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HIV-1 Gag Associates with Specific Uropod-Directed Microdomains in
a Manner Dependent on Its MA Highly Basic Region

G. Nicholas Llewellyn,* Jonathan R. Grover, Balaji Olety, Akira Ono
Department of Microbiology and Immunology, University of Michigan Medical School, Ann Arbor, Michigan, USA

In polarized T cells, HIV-1 Gag localizes to a rear-end protrusion known as the uropod in a multimerization-dependent manner.
Gag-laden uropods participate in formation of virological synapses, intercellular contact structures that play a key role in cell-to-
cell HIV-1 transmission. Our previous observations suggest that Gag associates with uropod-directed microdomains (UDMs)
that eventually comigrate with Gag to the uropod over the cell surface. However, the nature of Gag multimerization required for
this movement, the composition of the UDMs, and the molecular determinants for Gag association with these microdomains
remain unknown. In this study, we found that Gag multimerization prior to budding but beyond dimerization is necessary for
Gag localization to the uropods, indicating that uropod localization occurs early in the assembly process. We also found that
prior to membrane curvature, Gag multimers associate with a specific subset of UDMs containing PSGL-1, CD43, and CD44 but
not ICAM-1, ICAM-3, or CD59. Notably, upon association, Gag excludes ICAM-3 from this subset of UDMs, revealing an active
and selective reorganization of these microdomains by Gag. This specific association between Gag and UDMs is dependent on
the highly basic region (HBR) in the Gag matrix (MA) domain. The overall positive charge of the HBR was needed for the inter-
action with the specific UDM subset, while the exact HBR sequence was not, unlike that seen for MA binding to the plasma mem-
brane phospholipid phosphatidylinositol-(4,5)-bisphosphate [P1(4,5)P,]. Taken totogether, these findings revealed that HIV-1
Gag associates with specific microdomains present in polarized T cells in an MA-dependent manner, which results in modifica-

tion of the microdomain constituents.

T cells are among the natural targets of HIV-1. Accumulating
evidence obtained using cultured T cells suggests that HIV-1
spreads efficiently via cell-to-cell transmission (1-5). T cells in-
fected with HIV-1 or human T lymphotropic virus type I
(HTLV-I) have been observed to form cell contact structures
known as virological synapses at which massive transfer of newly
assembled or assembling virus particles to uninfected cells takes
place (3, 6, 7). A recent study observed formation of virological
synapse by cells infected with murine leukemia virus (MLV) in
vivo in lymphoid organs, where cell-to-cell transmission likely oc-
curs frequently (8). In these locations, T cells, including HIV-1-
infected ones (9), adopt a polarized morphology (9—14). There-
fore, understanding the mechanisms of HIV-1 localization,
assembly, and transmission in polarized T cells could provide bet-
ter insights into how virological synapses form and how HIV-1 is
spread in vivo.

Polarized T cells form two ends, the leading edge at the front
and a protrusion at the rear called a uropod. Uropods are en-
riched in several adhesion molecules containing single trans-
membrane domains, including PSGL-1, CD43, CD44,
ICAM-1, and ICAM-3 (15-19), as well as the lipid raft marker
CD59 (a glycosylphosphatidylinositol [GPI]-anchored pro-
tein) (15). Functionally, uropods are important for T cell mi-
gration and are known to mediate cell-cell contacts (20-22).
Previously, we showed that the HIV-1 structural protein Gag
localizes to uropods in polarized T cells and that Gag-laden
uropods then participate in virological synapses between HIV-
1-infected and uninfected T cells (23).

HIV-1 Gag is synthesized as a polyprotein, the expression of
which is sufficient for formation of virus-like particles (VLPs) (24,
25). Gag is composed of four structural domains, matrix (MA),
capsid (CA), nucleocapsid (NC), and p6, as well as two spacer
peptides, SP1 and SP2. These Gag domains promote well-defined
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steps during VLP assembly in cells. Briefly, MA mediates plasma
membrane targeting and membrane binding of Gag (reviewed in
reference 26). CA and NC promote Gag multimerization. The CA
C-terminal domain (CTD) forms a dimerization interface (27—
31), whereas NC binding to RNA facilitates higher-order multim-
erization of Gag by binding to RNA (29, 32-37). NC also specifi-
cally recognizes the unspliced viral RNA, a process that is essential
for packaging of the viral genome (38). p6 facilitates pinching off
virus particles from the plasma membrane by recruiting the cellu-
lar ESCRT complex (39).

MA mediates binding of Gag to the plasma membrane
through a bipartite signal. The first part is an N-terminal my-
ristate moiety that is normally sequestered within MA.
Through a structural change, the myristate is exposed and in-
serted into the inner leaflet of the plasma membrane, which
increases membrane binding of Gag (40—43). The second signal
is a stretch of basic amino acids that form a highly basic region
(HBR) on the surface of MA (44—49). The positive charge of the
HBR is thought to increase Gag association with acidic lipids in
the plasma membrane. In particular, residues found within the
HBR mediate a direct interaction between Gag and a plasma-
membrane-specific, negatively charged phospholipid, phos-
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phatidylinositol-(4,5)-bisphosphate [PI1(4,5)P,]. This MA-
PI(4,5)P, interaction facilitates targeting and binding of Gag to
the plasma membrane (50-55).

At the plasma membrane, HIV-1 Gag associates with submi-
croscopic and dynamic microdomains called lipid rafts (56-59),
which are enriched in cholesterol and glycosphingolipids (60).
In addition to lipid rafts, markers for other microdomains such
as tetraspanins, which homo- or hetero-oligomerize to form
tetra-
spanin-enriched microdomains (TEMs), have also been found
to colocalize with Gag at the plasma membrane (61-63). Lipid
rafts and TEMs are experimentally distinguishable by bio-
chemical methods (e.g., by revealing differential sensitivities to
cholesterol depletion [64]; for a review, see Charrin et al. [65])
and by microscopy (61, 66—69). Thus, it is notable that, at least
in adherent cell lines, Gag is able to recruit lipid rafts and TEMs
together at virus assembly sites in a manner dependent on
membrane curvature induced by Gag multimerization or sub-
sequent HIV assembly steps (66, 70). However, it remains un-
clear whether these and other microdomains on the plasma
membrane accumulate to virus assembly sites without changes
in their structures and components or whether assembling Gag
actively reorganizes the structure or composition of microdo-
mains accumulating to these sites.

In our previous studies, we determined that NC-mediated
multimerization is essential for uropod localization of HIV-1 Gag
and that Gag associates with uropod-directed microdomains
(UDMs) that laterally comigrate with Gag to uropods as T cells
polarize (23). Gag proteins of other retroviruses and related mul-
timerizing proteins have also been shown to have similar proper-
ties (71, 72). These findings support a working model in which
Gag multimerization and UDM association play key roles in Gag
localization to uropods. However, several questions remain to be
answered. First, at what stage of multimerization does Gag localize
to uropods? Does Gag accumulate to uropods as a result of virus
surfing of completed virions on the outer leaflet of the plasma
membrane (73, 74)? Or conversely, is an early stage of Gag multi-
merization sufficient to drive uropod localization? Second, what is
the composition of UDMs? Do UDMs exist in the absence of as-
sembly events? Finally, how does Gag associate with UDMs? Is
UDM association dependent on membrane curvature, as ob-
served for recruitment of lipid rafts and TEMs to assembly sites, or
dependent on the mode of Gag-membrane binding? Observations
made in this study support a model in which uropod localization
of Gag can occur early in assembly before completion of virus
particles. Furthermore, we found that Gag associates with a spe-
cific subset of UDMs via a mechanism dependent on the positive
charge of the MA HBR but not membrane curvature, revealing a
new function of MA. Finally, we found that Gag excludes an oth-
erwise UDM-associated protein from Gag-associated UDMs,
demonstrating the ability of Gag to reorganize these microdo-
mains upon their association with Gag multimers.

MATERIALS AND METHODS

Plasmids. The HIV-1 molecular clone pNL4-3/Gag-YFP (pNL4-3/Gag-
yellow fluorescent protein) was described previously (29, 50). The YFP-
tagged budding-arrested Gag mutants containing CA mutation P99A (66)
or EE75,76AA (30) (P99A/Gag-YFP or EE75,76AA/Gag-YFP) were de-
scribed previously (30, 66, 75). Molecular clones encoding Fyn(10)/Gag-
YFP and Fyn(10)/AMA/Gag-YFP were described previously (50). The LZ

6442 jviasm.org

mutants 20LK/WMAA/LZ/Gag-YFP, 20LK/WMAA/LZ,/Gag-YFP, and
20LK/WMAA/LZ,/Gag-YFP (LZ2/Gag-YFP, LZ3/Gag-YFP, and LZ4/
Gag-YFP, respectively) were constructed by first replacing NC-p1-p6 with
the GCN4 LZ sequence derived from the Z,,, construct (a kind gift from H.
Gottlinger) described previously (76) in the context of 20LK/WMAA/
Gag-YFP by standard molecular biology techniques, and subsequent
amino acid substitutions were introduced into the LZ sequence by PCR
mutagenesis. The amino acid sequences of LZ variants are as follows: for
LZ2/Gag-YFP, RMKQLEDKVEELLSKNYHLENEVARLKKLVGER; for
LZ3/Gag-YFP, RMKQLEDKVEELLSKNYHLENRVARLEKLVGER; and
for LZ4/Gag-YFP, KVKQLVDKVEELLSKNYHLVNEVARLVKLVGER.
In addition to the LZ mutants, 20LK/WMAA/14A1G Gag-YFP (CA/NC/
Gag-YFP) was constructed by introducing 15 basic-to-neutral amino acid
changes into NC in the 20LK/WMAA/Gag-YFP context using standard
molecular biology techniques. The molecular clone pNL4-3/6A2T was
described previously (48). The molecular clone encoding Fyn(10)/6A2T/
Gag-YFP was constructed by introducing the 6A2T mutations into pNL4-
3/Fyn(10)/Gag-YFP. Molecular clones encoding HBR/RKswitch/Gag-
YFP and Fyn(10)/HBR/RKswitch/Gag-YFP were constructed by PCR
mutagenesis of the 8 basic amino acids of the HBR. All Gag derivatives
were encoded in the context of the HIV-1 molecular clone pNL4-3 (77).
In addition, for the use in liposome binding assays, pPGEMNLNR-based
plasmids (50) encoding Gag-YFP, 6A2T/Gag-YFP, and HBR/RKswitch/
Gag-YFP were constructed.

Copatching assay. P2 cells, a polarized T cell line derived from the
A3.01 T cell line as described previously (23), were cultured in RPMI 1640
media containing 10% fetal bovine serum (FBS) (RPMI-10). Gag-YFP
and its derivatives were expressed in P2 cells by spin infection with vesic-
ular stomatitis virus G (VSV-G)-pseudotyped virus stocks encoding the
Gag derivatives as described previously (23). Infected cells were main-
tained in RPMI-10 for 2 days. Cells were then resuspended in RPMI-10
containing primary antibody (diluted 1:200) against CD43, CD44,
PSGL-1, ICAM-1, ICAM-3, or CD59 (BD Biosciences Pharmingen, San
Diego, CA) and incubated for 30 min at 37°C. Cells were washed twice in
RPMI-10 and resuspended in RPMI-10 containing Alexa Fluor 594-con-
jugated goat anti-mouse IgG secondary antibody (Invitrogen, Carlsbad,
CA) (diluted 1:200) for 30 min at 37°C. Cells were then washed twice with
RPMI-10, fixed with 4% paraformaldehyde in phosphate-buffered saline
(PBS) (4% PFA), and processed for microscopy as previously described
(23). For most Gag-YFP derivatives, we quantified copatching between
Gag and a UDM marker in images of single focal planes set at the top
surface of cells or three-dimensional (3D) maximum projections. The
quantification was performed using the JACoP plugin for ImageJ with
which we calculate Pearson’s correlation coefficient after 10-pixel rolling
ball background subtraction. Because Fyn(10)/AMA/Gag-YFP localizes
to intracellular compartments as well as the plasma membrane, to ensure
that only plasma-membrane-associated Gag was quantified for colocal-
ization, images of cells expressing Fyn(10)/Gag-YFP and Fyn(10)/AMA/
Gag-YFP were taken at the middle focal plane of the cell, and regions of
interest corresponding to the cell periphery were used for quantification
as described above.

Polarization calculation. Cells expressing wild-type Gag-YFP, P99A/
Gag-YFP, EE75,76AA/Gag-YFP, CA/NC/Gag-YFP, LZ2/Gag-YFP, LZ3/
Gag-YFP, LZ4/Gag-YFP, or LZ/Gag-YFP were fixed in 4% PFA for 20
min, washed with PBS—2% FBS, and mounted on slides as described
above. To quantify polarity of Gag localization, a 10-segmented grid was
placed over each cell along the cell’s longest axis as described previously
(23). A value of 10 minus the number of segments that contained plasma-
membrane-associated Gag was then used as the polarization index. Thus,
a higher number corresponds to higher polarization, with 0 correspond-
ing to Gag distributed over the entire plasma membrane.

Nucleofection. For expression of Gag mutants containing the Fyn(10)
sequence on their N terminus in P2 cells, nucleofection of the molecular
clones was performed using Amaxa kit V because VSV-G-pseudotyped
virus stocks that would transduce these mutants have low infectivity.

Journal of Virology


http://jvi.asm.org

Association of Gag with Uropod-Directed Microdomains

P99%A
EE75,76AA

TV o

Gag
l\l\ﬁemb.bi_ndi_ng & Budding/ ESCRT recruitment & Release
ultimerization Memb.curvature
B .
Cell-associated .
o 120
Gag-YFP _v — — & i
S o
Virus-associated 15 5 80
38 o
Gag-YFP—-—— E :3. 40
E of 3g 52 C 1
> > 85 2% o
? PP LOD S Gag.yEp P99/ EE7575AA/
o © wo ag- Gag-YFP Gag-YFP
D Brigntfield PSGL-1 Gag-YFP Merge
-
<
o
»
o
Brightfield PSGL-1 Gag-YFP Merge
& -
<
©
N~
0
N~
w
w
E 10 ns ns
3 s
©
R}
>
£ 4
©
o 2
= 0
P99A/ EE75,75AA/
G;{’;tfp Gag-YFP Gag-YFP
(n=50) (n=57)

FIG 1 Membrane curvature or particle formation is not required for uropod localization. (A) An illustration indicating the virus assembly step that is inhibited
by the CA mutations P99A and EE75,76AA. (B) P2 cells expressing P99A/Gag-YFP and EE75,76AA/Gag-YFP were examined for virus release efficiency as
described in Materials and Methods. (C) Quantification of virus release efficiency. Data from three different experiments are shown as means = standard
deviations. (D) P2 cells were infected with VSV-G-pseudotyped viruses encoding P99A/Gag-YFP (upper panel) or EE75,76AA/Gag-YFP (lower panel) and
immunostained for PSGL-1 before fixation. Uropod localization of Gag-YFP was assessed using PSGL-1 as a uropod marker. (E) Gag polarity index values for
wild-type Gag-YFP, P99A/Gag-YFP, and EE75,76AA/Gag-YFP in polarized P2 cells were determined as described in Materials and Methods. n, the number of
cells used for quantification. Error bars represent standard errors of the means. ns, not significant.

Briefly, 1 X 10° P2 cells were resuspended in 100 pwl Amaxa V solution Liposome binding assays. Liposome binding assays were performed
with 2 pg DNA and transferred to a cuvette. Program C-016 was used to  as previously described (50).

electroporate the samples. Nucleofected cells were added to 2 ml RPMI-10 Virus release assay. P2 cells (3 X 10° cells) were infected with VSV-
and cultured for 3 days before immunostaining experiments were per-  G-pseudotyped HIV-1 expressing Gag-YFP. Two days postinfection, met-
formed. abolic labeling of infected cells with [**S]methionine-cysteine, prepara-
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FIG 2 1LZ4/Gag-YFP polarizes more extensively than CA/NC/Gag-YFP, LZ2/
Gag-YFP, or LZ3/Gag-YFP. (A) Illustration of Gag derivatives containing leu-
cine zipper (LZ) sequences in place of NC. LZ/Gag-YFP is a prototype LZ-
containing Gag that multimerizes and forms particles efficiently. Red letters in
LZ sequences and asterisks denote mutations that are expected to convert

6444 jviasm.org

tion of cell and virus lysates, and immunoprecipitation of viral proteins
using HIV immunoglobulin (HIV-Ig; AIDS Research and Reference Re-
agent Program) were performed as described previously (50). Virus re-
lease efficiency was calculated as the amount of virus-associated Gag as a
fraction of the total (cell plus virus) Gag synthesized during a 3-h meta-
bolic labeling period.

RESULTS

Virus surfing and budding are not required for uropod localiza-
tion. While previous studies showed that Gag multimerization is
essential for its localization to the uropod (23, 71), the aspect of
multimerization that drives uropod localization remained to be
elucidated. Gag multimerization is required for membrane curva-
ture and particle formation, which are prerequisites for virus surf-
ing. Thus, it is possible that rearward surfing of formed virus par-
ticles on the plasma membrane, but not Gag multimerization per
se, mediates uropod localization of HIV-1. To address this possi-
bility, we examined two YFP-tagged Gag derivatives with CA
amino acid substitutions, P99A and EE75,76AA. Both P99A/Gag-
YFP and EE75,76AA/Gag-YFP show electron-dense patches un-
derneath the plasma membrane in EM studies, suggesting that
they multimerize on the plasma membrane. However, they do not
efficiently curve the membrane or form virus particles (Fig. 1A)
(30, 66, 75, 78). Mutations in the equivalent region of MLV CA
were observed to show a similar budding-arrested phenotype
(79). As expected, P99A and EE75,76AA mutants are deficient in
virus release from T cells (Fig. 1B and C).

P99A/Gag-YFP and EE75,76AA/Gag-YFP were expressed in P2
cells, a T cell line that adopts a polarized morphology frequently
and spontaneously (23), and examined for localization to the uro-
pod, which was identified by accumulation of the uropod marker
PSGL-1. We observed that both of these budding-arrested mu-
tants clearly localized to the uropod of polarized P2 cells (Fig. 1D)
to the same extent as wild-type Gag-YFP (Fig. 1E). These obser-
vations indicate that complete particle formation, and hence virus
surfing on the outer leaflet of the plasma membrane, is not re-
quired for uropod localization of Gag. Conversely, this also sug-
gests that multimerization and association with the inner leaflet of
the plasma membrane are sufficient for Gag to localize to the
uropod.

A low level of multimerization is sufficient for Gag polariza-
tion toward the uropod. The observation that budding-arrested
mutants localize to the uropod suggests that uropod localization
could occur before Gag multimers curve the membrane. To de-
termine how early in assembly uropod localization occurs, we
sought to construct and examine Gag mutants that form only

dimeric LZ into trimeric (LZ;) or tetrameric (LZ,) ones. The CA mutation,
WM184,185AA (WMAA; denoted by XX in CA), which prevents CA-medi-
ated dimerization, was introduced into the LZ2/Gag-YFP, LZ3/Gag-YFP, and
LZ4/Gag-YFP constructs so that LZ sequences provide the only major Gag-
Gag interaction activity in these constructs. In CA/NC/Gag-YFP, the 14A1G
change was introduced into NC (all NC basic residues substituted with Ala or
Gly; denoted by XX in NC) in addition to the WMAA change to eliminate
major Gag-Gag interaction domains. All constructs contain the MA mutation
20LK (denoted by a white X in MA), which increases membrane binding. (B)
CA/NC/Gag-YFP, LZ2/Gag-YFP, LZ3/Gag-YFP, LZ4/Gag-YFP, and LZ/Gag-
YFP were expressed in P2 cells via infection with VSV-G-pseudotyped viruses
encoding these Gag constructs. (C) The Gag polarity index was determined for
the mutants in polarized P2 cells as described in Materials and Methods. n, the
number of cells used for quantification. Error bars represent standard errors of
the means.
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FIG 3 Gagassociates with a specific subset of uropod-directed microdomains in unpolarized P2 cells. (A to D) P2 cells were infected with a VSV-G-pseudotyped
virus encoding Gag-YFP. Cells were immunostained before fixation for CD44 (A), CD59 (B), ICAM-1 (C), and ICAM-3 (D). Polarized cells were observed to
confirm that the uropod proteins were enriched at the uropod (top rows). To determine copatching of Gag and uropod markers, which reflects copartitioning
of the markers with Gag in the same microdomains, unpolarized cells were examined (bottom rows). For unpolarized cells, the top surface of cells is shown. (E)
Copatching between Gag and uropod markers in unpolarized cells was quantified using the square of Pearson’s correlation coefficient (R?). n, the number of cells
used for quantification. Error bars represent standard errors of the means. P values were calculated based on comparisons between Gag copatching with PSGL-1

and other uropod markers. ***, P < 0.001; ns, not significant.

low-order multimers. A Gag construct in which NC is replaced
with a heterologous dimerizing leucine zipper (LZ) sequence (LZ/
Gag) is known to multimerize and form virus-like particles
(VLPs) (76, 80, 81). Previously, we showed that a YFP-tagged
derivative of this construct, LZ/Gag-YFP, localizes to the uropod
(23) (Fig. 2). To block higher-order multimerization of LZ/Gag-
YFP, we introduced mutations that disrupt the CA dimerization
interface, WM 184,185AA. Previous studies showed that LZ/Gag
constructs that contain WM 184,185AA mutations are largely di-
meric in solution (80) and form lower-order but not higher-order
multimers in cells (82). To compensate for the membrane binding
defect imposed by these CA mutations (29, 83), the MA mutation
20LK, which increases membrane binding via increased affinity to
PI(4,5)P, (84-86), was also introduced into this construct (20LK/
WMAA/LZ/Gag-YFP). Specific mutations in the LZ sequence
have been shown to change its oligomerization property from a
dimer to a trimer (referred to as LZ;) (106) or tetramer (referred
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toas LZ,) (87). Thus, to express Gag derivatives that form lower-
order multimers beyond dimers, these mutations were introduced
into the 20LK/WMAA/LZ/Gag-YFP construct (20LK/WMAA/
LZ;/Gag-YFP and 20LK/WMAA/LZ,/Gag-YFP, respectively; Fig.
2A). A Gag construct that contains the 20LK mutation and muta-
tions in both the CA dimerization interface and the 15 basic resi-
dues of NC (20LK/WMAA/14A1G/Gag-YFP), which is similar to
a previously described monomeric Gag mutant (88), was also ex-
amined. 20LK/WMAA/14A1G/Gag-YFP, 20LK/WMAA/LZ/Gag-
YFP, 20LK/WMAA/LZ,/Gag-YFP, and 20LK/WMAA/LZ,/Gag-
YEP are referred to here as CA/NC/Gag-YFP, LZ2/Gag-YFP, LZ3/
Gag-YFP, and LZ4/Gag-YFP, respectively (Fig. 2A).

When expressed in polarized P2 cells, LZ2/Gag-YFP localized
over the entire cell surface, consistent with our previous observa-
tion that a CA-CTD-deleted LZ/Gag-YFP construct with a heter-
ologous triple acylation signal [Fyn(10)] (added to augment
membrane binding) does not localize to the uropod (23). These
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results suggest that the dimerizing LZ sequence is insufficient for
uropod localization of Gag in the absence of a functional CA
dimerization interface. Similarly, the CA/NC/Gag-YFP and LZ3/
Gag-YFP constructs were observed to localize around the entire
plasma membrane, although LZ3/Gag-YFP often showed a grad-
ual increase in Gag accumulation toward one end of the cell. In
contrast, LZ4/Gag-YFP was significantly more polarized than CA/
NC/Gag-YFP, LZ2/Gag-YFP, or LZ3/Gag-YFP, although slightly
less so than LZ/Gag-YFP containing the 20LK change (Fig. 2B and
C). These findings further show that uropod localization of Gag
depends on the level of its multimerization. Although the extent of
oligomerization of these Gag constructs remains to be directly
verified, these results, together with the observation obtained with
the budding-arrested Gag mutants, suggest that this process oc-
curs early in assembly.

Gag associates with a specific subset of uropod-directed mi-
crodomains. Multimerization of membrane-associated proteins
could stabilize association of these proteins with membrane mi-
crodomains (reviewed in references 56, 89, and 90). Previously, we
showed a high level of copatching between multimerized Gag and
uropod markers PSGL-1 and CD43 (23). In the copatching assay,
antibodies directed to cell surface markers are added prior to fix-
ation so as to detect otherwise submicroscopic microdomain as-
sociation of the markers via cross-linking-dependent patching
(discussed in more detail in reference 66). Therefore, the observed
copatching between Gag and the uropod markers suggests that
Gag associates with UDMs. However, whether the composition of
these Gag-associated UDMs simply reflects the composition of
uropods or whether Gag associates with UDMs that contain spe-
cific subsets of uropod-associated proteins remained to be eluci-
dated. Thus, we analyzed the copatching between Gag and other
uropod-associated proteins, CD44, CD59, ICAM-1, and ICAM-3
(15-18), in P2 cells (Fig. 3A to D). In order to observe the prepo-
larization status of Gag association with UDMs, we examined co-
patching between Gag and uropod-associated proteins in unpo-
larized P2 cells (Fig. 3A to D, bottom rows). The dispersed
distribution of patches of Gag and uropod-associated proteins in
these cells also allowed us to assess colocalization of Gag and uro-
pod protein clusters unambiguously, in contrast to assessing co-
localization in polarized cells in which Gag and uropod proteins
could concentrate to the small uropod area and overlap each
other. We found that, in unpolarized T cells, Gag-YFP efficiently
copatched with CD44, as was observed previously (and confirmed
here) for PSGL-1 and CD43 (Fig. 3A, bottom rows, and 3E). How-
ever, Gag-YFP did not efficiently copatch with CD59, ICAM-1, or
ICAM-3 in these unpolarized cells (Fig. 3B to D, bottom rows, and
3E) even though these proteins are also directed to uropods in
polarized T cells (Fig. 3B to D, top rows). Thus, these observations
indicate that Gag associates with UDMs containing a specific sub-
set of uropod-associated proteins.

Gag actively reorganizes UDMs. As described above, Gag as-
sociates with a specific subset of UDMs containing CD43, PSGL-1,
and CD44. We wondered whether these UDM proteins associate
with each other in the absence of Gag or whether Gag reorganizes
UDM:s. To distinguish between these possibilities, an analysis of
copatching between CD44 and the other UDM proteins was per-
formed in uninfected P2 cells. As expected, CD44 patches induced
by two different specific antibodies (IgG1 and IgG2b) displayed
almost complete colocalization (Fig. 4A and G). In addition, we
found that CD44 copatches with PSGL-1 and CD43 at high levels
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FIG 4 CD44 and other uropod-associated proteins copatch in the absence of
Gag. (A to F) Uninfected P2 cells were immunostained prior to fixation using
two antibodies differing in their isotypes, one antibody recognizing CD44 and
the other recognizing CD44 (A), PSGL-1 (B), CD43 (C), CD59 (D), ICAM-1
(E), or ICAM-3 (F). The top surface of cells is shown. (G) The level of copatch-
ing between CD44 and uropod markers was quantified with the square of
Pearson’s correlation coefficient (R?). n, the number of cells used for quanti-
fication. Error bars represent standard errors of the means. P values were
calculated based on comparisons between CD44 copatching with PSGL-1 and
other uropod markers. ***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, not
significant.
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(Pearson’s correlation coefficient [R*] > 0.5) (Fig. 4B, C, and G),
similar to the Gag copatching seen with these uropod proteins. In
contrast, CD44 showed markedly less copatching with CD59 or
ICAM-1 (Fig. 4D, E, and G). This pattern of separation into two
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FIG 5 Gag reorganizes UDMs by excluding ICAM-3. (A) P2 cells were in-
fected with VSV-G-pseudotyped virus particles encoding Gag-CFP. Two days
postinfection, cells were immunostained prior to fixation for CD44 and
ICAM-3. (B) The level of copatching between CD44 and ICAM-3 in the ab-
sence or presence of Gag was quantified with the square of Pearson’s correla-
tion coefficient (R?). ***, P < 0.001.

groups mirrors the copatching pattern of Gag with these uropod-
directed proteins (Fig. 3). However, interestingly, we also found
that CD44 copatches with ICAM-3 (Fig. 4F and G) even though
ICAM-3 does not copatch well with Gag (Fig. 3). Thus, these ob-
servations suggest that, while PSGL-1, CD43, CD44, and ICAM-3
associate with the same microdomain that exists in the absence of
Gag, Gag does not simply associate with this UDM passively.
Rather, Gag appears to modify this UDM by excluding ICAM-3.
Supporting the latter interpretation, three-color imaging revealed
that in cells expressing Gag-CFP, Gag copatches well with CD44
but these CD44 patches no longer colocalize with patches of
ICAM-3 (Fig. 5). These data suggest that, in addition to the co-
alescence of disparate microdomains observed previously (66,
70), Gag is also able to mediate modification of existing microdo-
mains.

Completion of particle formation is not required for recruit-
ment of specific UDMs. Membrane curvature has been impli-
cated in membrane domain organization (91). Furthermore, we
recently observed that Gag-dependent coalescence of lipid rafts
and TEMs that do not normally colocalize with each other corre-
lates with the ability of Gag to induce membrane budding (66).
Therefore, it is conceivable that Gag associates with specific UDMs
that are attracted to membrane curvature.

To investigate whether specific UDM association of Gag is de-
termined by the ability of Gag to bud, copatching between the
budding-arrested mutants P99A/Gag-YFP and EE75,76AA/Gag-
YFP and the uropod markers PSGL-1, CD43, and CD59 was ex-
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FIG 6 Membrane curvature is not required for specific UDM association. (A to
C) P2 cells were infected with VSV-G-pseudotyped virus particles encoding the
budding-deficient mutants P99A/Gag-YFP (top rows) and EE75,76AA/Gag-YFP
(bottom rows). These cells were immunostained for PSGL-1 (A), CD43 (B), or
CD59 (C) prior to fixation. Maximum projections reconstructed from z-stack
images of cells are shown. (D) Copatching between Gag and uropod markers was
quantified with the square of Pearson’s correlation coefficient (R?). n, the number
of cells used for quantification. Error bars represent standard errors of the means.
P values were calculated based on comparisons between Gag copatching with
PSGL-1 and other uropod markers. ***, P < 0.001; ns, not significant.
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FIG 7 The MA sequence promotes Gag association with specific UDMs. (A
and B) P2 cells were nucleofected with molecular clones encoding Fyn(10)/
Gag-YFP (A) or Fyn(10)/AMA/Gag-YFP (B). After 3 days, cells were immu-
nostained for PSGL-1, CD43, or CD59 before fixation. The middle focal plane
of cells is shown. Prominent cytoplasmic signals are observed in some cells. (C)
The level of copatching between Gag and uropod markers was quantified with
the square of Pearson’s correlation coefficient (R?). To ensure that only plas-
ma-membrane-associated Gag was quantified for colocalization, regions of
interest corresponding to the cell periphery at the middle focal plane of the cell
were used for quantification as described in Materials and Methods. n, the
number of cells used for quantification. Error bars represent standard errors of
the means. ***, P value < 0.001.
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amined in unpolarized P2 cells. Almost identically to wild-type
Gag-YFP, both mutants were observed to copatch with PSGL-1
and CD43 but not with CD59 (Fig. 6). These observations indicate
that membrane curvature is not required for Gag-YFP association
with specific UDMs. Thus, these results also suggest that the
mechanism of UDM recruitment to assembly sites is different
from the curvature-dependent recruitment of rafts and TEMs ob-
served in HeLa cells (66).

MA determines the specificity of UDM association. It is con-
ceivable that, while multimerization is required for uropod local-
ization and UDM association, an additional function of Gag may
be necessary for determining the specificity of UDM association.
The Gag region most likely to determine which UDMs Gag asso-
ciates with is MA, because this domain interacts directly with the
plasma membrane. To examine this possibility, a Gag mutant in
which MA was deleted [Fyn(10)/AMA/Gag-YFP] was expressed
in P2 cells and examined for UDM association by copatching anal-
ysis. In this construct, MA was replaced with the triple acylation
signal Fyn(10), which compensates for the loss of MA-dependent
membrane binding. To control for the addition of the Fyn(10)
sequence, Fyn(10)/AMA/Gag-YFP was compared with Fyn(10)/
Gag-YFP, which contains the full MA sequence. Gag puncta on
the plasma membrane detected in the middle focal plane of cells
were used to quantify colocalization (see Materials and Methods).
Strikingly, while Fyn(10)/Gag-YFP associated with the same
PSGL-1/CD43-enriched subset of UDMs as Gag-YFP (Fig. 7A),
the loss of MA caused Gag to segregate from PSGL-1 and CD43
(Fig. 7B). As observed for wild-type Gag-YFP, both Fyn(10)/Gag-
YFP and Fyn(10)/AMA/Gag-YFP did not copatch with ICAM-3
efficiently (data not shown). Interestingly, copatching between
Fyn(10)/AMA/Gag-YFP and CD59 was enhanced compared with
Fyn(10)/Gag-YFP results (Fig. 7). Together, these data indicate
that despite Fyn(10)/Gag-YFP and Fyn(10)/AMA/Gag-YFP hav-
ing the same Fyn acylation signals on their N terminus, these two
mutants associate with different UDMs. Thus, the specificity of
UDM association is likely determined by the MA sequence itself.

A positive charge of the MA HBR is required for specific
UDM association. One of the prominent features in the MA se-
quence is the HBR. It is conceivable that the positive charge of the
HBR mediates association of Gag with specific UDMs by binding
to PI(4,5)P, or other negatively charged phospholipids. The HBR
could also mediate direct interaction with negatively charged res-
idues in UDM-associated proteins. Thus, to determine whether
the HBR plays a role in specific UDM association, the 8 basic
residues within the HBR of Fyn(10)/Gag-YFP were mutated to the
neutral amino acid alanine or threonine [Fyn(10)/6A2T/Gag-
YFP]. To examine the role of charge in any HBR-mediated phe-
notype, copatching of Fyn(10)/6A2T/Gag-YFP with PSGL-1,
CD43, and CD59 was compared with that of another HBR mutant
in which the six Lys (K) were mutated to Arg (R) and the two Arg
were mutated to Lys [Fyn(10)/HBR/RKswitch/Gag-YFP] (Fig.
8A). In this construct, the same basic residues as in Fyn(10)/6A2T/
Gag-YFP were substituted but, unlike in Fyn(10)/6A2T/Gag-YFP,
the overall positive charge of the HBR was maintained. Both
Fyn(10)/6A2T/Gag-YFP and Fyn(10)/HBR/RKswitch/Gag-YFP
showed cell surface punctate signals, suggesting that they form
higher-order Gag multimers at the plasma membrane. When
Fyn(10)/6A2T/Gag-YFP was expressed in P2 cells, we observed
that Gag lost its association with PSGL-1 and CD43 but gained an
association with CD59, as was observed for Fyn(10)/AMA/Gag-
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YFP (Fig. 8B and D), indicating that the HBR is required for spe-
cific UDM association. In contrast, we found that Fyn(10)/HBR/
RKswitch/Gag-YFP copatched with PSGL-1 and CD43 but not
with CD59 in a manner similar to that seen with wild-type Gag-
YFP (Fig. 8C and D). Together, these observations indicate that
the positive charge of the HBR plays a major role in specific UDM
association of Gag.

Gag-PI(4,5)P, binding is not required for HBR-charge-me-
diated association of Gag with specific UDMs. A recent report
suggests that interactions with a protein can induce enrichment of
PI(4,5)P, in some microdomains, which in turn facilitates accu-
mulation of the protein (92). It is conceivable that Gag, through its
HBR, induces formation of such PI(4,5)P,-enriched microdo-
mains to which some uropod proteins with a short basic stretch in
juxtamembrane cytoplasmic regions, such as CD43, PSGL-1, and
CD44, are also attracted. Alternatively, the HBR could play a sim-
ilar role via recruitment of other negatively charged phospholipids
in a more nonspecific and charge-dependent manner. Thus, using
a liposome binding assay, we investigated whether HBR/RK-
switch/Gag-YFP and 6A2T/Gag-YFP interact with PI(4,5)P, or
other negatively charged phospholipids. For this set of experi-
ments, Gag constructs with the native N-terminal sequence but
not the Fyn(10) sequence were used, because the strong mem-
brane binding mediated by the Fyn(10) sequence (i.e., triple acy-
lation) obscures the difference in Gag-liposome binding. We
found that, unlike wild-type Gag-YFP, both 6A2T/Gag-YFP and
HBR/RKswitch/Gag-YFP do not bind PI(4,5)P,-containing lipo-
somes (Fig. 9A and B). This indicates that PI(4,5)P, binding re-
quires not only the overall basic charge of the HBR but also the
specific amino acid sequence in the HBR.

It was previously observed that, upon treatment with RNase,
wild-type Gag is able to bind liposomes containing phosphatidyl-
choline (PC) and the negatively charged phospholipid phospha-
tidylserine (PS), presumably via electrostatic interactions, even
when PI(4,5)P, is absent (48). Similarly, we observed that wild-
type Gag-YFP binds the PC-plus-PS liposomes upon RNase treat-
ment (Fig. 7Cand D). In contrast, 6A2T/Gag-YFP failed to exhibit
PC-plus-PS binding regardless of RNase treatment, underlining
the importance of electrostatic interactions in this mode of Gag-
membrane binding (Fig. 9C and D). Interestingly, we found that,
upon treatment with RNase, HBR/RKswitch/Gag-YFP binds PC-
plus-PS liposomes nearly as efficiently as wild-type Gag-YFP (Fig.
9Cand D). These results indicate that switching the Lys and Argin
the HBR had little impact on the ability of MA to bind RNA or
negatively charged, non-PI(4,5)P, phospholipids. Since the Lys-
Arg switching has no impact on Gag-UDM copatching (Fig. 8),
these data suggest that Gag association with specific UDMs is de-
pendent on the positive charge of the HBR but not on HBR bind-
ing to PI(4,5)P,. Taken together, these results reveal a novel prop-
erty of MA in determining the association of Gag with different
microdomains.

encoding Fyn(10)/6A2T/Gag-YFP (B) or Fyn(10)/HBR/RKswitch/Gag-YFP
(C). After 3 days, cells were immunostained before fixation for PSGL-1, CD43,
or CD59. The middle focal plane of cells is shown. (D) Copatching between
Gag and uropod markers was quantified with the square of Pearson’s cor-
relation coefficient (R*) as described for Fig. 7. n, the number of cells used
for quantification. Error bars represent standard errors of the means. Data for
Fyn(10)/Gag-YFP and Fyn(10)AMA/Gag-YFP from Fig. 7 are included for
comparison. P values were calculated based on comparisons between Fyn(10)/
Gag-YFP and its derivatives. ***, P < 0.001; ns, not significant.
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FIG 9 Gagbinding to PI(4,5)P,-containing liposomes requires the specific HBR amino acid sequence, whereas the overall positive charge of the HBR is sufficient
for RNA binding and acidic lipid binding in the absence of RNA. (A) Liposome binding assays were performed to examine binding of wild-type Gag-YFP,
HBR/RKswitch/Gag-YFP, and 6A2T/Gag-YFP to control liposomes that contain PC and PS in a 2:1 ratio [PC;PS (2:1)] or liposomes that contain 7.25 mol%
PI(4,5)P, in addition to PC:PS (2:1). M, membrane-bound Gag; NM, non-membrane-bound Gag. (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 labeled Gag was calculated. The relative
liposome-binding efficiency for each condition was calculated in comparison to the binding efficiency of wild-type Gag-YFP with PI(4,5)P,-containing lipo-
somes. Data from three different experiments are shown as means = standard deviations. Liposome binding efficiency was quantified, with all conditions
normalized to Gag-YFP binding to PI(4,5)P,-containing liposomes. (C) Liposome binding assays were performed to examine binding of wild-type Gag-YFP,
HBR/RKswitch/Gag-YFP, and 6A2T/Gag-YFP to PC:PS (2:1) liposomes with or without RNase treatment. M, membrane-bound Gag; NM, non-membrane-
bound Gag. (D) Liposome binding efficiency was quantified as described for panel B, and the relative liposome-binding efficiency for each condition was
calculated in comparison to the binding efficiency of RNase-treated Gag-YFP with PC:PS (2:1) liposomes. Data from three different experiments are shown as
means * standard deviations. Note that results shown in panels A and C were obtained in the same experiment, and therefore the same gel images are shown for

the negative-control conditions (left side).

DISCUSSION

Microdomains, such as lipid rafts and TEMs, have been impli-
cated in virus assembly/release and cell-to-cell transmission (56,
58, 59, 63, 93-99). However, despite the potential importance of
microdomain association in HIV-1 replication and spread, mo-
lecular determinants of HIV-1 Gag association with different mi-
crodomains, particularly in T cells, remain poorly understood.
Here, we found that HIV-1 Gag multimers associate with mi-
crodomains that contain a specific subset of uropod-directed pro-
teins. Previous studies using adherent cell lines (66, 70) have pro-
vided evidence that Gag multimerization and subsequent
membrane budding are able to stabilize and coalesce lipid rafts
and TEMs in a MA-sequence-independent manner. In contrast,
in this study we found that the MA HBR (Fig. 7 and 8), but not
membrane curvature (Fig. 6), plays a key role in association of Gag
multimers with a specific subset of uropod-localizing proteins in
T cells. As these proteins copatch with each other in the absence of
virus expression (Fig. 4), they are likely to share affinity to com-
mon microdomains directed to the uropod in T cells. Notably, we
also found that Gag is able to reorganize these UDMs by actively
excluding proteins originally associated with these microdomains
(e.g., ICAM-3) (Fig. 5). These findings demonstrate that Gag
drives reorganization of the plasma membrane in a variety of
ways.

Analysis of a panel of uropod proteins revealed that Gag asso-
ciates with a specific UDM enriched in PSGL-1, CD43, and CD44
but not ICAM-1, ICAM-3, or CD59 in unpolarized P2 cells. As
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discussed below, it is unlikely that a specific subset of UDMs plays
an irreplaceable role in movement of Gag multimers to the uro-
pod. Nonetheless, it is conceivable that a specific UDM protein
modulates HIV-1 release or cell-to-cell transmission. For exam-
ple, a recent study showed that increased expression of the UDM
protein CD43 correlates with enhanced cell-to-cell transmission
of HTLV-1, another retrovirus that replicates in T cells (100).
Thus, although it is not known whether association of CD43 and
HTLV-1 in microdomains plays a role in this increase of cell-to-
cell transmission, it is conceivable that specific UDMs or UDM-
associated proteins contribute to cell-to-cell transmission of
HIV-1. It is also of interest to determine why HIV-1 evolved to
exclude ICAM-3 from the UDMs with which the virus associates.
A previous study showed that HIV-1 replication in Jurkat T cells is
inefficient when ICAM-3 is expressed and that ICAM-3 appears to
exert the negative effect during the late phase of the virus replica-
tion cycle (101). Thus, it is tempting to speculate that reducing the
ICAM-3 association with assembling viruses at the plasma mem-
brane is potentially advantageous for HIV-1 assembly and/or the
subsequent transmission. Further analyses of Gag-negative and
Gag-positive UDM components are likely to provide us with in-
sights into the advantages for HIV-1 to associate with, and modify
the components of, the specific subset of UDMs.

Interestingly, while Fyn(10)/AMA/Gag-YFP did not associate
with CD43/PSGL-1/CD44-enriched UDMs as wild-type Gag-YFP
does, we found that it did associate with an alternate UDM en-
riched in the lipid raft marker CD59. It is likely that the association
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of Fyn(10)/AMA/Gag-YFP with CD59 is driven by the Fyn(10)
sequence, which encodes a myristoylation and two palmitoylation
signals. These acylation signals have been previously observed to
facilitate association with cholesterol-dependent lipid raft mi-
crodomains (102). Thus, it is conceivable that, in the context of
Fyn(10)/Gag-YFP, MA-mediated interactions with specific
UDMs are dominant over Fyn(10)-mediated association with
CD59-enriched lipid rafts. Conversely, in the absence of MA,
Fyn(10) is able to facilitate Gag association with CD59-enriched
lipid rafts. Thus, if UDM association is one of the prerequisites for
uropod localization, it is conceivable that Gag that contains wild-
type MA utilizes CD43/PSGL-1/CD44-enriched UDMs for this
process, while this process is replaced by UDMs containing CD59-
enriched lipid rafts in the context of Fyn(10)/AMA/Gag-YFP,
which also localizes to the uropod (23).

In this study, we identified the MA HBR as a Gag determinant
that mediates Gag association with some UDM proteins and not
others. The HBR is known to promote membrane binding
through its interaction with acidic phospholipids, including
PI(4,5)P, (44, 45, 48, 50, 52, 53, 55). Some plasma membrane
proteins with basic regions can mediate clustering of PI(4,5)P,,
which in turn can mediate clustering of these proteins into mi-
crodomains (92, 103). Notably, analyses of the HBR amino acid
substitution mutants showed that basic-to-neutral substitutions
(6A2T) block association of Fyn(10)/Gag-YFP with the specific
UDMs containing CD43 and PSGL-1, whereas switching of Lys
and Arg (HBR/RKswitch) has no impact on this association. As
shown in liposome binding experiments (Fig. 9), the HBR/RK-
switch mutant Gag is likely to maintain electrostatic interactions
with negatively charged phospholipids such as PS. Therefore, it is
plausible that Gag multimers, via the HBR, induce clustering of
certain negatively charged phospholipids to which some, but not
all, uropod proteins (e.g., PSGL-1, CD43, and CD44) are also
attracted via electrostatic interactions. It should be noted, how-
ever, that our data do not rule out a direct interaction between Gag
and a UDM-associated protein via an interface heavily dependent
on the charge of the HBR. While it is unlikely that the HBR alone
serves as a direct protein-protein interaction interface that would
depend on the exact amino acid sequence, further studies are nec-
essary to determine how the MA HBR mediates specific UDM
association.

The role played by the MA HBR in HIV-1 Gag interaction with
PI(4,5)P, is well recognized (26). However, whether this interac-
tion is solely dependent on electrostatic interactions between HBR
basic residues and the high-density negative charge of the
PI(4,5)P, head group or whether the interface structure promotes
specific recognition of the head group had not been determined
(44, 50, 104). In this regard, the phenotype we observed in this
study of HBR/RKswitch/Gag-YFP in liposome binding assays is
noteworthy. Although the switching of Arg and Lys does not alter
the ability of the HBR to support electrostatic interactions, in con-
trast to wild-type Gag-YFP, HBR/RKswitch/Gag-YFP failed to
bind to PI(4,5)P,-containing liposomes (Fig. 9). Therefore, it is
unlikely that electrostatic interactions solely promote the MA-
PI(4,5)P, binding: rather, a structural element of the HBR plays a
major role in recognition of PI(4,5)P,. Ongoing studies are aimed
at determining whether such a structural element is directly in-
volved in PI(4,5)P, interaction or whether it indirectly modulates
PI(4,5)P, interaction via RNA binding.

While completed HIV-1 virus particles could accumulate to
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the uropod by surfing on the outer leaflet of the plasma mem-
brane, virus surfing (73, 74) is not required for uropod localiza-
tion of Gag in polarized T cells. We observed that P99A/Gag-YFP
and EE75,76AA/Gag-YFP, which can multimerize but are defec-
tive in budding and hence in particle formation, localize to the
uropod efficiently. Moreover, LZ4/Gag-YFP, despite the disrup-
tion of the CA dimerization interface, also polarizes on the plasma
membrane. Therefore, it is likely that uropod localization begins
at an early stage of the assembly process before spherical particle
formation and surfing would occur. Notably, in contrast to LZ4/
Gag-YFP, LZ2/Gag-YFP failed to localize to the uropod, suggest-
ing an interesting possibility that the size of Gag oligomers deter-
mines the polarized localization. Oligomerization and the
resulting microdomain association of membrane-associated pro-
teins are thought to facilitate confinement of these proteins in
compartments lined by the cortical actin cytoskeleton due to the
increased size of the protein entity (105). Thus, it is conceivable
that LZ4/Gag-YFP is more susceptible than LZ2/Gag-YFP to such
oligomerization-enhanced confinement, which in turn promotes
uropod localization in polarized T cells where rearward actin flow
exists. Lower-order Gag multimers were not analyzed using the
copatching assay in the current study, since they do not form
distinct clusters distinguishable in conventional microscopy.
However, superresolution analysis of lower-order Gag multimers
with regard to their relationships with different UDMs and the
rearward actin flow, which is under way in our laboratory, is likely
to elucidate the mechanism by which multimerization mediates
Gag accumulation to uropods and virological synapses.
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