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ABSTRACT

HIV-1 Gag, which drives virion assembly, interacts with a plasma membrane (PM)-specific phosphoinositide, phosphatidylino-
sitol-(4,5)-bisphosphate [PI(4,5)P2]. While cellular acidic phospholipid-binding proteins/domains, such as the PI(4,5)P2-specific
pleckstrin homology domain of phospholipase C�1 (PHPLC�1), mediate headgroup-specific interactions with corresponding
phospholipids, the exact nature of the Gag-PI(4,5)P2 interaction remains undetermined. In this study, we used giant unilamellar
vesicles (GUVs) to examine how PI(4,5)P2 with unsaturated or saturated acyl chains affect membrane binding of PHPLC�1

and
Gag. Both unsaturated dioleoyl-PI(4,5)P2 [DO-PI(4,5)P2] and saturated dipalmitoyl-PI(4,5)P2 [DP-PI(4,5)P2] successfully re-
cruited PHPLC�1

to membranes of single-phase GUVs. In contrast, DO-PI(4,5)P2 but not DP-PI(4,5)P2 recruited Gag to GUVs,
indicating that PI(4,5)P2 acyl chains contribute to stable membrane binding of Gag. GUVs containing PI(4,5)P2, cholesterol, and
dipalmitoyl phosphatidylserine separated into two coexisting phases: one was a liquid phase, and the other appeared to be a
phosphatidylserine-enriched gel phase. In these vesicles, the liquid phase recruited PHPLC�1

regardless of PI(4,5)P2 acyl chains.
Likewise, Gag bound to the liquid phase when PI(4,5)P2 had DO-acyl chains. DP-PI(4,5)P2-containing GUVs showed no detect-
able Gag binding to the liquid phase. Unexpectedly, however, DP-PI(4,5)P2 still promoted recruitment of Gag, but not PHPLC�1

,
to the dipalmitoyl-phosphatidylserine-enriched gel phase of these GUVs. Altogether, these results revealed different roles for
PI(4,5)P2 acyl chains in membrane binding of two PI(4,5)P2-binding proteins, Gag and PHPLC�1

. Notably, we observed that non-
myristylated Gag retains the preference for PI(4,5)P2 containing an unsaturated acyl chain over DP-PI(4,5)P2, suggesting that
Gag sensitivity to PI(4,5)P2 acyl chain saturation is determined directly by the matrix-PI(4,5)P2 interaction, rather than indi-
rectly by a myristate-dependent mechanism.

IMPORTANCE

Binding of HIV-1 Gag to the plasma membrane is promoted by its interaction with a plasma membrane-localized phospholipid,
PI(4,5)P2. Many cellular proteins are also recruited to the plasma membrane via PI(4,5)P2-interacting domains represented by
PHPLC�1

. However, differences and/or similarities between these host proteins and viral Gag protein in the nature of their
PI(4,5)P2 interactions, especially in the context of membrane binding, remain to be determined. Using a novel giant unilamellar
vesicle-based system, we found that PI(4,5)P2 with an unsaturated acyl chain recruited PHPLC�1

and Gag similarly, whereas
PI(4,5)P2 with saturated acyl chains either recruited PHPLC�1

but not Gag or sorted these proteins to different phases of vesicles.
To our knowledge, this is the first study to show that PI(4,5)P2 acyl chains differentially modulate membrane binding of
PI(4,5)P2-binding proteins. Since Gag membrane binding is essential for progeny virion production, the PI(4,5)P2 acyl chain
property may serve as a potential target for anti-HIV therapeutic strategies.

Alarge number of proteins bind to the cytoplasmic surface of
cellular membranes via headgroup-dependent interactions

with acidic lipids. A prominent example is the interaction between
the headgroup of a plasma-membrane (PM)-specific phospho-
lipid, phosphatidylinositol-(4, 5)-bisphosphate [PI(4,5)P2], and
the pleckstrin homology (PH) domain of phospholipase C�1
(PHPLC�1

). However, for many cytoplasmic proteins, binding to a
specific membrane requires not only a specific interaction with a
headgroup of a single lipid species but also depends on other fac-
tors, such as membrane curvature or the presence of other mole-
cules (lipids or proteins). These factors can serve as additional
layers of regulation to ensure specific targeting to and/or stable
retention at a particular membrane or membrane site (1).

During HIV-1 assembly, the viral structural protein Gag,
which drives the assembly process, binds to and localizes at the PM
to form nascent virus particles. Gag is synthesized as a polyprotein

that contains four domains, matrix (MA), capsid (CA), nucleo-
capsid (NC), and p6, and two spacer peptides, SP1 and SP2. The
MA domain at the Gag N terminus is important for proper target-
ing and membrane binding of Gag, whereas the downstream do-
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mains drive multimerization and release of the nascent virus par-
ticles. Gag is cotranslationally modified by N-myristoylation,
which is essential for Gag membrane binding. Binding of Gag to
the PM and hence efficient virus production are also dependent
on cellular PI(4,5)P2 (2), for which the highly basic region (HBR)
in MA forms a binding interface (3–5). The interaction of Gag
with PI(4,5)P2 depends not only on the overall positive charge of
HBR but also on the specific order of lysines and arginines in the
HBR (6).

In addition to PI(4,5)P2, the PM contains other lipids that are
implicated in Gag membrane binding. Cell-based and in vitro
studies have shown that cholesterol enhances Gag membrane
binding (7–9). One of these studies also showed that liposomes
that contain another acidic lipid phosphatidylserine (PS) but lack
PI(4,5)P2 can recruit Gag efficiently in a manner dependent on
lipid acyl chains (8). A nuclear magnetic resonance (NMR)-based
study showed that MA can sequester acyl chains of various phos-
pholipids, including PS (10). Therefore, acyl chains of non-
PI(4,5)P2 lipids may play an important role in Gag membrane
binding. Phospholipid acyl chains have also been implicated in
genome replication and virion infectivity of RNA and DNA vi-
ruses (11, 12), suggesting that these components may provide a
broad range of targets for antivirals. Notably, while earlier studies
suggested that MA also interacts with short acyl chains of water-
soluble PI(4,5)P2 (4, 13), the functional significance of PI(4,5)P2

acyl chains in membrane binding of full-length Gag has not been
addressed.

MA also interacts with RNA (14–17). RNA bound to MA
inhibits binding of Gag to acidic lipid-containing liposomes,
such as those composed of palmitoyl-oleoyl-phosphatidylcho-
line (POPC) and POPS (18–20). Such inhibition is observed with
both in vitro-synthesized Gag (18–20) and Gag expressed in cells
(21). Furthermore, a similar inhibition was recently observed for
Gag binding to cell membranes (22). Notably, when PI(4,5)P2 is
included in the liposomes, Gag overcomes this inhibition and
binds efficiently to the liposomes (18). Furthermore, PI(4,5)P2 or
a related molecule is able to outcompete nucleic acids for binding
to MA (23–25), suggesting that PI(4,5)P2 can promote RNA dis-
placement. These results collectively support a model in which
PI(4,5)P2 displaces RNA from MA HBR or otherwise alters the
MA-RNA interaction, while promoting stable Gag membrane
binding as a membrane anchor. It is also conceivable that PS,
which represents the major fraction of total PM acidic phospho-
lipids, serves as a membrane anchor for Gag once RNA is removed
from MA HBR.

In this study, we used giant unilamellar vesicles (GUVs) to
address the roles played by acyl chains of PI(4,5)P2 in Gag mem-
brane binding. This experimental system allowed us to study in-
teractions within a membrane that is largely flat and thus mimics
the natural membrane curvature encountered by cytoplasmic
proteins in cells. Curvature effects could also impact acyl chain
dynamics, which have been observed in model systems through
two different approaches (26, 27). Also, the use of GUVs, which
are easily visualized by fluorescence microscopy, enabled us to
probe Gag binding to membranes containing multiple phases of
lipids in different physical states. Using this system, we found that
PI(4,5)P2 acyl chains differentially affect membrane binding of
Gag and PHPLC�1

, a representative host origin PI(4,5)P2-interact-
ing domain. We observed that PI(4,5)P2 with saturated acyl chains
supports binding of PHPLC�1

but not Gag in single-phase GUVs.

Moreover, in two-phase GUVs that contain liquid and PS-en-
riched gel phases, PI(4,5)P2 with unsaturated acyl chains recruits
both Gag and PHPLC�1

to the liquid phase, whereas PI(4,5)P2 with
saturated acyl chains directs Gag to the gel phase and PHPLC�1

to
the liquid phase. Binding of Gag to both phases requires Gag-
PI(4,5)P2 interactions. Altogether, these results reveal a complex
nature of the role for acyl chains in PI(4,5)P2-dependent Gag
membrane binding, which is very distinct from that observed in
membrane binding of the canonical PI(4,5)P2-binding domain,
PHPLC�1

.

MATERIALS AND METHODS
Reagents. All lipids were purchased from Avanti Polar Lipids (Alabaster,
AL, USA) except for DP-PI(4,5)P2 and DPPS, which were purchased from
Echelon Biosciences (Salt Lake City, UT, USA). The far-red fluorescent
lipid probe 1,1=-dioctadecyl-3,3,3=,3=-tetramethylindodicarbocyanine,4-
chlorobenzenesulfonate salt (DiD) was purchased from Life Technologies
(Carlsbad, CA, USA). RNase (RNase A) and RNasin were purchased from
Qiagen and Promega, respectively. Fluorescein isothiocyanate (FITC)-
labeled poly-L-lysine was purchased from Sigma-Aldrich.

In vitro translation of proteins by using wheat germ lysates. Se-
quences encoding wild-type (WT) Gag-yellow fluorescent protein (YFP),
1GA Gag-YFP, delNC Gag-YFP, HBR/RKswitch Gag-YFP, and PH-green
fluorescent protein (GFP), which were derived from pNL4-3/Gag-YFP
(3), pNL4-3/1GA/Gag-YFP (28), pNL4-3/delNC/Gag-YFP (28), and
pNL4-3/HBR/RKswitch/Gag-YFP (6) constructs and the original PH-
GFP expression plasmid (a kind gift from Tamas Balla), respectively, were
cloned into pIVEX1.3WG-BO. A custom multiple-cloning site sequence
was introduced into pIVEX1.3WG (5-Prime) to construct pIVEX1.3WG-
BO. A coupled in vitro transcription and translation reaction was per-
formed using these plasmids and the RTS-100 wheat germ continuous
exchange, cell-free kit as recommended by the manufacturer (5-Prime).
The total ionic strength of the wheat germ reaction mixtures, which were
buffered with 100 mM potassium acetate and 25 mM HEPES, was approx-
imately 150 mM (Mathias Christoph [5-Prime], personal communica-
tion) (75 mM upon mixing with GUV suspensions). The pH of the GUV-
wheat germ lysate mixtures containing either WT Gag-YFP or PH-GFP
was determined to be 7.3. RNasin was included in the reaction mixture
unless the effects of RNase treatment were to be analyzed. The reaction
was performed for 24 h at 22°C. After the reaction, the lysates containing
the translated proteins were subjected to centrifugation at 16,200 � g for
15 min to remove aggregated materials, and the supernatants containing
the translated proteins were used for the GUV-binding assays.

Preparation of GUVs and GUV-binding assay. Lipids were mixed in
glass vials, and the mixture of lipids was spread onto conductive sides of
indium-tin oxide (ITO)-coated glass slides on a platform preheated to
65°C, a temperature higher than the melting temperature (Tm) of satu-
rated lipids, such as DPPS used in this study (Tm � 54°C). The lipid-
coated glass slides were incubated inside a vacuum chamber for at least 90
min to remove any residual organic solvents. For electroformation, the
reaction chamber was constructed as follows. A gasket that is made of
polydimethylsiloxane (PDMS; Sylgard 184; Dow Corning) was placed on
one of the lipid-coated glass slides and gently pressed to ensure tight
attachment. The resulting chamber was then filled with 300 mM sucrose
solution that was preheated to 65°C. Another coated glass slide was placed
on the filled chamber with the ITO- and lipid-coated side facing the solu-
tion. The slide setup was then placed in a 65°C incubator, and an alternat-
ing current of 1 V and 10 Hz was applied for 90 min. For an additional 10
min, a reduced frequency of 2 Hz was applied. Following the electrofor-
mation, the assembly was left at room temperature for cooling. The PDMS
chamber was disassembled, and the sucrose suspension containing GUVs
was harvested by using a cut tip and then immediately used for the GUV-
binding assay. When DiD (0.05 mol% in epifluorescence experiments and
0.25 mol% in confocal microscopy experiments) was included in the mix-
ture of lipids, the steps described above were performed with minimal
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exposure to light. For the GUV-binding assay, a freshly prepared GUV
suspension and a wheat germ lysate containing translated proteins were
mixed at a 1:1 ratio in an Eppendorf polypropylene tube using a cut tip.
When indicated, RNase was added to the mixture of a GUV suspension
and a wheat germ lysate at a final concentration of 10 �g/�l at the begin-
ning of the GUV-binding reaction. Subsequently (within 1 min of mix-
ing), the mixture was transferred onto a clean coverslip for image acqui-
sition. Epifluorescence images were acquired using a Nikon TE2000U
epifluorescence microscope and a 60� objective lens (Plan APO, 1.40
numerical aperture [NA]; Nikon), and confocal images were acquired
using an inverted SP5X confocal microscope and a 63� objective lens
(HCX PL APO CS, oil immersion, 1.4 NA; Leica) with the optical section
thickness set at 1 �m. Microscopy imaging was initiated typically 3 min
after mixing GUVs and wheat germ lysates.

To quantify the phase preferences of PH-GFP and Gag-YFP, we deter-
mined the fractions of fluorescent proteins partitioning to the DiD(�)
phase [%DiD(�)]. Briefly, the fluorescence intensities of fluorescent pro-
tein bound to DiD(�) and DiD(�) phases were measured based on in-
tensity line profiles along a randomly drawn line crossing DiD(�) and
DiD(�) phases of the GUVs in confocal images. From these values, the
background values (an average intensity for the 3-�m region outside the
GUV along the line) were subtracted to yield FDiD(�) andFDiD(�). These
values were used to calculate %DiD(�) by using the following equation:
%DiD(�) � FDiD(�)/[FDiD(�) � FDiD(�)] � 100. A similar analysis was
previously performed to quantify protein partitioning to GUV phases (29,
30).

Incorporation of myristate. To test whether wheat germ lysates
support myristoylation of Gag proteins, either WT Gag-YFP or 1GA
Gag-YFP, which lacks the myristoylation site, was translated in the
presence of [35S]methionine-cysteine or [3H]myristic acid (myristic
acid, [9,10-3H(N)]; PerkinElmer). After the reaction, the lysates con-
taining translated proteins were separated by SDS-PAGE and sub-
jected to autoradiography for detection of synthesized Gag-YFP pro-
teins and incorporated myristic acid.

Liposome-binding assay. The liposome-binding assay was performed
as previously described (3), except that in the present study, 12.5-�l ali-
quots of wheat germ lysates containing WT Gag-YFP diluted to 25 �l with
20 mM HEPES were used in place of 25 �l of rabbit reticulocyte lysate-
based in vitro transcription and translation reaction mixtures. Prepara-
tion of liposomes and sucrose gradient flotation centrifugation were per-
formed as described previously (3). Following centrifugation, a total of
five fractions were collected from the top of the gradient, and the proteins
were separated by SDS-PAGE followed by phosphorimaging analysis.

RESULTS
Efficient binding of HIV-1 Gag-YFP to GUVs requires treat-
ment of Gag-YFP with RNase or the presence of PI(4,5)P2. We
previously demonstrated that binding of HIV-1 Gag to liposomes
containing a 2:1 ratio of POPC and POPS requires the presence of
PI(4,5)P2 lipids (3, 18, 20). If Gag is treated with RNase, however,
POPS mediates the efficient binding of Gag to liposomes lacking
PI(4,5)P2 (18). Notably, the liposome membranes used in these
assays have an opposite curvature than the inner leaflet of the PM,
on which viral assembly occurs in cells. As the liposomes used in
the previous studies had small diameters (�200 nm), the steep
opposite curvature may have imposed a stringent requirement for
Gag binding, which might not be present under native conditions.
Importantly, membrane curvature affects phosphoinositide-de-
pendent membrane binding of several proteins (31–33). To deter-
mine whether steep curvature necessitates PI(4,5)P2 or RNA re-
moval, we examined Gag-membrane interactions using GUVs
whose membranes are essentially flat on the size scale of a Gag
protein. We synthesized full-length Gag tagged with the Venus
variant of YFP (here referred to as Gag-YFP) via in vitro transla-

tion reactions using wheat germ lysates. We confirmed that the
wheat germ lysates supported N-terminal myristoylation of Gag-
YFP (Fig. 1A), as reported previously (34), and that in liposome
flotation assays, Gag-YFP synthesized in wheat germ lysates
bound to liposomes in a PI(4,5)P2-dependent manner (Fig. 1B).
To examine the requirement for Gag-YFP binding to GUVs con-
sisting of POPC and POPS, we mixed Gag-YFP-containing wheat
germ lysates with GUVs and imaged the mixtures under a confocal
microscope. We found that WT Gag-YFP failed to bind to GUVs
consisting of POPC, POPS, and cholesterol (POPC�POPS�chol)
(Fig. 1C). In contrast, WT Gag-YFP treated with RNase bound
efficiently to the POPC�POPS�chol GUVs (Fig. 1D), in good
agreement with observations from liposome flotation assays. Ad-
dition of RNase alone did not cause apparent changes in the
POPC�POPS�chol GUVs, which were visualized by inclusion of
a fluorescent lipid probe for DiD (data not shown). These results
suggested that RNA inhibits binding of WT Gag-YFP to PS-con-
taining membranes regardless of membrane curvature.

To test whether the requirement for PI(4,5)P2 also applies to
Gag-YFP binding to GUVs, we prepared POPC�POPS�chol
GUVs that also contain PI(4,5)P2 purified from porcine brain
[referred to as brain-PI(4,5)P2]. We found that without RNase
treatment, binding of WT Gag-YFP to GUVs containing 10 mol%
brain-PI(4,5)P2 (Fig. 1E) but not to GUVs lacking PI(4,5)P2 (Fig.
1C) was readily detectable 3 min after mixing. This binding re-
quired myristoylation of Gag-YFP, as a nonmyristoylated Gag-
YFP mutant showed no GUV binding (data not shown). While
GUVs containing 2.5% or 5% brain-PI(4,5)P2 also supported
Gag-YFP binding, this required longer incubation periods (	30
min), at the end of which many GUVs ruptured. The instability of
similar GUVs has been noted in the other studies as well (35).
Therefore, GUVs containing 10% PI(4,5)P2 were used in most of
the subsequent experiments. Of note, 10% PI(4,5)P2 was recently
used to establish a robust GUV-based assay system that allows
comparison of clathrin coat formation in the presence of different
PI(4,5)P2-binding adapter proteins (36).

The requirement for PI(4,5)P2 has also been observed in other
studies examining GUV binding of Gag or MA (35, 37), which
confirms previous liposome flotation studies showing that match-
ing the overall charge of GUVs by increasing the PS content does
not circumvent the PI(4,5)P2 requirement (3). Interestingly, one
of these studies showed that MA binding to GUVs requires addi-
tion of a heterologous dimerization motif to the MA domain (35).
The CA domain in Gag forms a dimerization interface, whereas
the NC domain promotes higher-order Gag multimerization (38,
39). To test the role of the latter, we examined a Gag-YFP deriva-
tive lacking the majority of NC (delNC), which was capable of
substantial membrane binding but showed diminished Gag mul-
timerization in cells, as evidenced by reduced Gag-CFP-Gag-YFP
fluorescence resonance energy transfer and defects in virus-like
particle release (28). We observed that delNC Gag-YFP bound to
GUVs in an RNase- and PI(4,5)P2-dependent manner, like WT
Gag-YFP (Fig. 1F to H), suggesting that the observed PI(4,5)P2- or
RNase-dependent binding of WT Gag to GUVs is not dependent
on higher-order Gag multimerization. Together, these results sug-
gested that Gag binding to the POPC�POPS�chol membranes is
dependent on either RNA removal from Gag or the presence of
PI(4,5)P2, regardless of membrane curvature, and that this bind-
ing does not require the NC domain.

Acyl chains of PI(4,5)P2 play a major role in PI(4,5)P2-medi-
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ated membrane binding of Gag-YFP but not in membrane bind-
ing of PH-GFP. To examine whether acyl chain types of PI(4,5)P2

affect Gag-membrane interactions, we compared Gag-YFP bind-
ing to GUVs containing three different acyl chain variants of
PI(4,5)P2: brain-PI(4,5)P2, which is predominantly composed of
saturated (stearoyl) and unsaturated (arachidonyl) acyl chains;
dioleoyl-PI(4,5)P2 [DO-PI(4,5)P2] with two unsaturated oleoyl
acyl chains; dipalmitoyl-PI(4,5)P2 [DP-PI(4,5)P2] with two satu-
rated (palmitoyl) acyl chains. PI(4,5)P2 incorporation into GUVs
was tested using PH-GFP, a GFP fusion with the PHPLC�1

domain.
This construct has been used as a specific probe for PI(4,5)P2 in
many experimental systems, including those using GUVs (40, 41).
PH-GFP binding confirmed the incorporation of PI(4,5)P2 with
different acyl chains into GUVs (Fig. 2B to D). As expected, GUVs
lacking PI(4,5)P2 did not support binding of either PH-GFP or
WT Gag-YFP (Fig. 2A and E). In contrast, binding of WT Gag-
YFP to GUVs containing either brain-PI(4,5)P2 (Fig. 2F) or DO-
PI(4,5)P2 (Fig. 2G) was readily detected. Remarkably, however,
we found that WT Gag-YFP did not bind GUVs containing DP-
PI(4,5)P2 (Fig. 2H). These results indicate that acyl chains of
PI(4,5)P2 play an important role in PI(4,5)P2-mediated mem-
brane binding of Gag. The observed acyl chain preference does not
appear to require higher-order Gag multimerization, since delNC
Gag-YFP showed the same preference (Fig. 2I to L).

RNase-treated Gag-YFP shows nonuniform binding to

DPPS-containing GUVs. To test whether PS with fully saturated
acyl chains also fail to support Gag binding to GUVs, we examined
POPC�DPPS�chol GUVs for binding of Gag-YFP upon RNase
treatment. High-melting-temperature lipids such as DPPS (Tm �
54°C) tend to form a tightly packed phase known as the gel phase
(42–45), which can be visually separated from a coexisting liquid
phase based on exclusion of a fluid-phase lipid dye. Indeed, when
the fluid-phase probe DiD was included in POPC�DPPS�chol
GUVs, DiD(�) (liquid) and DiD(�) phases were readily distin-
guished (Fig. 3A), in contrast to the POPC�POPS�chol GUVs
used above, which showed a uniform DiD distribution (data not
shown). FITC-polylysine, a fluorophore-conjugated basic poly-
peptide that binds acidic lipids via electrostatic interactions,
bound largely to the DiD(�) phase, suggesting that DPPS is en-
riched in that phase (Fig. 3B and C). Of note, FITC-polylysine
binding revealed that the DiD(�) phase contains some flattened
regions separated by higher curvature facets (Fig. 3C), consistent
with there being a large bending rigidity. This, in combination
with the observation that DiD(�) regions have irregular bound-
aries (Fig. 3H), suggest that these regions consist of lipids in a
tightly packed gel phase (46–49).

In POPC�DPPS�chol GUVs, RNase-treated Gag-YFP
showed prominent binding to the DiD(�) but not DiD(�) part of
the GUV surface (Fig. 3D and E). RNase-treated delNC Gag-YFP
bound to the DiD(�) phase, similar to WT Gag-YFP, suggesting

FIG 1 Either RNA removal or the presence of PI(4,5)P2 in membranes promotes binding of Gag to POPS-based GUVs. (A) Myristoylation of WT and 1GA
Gag-YFP synthesized in vitro using wheat germ lysate was examined as described in Materials and Methods. (B) Liposome-binding assays were performed to
confirm that WT Gag-YFP synthesized in wheat germ lysates binds liposomes in a PI(4,5)P2-dependent manner, as has been observed for Gag synthesized in
rabbit reticulocyte lysates. Wheat germ lysates containing WT Gag-YFP were mixed with liposomes of the indicated compositions, and membrane-bound (M)
and non-membrane-bound (NM) proteins were fractionated by sucrose gradient flotation centrifugation performed as described in Materials and Methods.
Following centrifugation, a total of five fractions were collected from the top of the gradient, and the proteins were separated by SDS-PAGE followed by
phosphorimager analysis. (C to H) Wheat germ lysates containing either WT Gag-YFP (C to E) or delNC Gag-YFP (F to H) were mixed with GUVs composed
of the indicated sets of lipids. Lipid ratios used were as follows: POPC:POPS:chol, 46.6:23.3:30 (C, D, F, and G); POPC:POPS:chol:PI(4,5)P2, 40:20:30:10 (E and
H). Images were acquired using a confocal microscope. Binding of WT Gag-YFP (C and D) or delNC Gag-YFP (F and G) to POPC�POPS�chol GUVs was
examined without (C and F) or with addition of RNase (final concentration, 10 �g/�l) (D and G). Binding of either WT Gag-YFP (E) or delNC Gag-YFP (H) to
POPC�POPS�chol�brain-PI(4,5)P2 GUVs was examined as described above. Representative images from at least 3 independent experiments are shown.
Fluorescence intensity profiles along the lines drawn to cross over opposite sides of GUVs (X to X=) are shown below the images. Bar, 5 �m.
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that higher-order multmerization is not necessary for binding to
the DiD(�) phase (Fig. 3F and G). Altogether, these results indi-
cate that POPC�DPPS�chol GUVs form DiD(�) liquid and
DiD(�) gel phases, the latter of which is enriched in DPPS and
recruits Gag efficiently when RNA is removed from Gag.

Gag-YFP but not PH-GFP is distributed uniformly on DPPS-
containing two-phase GUVs in the presence of brain-PI(4,5)P2.
We next examined the role of PI(4,5)P2 in POPC�DPPS�chol
two-phase GUVs. GUVs containing brain-PI(4,5)P2 showed co-
existing DiD(�) and DiD(�) phases at room temperature (Fig.
4E and G), as was observed for GUVs lacking PI(4,5)P2 (Fig. 3).
PH-GFP bound to the DiD(�) phase in these GUVs (Fig. 4F),
suggesting that PI(4,5)P2 is present in the DiD(�) phase. As ex-
pected, Gag-YFP showed readily detectable binding to the
DiD(�) phase (Fig. 4H), which also supported binding of PH-
GFP. Remarkably, we also observed additional binding of Gag-
YFP to the DiD(�) phase in these GUVs, despite the observation
that PH-GFP does not bind to this phase (Fig. 4E, F, G, and H). A

quantitative analysis based on confocal microscopy images (Fig.
4I) indicated that while PH-GFP strongly prefers the DiD(�)
phase, Gag-YFP distributes to both the DiD(�) and DiD(�)
phases at similar levels (Fig. 4J).

Gag-YFP did not bind the DiD(�) phase of POPC�DPPS�
chol GUVs in the absence of PI(4,5)P2 (Fig. 4C and D) unless
treated with RNase (Fig. 3D and E), suggesting a role for PI(4,5)P2

in Gag-YFP binding to the DiD(�) phase (Fig. 4H). To test
whether an interaction with PI(4,5)P2 is necessary for efficient
Gag binding to the DPPS-enriched DiD(�) phase of two-phase
GUVs, we examined GUV binding of HBR/RKswitch Gag-YFP, in
which lysines and arginines in MA HBR are switched. Our previ-
ous study using liposome flotation assays showed that this Gag
derivative fails to bind to PI(4,5)P2 but retains the ability to bind
PS upon RNase treatment (6). Therefore, if an interaction with
PI(4,5)P2 were necessary for binding of Gag to the DPPS-enriched
DiD(�) phase, HBR/RKswitch Gag-YFP would be expected to fail
to bind the DiD(�) phase. Indeed, using brain-PI(4,5)P2-con-

FIG 2 Brain-PI(4,5)P2 and DO-PI(4,5)P2, but not DP-PI(4,5)P2, promote stable binding of Gag to POPS-based GUVs. Binding of either PH-GFP (A to D), WT
Gag-YFP (E to H), or delNC Gag-YFP (I to L) to GUVs containing no PI(4,5)P2 (A, E, and I), brain-PI(4,5)P2 (B, F, and J), DO-PI(4,5)P2 (C, G, and K), or
DP-PI(4,5)P2 (D, H, and L) was examined in the context of POPC�POPS�chol GUVs, as in Fig. 1. Lipid ratios used were as follows: POPC:POPS:chol,
46.6:23.3:30 (A, E, and I); POPC:POPS:chol:PI(4,5)P2, 40:20:30:10 (B to D, F, G, and J to L). Representative images from at least 3 independent experiments are
shown. Fluorescence intensity profiles along the lines drawn to cross over opposite sides of GUVs (X to X=) are shown below images. PH-GFP and WT and delNC
Gag-YFP were imaged using the same confocal microscopy settings, and their line profiles are shown on the same y axis scale. Bar, 5 �m.
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taining two-phase GUVs, we found that HBR/RKswitch Gag-YFP
failed to bind not only to the DiD(�) phase but also to the
DiD(�) phase (Fig. 4K and L). In contrast, when treated with
RNase, HBR/RKswitch Gag-YFP bound both phases (Fig. 4M and
N), confirming that this Gag-YFP derivative is capable of binding
to acidic lipids present in both phases after RNA removal. These
results collectively indicate that not only the presence of PI(4,5)P2

in the GUVs but also the ability of Gag to bind PI(4,5)P2 are
necessary for WT Gag binding to the DPPS-enriched phase, even
though this phase does not support binding of PH-GFP.

PI(4,5)P2 directs PH-GFP and Gag-YFP to different phases in

two-phase GUVs in an acyl chain-dependent manner. To exam-
ine whether the preference of Gag for PI(4,5)P2 with unsaturated
acyl chains observed with single-phase GUVs would also occur
with two-phase GUVs, we replaced brain-PI(4,5)P2 with either
DO-PI(4,5)P2 or DP-PI(4,5)P2 in the two-phase GUVs examined
above. PH-GFP bound preferentially to the DiD(�) phase in these
two-phase GUVs (Fig. 4J and 5A, B, E, and F), indicating the
presence of PI(4,5)P2 in the DiD(�) phase; however, we noted the
possibility that binding of PH-GFP to PI(4,5)P2 is somehow sup-
pressed in the context of the DiD(�) gel phase. Consistent with
the results obtained with the single-phase GUVs, DO-PI(4,5)P2

FIG 3 In the absence of PI(4,5)P2, Gag binds to the DPPS-enriched DiD(�) phase after RNase treatment. (A) An example of an epifluorescence image of
POPC�DPPS�chol�DiD GUVs containing DiD(�) and DiD(�) phases. (C) Binding of FITC-polylysine to POPC�DPPS�chol GUVs. (E and G) Binding of
either WT Gag-YFP (E) or delNC Gag-YFP (G) to POPC�DPPS�chol GUVs was examined after RNase treatment. (B, D, and F) Corresponding images of DiD.
The lipid ratio used was as follows: POPC:DPPS:chol, 40:40:20. Representative images from at least 3 independent experiments are shown. Fluorescence intensity
profiles of DiD (red) and FITC or YFP (green) along the short lines drawn to cross over DiD(�) (X to X=) and DiD(�) (Y to Y=) regions of GUVs are shown below
the images. (H) Six examples of confocal images of the top surface of POPC�DPPS�chol GUVs (POPC:DPPS:chol, 40:40:20) containing DiD are shown. Note
that these two-phase GUVs displayed irregularly shaped DiD(�) phases. Bar, 5 �m.
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FIG 4 Gag-YFP and PH-GFP distribute differently in DPPS-containing two-phase GUVs in the presence of brain-PI(4,5)P2. (A to H) POPC�DPPS�chol (A
to D) and POPC�DPPS�chol�brain-PI(4,5)P2 (E to H) GUVs were examined for binding of PH-GFP (B and F) and WT Gag-YFP (D and H) by using confocal
microscopy. PH-GFP and WT Gag-YFP were imaged using the same microscopy settings. Corresponding images of DiD are shown in panels A, C, E, and G.
Representative images from at least 3 independent experiments are shown. Fluorescence intensity profiles of PH-GFP and Gag-YFP along the lines drawn to cross
over DiD(�) and DiD(�) sides of GUVs (X to X=) are shown below the images in the same y axis scale. (I) The method for calculating partitioning of GFP or YFP
signals to the DiD(�) phase is illustrated. Examples of confocal images of DiD and GFP or YFP (Gag-YFP in this example) associated with a two-phase GUV
[containing brain-PI(4,5)P2 in this example] are shown in the top two panels. The intensity profiles of DiD (red) and GFP/YFP (green) along the line crossing
DiD(�) and DiD(�) phases (X to X=) are shown below the images. Average intensity values along the 3-�m segments of the line outside the DiD(�) and DiD(�)
phases (indicated by short broken lines on the intensity profile plot) were subtracted from DiD(�) (*) and DiD(�) (**) peak intensity values to obtain FDiD(�)

and FDiD(�), respectively. These values were used to calculate partitioning to the DiD(�) phase [%DiD(�)] using the relation shown below the profile plot. (J)
Partitioning of PH-GFP (green) or WT Gag-YFP (yellow) to the DiD(�) phase in POPC�DPPS�chol GUVs containing brain-, DO-, or DP-PI(4,5)P2 were
quantified for each GUV as described in Materials and Methods and for panel I. Means 
 standard deviations are also shown. n, the number of GUVs analyzed
under each condition. (K to N) Binding of the HBR/RKswitch Gag-YFP to POPC�DPPS�chol�brain-PI(4,5)P2 GUVs was examined without (L) or with (N)
RNase treatment. Corresponding images of DiD are shown in panels K and M. Representative images from at least 3 independent experiments are shown.
Fluorescent intensity profiles of DiD (red) and Gag-YFP (green) along the lines drawn as described above are shown below the images. Bar, 5 �m. Lipid ratios
used were as follows: POPC:DPPS:chol, 40:40:20 (A to D); POPC:DPPS:chol:PI(4,5)P2, 35:35:20:10 (E to H and K to N).
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supported stable binding of Gag-YFP (Fig. 5D). In these GUVs,
Gag-YFP bound to the DiD(�) phase (Fig. 5C and D), as observed
for PH-GFP (Fig. 5A and B), suggesting that DO-PI(4,5)P2 pres-
ent in this phase recruits both proteins. Surprisingly, in contrast to
the results obtained with single-phase GUVs, binding of Gag-YFP
to two-phase GUVs containing DP-PI(4,5)P2 was readily detected
(Fig. 5H). Moreover, in clear contrast to PH-GFP (Fig. 5E and F),
we found that Gag-YFP localized to the DiD(�) phase (Fig. 4J and
5G and H). A similar Gag distribution was also observed when
total DP-PI(4,5)P2 was reduced to 5% (data not shown). Alto-
gether, these results further highlight the differences between Gag
and PH-GFP in their responses to acyl chain variants of PI(4,5)P2.

The N-terminal myristate moiety does not play a major role
in determining the dependence of Gag membrane binding on
unsaturated PI(4,5)P2 acyl chains. The observed differences be-
tween PI(4,5)P2 with an unsaturated acyl chain and DP-PI(4,5)P2

in supporting Gag-membrane binding may be mediated either by
a direct mechanism dependent on MA-PI(4,5)P2 interactions or
by an indirect mechanism involving the N-terminal myristate
moiety. We previously showed that nonmyristoylated 1GA Gag is
capable of binding to PS-containing liposomes after RNase treat-
ment (18). To examine whether the dependence of Gag-GUV
binding on PI(4,5)P2 acyl chain unsaturation involves the N-ter-
minal myristate moiety, we tested binding of RNase-treated 1GA
Gag-YFP to POPC�chol�PI(4,5)P2 GUVs containing either
brain-PI(4,5)P2 or DP-PI(4,5)P2 as the sole acidic lipid. As ex-

pected, 1GA Gag-YFP bound to neither brain-PI(4,5)P2-contain-
ing (Fig. 6D) nor DP-PI(4,5)P2-containing (Fig. 6J) GUVs with-
out RNase treatment. However, as observed previously in
liposome-binding assays (18), RNase-treated 1GA Gag-YFP
bound to brain-PI(4,5)P2-containing GUVs (Fig. 6F). In con-
trast, RNase-treated 1GA Gag-YFP failed to bind DP-
PI(4,5)P2-containing GUVs (Fig. 6L). PH-GFP bound to both
brain PI(4,5)P2-containing (Fig. 6B) and DP-PI(4,5)P2-con-
taining (Fig. 6H) GUVs, indicating that both PI(4,5)P2 variants
are accessible to PH-GFP. These results suggest that indirect
mechanisms requiring myristate are unlikely to determine the
dependence of Gag membrane binding on (un)saturation of
PI(4,5)P2 acyl chains.

DISCUSSION

In this study, we examined binding of two PI(4,5)P2-binding pro-
teins, HIV-1 Gag and PH-GFP, to membranes containing acyl
chain variants of PI(4,5)P2 in single- and two-phase GUVs. Con-
sistent with two recent GUV-based studies (35, 37), we found that
PI(4,5)P2 is essential for Gag binding to membranes regardless of
membrane curvature. Furthermore, we found that in addition to
the headgroup, the acyl chains of PI(4,5)P2 also play an important
role in Gag binding to membranes. We observed that brain-
PI(4,5)P2 and DO-PI(4,5)P2 but not DP-PI(4,5)P2 support Gag
binding to single-phase GUV membranes (Fig. 7). Interestingly,
our study also revealed that variations in acyl chains of PI(4,5)P2

FIG 5 DP-PI(4,5)P2, but not DO-PI(4,5)P2, directs PH-GFP and WT Gag-YFP to different phases in two-phase GUVs. Binding of PH-GFP (B and F) and WT
Gag-YFP (D and H) to POPC�DPPS�chol�DO-PI(4,5)P2 (A to D) and POPC�DPPS�chol-DP�DP-PI(4,5)P2 (E to H) GUVs was examined using confocal
microscopy. PH-GFP and WT Gag-YFP were imaged using the same microscopy settings. (A, C, E, and G) Corresponding images of DiD. Representative images
from at least 3 independent experiments are shown. Fluorescence intensity profiles of DiD (red) and PH-GFP or Gag-YFP (green) along the lines drawn to cross
over DiD(�) and DiD(�) sides of GUVs (X to X=) are shown below the images. The intensity profiles for PH-GFP and Gag-YFP are shown on the same y axis
scale. Partitioning of PH-GFP and WT Gag-YFP to the DiD(�) phase in POPC�DPPS�chol GUVs containing either DO or DP PI(4,5)P2 was quantified, and
the results were included in Fig. 4J. Bar, 5 �m. The lipid ratio used was as follows: POPC:DPPS:chol:PI(4,5)P2, 35:35:20:10.
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affect the localization of Gag, but not PH-GFP, to different phases
distinguished by DiD in two-phase GUVs. To our knowledge, this
is the first study to demonstrate biochemically that membrane-
binding behaviors of proteins that bind PI(4,5)P2 are differentially
modulated by acyl chains of this acidic phospholipid, which is
involved in a wide variety of cellular functions.

The inability of DP-PI(4,5)P2 to support stable binding of Gag
to single-phase GUVs suggests that unsaturated acyl chains of
PI(4,5)P2 are necessary for PI(4,5)P2-dependent Gag retention at
the membrane. What is the potential mechanism by which satu-
ration of PI(4,5)P2 acyl chains prevents stable Gag membrane
binding? The N-terminal myristate moiety, which mediates hy-
drophobic interactions with the lipid bilayer, plays an important
role in membrane binding of Gag. A previous study suggested that
unlike the saturated myristate moiety, unsaturated analogs do not
support proper Gag localization, presumably because of mis-
matching with the lipid bilayer environment (50). It is conceivable
that DP-PI(4,5)P2 may create a bilayer environment that disfavors
insertion of even the saturated myristoyl moiety in the immediate
surrounding area and thereby reduce stability of Gag membrane
binding. However, we observed that the RNase-treated, nonmyr-
istoylated Gag derivative, which can bind PS-containing mem-
brane (18), bound GUVs containing brain-PI(4,5)P2 but not
those containing DP-PI(4,5)P2 when PI(4,5)P2 was the sole acidic
lipid in GUVs (Fig. 6). These results suggest that MA-PI(4,5)P2

interactions determine Gag preference for PI(4,5)P2 with unsatu-
rated acyl chains and that the myristate moiety plays only a minor
role, if any. Earlier solution NMR studies of MA complexed with
short acyl chain derivatives of PI(4,5)P2 suggested that the MA
globular domain can sequester the sn-2 acyl chain of PI(4,5)P2, a
majority of which is unsaturated in cells (4). This acyl chain se-
questration may contribute to stable interactions of Gag with
PI(4,5)P2 (4, 13). In such case, it is conceivable that Gag is able to
sequester only unsaturated but not saturated acyl chains. For exam-
ple, a saturated acyl chain may encounter a steric hindrance within
the MA globular domain or a higher energetic barrier against extru-
sion from lipid bilayers. In case the acyl chain sequestration by MA is
not involved (as shown in silico by Charlier et al. recently [51]), satu-
rated acyl chains may affect Gag membrane binding by altering the
orientation of or distance between PI(4,5)P2 molecules or their head-
groups. At pH 7.3, which is the pH of the wheat germ lysate-GUV
mixtures, PI(4,5)P2 self-clusters, according to several in vitro studies
(52–54). Therefore, it is possible that the observed effect of acyl chain
saturation on Gag binding to PI(4,5)P2 may involve clustering (or
lack thereof) of this lipid.

In contrast to the findings of the current study, Alfadhli et al.
observed that myristoylated MACA purified from bacterial lysates
binds to DP-PI(4,5)P2-containing membranes nearly as efficiently
as membranes containing DO or brain PI(4,5)P2 in sonicated
liposome-based assays (24). Of note, although myristoylated
MACA lacks the NC domain, which can modulate Gag membrane

FIG 6 RNase-treated 1GA Gag-YFP binds to GUVs containing brain-PI(4,5)P2

but not DP-PI(4,5)P2 as a sole acidic lipid. Binding of PH-GFP (B and H), 1GA
Gag-YFP (D and J), and RNase-treated 1GA Gag-YFP (F and L) to either
POPC�chol�brain-PI(4,5)P2 (B, D, and F) or POPC�chol�DP-PI(4,5)P2

(H, J, and L) GUVs were examined using confocal microscopy. PH-GFP and
1GA Gag-YFP were imaged using the same microscopy settings. Correspond-
ing images of DiD are shown in panels A, C, E, G, I, and K. Representative
images from at least 3 independent experiments are shown. Fluorescence in-
tensity profiles of DiD (red) and PH-GFP or Gag-YFP (green) along the lines
drawn to cross over opposite sides of GUVs (X to X=) are shown below. The
intensity profiles for PH-GFP and Gag-YFP are shown on the same y axis scale.
The lipid ratio used was as follows: POPC:chol:PI(4,5)P2, 60:30:10. Bar, 5 �m.
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binding, it is unlikely that NC gave rise to the different outcomes,
because deletion of NC did not alter the acyl chain preference
observed with WT Gag in our experiments using single-phase
GUVs (Fig. 2J to L). We speculate that the differences in Gag
protein preparation and/or membrane properties between this
other study and ours may account for the different outcomes.
Identifying the key technical differences may help us understand
how Gag distinguishes PI(4,5)P2 acyl chains.

GUVs containing coexisting liquid-ordered (Lo) and liquid-
disordered (Ld) phases are often used to examine the characteris-
tics of lipid rafts or molecules that associate with them (35). Lipid
rafts are membrane microdomains enriched in cholesterol and
saturated lipids and are therefore likely to adopt Lo-like structures
due to cholesterol-lipid interactions. However, the two-phase
GUVs used in the current study are likely to have coexisting gel
and liquid phases rather than Lo and Ld phases. With a gel-to-
liquid transition temperature over 50°C (55), one study showed
that DPPS is dominant in a gel phase in liposomes consisting of
POPC, DPPS, and cholesterol, and does not interact with choles-
terol favorably (44). Although the system used in that study is
different from ours, we also observed that the DiD(�) phase
adopts irregular (not round) shapes that are typical of gel phases
(Fig. 3H) (46–49). It is of note that we cannot exclude from these
observations the possibility that the DiD(�) phase may contain
both Lo and gel phases or have more complex phase behaviors. In
either case, while the interaction between MA and the sn-2 acyl
chain of PI(4,5)P2 is hypothesized to promote lateral transition of

Gag into lipid rafts (4), our system is not suited for testing this
intriguing model for Gag-membrane-microdomain interactions,
unlike other two-phase GUVs consisting of Lo and Ld phases. Of
note, a recent study by Keller et al. (35) observed no transition of
Gag derivatives from the Ld to the Lo phase by using GUVs con-
taining PI(4,5)P2. Therefore, diffusion of Gag-PI(4,5)P2 com-
plexes across phase boundaries might not occur even in GUV
systems containing two liquid phases.

In two-phase GUVs containing PI(4,5)P2, we found that dis-
tributions of Gag and PH-GFP differed depending on the
PI(4,5)P2 acyl chain variant used. Both Gag and PH-GFP bound to
the DiD(�) phase in DO-PI(4,5)P2-containing two-phase GUVs.
This likely reflected the DiD(�) phase localization of DO-
PI(4,5)P2, to which both proteins bind. Unlike DO-PI(4,5)P2,
however, in DP-PI(4,5)P2-containing two-phase GUVs, Gag
strongly preferred the DiD(�) phase, in clear contrast to PH-GFP,
which localized to the DiD(�) phase. How does Gag bind to the
DPPS-enriched DiD(�) phase, which does not support PH-GFP
binding? The results obtained with HBR/RKswitch Gag-YFP (Fig.
4K to N) indicate that Gag localization to this phase still requires a
Gag-PI(4,5)P2 interaction. Depending on the nature of this inter-
action, at least two possibilities can be considered (Fig. 7). In the
first possibility (Fig. 7, bottom, i), PH-GFP is unable to detect
PI(4,5)P2 molecules present in the DiD(�) phase due either to the
scarcity and/or an inhibitory effect of the DPPS milieu. However,
the same milieu has a profound enhancing effect on stable DP-
PI(4,5)P2-Gag interactions. In another possibility (Fig. 7, bottom,

FIG 7 Acyl chains of PI(4,5)P2 differentially affect membrane binding of Gag and PH-GFP. Schematic representation of Gag and PH-GFP binding to
single-phase GUVs (top) and two-phase GUVs (bottom) with different acyl chain variants of PI(4,5)P2 are illustrated. In the bottom panel, two mutually
nonexclusive potential mechanisms by which DP-PI(4,5)P2 mediates membrane binding of Gag in two-phase GUVs are depicted. For mechanism i, DP-
PI(4,5)P2 in the DiD(�) phase supports stable membrane binding of Gag but not PH-GFP. Conversely, DP-PI(4,5)P2 in the DiD(�) phase supports stable
membrane binding of PH-GFP but not Gag. For mechanism ii, DP-PI(4,5)P2 interacts with Gag only transiently, which enables Gag to bind DPPS in the DiD(�)
phase. While not depicted, the same process can take place when DP-PI(4,5)P2 is also in the DiD(�) phase. Again, DP-PI(4,5)P2 in the DiD(�) phase, but not
in the DiD(�) phase, supports stable binding of PH-GFP (not depicted).
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ii), a transient interaction between Gag and PI(4,5)P2 is sufficient.
We and others have shown that Gag can also bind PS after RNA
removal (18, 19, 21). In vitro studies have supported that PI(4,5)P2

can displace nucleic acids from MA (23, 25). Therefore, it is plau-
sible that even when Gag fails to establish a stable interaction with
PI(4,5)P2 [e.g., with DP-PI(4,5)P2], a transient interaction with
PI(4,5)P2 molecules present in the DiD(�) phase (which evade
the detection by PH-GFP) or those in the DiD(�) phase (detected
by PH-GFP) could promote RNA displacement from MA HBR.
This in turn enables MA to bind DPPS that is enriched in the
DiD(�) phase. These possibilities are not mutually exclusive, and
further analyses, including precise determination of lipid contents
of both phases, would be required to determine detailed mecha-
nisms.

Acyl chains of PS are also likely to play a role in Gag recruit-
ment to two-phase GUVs containing DP-PI(4,5)P2, since Gag
failed to bind to single-phase GUVs that contained DP-PI(4,5)P2.
For example, it is conceivable that the DPPS-enriched gel phase
affects the orientation of DP-PI(4,5)P2 in the gel phase (in the
context of the model shown in Fig. 7, bottom, i) or create the
surface with a sufficiently high charge density (Fig. 7, bottom, ii).
However, we note that neither DPPS nor DP-PI(4,5)P2 is enriched
in virions (56, 57). Therefore, it is unlikely that DP-PI(4,5)P2

would promote Gag membrane binding in cells in a manner ob-
served with the two-phase GUVs. Regardless, however, the results
obtained with both single- and two-phase GUV systems support
the crucial role played by the saturation status of PI(4,5)P2 acyl
chains in Gag membrane binding.

In summary, our data provide evidence that membrane bind-
ing of Gag via PI(4,5)P2 is strongly modulated by the acyl chains of
PI(4,5)P2 and that the sensitivity to acyl chain saturation differs
substantially between the MA domain of HIV-1 Gag and PHPLC�1

,
a representative cellular PI(4,5)P2-binding domain. It is intrigu-
ing and important to know whether any other cellular protein
show an acyl chain sensitivity similar to that of Gag. Phospholipid
acyl chain saturation has been implicated in genome replication
and virion infectivity of RNA and DNA viruses (11, 12). Pharma-
cological inhibition of stearoyl-coenzyme A desaturase (SCD-1),
an enzyme that converts saturated to unsaturated acyl chains, was
recently shown to suppress HCV replication and hence proposed
to be a potential antiviral strategy (58, 59). Likewise, in light of our
findings, decreasing the levels of PI(4,5)P2 with unsaturated acyl
chains by using a similar strategy may abrogate Gag membrane
binding and/or proper Gag localization with minimal effects on
cellular PI(4,5)P2-dependent processes. Therefore, further inves-
tigations into the differences in mechanisms of PI(4,5)P2 interac-
tions between HIV-1 Gag and cellular PI(4,5)P2-binding domains
may open an avenue for therapeutic targeting of Gag-PI(4,5)P2

interactions.
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