase IV (5ptaseIV) and a con-
stitutively active ADP-ribosylation factor 6 (Arf6) mutant,
Arf6/Q67L (55). Overexpression of 5ptaseIV reduces cellular
PI(4,5)P2 levels by hydrolyzing the phosphate group at the D5
position of the inositol ring (38), whereas expression of Arf6/
Q67L induces PI(4,5)P2-enriched vesicles within the cytoplasm
(3, 7). Altering PI(4,5)P2 levels by 5ptaseIV overexpression
drastically reduced virus release efficiency compared to cells
expressing a 5ptaseIV �1 mutant that lacks the functional
phosphatase domain. In addition, in 5ptaseIV-overexpressing
cells, mature Gag relocalized from the PM to CD63-positive
compartments. Expression of Arf6/Q67L also reduced virus
release efficiency. In this case, Gag was retargeted to newly
induced PI(4,5)P2-enriched vesicles. These results support the
model that PI(4,5)P2 promotes or stabilizes the binding of Gag
to the PM by interacting with Gag.

Recently, two studies addressed the question of whether
Gag interacts with PI(4,5)P2 (75, 78). One study examined the
accessibility of lysines after Gag is mixed with PI(4,5)P2 (78).
This identified two lysines at MA residues 29 and 31 as poten-
tial PI(4,5)P2-interacting amino acids. Interestingly, we have
observed previously that the mutations at these MA residues
relocalize Gag from the PM to compartments positive for late
endosome markers in HeLa cells (58, 61). The other group
determined the structure of a complex between MA and
PI(4,5)P2 using nuclear magnetic resonance (NMR) (75). As is
often observed for interactions between PI(4,5)P2 and other
proteins, in this structure, the inositol head group of PI(4,5)P2

was in direct contact with several basic residues in MA, al-
though Lys 29 and 31 were not found to be involved. Strikingly,
in addition to the head group, the 2� fatty acid chain of
PI(4,5)P2 also binds to MA at a hydrophobic cleft. Further-
more, binding of PI(4,5)P2 to MA increased the exposure of
the myristate moiety. Based on these findings, the authors
proposed that PI(4,5)P2 not only acts as a membrane anchor
for Gag but also as a trigger for myristate exposure. Alto-
gether, results from these studies are consistent with the model
that Gag binds PI(4,5)P2 directly during virus assembly.

However, two major caveats apply to these studies. First,
because all the components need to be soluble in the ap-
proaches used, both studies used water-soluble PI(4,5)P2 with
short acyl chains, which does not accurately represent the nat-
ural PI(4,5)P2 found in the cells. Secondly, both studies used
Gag derivatives that are unable to drive virus assembly in cells:
isolated MA and MACA were used in the NMR study, and
nonmyristoylated Gag was analyzed in the lysine accessibility
experiments. Thus, it remains to be determined whether the
Gag-PI(4,5)P2 interaction occurs in a physiologically relevant
environment.

In this study, we analyzed the overall membrane-binding
ability of Gag in control and PI(4,5)P2-depleted cells using
microscopy and an equilibrium flotation assay. The data indi-

cate that PI(4,5)P2 is important for general membrane binding
as well as PM localization, supporting the hypothesis that Gag
and PI(4,5)P2 interact. To determine whether Gag interacts
with PI(4,5)P2 in a more defined system, we developed an in
vitro liposome-binding assay in which full-length myristoylated
Gag and PI(4,5)P2 with natural-length acyl chains were used.
Using this assay, we analyzed both WT and MA domain mu-
tants for their ability to bind liposomes with varied amounts of
PI(4,5)P2. Our results demonstrate that full-length myristoy-
lated Gag binds membrane-associated PI(4,5)P2 and that this
interaction mediated by the MA basic amino acids is important
for Gag membrane binding. We also demonstrate that efficient
Gag membrane binding and Gag localization to the PM are
separable processes that each require cellular PI(4,5)P2.

MATERIALS AND METHODS

Cells and plasmids. HeLa cells were cultured and maintained as described
previously (23). The HIV-1 molecular clone pNL4-3 was described previously
(1). Molecular clones encoding Gag-Venus (pNL4-3/GagVenus) and Gag-mo-
nomeric red fluorescent protein (mRFP1) (pNL4-3/GagmRFP) were con-
structed by replacing the SphI-SalI region of pNL4-3 with the corresponding
regions of pHIV-1-GagvYFP3M and pHIV-1-GagmRFP, respectively. Both
pHIV-1-GagvYFP3M and pHIV-1-GagmRFP were derived from pON-HIG
(73) and express the full-length Gag fused to a glycine-rich hinge (PGISGGGG
GILD) and a fluorescent protein. Additionally, these two constructs encode tat,
rev, and nef and contain a large deletion in pol and silent mutations that destroy
the gag-pol frameshift site without changing the protein sequence of Gag. The
fluorescent protein gene vYFP3M harbors mutations that enhance the mono-
meric property of the encoded protein (A206K, L221K, and F223R) (92). In the
manuscript, this Venus yellow fluorescent protein (YFP) derivative is referred
to as Venus for simplicity. The 5ptase expression plasmid pcDNA4TO/
Myc5ptaseIV (38) and the �1 mutant (55) were previously described. The plas-
mids expressing 5ptaseIV under the control of the HIV-1 long terminal repeat
promoter in the presence of Tat (pHIV-Myc5ptaseIV and pHIV-Myc5ptaseIV
�1) were made by replacing the Lck gene within pHIVLck� (a kind gift from K.
Strebel) with sequences encoding either Myc-tagged full-length 5patseIV or the
�1 mutant, respectively, from corresponding pcDNA plasmids. Molecular clones
encoding Gag derivatives in which the initiation codon or the entire MA se-
quence was replaced with the sequence of the N-terminal 10 amino acids from
Fyn kinase [pNL4-3/Fyn(10)fullMA and pNL4-3/Fyn(10)�MA, respectively]
were constructed using PCR mutagenesis. pGEMNLNR, the in vitro expression
plasmid for Gag, was made by inserting the NarI-EcoRI fragment from pNL4-3
into the multiple cloning site of pGEM-1 (Promega Corporation). The deriva-
tives of pGEMNLNR encoding MA mutants pGEMNLNR/1GA, pGEMNLNR/
29KE/31KE, pGEMNLNR/29KT/31KT, pGEMNLNR/Fyn(10)fullMA, and
pGEMNLNR/Fyn(10)�MA were made by replacing the Gag sequence of
pGEMNLNR with those from pNL4-3 derivatives pNL4-3/1GA (24), pNL4-3/
29KE/31KE (61), pNL4-3/29KT/31KT (22), pNL4-3/Fyn(10)fullMA, and pNL4-
3/Fyn(10)�MA, respectively. pNL4-3/Fyn(10)fullMA/GagVenus and pNL4-3/
Fyn(10)�MA/GagVenus were constructed by replacing the Gag sequence of
pNL4-3/GagVenus with those from pNL4-3/Fyn(10)fullMA and pNL4-3/
Fyn(10)�MA, respectively. A molecular clone encoding nonfunctional viral pro-
tease, pNL4-3/PR�, was described previously (34).

Transfection, virus release assay, and immunoblotting. Transfection, meta-
bolic 35S labeling of transfected cells, and immunoprecipitation of viral proteins
using HIV immunoglobulin (HIV-Ig; AIDS Research and Reference Reagent
Program) were performed as described elsewhere (23, 58, 61). Virus release
efficiency was calculated as previously described (55). Immunoblotting was per-
formed as described previously (56) using HIV-Ig, rabbit polyclonal anti-GFP
(Clontech, Mountain View, CA), or rabbit polyclonal anti-DsRed (Clontech) as
primary antibodies. Detection of specific signals was performed using the Super-
Signal West Pico chemiluminescence detection kit (Pierce, Rockford, IL).

Immunostaining and fluorescence microscopy. Fixation and immunostaining
of HIV-expressing HeLa cells were performed as described previously (55, 61).
For quantitative analysis of Gag localization phenotypes, cells transfected with
pNL4-3/GagVenus or its derivatives, or pNL4-3/GagmRFP, along with pHIV-
Myc5ptaseIV or its �1 derivative, were fixed and immunostained for the pres-
ence of 5ptase expression with rabbit anti-Myc antibody (Santa Cruz Biotech-
nology Inc., Santa Cruz, CA). Images of 10 to 15 fields were recorded using a
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Nikon TE2000 microscope, and cells positive for full-length 5ptaseIV or the �1
mutant were evaluated for the Gag localization pattern. At least 100 5ptaseIV-
positive, Gag-positive cells were examined for each condition.

Cell-based membrane-binding analysis. HeLa cells expressing WT or
Fyn(10)fullMA Gag, along with full-length 5ptaseIV or the �1 mutant, were
pulse-labeled with [35S]Met/Cys for 5 min and chased for 20 min. After sonica-
tion of labeled cells, the cell homogenates were subjected to a low-speed cen-
trifugation to remove unbroken cells and the nucleus-associated materials as
pellets. These pellets contain approximately 10% of total labeled Gag (data not
shown) regardless of which Gag or 5ptaseIV constructs are expressed in the
labeled cells. The postnuclear supernatants were collected and subjected to
membrane flotation centrifugation as previously described (57). The top frac-
tions containing membrane-bound materials, and also the bottom fractions con-
taining non-membrane-bound materials, were pooled and subjected to immuno-
precipitation using HIV-Ig. Labeled Gag in fractions was quantified by
phosphorimager analyses as described previously (62, 63).

Liposome-binding assay. Chloroform solutions of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-
L-serine] (POPS), and L-�-phosphatidylinositol-4,5-bisphosphate (porcine brain)
[PI(4,5)P2] and powder forms of 1-stearoyl-2-arachidonoyl-sn-glycero-3-[phos-
phoinositol-4,5-bisphosphate] (triammonium salt), 1-stearoyl-2-arachidonoyl-sn-
glycero-3-[phosphoinositol-3,5-bisphosphate] (triammonium salt), and 1-stearoyl-2-
arachidonoyl-sn-glycero-3-phosphoinositol-3,4,5-trisphosphate (tetraammonium salt)
were purchased from Avanti Polar Lipids Inc., Alabaster, AL. Either POPC and
POPS or POPC, POPS, and one of the phosphoinositides were mixed in a tube
at ratios described in the figure legends, and the chloroform was evaporated
using a nitrogen stream. The dried lipids (total, 730 �g) were resuspended in 50
�l of cold 20 mM HEPES buffer (HB; pH 7.0), sonicated for 30 min in a water
bath sonicator at 4°C, and further incubated in a shaker at 4°C overnight (12,
45, 46).

In vitro translation of Gag was performed using the TNT SP6 coupled reticu-
locyte lysate system (Promega Corporation, Madison, WI). Twenty five �l of a
reaction mixture that contained 12.5 �l of reticulocyte lysate was prepared with
[35S]methionine-cysteine as instructed by the manufacturer and incubated for 30
min at 30°C, 5 �l of the liposome suspension (total 73 �g of lipids) prepared as
above was added, and the mixture was further incubated for 90 min in the
presence of liposomes.

Subsequently, the reaction mixture was diluted to 200 �l using HB and mixed
with 1 ml of HB containing 85.5% sucrose in an ultracentrifuge tube. This
mixture was then layered with 2.8 ml HB containing 65% sucrose and 1 ml HB
containing 10% sucrose and centrifuged at 115,000 � g at 4°C for 16 h (Sorvall
rotor AH-650; 35,000 rpm). Five 1-ml fractions were collected from the top of
each tube. The top two fractions represent liposome-bound Gag, and the bottom
fractions represent non-liposome-bound Gag. The fractions were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
the band intensity of Gag in each fraction was quantified using a phosphorim-
ager. The amount of labeled Gag in the top two fractions versus the total amount
of labeled Gag was calculated and is shown as liposome-binding efficiency. For
Fig. 4, 5, and 7, below, the relative liposome-binding efficiency for each condition
was calculated in comparison to the binding efficiency of WT Gag with PI(4,5)P2-
containing liposomes.

Statistical analysis. The two-tailed Student’s t test was performed using
GraphPad Prism version 3.0cx for Macintosh (GraphPad Software, San Diego,
CA). The paired t test was used for comparing the data within the same set of
experiments. P values of less than 0.05 were considered statistically significant.

RESULTS

Overexpression of 5ptaseIV relocalizes HIV-1 Gag to the
perinuclear compartments and cytosol. In a previous study, we
used a monoclonal antibody against p17 MA to show that
overexpression of 5ptaseIV relocalizes Gag to perinuclear
compartments (55). However, this antibody recognizes only
mature MA and not Pr55Gag (94). To determine the localiza-
tion of the whole population of Gag, in this study we used Gag
tagged with Venus yellow fluorescent protein (51) (GagVenus)
or monomeric red fluorescent protein (9) (GagmRFP). To
examine the impact of 5ptaseIV overexpression on Gag local-
ization, HeLa cells were transfected with either GagVenus or
GagmRFP, along with 5ptaseIV or its derivative lacking a

functional phosphatase domain (the �1 mutant), and analyzed
with a fluorescence microscope (Fig. 1A and data not shown).
In cells expressing the 5ptaseIV �1 mutant, a majority of
GagVenus and GagmRFP showed punctate PM localization as
expected for WT Gag. When full-length 5ptaseIV was ex-
pressed, however, most Gag signals were detected either in
perinuclear compartments or in the cytosol. To assess the effect

FIG. 1. Overexpression of 5ptaseIV relocalizes Gag from the PM
to perinuclear compartments and cytosol. HeLa cells expressing
GagVenus (A and B) or GagmRFP (B) along with full-length 5ptaseIV
(FL) or the �1 derivative (�1) were immunostained with anti-Myc (for
5ptaseIV) and analyzed with a Nikon TE2000 microscope. The num-
ber of cells with (i) Gag localized at the PM (small arrows, gray), (ii)
Gag localized predominantly at intracellular compartments (arrow-
heads, white), and (iii) Gag localized only in the cytosol (large arrows,
black) were counted. At least 100 5ptaseIV-positive, Gag-positive cells
were examined for each condition. (C) Lysates of HeLa cells trans-
fected with pNL4-3/PR�, pNL4-3/GagVenus, or pNL4-3/GagmRFP
were subjected to SDS-PAGE and analyzed by immunoblotting using
HIV-Ig, anti-GFP, or anti-DsRed. Note that predominantly single
bands were detected using antibodies against fluorescent proteins.
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of 5ptaseIV more quantitatively, cells expressing GagVenus or
GagmRFP were counted and divided into three groups based
on Gag localization: Gag localized to the PM, Gag predomi-
nantly in the intracellular compartments, or Gag only in the
cytosol without PM or intracellular localization (Fig. 1B). The
cells expressing the �1 mutant of 5ptaseIV had Gag localized
to the PM in more than half of the cells. Very few cells showed
perinuclear localization. The remaining cells displayed only
hazy cytosolic localization. These Venus and mRFP signals
likely represent full-length Gag tagged with the fluorescent
proteins, as virtually no other protein species containing the
fluorescent tags were detected by immunoblotting of cell ly-
sates (Fig. 1C). In contrast to cells expressing 5ptaseIV�1, cells
expressing full-length 5ptaseIV had drastically increased hazy
cytosolic localization and intracellular localization, whereas
cells that had PM localization were reduced to only 5% of total
Gag-positive cells. These results indicate that, when cellular
PI(4,5)P2 is depleted, Gag relocalizes not only to intracellular
compartments as we have shown previously (55) but also to the
cytosol. These data confirm the importance of PI(4,5)P2 in PM
localization of Gag. In addition, the increase in the hazy cyto-
solic signal in 5ptaseIV-expressing cells suggests that PI(4,5)P2

might also be essential for total membrane binding of Gag.
Overexpression of 5ptaseIV causes a Gag membrane-bind-

ing defect. To analyze more quantitatively whether PI(4,5)P2

depletion impairs membrane binding of Gag, we examined the
membrane binding of WT Gag in HeLa cells expressing either
5patseIV or the �1 mutant by equilibrium flotation centrifu-
gation. The cells were pulse-labeled with [35S]methionine-cys-
teine for 5 min and chased for 20 min, and postnuclear super-
natants of cell homogenates were subjected to equilibrium
flotation centrifugation. The labeled Gag in both top fractions
(membrane-bound) and bottom fractions (non-membrane-
bound) was immunoprecipitated with HIV-Ig and quantified
by phosphorimager. We found that the membrane binding of
Gag was significantly decreased when full-length 5ptaseIV was
expressed compared to the �1 mutant of 5ptaseIV (Fig. 2A
and B). These results indicate that PI(4,5)P2 is not only im-
portant for plasma membrane localization but also contributes
to general membrane binding of Gag. A large part of membrane-
bound Gag still detected in cells overexpressing 5ptaseIV may be
a population associated with the intracellular membranes ob-
served in Fig. 1. Notably, we did not observe a significant
reduction in the membrane binding of Fyn(10)fullMA Gag
(Fig. 2A and B), a Gag derivative in which the N-terminal
myristoylation site is replaced by a Fyn membrane-binding
signal containing one myristoylation and two palmitoylation
sites. These data indicate that addition of a strong membrane-
binding signal to MA can reverse the membrane-binding de-
fect imposed by PI(4,5)P2 depletion.

The presence of PI(4,5)P2 increases Gag binding to lipo-
somes. As described above, cellular PI(4,5)P2 depletion not
only relocalized Gag from the PM to intracellular compart-
ments but also reduced the total membrane-binding ability of
Gag. These results are consistent with the hypothesis that Gag
interacts with PI(4,5)P2 directly. To test this hypothesis, we
developed an in vitro system using liposomes that consist of
phosphatidylcholine (PC), phosphatidylserine (PS), and varied
amounts of PI(4,5)P2. An in vitro transcription and translation-
coupled reaction with rabbit reticulocyte lysate was used to

synthesize full-length myristoylated Gag in the presence of
[35S]methionine-cysteine. This in vitro Gag synthesis has been
used successfully for studying Gag membrane binding and as-
sembly (30, 39, 44, 68, 81, 90, 93, 94). After 30 min of Gag
synthesis, the reaction mixture was mixed with liposomes and
further incubated for 90 min. The liposome-bound Gag and
non-liposome-bound Gag were separated by equilibrium flo-
tation centrifugation. The amount of labeled Gag in each frac-
tion was quantified using a phosphorimager, and the percent-
age of Gag bound to the liposomes versus total Gag was
calculated. When the PI(4,5)P2 concentration in the liposomes
was increased gradually, the liposome-bound Gag also in-
creased (Fig. 3A and B), suggesting that the Gag-PI(4,5)P2

interaction mediates Gag binding to liposomes.
In the experiments described above, the ratio between PC

FIG. 2. Membrane binding of WT Gag is reduced in 5ptaseIV-
overexpressing cells. HeLa cells expressing WT or Fyn(10)fullMA Gag
along with full-length 5ptaseIV (FL) or the �1 mutant were pulse-
labeled for 5 min and chased for 20 min. Postnuclear supernatants of
cell homogenates were subjected to membrane flotation centrifuga-
tion. (A) Membrane-bound (M) and non-membrane-bound (NM) Gag
was recovered by immunoprecipitation and subjected to SDS-PAGE.
(B) The labeled Gag protein was quantified by phosphorimager anal-
ysis, and the membrane binding efficiency was calculated. Data from
six (WT) or four [Fyn(10)fullMA] different experiments are shown as
means � standard deviations. P values were determined using Stu-
dent’s t test. ns, not significant; **, P 	 0.005.
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and PS was kept constant (2:1) while the amounts of PI(4,5)P2

were gradually increased. Therefore, it is possible that the
enhanced Gag binding to liposomes in the presence of PI(4,5)P2 may
be due to the increase in the overall negative charge of lipo-

somes, not the increase in the PI(4,5)P2 concentration per se.
To address this possibility, we analyzed Gag binding to PC-PS
liposomes containing elevated levels of PS. As PI(4,5)P2 is
likely trivalent or tetravalent in the negative charge under the

FIG. 3. Gag binds PI(4,5)P2 specifically in a concentration-dependent manner. 35S-labeled WT Gag was synthesized in the in vitro transcription
and translation system by using reticulocyte lysates and was incubated with liposomes containing various amounts of acidic phospholipids. (A and
B) PC:PS (2:1) liposomes containing various amounts of PI(4,5)P2 were used. (C and D) Liposomes containing increased levels of PS were
compared with liposomes containing 62.75 mol% PC, 30 mol% PS, and 7.25 mol% PI(4,5)P2. (E and F) A concentration of 7.25 mol% of PI(4,5)P2,
PI(3,5)P2, and PI(3,4,5)P3 was compared in the context of the PS:PS (2:1) liposomes. The reaction mixtures were subjected to membrane flotation
centrifugation, and five 1-ml fractions were collected from each tube. M, liposome bound; NM, not liposome bound. Fractions were subjected to
SDS-PAGE followed by autoradiography (A, C, and E). The amount of labeled Gag in each fraction was quantified using a phosphorimager, and
the percentage of labeled Gag in the membrane-bound fraction versus total amount of labeled Gag was calculated (B, D, and F). For panel B, data
from seven (0 and 7.25 mol%), five (0.63 mol%), and four (2.1, 3.52, and 5.71 mol%) different experiments are shown as means � standard
deviations. P values were determined between 0% PI(4,5)P2 and various percentages of PI(4,5)P2 using Student’s t test (ns, not significant; **, P 	
0.005; ***, P 	 0.001). In panels D and F, data from three and four different experiments, respectively, are shown (ns, not significant; *, P 	 0.05;
**, P 	 0.01).
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conditions tested, whereas PS is monovalent (49), we examined
liposomes containing 52 or 60 mol% PS that would bear equiv-
alent levels of the negative charge as liposomes containing 30
mol% PS and 7.25 mol% PI(4,5)P2 used in Fig. 3A and B.
Liposomes with 52 or 60 mol% PS showed increased Gag
binding compared to liposomes containing 30 mol% PS (Fig.
3C and D), suggesting that electrostatic interaction between
Gag and lipids does play a role in Gag-liposome binding. Nev-
ertheless, these high concentrations of PS were insufficient to
mediate the high level of Gag binding observed with liposomes
containing 30 mol% PS and 7.25 mol% PI(4,5)P2 (Fig. 3C and
D). These results suggest that enhanced Gag binding to
PI(4,5)P2-containing liposomes does not simply result from the
increase in the overall negative charge of liposomes.

PI(4,5)P2 may facilitate Gag binding due to the highly con-
centrated negative charge of its head group. Alternatively, the
configuration of phosphate residues may play a key role in the
specificity of the Gag-PI(4,5)P2 interaction. To evaluate these
possibilities, we compared PI(3,5)P2 and PI(3,4,5)P3 with
PI(4,5)P2 at 7.25 mol% for the ability to recruit Gag to lipo-
somes containing 30 mol% PS. We observed that PI(3,5)P2 and
PI(3,4,5)P3 substantially enhanced Gag binding to liposomes
compared to the control liposomes. However, Gag binding to
PI(3,5)P2-containing liposomes was consistently less than that
to PI(4,5)P2-containing liposomes. We did not observe a sig-
nificant difference between PI(4,5)P2 and PI(3,4,5)P3 (Fig. 3E
and F). It is of note that, using water-soluble phosphoinositi-
des, Saad et al. observed that the isolated MA domain also
binds PI(4,5)P2 and PI(3,4,5)P3 but not PI(3,5)P2 (75). These
data suggest that not only the number but also the position of
phosphates on the inositol head group affect the Gag-phos-
phoinositide interaction. Altogether, these results demonstrate
that there is an interaction between the head group of
PI(4,5)P2 and full-length Gag and that this interaction facili-
tates membrane binding of Gag.

To confirm that the observed Gag binding to liposomes
reflects the Gag-membrane interaction in cells, we also exam-
ined, using a liposome-binding assay, a nonmyristoylated Gag
(1GA) that was previously shown to be defective in membrane
binding in cell-based assays (8, 26, 57, 65, 93). As shown in Fig.
4A, WT but not 1GA Gag was myristoylated in the in vitro
translation system we used. The 1GA mutant binds liposomes
inefficiently even in the presence of 7.25 mol% PI(4,5)P2 (Fig.
4B and C). These results indicate that myristoylation is re-
quired for efficient Gag-liposome interaction. These results
further demonstrate that, unlike assays using water-soluble
PI(4,5)P2, the liposome-binding assay developed here is suited
for examining the interaction between Gag and PI(4,5)P2 in
the context of membrane binding.

MA mediates the Gag interaction with PI(4,5)P2. MA was
shown previously to be important for both membrane binding
and PM localization (2, 21, 83). To assess the importance of
MA in the interaction with PI(4,5)P2 in a liposome-binding

FIG. 4. Myristoylation-defective mutant Gag does not bind lipo-
somes efficiently even in the presence of a high percentage of
PI(4,5)P2. (A) WT or 1GA Gag was synthesized in the reticulocyte
lysate system in the presence of [35S]methionine-cysteine or [3H]myr-
istic acid. The major band (labeled Pr55Gag) comigrated with Gag
immunoprecipitated from lysates of HeLa cells transfected with pNL4-
3/PR� in a parallel experiment (data not shown). In addition to the
Pr55Gag band, three minor bands (asterisk) were detected in the in
vitro translation reaction of WT Gag performed in the presence of the
35S-labeled amino acids. Two of the minor bands that are also labeled
with 3H likely represent Gag species arising from premature termina-
tion of translation, whereas the one band labeled only with 35S may be
formed by internal ribosomal entry. In vitro translation reaction mix-
tures for 1GA Gag as well as other Gag derivatives used in this study
(data not shown) contained the same minor bands with similarly low
abundance. (B and C) 35S-labeled WT Gag or myristoylation mutant
(1GA) Gag was synthesized as for Fig. 3 and incubated with liposomes
containing or not containing PI(4,5)P2. The reaction mixtures were
subjected to membrane flotation centrifugation, and fractions were
analyzed as for Fig. 3 (B). The amount of labeled Gag in each fraction
was quantified using a phosphorimager, and the percentage of labeled
Gag in the membrane-bound fraction versus the total amount of la-
beled Gag was calculated (C). The relative liposome-binding efficiency

for each condition was calculated in comparison to the binding effi-
ciency of WT Gag with PI(4,5)P2-containing liposomes. Data from
three different experiments are shown as means � standard deviations.
P values were determined using Student’s t test. ***, P 	 0.001.
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