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Abstract

T cells adopt a polarized morphology in lymphoid organs, where cell-to-cell transmission of HIV-1 is likely frequent.
However, despite the importance of understanding virus spread in vivo, little is known about the HIV-1 life cycle, particularly
its late phase, in polarized T cells. Polarized T cells form two ends, the leading edge at the front and a protrusion called a
uropod at the rear. Using multiple uropod markers, we observed that HIV-1 Gag localizes to the uropod in polarized T cells.
Infected T cells formed contacts with uninfected target T cells preferentially via HIV-1 Gag-containing uropods compared to
leading edges that lack plasma-membrane-associated Gag. Cell contacts enriched in Gag and CD4, which define the
virological synapse (VS), are also enriched in uropod markers. These results indicate that Gag-laden uropods participate in
the formation and/or structure of the VS, which likely plays a key role in cell-to-cell transmission of HIV-1. Consistent with
this notion, a myosin light chain kinase inhibitor, which disrupts uropods, reduced virus particle transfer from infected T
cells to target T cells. Mechanistically, we observed that Gag copatches with antibody-crosslinked uropod markers even in
non-polarized cells, suggesting an association of Gag with uropod-specific microdomains that carry Gag to uropods. Finally,
we determined that localization of Gag to the uropod depends on higher-order clustering driven by its NC domain. Taken
together, these results support a model in which NC-dependent Gag accumulation to uropods establishes a preformed
platform that later constitutes T-cell-T-cell contacts at which HIV-1 virus transfer occurs.
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Introduction

One of the primary natural targets of HIV-1 is the T cell. HIV-
1 spread between infected and uninfected T cells likely occurs
frequently in densely packed environments such as lymph nodes
viwo. Two-photon imaging studies have shown that a majority of T
cells in lymph nodes are highly motile and have a polarized
morphology [1,2,3,4,5,6]. Therefore, it is likely that, in lymphoid
organs, HIV-1 replicates within and is transmitted by polarized T
cells. However, the life cycle of HIV-1 in polarized T cells has not
been examined in detail.

HIV-1 assembly occurs at the plasma membrane and is driven by
the HIV-1 polyprotein Gag. Gag is the primary structural protein
of retroviruses, including HIV-1, and is both necessary and
sufficient for formation of virus-like particles [7]. HIV-1 Gag is
composed of four structural domains: matrix (MA), capsid (CA),
nucleocapsid (NC) and p6. MA mediates Gag targeting and binding
to the plasma membrane, primarily through the myristoyl group on
the N terminus of MA, which inserts into the plasma membrane, as
well as MA basic amino acids that interact with phosphatidylino-
sitol-4,5-bisphosphate  [PI1(4,5)Py], a plasma-membrane-specific
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phospholipid [8,9,10,11,12,13,14,15,16,17,18,19,20]. CA mediates
Gag dimerization through an interface in its C terminal domain
(CTD), in which amino acids W184 and M185 play key roles
[21,22,23,24,25,26,27,28,29,30,31,32,33]. NC binds specifically to
the viral genomic RNA, which is essential for packaging viral
genomes into virions [34]. In addition, NC contributes to
multimerization of Gag, whereby RNA is thought to serve as a
scaffold [21,25,28,35,36,37,38,39,40,41,42,43]. p6 contains pep-
tide sequences that recruit cellular endosomal sorting complex
required for transport (ESCRT) proteins, which facilitate the
release of virus particles [44,45,46].

A polarized T cell forms a leading edge at the front and a
protrusion called a uropod at the rear [47,48,49]. There are
several proteins known to be enriched in the uropod, including
intercellular adhesion molecule (ICAM)-1, -2, and -3, P-selectin
glycoprotein ligand (PSGL)-1, CD43, and CD44 [50,51]. The
microtubule organizing center (MTOC) is also known to localize
to the base of the uropod [49,52]. Previous studies have observed
that in T cells and monocytes, HIV-1 proteins localize to a cell
protrusion, which resembles a uropod [53,54,55,56,57]. Further-
more, virus particles are enriched in several uropod-associated
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Author Summary

CD4* T cells are natural targets of HIV-1. Efficient spread of
HIV-1 from infected T cells to uninfected T cells is thought
to occur via cell-cell contact structures. One of these
structures is a virological synapse where both viral and
cellular proteins have been shown to localize specifically.
However, the steps leading to the formation of a
virological synapse remain unknown. It has been observed
that T cells adopt a polarized morphology in lymph nodes
where cell-to-cell virus transmission is likely to occur
frequently. In this study, we show that in polarized T cells,
the primary viral structural protein Gag accumulates to the
plasma membrane of a rear end structure called a uropod.
We found that Gag multimerization, driven by its
nucleocapsid domain, is essential for Gag localization to
uropods and that HIV-1-laden uropods mediate contact
with target cells and can become part of the virological
synapse. Our findings elucidated a series of molecular
events leading to formation of HIV-1-transferring cell
contacts and support a model in which the uropod acts
as a preformed platform that constitutes a virological
synapse after cell-cell contact.

proteins, such as ICAM-1, ICAM-2, CD43 and CD44 [58,59]. A
raft-associated lipid known to localize to uropods, GM1 [60], also
associates with virus particles [54,61,62]. Altogether, these
observations suggest that uropods potentially serve as sites of virus
assembly in polarized T cells. However, the nature of Gag
localization in polarized T cells and its significance to virus spread
have yet to be fully determined.

T cell uropods have been shown to mediate contact between T
cells and other cells, which is consistent with the observation of
adhesion molecule enrichment in uropods [63,64,65]. Thus, it is
possible that HIV-1 accumulation at the uropod may play a role in
cell-to-cell transmission. Cell-to-cell transmission is ten to several
thousand times more efficient than cell-free transmission
[53,57,66,67,68,69,70,71]. Recent studies have described specific
cell contact structures that facilitate cell-to-cell transmission
[67,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86]. Live cell im-
aging studies have revealed that particles of HIV-1 and murine
leukemia virus (MLV) are transferred from infected cells to
uninfected target cells along the surface of filamentous extensions
called membrane nanotubes and cytonemes [80,81,82,87,88].
Virological synapses (VS), which appear to structurally resemble
immunological synapses [77,78,89,90,91,92,93,94,95,96,97], are
also thought to facilitate the direct transfer of budding virus
particles from one cell to another [53,67,71,78,80,95]. However,
the mechanisms leading to the establishment of these transmission
routes, especially the VS, remain to be elucidated.

In this study, we determined unambiguously that the uropod is
the cell structure to which membrane-associated Gag accumulates
in polarized T cells. Gag-containing uropods mediated frequent
contact with uninfected target cells. Virtually all observed VS,
defined by accumulation of CD4 and Gag to cell contacts, showed
enrichment of the uropod marker CD43, suggesting a major role
for HIV-1 localization to the uropod in virus spread. Consistent
with this possibility, upon disruption of uropod formation, cell-to-
cell transfer of HIV-1 was significantly reduced. Gag on the cell
surface copatched strongly with uropod markers not only in
polarized T cells but also in non-polarized T cells. Gag-containing
patches dispersed on the membrane of non-polarized cells
appeared to laterally move and concentrate at the uropod when
cells became polarized. These patches maintained colocalization
with uropod markers, suggesting that uropod-directed microdo-
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mains play a role in polarized Gag localization. Uropod
localization of Gag required higher-order multimerization or
clustering mediated by NC. These findings strongly support that
multimerization-dependent Gag localization to uropods represents
one mechanism by which the VS is formed.

Results

Gag localizes to uropods in polarized T cells

To examine Gag localization in polarized T cells, we expressed
a YI'P-tagged Gag (Gag-YFP) in either primary T cells or in a
polarized T cell line, P2. To express Gag-YFP, T cells were
infected with VSV-G-pseudotyped HIV-1 that encodes Gag-YFP.
Two days post-infection, cells were immunostained for uropod
markers PSGL-1 or CD43 (Figure 1A and B). Alternatively, the
MTOC, which localizes to the base of the uropod, was detected
using anti-o-tubulin (Figure 1C). In both primary CD4" T cells
and P2 cells, approximately 50-60% of cells showed polarized
morphology, and infection with VSV-G-pseudotyped HIV-1 did
not substantially alter the percentage of polarized cells (Table 1).
Primary CD4" T cells expressing Gag-YFP showed strong
colocalization of Gag on the plasma membrane with both uropod
markers PSGL-1 and CD43, as well as co-polarization with the
MTOC in virtually all Gag-positive cells with uropods (Figure 1A—
C and Table 2). In contrast, Gag showed segregation from LFA-1,
a non-uropod-associated protein [98] (Figure 1D). Similar to
primary T cells, P2 cells also showed strong colocalization of
PSGL-1 and Gag-YFP, as well as co-polarization of the MTOC
and Gag-YFP (Figure 1E and F and Table 2). In these cells,
plasma-membrane-associated Gag was highly polarized and
detected only in the uropod region (Gag polarization was
quantitatively analyzed as shown below). Similarly, untagged
Gag detected at the plasma membrane using anti-Gag antibodies
also showed strong colocalization with uropod markers (Figure
S1). These results indicate that Gag localizes to uropods in
polarized T cells. To determine whether uropod localization of
Gag-YFIP is stable, we performed live cell analysis of primary T
cells expressing Gag-YFP. We observed that Gag-YFP maintains
localization in the uropod during T cell migration for a minimum
of almost 30 min (Figure 1G and Movie S1).

To determine whether uropod-associated Gag is able to form
mature particles, P2 and primary CD4" T cells were infected with
VSV-G-pseudotyped HIV-1 encoding Gag-iYFP. This Gag
derivative contains YI'P inserted between MA and CA and forms
mature Gag proteins and free YFP upon cleavage by viral protease
[99]. When cells expressing Gag-iYFP were immunostained with
an anti-pl7MA antibody, which only recognizes the mature,
cleaved matrix domain of Gag [100,101], the YFP signal was
observed to colocalize substantially with pl7MA signal at the
uropod (Figure 2A and Table 3). We also observed that both Gag-
1YFP and Gag-YFP colocalize well with HIV-1 Env in the uropod
(Figure 2B and Table 3). These results suggest that at least a subset
of Gag localized at uropods is capable of forming Env-containing
virus particles that undergo Gag processing essential for virion
maturation. It should be noted that, similar to previous studies
[61,96], we performed immunostaining of Env prior to fixation.
Thus, the possibility of antibody crosslinking playing a role in Env
localization should be considered.

Uropods mediate contact between infected and target T
cells

Uropods in uninfected T cells have been shown to mediate
contact between T cells and other cells [63,65]. Therefore,
accumulation of Gag to, and particle formation at, the uropod
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Figure 1. Gag stably localizes to the uropod in polarized T cells.
Primary T cells (A-D) and P2 cells (E-F) expressing Gag-YFP (green)
were immunostained for uropod and non-uropod markers as described
in the Materials and Methods section, and observed using an
epifluorescence microscope. Uropods were identified by the presence
of PSGL-1 (A and E) and CD43 (B) as well as by the location of the
MTOC determined by immunostaining with anti- o-tubulin (C and F,
arrows). LFA-1 (D) is a known non-uropod marker and served as a
negative control. G) Cells expressing Gag-YFP (green) were immuno-
stained with anti-PSGL-1 prelabeled by AlexaFluor-594-conjugated anti-
mouse IgG (red). Images were acquired every 30 s for 30 min as the
polarized cell migrated through the field. Yellow color indicates
colocalization of PSGL-1 and Gag-YFP.

doi:10.1371/journal.ppat.1001167.g001

may facilitate cell-to-cell transmission of HIV-1. To examine
whether contact of HIV-1-infected T cells with target T cells is
preferentially mediated by uropods, we performed live cell
imaging experiments. Fresh target primary T cells were stained
with a blue fluorescent dye, CMAC, and cocultured with Gag-
YIP-expressing primary T cells. This coculture was then
immunostained with anti-PSGL-1, which had been prelabeled
with Zenon AlexaFluor594. We observed that the uropod
containing Gag-YFP maintained contact with CMAC-stained T
cells for over 20 min as the cells moved through the field
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(Figure 3A and Movie S2). These observations suggest that HIV-1-
infected T cells are able to mediate stable contacts with target cells
through their uropods. We next quantified the newly formed
contacts between Gag-YFP-expressing primary T cells and
CMAC-stained target primary T cells formed during a 3-h
coculture period. An example of T cell contacts is shown in
Figure 3B. We found that the majority of newly formed contacts
occurs at the uropod (Figure 3C), despite the average uropod
constituting only approximately 25% of the total cell surface (data
not shown). These results indicate that Gag-containing uropods
stably and preferentially form new contacts with uninfected T
cells. In these experiments, when target cells are also polarized,
infected cell uropods formed a similar number of contacts with
both ends of target cells (data not shown).

Gag-containing uropods of infected cells participate in
the formation and/or structure of the VS to which CD4 of

target T cells accumulates

It is possible that cell contacts formed by the infected cell
uropods observed above actively participate in VS formation. To
address this possibility, we examined localization of CD4, which is
known to accumulate to the VS on the cell surface of target cells.
P2 cells infected with VSV-G-pseudotyped HIV-1 expressing Gag-
CFP and Env were immunostained for CD43 and mixed with
target cells prelabeled with non-blocking, FITC-conjugated anti-
CD4. After 3 h of coculture, cells were analyzed by live cell
microscopy. When infected P2 cells were in contact with target
SupT'1 cells, CD4 on the surface of SupT1 cells accumulated to
junctions formed between Gag-CFP-positive, CD43-positive
uropods and target cells (Figure 4A). We found during quantitative
analyses that CD4 accumulation to the cell-cell junctions
predominantly takes place when Gag-CFP-positive uropods, but
not non-uropod regions, of infected P2 cells are in contact with
target SupT1 cells (Figure 4C). Such CD4 accumulation was
rarely observed at junctions formed between Gag-CIFP-negative or
uninfected P2 cells and SupT1 cells (Figure 4A-C). These results
suggest that infected T cell uropods are actively involved in
recruitment of CD4 to cell junctions, perhaps through accumu-
lation of Env (Figure 2). As cell junctions enriched in viral antigens
such as Gag and the HIV receptor CD4 are defined as the VS in
previous studies [61], these results support a model in which
uropods or uropod-derived membrane components specifically
participate in formation of the VS.

Myosin light chain kinase inhibitor depolarizes cell
morphology and Gag localization and reduces cell-to-cell
transfer of Gag-YFP

In order to explore whether Gag accumulation to uropods
facilitates transmission of HIV-1, we performed a cell-to-cell virus
transfer assay. In this flow-cytometry-based assay, we measured
transfer of YFP fluorescence, representing virions, from infected
P2 cells expressing Gag-YFP to CMTMR-stained SupT1 target
cells. Similar assays have been used in previous studies for
analyzing cell-to-cell virus spread [53,71,102,103,104]. Represen-
tative flow cytometry plots for control cocultures are shown in
Figure 5A. In these assays, we and others have observed that
binding of cell-free virions to target cells is undetectable [53] (data
not shown). Therefore, transfer of fluorescence represents cell-to-
cell virus transfer. Consistent with previous reports [53], we
observed a significant decrease in virus transfer when cells were
cocultured in the presence of an anti-CD4 antibody (Leu3A) that
prevents CD4-Env interaction, but not an isotype control IgG
(Figure 5A and C). These data confirm the importance of Env in
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Table 1. Quantification of T Cell Polarization.

HIV-1 Gag Localization to Uropods & T-T Contacts

Gag-Expressing Cells

Non-Gag-Expressing Cells

Polarized (% of total) Unpolarized (% of total) Total Polarized (% of total) Unpolarized (% of total) Total
Primary CD4" T cells 253 (64.4%) 140 (35.6%) 530 (56.6%) 406 (43.4%) 936
P2 cells 176 (51.9%) 163 (48.1%) 97 (47.1%) 109 (52.9%) 206

doi:10.1371/journal.ppat.1001167.t001

cell-to-cell transfer of HIV-1. Using this assay, we examined effects
of cell depolarization on cell-to-cell HIV-1 transfer using a myosin
light chain kinase inhibitor, ML7. As expected, treatment of Gag-
YFP-expressing P2 cells with this inhibitor disrupted uropod
formation and dispersed Gag-YFP on the plasma membrane
(Figure 5B). ML7 did not have a major impact on efficiency of
VLP release by Gag-YFP calculated as the amount of virion-
assoclated Gag as a fraction of total Gag (Figure S2 and Text S1).
However, because ML7 treatment reduces protein synthesis (data
not shown), it was possible that any decrease in cell-to-cell virus
transfer by treatment with ML7 may have arisen from reduced
Gag expression instead of disruption of cell polarity. To rule out
the indirect effect of protein synthesis inhibition on virus transfer,
we included 10 pg/ml cycloheximide in all coculture conditions,
including those treated with Leu3A and control IgG described
above. As shown in Figure 5A, substantial virus transfer occurred
even in the presence of cycloheximide. Finally, we observed that in
the presence of cycloheximide, ML7 treatment significantly
decreased cell-to-cell virus transfer (Figures 5C and S3). Together
with the data showing that the uropod participates in formation of
the VS (Figure 4), these results suggest that polarized localization
of Gag and/or assembling particles at the uropod contributes to
cell-to-cell transfer of virus particles to target cells.

Gag localizes to uropod-specific microdomains

Because the results presented thus far suggest that Gag-laden
uropods play a major role in cell-to-cell virus transmission, we next
sought to elucidate the mechanism by which Gag accumulates to
uropods. Gag has been shown previously to associate with

Table 2. Copolarization of Gag with Cellular Markers.

Primary CD4" T cells and P2 cells infected with VSV-G-pseudotyped HIV-1 encoding Gag-YFP were cultured for two days, fixed, immunostained for cellular proteins, and
examined by fluorescence microscopy. Gag-YFP-positive and -negative cells were categorized based on cell morphology, and cells in each category were counted. Cells
with circularity below 0.8 (see Materials and Methods) were categorized as polarized cells.

microdomains, such as lipid rafts and tetraspanin-enriched
microdomains (TEMs) [10,54,61,105,106,107,108,109,110,111,
112], and these microdomains are observed at the VS
[61,80,113,114]. Since subsets of these microdomains are
implicated in polarized localization of proteins in leukocytes
[49,60,115,116,117,118], it is conceivable that Gag utilizes
uropod-specific microdomains for transport to the uropod. In this
case, one would expect to observe copartitioning of Gag and
uropod markers to the same microdomain even in unpolarized
cells. A common method to test whether two proteins share a
propensity for associating with the same microdomain is to test for
colocalization, or “copatching”, after crosslinking with antibodies
specific to each of the two proteins [119,120,121,122,123,124].
We used this assay to examine whether Gag-YIP associates with
uropod-directed microdomains in unpolarized P2 cells. As Gag
forms multimers on its own, antibody-mediated crosslinking was
needed only for cell surface marker proteins that include the
uropod markers PSGL-1 and CD43 and the non-uropod marker
LFA-1. Because Gag has been previously shown to colocalize with
TEMs using similar methods [109], we also included the
tetraspanin CD81 in the analysis. As observed in previous reports
[109], we found that Gag copatches with CD81 (Figure 6A)
(correlation coefficient or CC =0.46; Figure 6E). Relative to
CD81, however, the uropod markers PSGL-1 and CD43
copatched more extensively with Gag-YFP (CC =0.69 and 0.70,
respectively; Figure 6E). On the other hand, even though LFA-1
showed punctate localization as well, we observed a segregation of
LFA-1 and Gag-YFP (Figure 6D) as indicated by the negative
correlation coefficient (CC = —0.14; Figure 6E). Because copatch-
ing between Gag and uropod markers was observed even in non-

Marker Gag Polarized Gag Not Polarized Total Cell Number
Copolarized with Not Copolarized with
Marker Marker
Primary CD4" T cells ~ PSGL-1 96% 2% 2% 58
CD43 100% 0% 0% 58
MTOC 96% 1% 3% 69
LFA-1 13% 86% 1% 69
P2 cells PSGL-1 79% 19%° 2% 63
MTOC 83% 9%" 8% 111

doi:10.1371/journal.ppat.1001167.t002
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Primary CD4" T cells and P2 cells infected with VSV-G-pseudotyped HIV-1 encoding Gag-YFP were cultured for two days, immunostained for cellular proteins, and
examined by fluorescence microscopy (see Materials and Methods). Gag-YFP-positive cells that were categorized as polarized cells based on cell morphology were
further examined for polarized localization of Gag-YFP and copolarization of Gag-YFP with cellular markers.

“In P2 cells where Gag did not copolarize with PSGL-1, PSGL-1 did not show polarized localization.

PIn P2 cells where Gag did not copolarize with MTOC, MTOC localized near the center of cells.
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Figure 2. Mature Gag and Env localize to the uropod. Primary
CD4" T cells and P2 cells were infected with a VSV-G-pseudotyped HIV-1
encoding Gag-iYFP (green) (A and B) or Gag-YFP (green) (C). A) For
detection of mature Gag, cells were fixed, permeabilized, and
immunostained with anti-p17MA (red) as described in Materials and
Methods and observed with an epifluorescence microscope. B) and C)
For detection of Env on the cell surface, infected cells were incubated
with anti-gp120 (IgG1 b12) and subsequently with AlexaFluor-594-
conjugated anti-human IgG prior to fixation as described in Materials
and Methods.

doi:10.1371/journal.ppat.1001167.g002

polarized cells (Figure 6B and C), these results suggest that Gag
localizes to uropod-specific microdomains prior to, and perhaps
during, T cell polarization.

To examine whether Gag localized at uropods had originated
from the Gag-positive patches observed in morphologically
unpolarized cells, we conducted live-cell microscopy of Gag-
YFP-expressing P2 cells that were first depolarized by low
temperature treatment prior to image recording at 37°C. In these
experiments, we observed that Gag-containing patches maintained
colocalization with PSGL-1 and laterally moved on the plasma
membrane to the forming uropod as cells re-polarized. (Figure 6F
and Movie S3). Lateral movement of Gag-YFP was also observed
in cells that were not immunostained for any marker, indicating
that the observed movement was not caused by antibody-mediated
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crosslinking (Movie S4). These observations support a model in
which Gag associates with uropod-specific microdomains while
establishing localization at the rear end of polarized T cells.

Env is not required for Gag localization to the uropod

It has been shown that Gag and Env interact with each other
[125,126,127,128,129,130,131]. Furthermore, it has been shown
that Env is required for the formation of virological synapses
between infected and uninfected T cells [53,61,67,68,78,80,89],
unlike those formed between uninfected T cells and infected
macrophages [75]. Therefore, Env may play an active role in Gag
localization to uropods. To address this possibility, we examined T
cells expressing an HIV-1 molecular clone that encodes Gag-YIP
but not Env (KFS/Gag-YFP). In these cells, Gag-YFP co-localized
strongly with PSGL-1 and copolarized with the MTOC at the
uropod (Figure 7A), just as observed in cells expressing both Gag-
YFP and Env (Figure 1). To examine microdomain partitioning,
we also performed copatching assays for KFS/Gag-YFP and
uropod markers in unpolarized cells. We observed that KFS/Gag-
YFP copatches with the uropod markers PSGL-1 and CD43
(Figure 7B) at comparable levels to wild type (data not shown). We
also compared Gag polarization indices between cells expressing
Gag-YFP in the presence (Gag-YFP) or absence (KFS/Gag-YFP)
of Env. The Gag polarization index describes the extent of Gag
distribution along the plasma membrane from one cell pole to the
other (see Materials and Methods). A lower index represents
stronger polarization. We observed that the polarization index for
KFS/Gag-YFP is nearly identical to that for Gag-YFP (Figure 7C,
p =0.28). We also found that the absence of Env had no impact on
the preference for uropod-mediated contact between Gag-YFP-
expressing primary T cells and CMAC-stained target primary T
cells (Fig 7D, p = 0.23). This finding suggests that Env may not be
required for initial contact formation, even while it is required for
transfer of virus particles (Figure 5) [53,132] and maintenance of
cell-cell conjugates [53,68,78,80]. Taken together, these results
indicate that HIV-1 Env is dispensable for localization of Gag to
the uropod.

MA and CA are not required for Gag localization to the
uropod

To identify the molecular determinants of Gag that facilitate its
localization to the uropod, we examined a panel of Gag mutants
(Figure 8). Because MA is essential for specific targeting of Gag to
the plasma membrane [11,12,100,133,134,135,136,137,138,139],
it is conceivable that MA also regulates specific localization of Gag
to uropods. To test this possibility, we examined the effect of MA
deletion on Gag localization to uropods. As MA is also essential for
general membrane binding, to restore Gag membrane binding of
the MA deletion mutant, we added to the N terminus of Gag a
heterologous membrane binding sequence, an N-terminal 10-
amino-acid sequence of Fyn kinase [Fyn(10)]. This sequence
contains acylation signals for one myristoyl and two palimitoyl
groups, and fully restores Gag membrane binding in the absence
of the entire MA sequence [11]. Notably, the Fyn(10) sequence by
itself is not capable of targeting proteins to uropods. As shown in
Figure 9A, CFP attached to the Fyn(10) sequence [Fyn(10)-CFP]
localized around the entire plasma membrane. In contrast,
Fyn(10)/Gag-YFP localized to the uropod in the same cell
(Figure 9A). These results indicate that the addition of Fyn(10)
did not alter uropod localization of full-length Gag [Fyn(10)/Gag-
YFP] in T cells, and that some region in Gag is required for its
uropod localization. Notably, we observed that Fyn(10)/AMA/
Gag-YFP, in which the entire MA sequence is deleted, still
localized to the uropod efficiently in T cells (Figure 9B). Taken
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Table 3. Colocalization of YFP-Tagged Gag with Antibody-Detected Viral Proteins.

YFP colocalized with YFP not colocalized

YFP-Tagged Gag Antibody Cell Type antibody signal with antibody signal Total Cell Number
Gag-iYFP Anti-p17MA Primary CD4" T cells 92% 8% 51
P2 cells 88% 12% 52
Anti-gp120 (b12) Primary CD4" T cells 92% 8% 50
P2 cells 92% 8% 61
Gag-YFP Anti-gp120 (b12) Primary CD4* T cells 91% 9% 56
P2 cells 93% 7% 75

Primary CD4" T cells and P2 cells infected with VSV-G-pseudotyped HIV-1 encoding Gag-iYFP or Gag-YFP were cultured for two days, immunostained for viral proteins,
and examined by fluorescence microscopy. YFP-positive polarized cells were examined for colocalization of the cell surface YFP-tagged Gag proteins and viral antigens
detected by anti-p17MA or anti-gp120 (b12).

doi:10.1371/journal.ppat.1001167.t003

together, these results indicate that Gag localization to the uropod
requires sequences downstream of MA and not the MA sequence
itself.

The downstream sequence of MA includes CA and NC
domains. During virus particle formation, these domains are
known to promote the dimerization and multimerization of Gag.
To examine the roles played by Gag-Gag interactions in uropod
localization, we analyzed Gag derivatives with changes in either
CA or NC. Because Gag multimerization defects also reduce

steady-state membrane binding [28,42,140], the Fyn(10) sequence
was added to the CA and NC mutants. We first examined the
plasma membrane localization of two YFP- and CFP-tagged CA
mutants: an amino acid substitution mutant WM184,185AA
(Fyn(10)/WMAA/Gag-YFP/-CFP) and a deletion mutant lacking
the C-terminal domain (Fyn(10)/delCA-CTD/Gag-YFP/-CFP).
We observed previously by FRET microscopy that these CA
mutants are deficient in Gag-Gag interactions in HeLa cells [28].
P2 cells were coinfected with VSV-G-pseudotyped viruses

B
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e ‘;\ Uropod
c . -, Contact
8 |\ ’\
= Uropod /
° Contact
=
X 10 Merge
0 Non
Conact  Uropod
Contact

Figure 3. Infected polarized T cells form contacts with target cells via their uropods. A) Primary T cells expressing Gag-YFP (green) were
immunostained with an anti-PSGL-1 antibody (red) as described in Figure 1G and cocultured with fresh primary T cells from the same donor stained
with the fluorescent dye CMAC (blue). Regions of colocalization between Gag and PSGL-1 are shown in yellow. Live cell images were taken every 30 s
for 20 min. A series of images with 5-min intervals is shown. Note that the uropod, enriched in Gag-YFP and PSGL-1, mediates stable contacts with
target cells (*). B) Examples of uropod- and non-uropod-mediated contacts between a Gag-YFP expressing primary T cell (dotted white outline) with
CMAC-labeled primary T cells are shown. C) Uropod-mediated and non-uropod-mediated contacts were counted for a total of 74 polarized Gag-YFP-
positive cells contacting CMAC-labeled cells in two independent experiments. P values were determined using Student’s t test. ¥, P<<0.05.
doi:10.1371/journal.ppat.1001167.g003
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Figure 4. Gag-positive uropods form contacts enriched in CD4. A) P2 cells expressing Gag-CFP (cyan; pseudo-colored in blue in the merge
panel) were immunostained with anti-CD43 and AlexaFluor-594-conjugated anti-mouse IgG (red). Subsequently, these cells were cocultured with
SupT1 cells prelabeled with FITC-conjugated anti-CD4 (green) for 3 h and examined by live cell microscopy. A target cell (center) in contact with both
Gag-CFP-positive (left) and Gag-CFP-negative (right) cells is shown. B) Uninfected P2 cells were immunostained with anti-CD43 and co-cultured with
SupT1 cells prelabeled for CD4 as done in (A). C) In experiments represented in panels A and B, junctions between target SupT1 cells and Gag-CFP-
expressing, non-Gag-CFP-expressing, or uninfected P2 cells were classified into uropod-mediated and non-uropod-mediated contacts based on the
presence of CD43. The percentage of contacts with accumulation of CD4 relative to total contacts was determined for each category. Data from three
independent experiments were shown as means +/—standard deviation. P values were determined using Student’s t test. *** P<0.001;
*#xx P<<0.0001. Numbers of contacts detected and examined for CD4 accumulation in each of these three experiments are: Gag-CFP-positive/CD43-
positve contacts, 56, 56, 57 (total 169); Gag-CFP-positive/CD43-negative contacts, 21,17,18 (total 56); Gag-CFP-negative/CD43-positive contacts, 26,
35, 39 (total 100); Gag-CFP-negative/CD43-negative contacts, 17, 24, 28 (total 69); uninfected/CD43-positve contacts, 56, 67, 86 (total 209); and
uninfected/CD43-negative contacts, 20, 38, 55 (total 113).

doi:10.1371/journal.ppat.1001167.g004

encoding derivatives of Gag-YFP or Gag-CFP, and their
localization and multimerization were examined by fluorescence
and FRET microscopy, respectively. WT' Gag-YFP/-CFP and
Fyn(10)/Gag-YFP/-CFP showed high FRET in the uropod,
indicating that Gag multimers localize to uropods (Figure 10A
and B). Notably, both Fyn(10)/delCA-CTD/Gag-YFP/-CFP and
Fyn(10)/WMAA/Gag-YFP/-CFP also showed clear localization
to the uropod (Figure 10C and D) although, as expected, these
Gag mutants displayed low FRET (Figure 10C and D). The
polarization index for Fyn(10)/WMAA/Gag-YFP was also nearly
identical to that of Fyn(10)/Gag-YFP (Figure 10E). Taken
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together, these results demonstrate that CA-mediated dimerization
is not required for localization of Gag to the uropod.

NC is essential for localization of Gag to the uropod

To examine the role of NC in Gag localization to uropods, we next
analyzed a mutant Gag that lacks most of the NC sequence (Fyn(10)/
deINC/Gag-YFP/-CFP). In contrast to the MA and CA mutants that
localized to the uropod, Fyn(10)/deINC/Gag-YFP/-CFP localized
over the entire plasma membrane (Figure 11A). An NC mutant in
which 15 NC basic residues essential for RNA binding were
substituted with alanine or glycine (Fyn(10)/14A1G/Gag-YI'P/
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Figure 5. ML7 depolarizes cell morphology and Gag localization and reduces cell-to-cell transfer of Gag-YFP. A) Transfer of Gag-YFP
fluorescence from infected P2 cells to CMTMR-stained SupT1 target cells during a 3-h coculture period was measured by flow cytometry. ML7, DMSO,
or antibodies, along with 10 ug/ml cycloheximide, were added at the beginning of the coculture period. Flow cytometry plots for CMTMR-labeled
target cells co-cultured with uninfected cells as well as CMTMR-labeled target cells cocultured with Gag-YFP-expressing infected cells in the presence
or absence of IgG or Leu3A are shown. Gate A, CMTMR-labeled target cells; gate B, double positive cells representing target cells with transferred
Gag-YFP particles; and gate C, YFP-expressing cells either fused or conjugated to CMTMR-labeled target cells. B) Images of cycloheximide-treated P2
cells expressing Gag-YFP were acquired after 3-h coculture with CMTMR-stained SupT1 cells in the presence or absence of DMSO or ML7. Note that
almost all the cells adopt round unpolarized morphology upon treatment with ML7 and that ML7-treated infected cells show dispersed Gag-YFP
localization. The latter point is clearer in the higher magnification image (bottom panel) of a region specified in the middle row. Also note that the
cell density of the cocultures in experiments shown in panel A (images shown in Figure S3 and discussed in Text S1) is 10 fold higher than in panel B.
C) Relative efficiencies of cell-to-cell virus transfer were calculated as the percentage of double positive cells out of the total CMTMR-labeled cells
(Virus transfer efficiency = B/(A+B+C)*100; error bars represent standard deviation). P values were determined using Student’s t test. *** P<<0.001.
doi:10.1371/journal.ppat.1001167.9005

-CFP) also showed non-polarized localization (Figure 11B). These YFP/-CFP that are defective in polarized localization are also
results indicate that NC is required for Gag localization to the defective in Gag-Gag interaction. Therefore, it is possible that NC-

uropod. Pleitropic impacts of NC mutations on Gag assembly mediated Gag multimerization or clustering plays a key role in
precluded us from obtaining interpretable results regarding the effects Gag localization to the uropod. Alternatively, other functions of
of these mutations on cell-to-cell transfer (Figure S2 and Text S1). NC may facilitate Gag localization to the uropod. To distinguish

between these possibilities, we examined a Gag derivative in which
NC-mediated multimerization is required for Gag NC was replaced by a leucine zipper sequence (LZ) derived from
localization to the uropod GCN4 (LZ/Gag-YFP/-CFP). Gag derivatives in which NC is

As confirmed by FRET microscopy (Figure 11A and B), both replaced with this LZ sequence, which has no homology to NC,
Fyn(10)/deINC/Gag-YFP/-CFP  and  Fyn(10)/14A1G/Gag- have been shown previously to multimerize efficiently
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Figure 6. Gag associates with uropod-specific microdomains that carry Gag to the uropod. Unpolarized P2 cells expressing Gag-YFP
(green) were examined for copatching with CD81 (A), CD43 (B), PSGL-1 (C), or LFA-1 (D). Cells were incubated with specific primary mouse
monoclonal antibodies premixed with the fluorescent secondary antibody (red) followed by fixation. Z series of images of morphologically
unpolarized cells were acquired and used to generate maximum projection images of each color using Metamorph 6 software. Merged images are
shown in the right column of each panel. Several small copatching puncta are indicated by arrows. E) Quantification of copatching. Correlation
coefficients between Gag-YFP and cell surface marker signals were calculated from a total of 18 cells for each marker. A value of 1 represents perfect
colocalization, a value of -1 represents complete segregation, and a value of 0 represents a random distribution. P values were determined using
Student’s t test. NS, not significant. **, P<0.01. *** P<0.001. F) Time lapse images of a Gag-YFP-expressing T cell during repolarization. Gag-
YFP(green)-expressing P2 cells were immunostained for PSGL-1 (red) as described for panels A-D. Cells were then depolarized by incubation at 4°C
for 30 min. Approximately 5 min after chamber coverslips containing depolarized cells were transferred to the microscope stage maintained at 37°C,
acquisition of live cell images at indicated time points was begun. Note that the small patches (arrows) migrate and coalesce to the large patch

(arrowheads) at the cell pole that eventually forms the uropod.
doi:10.1371/journal.ppat.1001167.9g006

[141,142,143]. We observed that LZ/Gag-YFP/-CFP localized to
the uropod in a majority of cells expressing this Gag derivative and
yielded a WT level of FRET (compare Figure 11C with
Figure 10A). Quantitative analysis of polarization indicated that
LZ/Gag-YFP was not as efficiently polarized as WT, but
nonetheless significantly more polarized than the NC point
mutant Fyn(10)/14A1G/Gag-YFP (Figure 11D). These results
suggest that NC promotes Gag localization to the uropod through
its ability to facilitate higher-order Gag multimerization. As the LZ
sequence used above is a dimerization sequence, it would drive
higher-order multimerization only in the presence of an additional
dimerization motif such as CA-CTD. Thus, we hypothesized that
although Fyn(10)/delCA-CTD/Gag-YFP/-CFP and Fyn(10)/

@ PLoS Pathogens | www.plospathogens.org

WMAA/Gag-YFP/-CFP localize to uropods (Figure 10C and
D), in these contexts, LZ in the place of NC would be unable to
promote Gag localization to uropods (Figure 11E and F). Indeed,
cells expressing these constructs, Fyn(10)/WMAA/LZ/Gag-YFP
and Fyn(10)/delCA-CTD/LZ/Gag-YFP, showed localization of
Gag over the entire plasma membrane, a pattern identical to that
of the NC mutants (compare Figure 11E and I with A and B).
Taken together, these results demonstrate that dimerization
mediated by either CA-CTD or LZ alone is insufficient for
localization to the uropod. However, NC-mediated higher-order
multimerization or clustering of Gag, which likely occurs even in
the absence of the CA-CTD dimerization motif, is essential for
localization to the uropod.
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Figure 7. Env is not required for Gag localization to the
uropod. A) P2 cells expressing KFS/Gag-YFP (green) were immuno-
stained after fixation with anti-PSGL-1 (red, upper panel) or anti- o-
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tubulin (red, lower panel, arrow indicates MTOC) as described for
Figure 1. B) KFS/Gag-YFP-expressing P2 cells were immunostained for
PSGL-1 or CD43 (red) using the co-patching method as described for
Figure 6, and Z-series of images of unpolarized cells were acquired.
Maximum projections of each color were generated from the Z stacks
and merged to examine colocalization (yellow). Several small copatch-
ing puncta are indicated by arrows. C) The Gag polarization index was
determined as described in the Materials and Methods section for cells
expressing Gag-YFP and KFS/Gag-YFP. Four separate experiments (32,
23, 39, and 37 cells each) for a total of 131 cells for Gag-YFP and 3
separate experiments (34, 48, and 30 cells each) for a total of 112 cells
for KFS/Gag-YFP were used for quantification of Gag polarization. P
values were determined using Student’s t test. NS, not significant. D)
Cell-cell contact assays were performed as in Figure 3. This graph
compares the results of Figure 3 to the results obtained with cells
expressing KFS/Gag-YFP, which had been obtained concurrently. P
values were determined using Student’s t test. ¥, P<<0.05.
doi:10.1371/journal.ppat.1001167.9g007

Discussion

In lymphoid organs, where HIV-1 likely spreads efficiently from
infected to uninfected T cells, T cells adopt a polarized
morphology and are highly motile. Thus, studying HIV-1
replication in polarized T cells may help us to better understand
how the virus spreads i viwo. In this study, we found that HIV-1
Gag accumulates to, and forms mature virions at, the uropod in
polarized T cells (Figures 1 and 2). These observations led us to ask
whether uropod localization of HIV-1 Gag plays a role in the
spread of the virus. In uninfected T cells, uropods are enriched in
adhesion molecules and known to mediate contact with other cells
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Figure 8. Gag derivatives used in this study and their
localization pattern. HIV-1 molecular clones that express Gag-
fluorescent protein fusions (WT Gag-YFP/-CFP) were generated.
Deletions or amino acid substitutions were created in the MA domain
(Fyn(10)/AMA/Gag-YFP/-CFP), CA domain (Fyn(10)/delCA-CTD/Gag-
YFP/-CFP and Fyn(10)/WMAA/Gag-YFP/-CFP) and the NC domain
(Fyn(10)/deINC/Gag-YFP/-CFP, Fyn(10)/14A1G/Gag-YFP/-CFP and LZ/
Gag-YFP/-CFP). Gag derivatives containing LZ replacement of NC
combined with the CA mutations were also used (Fyn(10)/delCA-CTD/
LZ/Gag-YFP/-CFP and Fyn(10)/WMAA/LZ/Gag-YFP/-CFP). The Fyn(10)
sequence, a single myristylation and dual palmitoylation signal, was
added to the N terminus of all Gag derivatives except WT Gag-CFP/-YFP
and LZ/Gag-CFP/-YFP. Results as to whether these Gag derivatives
localize specifically to the uropod (Y) or distribute over the entire cell
surface (N) are summarized in the right column.
doi:10.1371/journal.ppat.1001167.9g008
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Figure 9. The MA sequence is not required for Gag localization
to the uropod. A) P2 cells were co-transfected with plasmids that
express Fyn(10)/Gag-YFP (green) and Fyn(10)-CFP (blue). Cells were
then stained for a-tubulin (red, arrow indicates MTOC). B) Cells
expressing Fyn(10)/AMA/Gag-YFP (green) were immunostained with
anti-o-tubulin (red, arrow indicates MTOC).
doi:10.1371/journal.ppat.1001167.g009

[49]. Therefore, polarized virus assembly at uropods could
facilitate cell-to-cell transmission of HIV-1. Consistent with this
possibility, live cell microscopy and quantitative cell-cell contact
analyses showed that HIV-l-infected cells contact target cells
preferentially through their uropods (Figure 3). Furthermore, a
substantial majority of Gag- and CD4-positive cell-cell contacts,
which define the VS [61], were observed where uropod-derived
(CD43-positive), but not non-uropod (CD43-negative), regions of
infected cells mediated contact with target cells (Figure 4).
Coonsistent with these microscopy data, we observed that ML7, a
myosin light chain kinase inhibitor that blocks the polarization of
T cells and formation of uropods, both dispersed Gag over the cell
surface and reduced cell-to-cell transfer of virus particles
significantly (Figure 5). We note that ML7-sensitive, actin-
myosin-based processes besides cell polarization may affect cell-
to-cell virus transfer. However, taken together, these results
indicate that uropods of polarized T cells play an important role
in cell-to-cell transfer of HIV-1. Notably, bone marrow hemato-
poietic stem cells have been shown to mediate not only contacts
with osteoblasts, but also cell-to-cell transfer of plasma-membrane-
associated molecules via their uropods [144]. This process,
postulated to mediate intercellular signal transfer, may be a
common cell-cell communication mechanism shared among cells
of the hematopoietic cell lineage, including T cells. Thus,
localization of HIV-1 components to, and subsequent virus
assembly at, the uropod may represent yet another example in
which viruses hijack cellular processes to facilitate its own
replication.

It has been reported by several groups that cell-to-cell HIV-1
transmission occurs via the VS. However, the steps leading to
formation of the VS are not well defined. Observations described
in this study suggest that at least one path toward establishment of
the VS is the accumulation of viral components and assembling
virions to the uropod. Uropods could then serve as a pre-formed
platform that constitutes a VS upon cell-cell contact [Figure 12B
(a)]. Consistent with this possibility, previous studies showed that
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Figure 10. CA-mediated dimerization is not required for Gag
localization to the uropod. A-D) P2 cells expressing Gag-YFP (green)
and Gag-CFP (blue) or their derivatives were stained for a-tubulin (red)
to identify the MTOC. Multimerization efficiency of each Gag mutant
was measured by FRET. A) WT Gag-YFP/-CFP, B) Fyn(10)/Gag-YFP/-CFP,
C) Fyn(10)/delCA-CTD/Gag-YFP/-CFP, and D) Fyn(10)/WMAA/Gag-YFP/
CFP. Note that Gag derivatives with CA changes both localize to the
uropod but show low FRET. Color scale bar indicates colors associated
with high (1) or low (0) FRET. E) Polarization indices were calculated for
Fyn(10)/Gag-YFP and Fyn(10)/WMAA/Gag-YFP (see Materials and
Methods). Three separate experiments (a total of 89 P2 cells for
Fyn(10)/Gag-YFP and 78 P2 cells for Fyn(10)/WMAA/Gag-YFP) were used
for quantification. Error bars represent standard deviation. P values
were determined using Student’s t test. NS, not significant.
doi:10.1371/journal.ppat.1001167.9g010

disruption of the cytoskeleton, which also impairs cell polarity,
reduces Gag accumulation to contact sites between infected and
uninfected T cells [77,78,80,145]. It is conceivable that suppres-
sion of uropod formation or inhibition of Gag localization to
uropods may account for the observed reduction of VS formation
upon cytoskeleton disruption.

It is important to note that our data do not preclude other
modes of VS formation. For example, if morphologically
unpolarized cells with dispersed Gag make contact with a
target cell, Gag could re-localize laterally to the contact site.
Consistent with such Gag movement, a recent imaging study
showed that most cell conjugate formation precedes Gag
redistribution when apparently unpolarized Jurkat cells were
used as donor cells [67]. Such lateral movement could also
occur in polarized cells that initially contact target cells through
a non-uropod region of the cell [Figure 12B (b)]. Movement of
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Figure 11. Higher-order multimerization mediated by NC is
required for Gag localization to the uropod. A-C) P2 cells
expressing Gag-YFP and Gag-CFP that contain an NC deletion or
substitutions (green/blue) were immunostained with anti-o-tubulin
(red, arrow indicates MTOC). Note that Fyn(10)/deINC/Gag-YFP/-CFP (A)
and Fyn(10)/14A1G/Gag-YFP/-CFP (B) localize over the entire plasma
membrane. Both mutants show reduced levels of FRET. In contrast, LZ/
Gag-YFP/-CFP (C) mostly localizes to the uropod. High FRET is observed,
indicating that multimerization is rescued as well. D) Polarization
indices were calculated for LZ/Gag-YFP and Fyn(10)/14A1G/Gag-YFP
and compared to WT Gag-YFP. LZ/Gag-YFP is less efficient in
polarization, but significantly more efficient than Fyn(10)/14A1G/Gag-
YFP. A total of 131 cells for Gag-YFP, 79 cells for LZ/Gag-YFP, and 69
cells for Fyn(10)/14A1G/Gag-YFP from three separate experiments were
measured for polarized localization of Gag. Error bars represent
standard deviation. P values were determined using Student’s t test.
¥, P<<0.05. **** P<<0.0001. E) and F) Double mutants containing the LZ
sequence with the two different changes in the CA C-terminal domain,
Fyn(10)/WMAA/LZ/Gag-YFP/-CFP (E) and Fyn(10)/delCA-CTD/LZ/Gag-
YFP/-CFP (F), were expressed in P2 cells. Note that both Gag derivatives
fail to localize to the uropod despite the presence of the LZ sequence.
doi:10.1371/journal.ppat.1001167.g011
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Gag-containing patches to contact sites has been observed in
recent VS studies [67,80]. It is possible that these patches may
have originated at the uropod, although this point remains to be
determined by long-term live cell monitoring of polarized T
cells. Thus, in either mode of VS formation, prior formation of a
platform enriched in Gag and other viral components, which
takes place at the uropod, may be an important first step in cell-
to-cell virus transfer.

Our data support that polarized localization of Gag to the
uropod plays an important role in HIV-1 spread. If so, what drives
localization of Gag and virus assembly to uropods? Previous
studies have shown that some cell-surface proteins localize to the
uropod upon antibody crosslinking through an undefined
mechanism [146,147,148]. As dimerization and multimerization
can be considered to be a form of crosslinking, we examined
whether Gag localization to uropods similarly depends on Gag
multimerization. While CA dimerization mutations did not alter
localization of Gag to the uropod (Figure 10), mutations that
disrupt higher-order multimerization mediated by NC-RNA
interactions did (Figure 11). Mutations in NC caused Gag to
localize over the entire plasma membrane despite the presence of
the CA dimerization interface. Furthermore, a heterologous
dimerization sequence, LZ, restored the uropod localization of
NC-deleted Gag. Finally, this LZ-dependent localization required
the intact CA dimerization interface, supporting the importance of
higher-order Gag multimerization. Therefore, although both CA
dimerization and NC-RNA interaction are important for Gag
assembly, it is the NC-dependent higher-order multimerization
that is essential for Gag localization to the uropod. In this regard,
uropod localization of Gag may be driven by a mechanism similar
to the one targeting multimerizing proteins to endosome-like
domains reported recently to exist on the plasma membrane[149].
The nature of the NC-dependent higher-order multimer directed
to uropods remains to be elucidated; however, as CA dimerization
mutants that did not yield substantial FRET signals still localized
to uropods (Figure 10), it is likely that the uropod targeting process
does not require the NC-dependent multimer to be in a highly
aligned and packed form. As NC by itself can bind RNA in the
absence of CA [150], we speculate that Gag clustering through
binding to the same RNA molecule is sufficient for localization to
uropods.

Protein-protein interactions, which include clustering or
multimerization of membrane proteins, are known to stabilize
the microdomains with which those proteins associate [151]. In
this study, we showed that Gag copatches moderately with CD81
and strongly with uropod markers PSGL-1 and CD43 even in
non-polarized cells (Figure 6). We also observed, using live cell
analysis, that Gag patches move laterally on the cell surface of
unpolarized cells and accumulate at the forming uropod as cells
polarize. These results support a model in which Gag, a
multimerizing protein, associates with uropod-specific microdo-
mains that carry Gag to the uropod. However, the mechanism by
which these microdomains localize to the uropod remains
unclear. It is important to note that not all types of microdomains
are destined for the uropod. GM3-containing lipid rafts have
been shown to localize to the leading edge [60,118,152].
Therefore, it is likely that there are complex sorting mechanisms
by which specific subsets of microdomains are moved to the
uropod. In this regard, it is of note that although LFA-1 behaves
as a leading edge/non-uropod marker in T cells in suspension
[153] (this study), this adhesion molecule redistributes to mid-cell
and uropod regions upon contact with ICAM-I1-containing
surfaces [154,155]. Therefore, LFA-1 in infected cells may still
modulate uropod-mediated T-cell-T-cell contacts upon encoun-
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Figure 12. Working model. A) Based on the findings in this study, we have postulated a working model in which NC-mediated clustering of Gag
allows association of Gag with uropod-specific microdomains that facilitate movement to the uropod in polarizing T cells. B) The virus-laden uropod,
acting as a pre-formed platform that may either mediate contact with target cells (a) or relocalize to contacts formed elsewhere subsequently (b),

constitutes a VS that facilitates cell-to-cell transmission of HIV-1.
doi:10.1371/journal.ppat.1001167.9012

tering ICAM-1-bearing target cells, which would be in agreement
with previous studies [96,103].

While our data showed that patches of Gag laterally move to the
uropod as cells re-polarize, they do not rule out the possibility that
in an already polarized cell, de novo assembly of viruses
preferentially occurs at the uropod or the cell contact without
the lateral movement of Gag clusters. A recent study showed that
MLV, another retrovirus, preferentially forms particles at contact
sites in HEK293 cells [88]. This observation indicates that the site
of retrovirus assembly can be polarized upon cell-cell contact
formation in otherwise unpolarized cells. Notably, the polarized
budding of MLV in HEK293 cells was found to be dependent on
the MLV Env cytoplasmic tail. Similarly, the cytoplasmic tail of
HIV-1 Env was reported to be important for polarized HIV-1 Gag
localization in Jurkat T cells that appeared morphologically
unpolarized [156]. In contrast, in our study, we found that in the
absence of Env or cell-cell contact, Gag-YFP remained efficiently
localized to the uropod in polarized T cells, including P2 and
primary CD4" T cells (Figures 1G and 7; data not shown).
Therefore, it is possible that in T cells with a high propensity to
establish front-rear polarity, Gag may not require Env or cell-cell
contact to achieve polarized assembly. Further studies will
determine the molecular mechanisms by which assembly sites
for retroviruses are polarized in different cell types.
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Although Env was dispensable for Gag localization to the
uropod, formation of stable cell conjugates as well as virus transfer
have been shown to require Env-receptor interaction
[53,67,68,78,80,132]. Consistent with these findings, we observed
that anti-CD4 blocking antibody (Leu3A) diminished cell-to-cell
virus transfer (Fig. 5) and that prelabeling of infected P2 cells with
anti-Env antibody (b12) reduced formation of cell conjugates with
SupTl cells (data not shown). Therefore, while uropods are
enriched in adhesion molecules and form contacts with other cells
frequently [49] regardless of the presence of Env, the Env-CD4
interaction is likely to stabilize such contacts during formation of
the VS.

In summary, this study elucidates a series of molecular events
leading to the formation of a VS. The observations made in this
study has led us to form a working model (Figure 12) in which
higher-order multimerization, or clustering, mediated by NC is
required for Gag association with uropod-specific microdomains.
This microdomain association then facilitates localization of the
assembling virus to the uropod. According to this model, the
uropod, laden with HIV-1 components and particles, then serves
as a pre-formed platform that mediates contact with target cells
[Figure 12B (a)] or redistributes to contacts formed elsewhere
[Figure 12B (b)]. Such contacts could then constitute a VS, which
likely facilitates cell-to-cell virus transfer of HIV-1.
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Materials and Methods

Plasmids

The HIV-1 molecular clone pNL4-3 [157] and its derivatives
encoding Gag-YFP and Gag-CFP fusion proteins (pNL4-3/Gag-
YFP/-CFP) [11,28] were described previously. The latter two
constructs contain an extensive deletion of po/ and silent mutations
to reduce ribosomal frameshift to the po/ reading frame and does
not express Vif or Vpr. For YFP and CFP, monomeric Venus
[158,159] and monomeric Cerulean [160] variants were used,
respectively. pNL4-3/WM184,185AA/Gag-YFP/-CFP (renamed
as pNL4-3/WMAA/Gag-YFP/-CFP), pNL4-3/delCA-CTD/
Gag-YFP/-CFP, pNL4-3/14A1G/Gag-YFP/-CFP, pNL4-3/
deINC/Gag-YFP/-CFP and the Fyn(10)-modified versions of
those plasmids were previously described [28]. In this study,
pNL4-3/Fyn(10)fullMA/GagVenus described previously [11,28]
was renamed as pNL4-3/Fyn(10)/Gag-YFP for simplicity. pNL4-
3/Fyn(10)/ AMA/Gag-YFP was previously described [11]. pNL4-
3/KFS/Gag-YFP was generated by cloning the Xhol-Sall
fragment of pNL4-3/KFS (a kind gift from Dr. Eric Freed
[161]) into pNL4-3/Gag-YFP. To construct pNL4-3/LZ/Gag-
YFP/-CFP, the sequence encoding GCN4 leucine zipper in the
ZWT plasmid, a kind gift from Dr. Heinrich Gottlinger [142], was
cloned into pNL4-3/Gag-YFP/-CFP using standard molecular
cloning techniques. The double mutants pNL4-3/Fyn(10)/
WMAA/LZ/Gag-YFP/-CFP  and  pNL4-3/Fyn(10)/delCA-
CTD/LZ/Gag-YFP/-CFP were generated by cloning a fragment
containing the leucine zipper sequence from pNL4-3/LZ/Gag-
YFP into pNL4-3/Fyn(10)/WMAA/Gag-YFP/-CFP and pNL4-
3/Fyn(10)/delCA-CTD/Gag-YFP/-CFP, respectively. pNL4-3/
Gag-iGI'P (a kind gift from Dr. Benjamin Chen [99]) was used to
construct pNL4-3/Gag-1YFP.

Virus stocks

Stocks of HIV-1 mutants, pseudotyped with vesicular stomatitis
virus G protein (VSV-G), were prepared by transfecting 5.6 x10°
293T or HeLa cells with 1.5 pg pNL4-3 derivative encoding a Gag-
YFP/-CFP fusion protein, 1.5 ug pCMVNLGagPol-RRE [105],
and 0.5 pg pHCMV-G (a kind gift from Dr. J. Burns [162]). Two
days post transfection, virus-containing supernatants were filtered
through a 0.45 pum filter and used for inoculation of T cells.

Cells

To prepare a polarized T cell line, T cell clones were obtained
by limiting dilution of A3.01 T cells (AIDS Research and
Reference Reagent Program). Typical A3.01 cell cultures naturally
contain 10-20% of cells with a polarized morphology. After
limiting dilution, T cell clones were examined for cell morphology
and polarized PSGL-1 localization. A cell clone, in which
approximately 50-60% of cells were polarized, was designated
“P2” and used for experiments in this study. These cell lines, as
well as the SupTl cell line (AIDS Research and Reference
Reagent Program), were cultured in RPMI containing 10% fetal
bovine serum (IFBS)(RPMI-10%FBS). Primary T cells were
isolated from buffy coats obtained from the New York Blood
Center. The bufty coats were diluted in a 1:1 ratio with phosphate
buffered saline (PBS) containing 2% FBS (PBS-2%FBS), and
peripheral blood mononuclear cells (PBMCs) were isolated using
centrifugation through ficoll (GE Healthcare) according to the
manufacturer’s instructions. Isolated PBMCs were then plated on
polystyrene petri dishes for 2 h to separate the adherent
monocytes and non-adherent lymphocytes. Lymphocytes were
activated in RPMI-10%FBS containing phytohemagglutinin
(PHA) (Sigma. St. Louis, MO) (6 pg/ml) and IL-2 (20 units/ml)
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(Roche. Basel, Switzerland) for 2-3 days. Primary CD4" T cells
were isolated with the MACS magnetic antibody bead kit
(Miltenyi Biotec. Bergisch Gladbach, Germany) using anti-CD4
beads and MS columns. Cells were then cultured overnight in
RPMI-10%FBS and IL-2 (20 units/ml) and used for experiments.
IL-2 has been shown to induce a comparable level of T cell

polarization and locomotion to those induced by chemokines such
as RANTES and MIP-1a [163,164].

Infection

Ceells were infected with virus stocks by spin infection; 3x10° P2
cells or 5x10° primary T cells were resuspended in 200 ul virus
stock with 4 pg/ml polybrene and centrifuged at 2500 rpm for 2 h
at 15°C. Cells were cultured at 37°C in RPMI-10% FBS for 2-3
days (in the presence of 20 units/ml IL-2 for primary T cells).

Copatching assay

Mouse anti-PSGL-1 (NP_002997.1), CD43 (AH003828.1),
CD81, or LFA-1 (all from BD Biosciences Pharmingen. San
Diego, CA) were prelabeled with the secondary antibody
(AlexaFluor-594-conjugated goat anti-mouse IgG (Invitrogen.
Carlsbad, California)) for 30 min. Infected cells were cultured in
200 ul of RPMI-10%FBS containing this antibody mixture for 1 h
at 37°C, after which they were washed with RPMI-10%FBS and
fixed in 1 ml 4% paraformaldehyde in PBS (PFA). After washing
with PBS-2%FBS, cells resuspended in a small volume (~10 ul) of
the same buffer were mixed with equal volume of Fluoromount-G
(SouthernBiotech. Birmingham, Alabama), and 3 pl of this
mixture was mounted on glass slides. Images were acquired with
a Nikon TE-2000U inverted epifluorescence microscope. Z-series
of images were acquired with 0.2 pm intervals between focal
planes. Maximum intensity projection images of the z-series
images composed of 56 focal planes were obtained with Image]
software (NIH; downloaded from http://rsbweb.nih.gov/ij/).
Copatching quantification was performed using the correlation
plot function of the Metamorph 6 software (Molecular Devices.
Sunnydale, California). To identify punctate signals objectively
and to remove background signals from copatching analyses, the
background, calculated as the median intensity of a 32 x32-pixel
region surrounding each pixel, was subtracted from the original
image[165], point noise was removed using a 3x3 median
filter[166], and the minimum threshold was set to twice the
average fluorescence intensity of the cell of interest and applied to
the images. These images were then used for calculation of
Pearson’s correlation coefficients (CC), representing copatching.

Immunostaining

To avoid altering cell morphology, cell suspensions were placed
in round-bottom tubes and left still at 37°C in the presence of 5%
COy for at least 1 h prior to fixation. Subsequently, most of the
culture supernatant was removed carefully, and cells were fixed in
1 ml 4% PFA for 20 minutes. Fixed cells were washed with PBS-
2%FBS and then incubated for 1 h in PBS-2%FBS containing
primary antibodies against cell surface molecules (PSGL-1 and
LFA-1) followed by washing with PBS-2%FBS. For experiments in
which CD43 was used as a uropod marker, cells were first incubated
with anti-CD43 for 30 min as done in previous studies [64].
Subsequently, cells were rinsed with RPMI-10%FBS twice,
incubated with AlexaFluor 594-conjugated anti-mouse IgG for
30 min, rinsed with RPMI-10%FBS twice, and cultured for an
additional 30 min at 37°C prior to fixation. Detection of Env on the
cell surface was performed similarly, except that primary and
secondary antibodies used were anti-gp120 (IgG1 bl12; AIDS
Research and Reference Reagent Program) and AlexalFluor-594-
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conjugated anti-human IgG (Invitrogen), respectively. For detection
of a-tubulin (to identify the MTOC) and mature p17MA, fixed cells
were permeabilized by a 10-min incubation in PBS containing 0.2%
saponin (Fluka Biohemica. Buchs, Switzerland) and 5% FBS prior
to incubation with primary antibodies, anti-o-tubulin (Sigma; clone
B-5-1-2) and anti-pl7MA (Applied Biotechnologies. Columbia,
Maryland), respectively. Primary antibodies were detected by
treating cells with AlexaFluor 594-conjugated goat anti-mouse
IgG for 30 minutes. Cells were then washed again with PBS-2%FBS
and mounted on glass slides, as described above, for microscopy.

Live cell microscopy

Cells were infected with VSV-G-pseudotyped HIV-1 encoding
Gag-YFP. Two days post-infection, cells were immunostained with
anti-PSGL1 prelabeled with Zenon AlexaFluor 594 reagent
(Invitrogen) according to manufacturer’s instruction or AlexaFluor
594-conjugated anti-mouse IgG as described for the copatching
assay. To morphologically depolarize cells, 4-well chamber
coverslips (Nunc. Rochester, NY), containing Gag-YFP-expressing
cells, were placed at 4°C for 30 min. To repolarize cells, the
chamber coverslips were then transferred to a pre-warmed (37°C)
microscope stage. Time-lapse images were acquired with an
interval of 30 s for up to 1 h. The images were then converted to
AVI files by Image].

Fluorescence Resonance Energy Transfer (FRET) analysis

Cells were co-infected with VSV-G-pseudotyped HIV-1
encoding YIP- and CFP-tagged versions of each Gag mutant,
cultured and fixed as described above. Cells were subsequently
permeabilized, immunostained for o-tubulin, and mounted as
described above. Images were collected using four filter combina-
tions: AlexaFluor 594 excitation/AlexaFluor 594 emission, YFP
excitation/ YFP emission, CFP excitation/ CFP emission, and CFP
excitation/YFP emission. FRET was calculated using FRET
stoichiometry as previously described [28,167].

Analysis of cell-cell contact and VS

5%10° primary CD4" T cells were infected with VSV-G
pseudotyped HIV-1 encoding Gag-YFP or KFS/Gag-YFP. Two
days post infection, 5x10° fresh primary CD4" T cells were
stained with 1 uM CMAC (Invitrogen) for 30 min. Infected T cells
were then co-cultured with CMAC-stained target T cells for 3 h in
a chamber coverslip at 37°C.. Images of 5060 polarized and YFP-
expressing cells were then acquired, and the number of contacts
these cells formed with CMACG-labeled cells, which represent
newly formed contacts, were quantified and categorized as
uropod- or non-uropod-mediated contacts.

For analysis of the VS, 2x10° P2 cells were infected with VSV-
G-pseudotyped HIV-1 encoding Gag-CFP. Two days post-
infection, cells were immunostained with anti-CD43 and a
minimal amount of AlexaFluor-594-conjugated anti-mouse IgG.
Affter extensive washing, 1x10° of these cells or the same number
of uninfected P2 cells were mixed with 1x10° target cells (SupT1
cells) that were prelabeled with non-blocking FITC-conjugated
anti-CD4 (Clone L120, BD Biosciences. San Jose, California) and
cocultured for 3 h in chamber coverslips at 37°C. These cocultures
in the chamber coverslips were placed on a microscope stage set at
37°C, and images were acquired using appropriate excitation and
emission filters.

Cell-to-cell virus transfer assay

2x10° P2 cells were infected with VSV-G-pseudotyped HIV-1
encoding Gag-YFP. Two days post-infection, 5x10” target SupT'1
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cells were stained with 1 uM CellTracker CMTMR (Invitrogen.
Carlsbad, California) for 15 min, washed with RPMI-10%FBS,
incubated for 2 h in RPMI-10%FBS, and washed again in RPMI-
10%FBS. Infected donor and CMTMR-stained target cells were
cocultured in 0.5 ml RPMI-10%FBS for 3 h in the presence or
absence of the myosin light chain kinase (MLCK) inhibitor, ML7
(40 uM) (EMD Biosciences. San Diego, California), or the solvent
negative control DMSO. The CD4 blocking antibody Leu3A
(0.25 pug/ml) (BD Biosciences) and isotype anti-mouse IgG control
antibody (0.25 pg/ml) (Santa Cruz Biotechnology. Santa Cruz,
California) were utilized to validate the assay, as it was shown
previously using a similar assay that virus transfer was dependent
on Env-CD4 interaction [53](Figure 4A). To rule out the
possibility that inhibitors affect viral protein synthesis and thereby
indirectly alter virus transfer, 10 pg/ml cycloheximide, which
abolishes protein synthesis, was added at the beginning of
coculture. After 3 h of coculture, cells were fixed in 4% PFA.
Double-positive cells, which represent CMTMR-positive target
cells that received YFP-containing virus particles, were identified
by flow cytometry (see Figure 4A for examples). Results were
presented as a percentage of double-positive cells compared to
total CMTMR-stained target cells.

Quantification of polarization

To measure morphological polarization of T cells, outlines of
Gag-YFP-expressing P2 cells were determined by manually
tracing the cell perimeter using the Image] program. Circularity
values were then calculated based on this outline using the
Measure function of Image]J. The output values range between 0
and 1, with 1 representing a perfect circle. This method has been
described previously [168]. Morphologically polarized cells with
circularity values below 0.8 were further examined for polariza-
tion of Gag localization. To quantify polarity of Gag localization,
a 10-segmented grid was placed over each cell along the cell’s
longest axis. The number of segments that contained plasma-
membrane-associated Gag was then used as the polarization
index. Lower values correspond to more polarity of Gag on the
cell surface. Examples of these quantifications are shown in
Figure S4.

Supporting Information

Text S1 This file includes Supplementary Materials and
Methods and Supplementary Discussion.

Found at: doi:10.1371/journal.ppat.1001167.s001 (0.06 MB
DOC)

Figure S1 Untagged Gag detected at the plasma membrane
using anti-Gag antibodies shows strong colocalization with uropod
markers. P2 cells infected with wild type HIV-1 (NL4-3) were
labeled with anti-PSGL-1 or anti-CD43 (red) prior to fixation.
Fixed cells were permeabilized and immunostained with ant-
pl7MA or anti-p24CA (green). Note that when Gag is detected on
the cell surface, it colocalized with uropod markers.

Found at: doi:10.1371/journal.ppat.1001167.s002 (4.17 MB TIF)

Figure 82 Lffects of ML7 on VLP release efficiency. P2 cells
expressing Gag-YIP or Fyn(10)deINC Gag-YFP were metaboli-
cally labeled with [*S] methionine/cysteine for 2 h in the
presence of 40 uM ML7 (+) or DMSO (-). Cell and virus lysates
were subjected to immunoprecipitation of viral proteins using
HIV-Ig. Virus release efficiency was calculated as the amount of
virion-associated Gag as a fraction of total (cell plus virion) Gag
synthesized during a 2-h metabolic labeling period.

Found at: doi:10.1371/journal.ppat.1001167.s003 (6.93 MB TIF)
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Figure 83 Depolarization of T cells by ML7 treatment
reduces cell-to-cell transfer of virus particles. A) Transfer of
Gag-YFP fluorescence from infected P2 cells to CMTMR-
stained SupT'l target cells during a 3-h coculture period was
measured by flow cytometry. ML7, DMSO, or antibodies,
along with 10 pg/ml cycloheximide, were added at the
beginning of the coculture period. Flow cytometry plots are
shown. Gate A, CMTMR-labeled target cells; gate B, double
positive cells representing target cells with transferred Gag-YFP
particles; and gate C, YIFP-expressing cells either fused or
conjugated to CMTMR-labeled target cells. B) Representative
brightfield (top panels) and fluorescence (bottom panels) images
of cocultures untreated or treated with DMSO or ML7 are
shown. Gag-YFP and CMTMR signals were shown in green
and red, respectively.

Found at: doi:10.1371/journal.ppat.1001167.s004 (9.96 MB TIF)

Figure 84 Examples of polarity index calculations. To measure
morphological polarization of T cells, outlines of Gag-YFP-
expressing P2 cells were determined by manually tracing the cell
perimeter using the Image] program. Circularity values were then
calculated based on this outline using the Measure function of
Image]. The output values range between 0 and 1, with 1
representing a perfect circle. To quantify polarity of Gag
localization, a 10-segmented grid was placed over each cell along
the cell’s longest axis. The number of segments that contained
plasma-membrane-associated Gag was then used as the polariza-
tion index. For clarity, the outline and the grid were removed from
the lower right panel.

Found at: doi:10.1371/journal.ppat.1001167.s005 (7.90 MB TTF)

Movie S1 Migrating T' cell stably maintains uropod localization
of Gag. Cells expressing Gag-YFP (green) were immunostained
with anti-PSGL-1 prelabeled by AlexaFluor-594-conjugated anti-
mouse IgG (red). Images were acquired every 30 s for 30 min as
the polarized cell migrates through the field. Yellow color indicates
colocalization of PSGL-1 and Gag-YFP.

Found at: doi:10.1371/journal.ppat.1001167.s006
MOV)

Movie 82 Infected T cells mediate stable contacts with target
cells via their uropods. Primary T cells expressing Gag-YIP
(green) were cocultured with fresh primary T cells from the same
donor stained with the fluorescent dye CMAC (blue) and
immunostained with an anti-PSGL-1 antibody (red) as described
in Materials and Methods. Regions of colocalization between Gag
and PSGL-1 are shown in yellow. Live cell images were taken
every 30 s for 20 min. Note that the uropod, enriched in Gag-YFP
and PSGL-1, mediates stable contacts with target cells.

(3.13 MB
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Movie 83 Cell surface patches containing Gag and a uropod
marker laterally move to and accumulate at a forming uropod.
Time lapse images of a Gag-YIFP-expressing T cell during
repolarization. Gag-YFP(green)-expressing P2 cells were immu-
nostained for PSGL-1 (red) as described in Figure 6. Cells were
then depolarized by incubation at 4°C: for 30 min. Approximately
5 min after chamber coverslips containing depolarized cells were
transferred to the microscope stage maintained at 37°C,
acquisition of live cell images at 30-s intervals was begun and
continued for 27 min. Note that the small patches migrate and
coalesce to the large patch at the cell pole that eventually forms the

uropod.
Found at: doi:10.1371/journal.ppat.1001167.s008 (1.55 MB
MOV)
Movie 84 Gag puncta move to and accumulate at a forming

uropod in the absence of a crosslinking antibody. Time lapse
images of a Gag-YFP-expressing T' cell during repolarization.
Gag-YFP(green)-expressing P2 cells were depolarized by incuba-
tion at 4°C for 30 min. Approximately 5 min after chamber
coverslips containing depolarized cells were transferred to the
microscope stage maintained at 37°C, acquisition of live cell
images at 30-s intervals was begun and continued for 26 min. Note
that even as the cell rotates and changes direction, the small
patches migrate and coalesce to the large patch at the cell pole that
eventually forms the uropod.

Found at: doi:10.1371/journal.ppat.1001167.s009 (4.69 MB AVI)

Acknowledgments

We would like to thank Dr. Eric Freed and the members of our laboratory
for helpful discussions and critical review of the manuscript. We would also
like to thank Jingga Inlora and Madeline Nye for technical assistance. The
following reagents were obtained through AIDS Research and Reference
Reagent Program, Division of AIDS, NIAID, NIH: HIV-1 gpl20
Monoclonal Antibody (IgG1 b12) from Drs. Dennis Burton and Carlos
Barbas, HIV-1 p24 hybridoma (183-H12-5C) from Dr. Bruce Chesebro,
HIV-IG from NABI and NHLBI, A3. 01 from Dr. Thomas Folks and
SupT'1 from Dr. James Hoxie.

Author Contributions

Conceived and designed the experiments: GNL AO. Performed the
experiments: GNL IBH JRG AO. Analyzed the data: GNL IBH JRG AO.
Contributed reagents/materials/analysis tools: GNL IBH JRG AO. Wrote
the paper: GNL IBH JRG AO.

7. Adamson CS, Freed EO (2007) Human immunodeficiency virus type 1
assembly, release, and maturation. Adv Pharmacol 55: 347-387.

8. Alfadhli A, Still A, Barklis E (2009) Analysis of human immunodeficiency virus
type 1 matrix binding to membranes and nucleic acids. J Virol 83:
12196-12203.

9. Bryant M, Ratner L (1990) Myristoylation-dependent replication and assembly
of human immunodeficiency virus 1. Proc Natl Acad Sci U S A 87: 523—
527.

10. Chan R, Uchil PD, Jin J, Shui G, Ott DE, et al. (2008) Retroviruses human
immunodeficiency virus and murine leukemia virus are enriched in
phosphoinositides. J Virol 82: 11228-11238.

11. Chukkapalli V, Hogue IB, Boyko V, Hu WS, Ono A (2008) Interaction
between the human immunodeficiency virus type 1 Gag matrix domain and
phosphatidylinositol-(4,5)-bisphosphate is essential for efficient gag membrane
binding. J Virol 82: 2405-2417.

12. Chukkapalli V, Oh SJ, Ono A (2010) Opposing mechanisms involving RNA
and lipids regulate HIV-1 Gag membrane binding through the highly basic
region of the matrix domain. Proc Natl Acad Sci U S A 107: 1600-1605.

October 2010 | Volume 6 | Issue 10 | e1001167



20.

21.

24.

25.

26.

27.

28.

29.

30.

31.

32.

34.

35.

36.

37.

38.

39.

. Dalton AK, Ako-Adjei D, Murray PS, Murray D, Vogt VM (2007)

Electrostatic interactions drive membrane association of the human immuno-

deficiency virus type 1 Gag MA domain. J Virol 81: 6434-6445.

. Gottlinger HG, Sodroski JG, Haseltine WA (1989) Role of capsid precursor

processing and myristoylation in morphogenesis and infectivity of human
immunodeficiency virus type 1. Proc Natl Acad Sci U S A 86: 5781-5785.

. Hill CP, Worthylake D, Bancroft DP, Christensen AM, Sundquist WI (1996)

Crystal structures of the trimeric human immunodeficiency virus type 1 matrix
protein: implications for membrane association and assembly. Proc Natl Acad
Sci U S A 93: 3099-3104.

. Ono A, Ablan SD, Lockett SJ, Nagashima K, Freed EO (2004) Phosphati-

dylinositol (4,5) bisphosphate regulates HIV-1 Gag targeting to the plasma
membrane. Proc Natl Acad Sci U S A 101: 14889-14894.

. Saad JS, Miller J, Tai J, Kim A, Ghanam RH, et al. (2006) Structural basis for

targeting HIV-1 Gag proteins to the plasma membrane for virus assembly.
Proc Natl Acad Sci U S A 103: 11364-11369.

. Shkriabai N, Datta SA, Zhao Z, Hess S, Rein A, et al. (2006) Interactions of

HIV-1 Gag with assembly cofactors. Biochemistry 45: 4077-4083.

. Tang C, Locliger E, Luncsford P, Kinde I, Beckett D, et al. (2004) Entropic

switch regulates myristate exposure in the HIV-1 matrix protein. Proc Natl
Acad Sci U S A 101: 517-522.

Zhou W, Parent L], Wills JW, Resh MD (1994) Identification of a membrane-
binding domain within the amino-terminal region of human immunodeficiency
virus type 1 Gag protein which interacts with acidic phospholipids. J Virol 68:
2556-2569.

Burniston MT, Cimarelli A, Colgan J, Curtis SP, Luban J (1999) Human
immunodeficiency virus type 1 Gag polyprotein multimerization requires the
nucleocapsid domain and RNA and is promoted by the capsid-dimer interface
and the basic region of matrix protein. J Virol 73: 8527-8540.

. Datta SA, Curtis JE, Ratcliff W, Clark PK, Crist RM, et al. (2007)

Conformation of the HIV-1 Gag protein in solution. J] Mol Biol 365: 812-824.

. Datta SA, Zhao Z, Clark PK, Tarasov S, Alexandratos JN, et al. (2007)

Interactions between HIV-1 Gag molecules in solution: an inositol phosphate-
mediated switch. J Mol Biol 365: 799-811.

Ehrlich LS, Agresta BE, Carter CA (1992) Assembly of recombinant human
immunodeficiency virus type 1 capsid protein in vitro. J Virol 66: 4874-4883.
Franke EK, Yuan HE, Bossolt KL, Goff SP, Luban J (1994) Specificity and
sequence requirements for interactions between various retroviral Gag proteins.
J Virol 68: 5300-5305.

Gamble TR, Yoo S, Vajdos FF, von Schwedler UK, Worthylake DK, et al.
(1997) Structure of the carboxyl-terminal dimerization domain of the HIV-1
capsid protein. Science 278: 849-853.

Gross I, Hohenberg H, Huckhagel C, Krausslich HG (1998) N-Terminal
extension of human immunodeficiency virus capsid protein converts the in vitro
assembly phenotype from tubular to spherical particles. J Virol 72: 4798-4810.
Hogue IB, Hoppe A, Ono A (2009) Quantitative fluorescence resonance energy
transfer microscopy analysis of the human immunodeficiency virus type 1 Gag-
Gag interaction: relative contributions of the CA and NC domains and
membrane binding. J Virol 83: 7322-7336.

Joshi A, Nagashima K, Freed EO (2006) Mutation of dileucine-like motifs in
the human immunodeficiency virus type 1 capsid disrupts virus assembly, gag-
gag interactions, gag-membrane binding, and virion maturation. J Virol 80:
7939-7951.

Li H, Dou J, Ding L, Spearman P (2007) Myristoylation is required for human
immunodeficiency virus type 1 Gag-Gag multimerization in mammalian cells.
J Virol 81: 12899-12910.

Momany C, Kovari LC, Prongay AJ, Keller W, Gitti RK, et al. (1996) Crystal
structure of dimeric HIV-1 capsid protein. Nat Struct Biol 3: 763-770.

von Schwedler UK, Stray KM, Garrus JE, Sundquist WI (2003) Functional
surfaces of the human immunodeficiency virus type 1 capsid protein. J Virol 77:
5439-5450.

. Zhang WH, Hockley DJ, Nermut MV, Morikawa Y, Jones IM (1996) Gag-Gag

interactions in the C-terminal domain of human immunodeficiency virus type 1
P24 capsid antigen are essential for Gag particle assembly. J Gen Virol 77(Pt 4):
743-751.

D’Souza V, Summers MF (2005) How retroviruses select their genomes. Nat
Rev Microbiol 3: 643-655.

Campbell S, Rein A (1999) In vitro assembly properties of human
immunodeficiency virus type 1 Gag protein lacking the p6 domain. J Virol
73:2270-2279.

Campbell S, Vogt VM (1995) Self-assembly in vitro of purified CA-NC
proteins from Rous sarcoma virus and human immunodeficiency virus type 1.
J Virol 69: 6487-6497.

Cimarelli A, Sandin S, Hoglund S, Luban J (2000) Basic residues in human
immunodeficiency virus type 1 nucleocapsid promote virion assembly via
interaction with RNA. J Virol 74: 3046-3057.

Dawson L, Yu XF (1998) The role of nucleocapsid of HIV-1 in virus assembly.
Virology 251: 141-157.

Derdowski A, Ding L, Spearman P (2004) A novel fluorescence resonance
energy transfer assay demonstrates that the human immunodeficiency virus
type 1 Pr35Gag 1 domain mediates Gag-Gag interactions. J Virol 78:
1230-1242.

@ PLoS Pathogens | www.plospathogens.org

17

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

HIV-1 Gag Localization to Uropods & T-T Contacts

Huseby D, Barklis RL, Alfadhli A, Barklis E (2005) Assembly of human
immunodeficiency virus precursor gag proteins. J Biol Chem 280:
17664-17670.

Sandefur S, Smith RM, Varthakavi V, Spearman P (2000) Mapping and
characterization of the N-terminal I domain of human immunodeficiency virus
type 1 Pr55(Gag). J Virol 74: 7238-7249.

Sandefur S, Varthakavi V, Spearman P (1998) The I domain is required for
efficient plasma membrane binding of human immunodeficiency virus type 1
Pr55Gag. J Virol 72: 2723-2732.

Zabransky A, Hunter E, Sakalian M (2002) Identification of a minimal HIV-1
gag domain sufficient for self-association. Virology 294: 141-150.

Demirov DG, Freed EO (2004) Retrovirus budding. Virus Res 106: 87-102.

Martin-Serrano J, Zang T, Bieniasz PD (2003) Role of ESCRT-I in retroviral
budding. J Virol 77: 4794-4804.

Morita E, Sundquist WI (2004) Retrovirus budding. Annu Rev Cell Dev Biol
20: 395-425.

Krummel MF, Macara I (2006) Maintenance and modulation of T cell
polarity. Nat Immunol 7: 1143-1149.

Sanchez-Madrid F, del Pozo MA (1999) Leukocyte polarization in cell
migration and immune interactions. Embo J 18: 501-511.

Sanchez-Madrid F, Serrador JM (2009) Bringing up the rear: defining the roles
of the uropod. Nat Rev Mol Cell Biol 10: 353-359.

Alonso-Lebrero JL, Serrador JM, Dominguez-Jimenez C, Barreiro O, Luque A,
et al. (2000) Polarization and interaction of adhesion molecules P-selectin
glycoprotein ligand 1 and intercellular adhesion molecule 3 with moesin and
ezrin in myeloid cells. Blood 95: 2413-2419.

Itoh S, Susuki C, Takeshita K, Nagata K, Tsuji T (2007) Redistribution of P-
selectin glycoprotein ligand-1 (PSGL-1) in chemokine-treated neutrophils: a
role of lipid microdomains. J Leukoc Biol 81: 1414-1421.

Ratner S, Sherrod WS, Lichlyter D (1997) Microtubule retraction into the
uropod and its role in T cell polarization and motility. J Immunol 159:
1063-1067.

Chen P, Hubner W, Spinelli MA, Chen BK (2007) Predominant mode of
human immunodeficiency virus transfer between T cells is mediated by
sustained Env-dependent neutralization-resistant virological synapses. J Virol
81: 12582-12595.

Nguyen DH, Hildreth JE (2000) Evidence for budding of human immunode-
ficiency virus type 1 selectively from glycolipid-enriched membrane lipid rafts.
J Virol 74: 3264-3272.

Pearce-Pratt R, Malamud D, Phillips DM (1994) Role of the cytoskeleton in
cell-to-cell transmission of human immunodeficiency virus. J Virol 68:
2898-2905.

Perotti ME, Tan X, Phillips DM (1996) Directional budding of human
immunodeficiency virus from monocytes. J Virol 70: 5916-5921.

Phillips DM (1994) The role of cell-to-cell transmission in HIV infection. AIDS
8: 719-731.

Chertova E, Chertov O, Coren LV, Roser JD, Trubey CM, et al. (2006)
Proteomic and biochemical analysis of purified human immunodeficiency virus
type 1 produced from infected monocyte-derived macrophages. J Virol 80:
9039-9052.

Fais S, Capobianchi MR, Abbate I, Castilletti C, Gentile M, et al. (1995)
Unidirectional budding of HIV-1 at the site of cell-to-cell contact is associated
with co-polarization of intercellular adhesion molecules and HIV-1 viral matrix
protein. Aids 9: 329-335.

Gomez-Mouton C, Abad JL, Mira E, Lacalle RA, Gallardo E, et al. (2001)
Segregation of leading-edge and uropod components into specific lipid rafts
during T cell polarization. Proc Natl Acad Sci U S A 98: 9642-9647.

Jolly C, Sattentau QJ (2005) Human immunodeficiency virus type 1 virological
synapse formation in T cells requires lipid raft integrity. J Virol 79:
12088-12094.

Ono A, Freed EO (2005) Role of lipid rafts in virus replication. Adv Virus Res
64: 311-358.

del Pozo MA, Sanchez-Mateos P, Nieto M, Sanchez-Madrid F (1995)
Chemokines regulate cellular polarization and adhesion receptor redistribution
during lymphocyte interaction with endothelium and extracellular matrix.
Involvement of cAMP signaling pathway. J Cell Biol 131: 495-508.

Serrador JM, Nieto M, Alonso-Lebrero JL, del Pozo MA, Calvo ], et al. (1998)
CD43 interacts with moesin and ezrin and regulates its redistribution to the
uropods of T lymphocytes at the cell-cell contacts. Blood 91: 4632-4644.

. Tibaldi EV, Salgia R, Reinherz EL (2002) CD2 molecules redistribute to the

uropod during T cell scanning: implications for cellular activation and immune
surveillance. Proc Natl Acad Sci U S A 99: 7582-7587.

Dimitrov DS, Willey RL, Sato H, Chang L], Blumenthal R, et al. (1993)
Quantitation of human immunodeficiency virus type 1 infection kinetics. J Virol
67: 2182-2190.

Hubner W, McNerney GP, Chen P, Dale BM, Gordon RE, et al. (2009)
Quantitative 3D video microscopy of HIV transfer across T cell virological
synapses. Science 323: 1743-1747.

Martin N, Welsch S, Jolly C, Briggs JA, Vaux D, et al. (2010) Virological
synapse-mediated spread of human immunodeficiency virus type 1 between T
cells is sensitive to entry inhibition. J Virol 84: 3516-3527.

Mazurov D, Ilinskaya A, Heidecker G, Lloyd P, Derse D (2010) Quantitative
comparison of HTLV-1 and HIV-1 cell-to-cell infection with new replication
dependent vectors. PLoS Pathog 6: ¢1000788.

October 2010 | Volume 6 | Issue 10 | e1001167



71.

72.

73.

74.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

. Sato H, Orenstein J, Dimitrov D, Martin M (1992) Cell-to-cell spread of HIV-1

occurs within minutes and may not involve the participation of virus particles.
Virology 186: 712-724.

Sourisseau M, Sol-Foulon N, Porrot F, Blanchet F, Schwartz O (2007)
Inefficient human immunodeficiency virus replication in mobile lymphocytes.
J Virol 81: 1000-1012.

Alfsen A, Yu H, Magerus-Chatinet A, Schmitt A, Bomsel M (2005) HIV-1-
infected blood mononuclear cells form an integrin- and agrin-dependent viral
synapse to induce efficient HIV-1 transcytosis across epithelial cell monolayer.
Mol Biol Cell 16: 4267-4279.

Arrighi JF, Pion M, Garcia E, Escola JM, van Kooyk Y, et al. (2004) DC-
SIGN-mediated infectious synapse formation enhances X4 HIV-1 transmission
from dendritic cells to T cells. ] Exp Med 200: 1279-1288.

Garcia E, Pion M, Pelchen-Matthews A, Collinson L, Arrighi JF, et al. (2005)
HIV-1 trafficking to the dendritic cell-T-cell infectious synapse uses a pathway
of tetraspanin sorting to the immunological synapse. Traffic 6: 488-501.

. Gousset K, Ablan SD, Coren LV, Ono A, Soheilian F, et al. (2008) Real-time

visualization of HIV-1 GAG trafficking in infected macrophages. PLoS Pathog
4: ¢1000015.

Groot F, Welsch S, Sattentau QJ (2008) Efficient HIV-1 transmission from
macrophages to T cells across transient virological synapses. Blood 111:
4660-4663.

Igakura T, Stinchcombe JC, Goon PK, Taylor GP, Weber JN, et al. (2003)
Spread of HTLV-I between lymphocytes by virus-induced polarization of the
cytoskeleton. Science 299: 1713-1716.

Jolly C, Kashefi K, Hollinshead M, Sattentau QJ (2004) HIV-1 cell to cell
transfer across an Env-induced, actin-dependent synapse. J Exp Med 199:
283-293.

McDonald D, Wu L, Bohks SM, KewalRamani VN, Unutmaz D, et al. (2003)
Recruitment of HIV and its receptors to dendritic cell-T cell junctions. Science
300: 1295-1297.

Rudnicka D, Feldmann J, Porrot F, Wietgrefe S, Guadagnini S, et al. (2009)
Simultaneous cell-to-cell transmission of human immunodeficiency virus to
multiple targets through polysynapses. J Virol 83: 6234-6246.

Sherer NM, Lehmann MJ, Jimenez-Soto LF, Horensavitz C, Pypaert M, et al.
(2007) Retroviruses can establish filopodial bridges for efficient cell-to-cell
transmission. Nat Cell Biol 9: 310-315.

Sowinski S, Jolly C, Berninghausen O, Purbhoo MA, Chauveau A, et al. (2008)
Membrane nanotubes physically connect T cells over long distances presenting
a novel route for HIV-1 transmission. Nat Cell Biol 10: 211-219.

Wang JH, Wells C, Wu L (2008) Macropinocytosis and cytoskeleton contribute
to dendritic cell-mediated HIV-1 transmission to CD4+ T cells. Virology 381:
143-154.

Yu HJ, Reuter MA, McDonald D (2008) HIV traffics through a specialized,
surface-accessible intracellular compartment during trans-infection of T cells by
mature dendritic cells. PLoS Pathog 4: ¢1000134.

Majorovits E, Nejmeddine M, Tanaka Y, Taylor GP, Fuller SD, et al. (2008)
Human T-lymphotropic virus-1 visualized at the virological synapse by electron
tomography. PLoS One 3: e2251.

Pais-Correia AM, Sachse M, Guadagnini S, Robbiati V, Lasserre R, et al.
(2010) Biofilm-like extracellular viral assemblies mediate HTLV-1 cell-to-cell
transmission at virological synapses. Nat Med 16: 83-89.

Sherer NM, Mothes W (2008) Cytonemes and tunneling nanotubules in cell-
cell communication and viral pathogenesis. Trends Cell Biol 18: 414-420.
Jin J, Sherer NM, Heidecker G, Derse D, Mothes W (2009) Assembly of the
murine leukemia virus is directed towards sites of cell-cell contact. PLoS Biol 7:
¢1000163.

Vasiliver-Shamis G, Tuen M, Wu TW, Starr T, Cameron TO, et al. (2008)
Human immunodeficiency virus type 1 envelope gp120 induces a stop signal
and virological synapse formation in noninfected CD4+ T cells. J Virol 82:
9445-9457.

Vasiliver-Shamis G, Cho MW, Hioe CE, Dustin ML (2009) Human
immunodeficiency virus type 1 envelope gp120-induced partial T-cell receptor
signaling creates an F-actin-depleted zone in the virological synapse. J Virol 83:
11341-11355.

Puigdomenech I, Massanella M, Cabrera C, Clotet B, Blanco J (2009) On the
steps of cell-to-cell HIV transmission between CD4 T cells. Retrovirology 6: 89.
Sattentau Q (2008) Avoiding the void: cell-to-cell spread of human viruses. Nat
Rev Microbiol 6: 815-826.

Haller C, Fackler OT (2008) HIV-1 at the immunological and T-lymphocytic
virological synapse. Biol Chem 389: 1253-1260.

Piguet V, Sattentau Q (2004) Dangerous liaisons at the virological synapse.
J Clin Invest 114: 605-610.

Sol-Foulon N, Sourisseau M, Porrot I, Thoulouze MI, Trouillet C, et al. (2007)
ZAP-70 kinase regulates HIV cell-to-cell spread and virological synapse
formation. Embo J 26: 516-526.

Jolly C, Mitar I, Sattentau QJ (2007) Adhesion molecule interactions facilitate
human immunodeficiency virus type 1-induced virological synapse formation
between T cells. J Virol 81: 13916-13921.

Arthos J, Cicala C, Martinelli E, Macleod K, Van Ryk D, et al. (2008) HIV-1
envelope protein binds to and signals through integrin alpha4beta7, the gut
mucosal homing receptor for peripheral T cells. Nat Immunol 9: 301-309.

@ PLoS Pathogens | www.plospathogens.org

18

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

HIV-1 Gag Localization to Uropods & T-T Contacts

Kinashi T, Katagiri K (2004) Regulation of lymphocyte adhesion and
migration by the small GTPase Rapl and its effector molecule, RAPL.
Immunol Lett 93: 1-5.

Hubner W, Chen P, Del Portillo A, Liu Y, Gordon RE, et al. (2007) Sequence
of human immunodeficiency virus type 1 (HIV-1) Gag localization and
oligomerization monitored with live confocal imaging of a replication-
competent, fluorescently tagged HIV-1. J Virol 81: 12596-12607.

Ono A, Orenstein JM, Freed EO (2000) Role of the Gag matrix domain in
targeting human immunodeficiency virus type 1 assembly. J Virol 74:
2855-2866.

Zhou W, Resh MD (1996) Differential membrane binding of the human
immunodeficiency virus type 1 matrix protein. J Virol 70: 8540-8548.
Ruggiero E, Bona R, Muratori C, Federico M (2008) Virological consequences
of early events following cell-cell contact between human immunodeficiency
virus type l-infected and uninfected CD4+ cells. J Virol 82: 7773-7789.
Puigdomenech I, Massanella M, Izquierdo-Useros N, Ruiz-Hernandez R,
Curriu M, et al. (2008) HIV transfer between CD4 T cells does not require
LFA-1 binding to ICAM-1 and is governed by the interaction of HIV envelope
glycoprotein with CD4. Retrovirology 5: 32.

Blanco J, Bosch B, Fernandez-Figueras MT, Barretina J, Clotet B, et al. (2004)
High level of coreceptor-independent HIV  transfer induced by contacts
between primary CD4 T cells. J Biol Chem 279: 51305-51314.

Ono A, Freed EO (2001) Plasma membrane rafts play a critical role in HIV-1
assembly and release. Proc Natl Acad Sci U S A 98: 13925-13930.

Ding L, Derdowski A, Wang JJ, Spearman P (2003) Independent segregation of
human immunodeficiency virus type 1 Gag protein complexes and lipid rafts.
J Virol 77: 1916-1926.

Holm K, Weclewicz K, Hewson R, Suomalainen M (2003) Human
immunodeficiency virus type 1 assembly and lipid rafts: Pr55(gag) associates
with membrane domains that are largely resistant to Brij98 but sensitive to
Triton X-100. J Virol 77: 4805-4817.

Lindwasser OW, Resh MD (2001) Multimerization of human immunodefi-
ciency virus type 1 Gag promotes its localization to barges, raft-like membrane
microdomains. J Virol 75: 7913-7924.

Nydegger S, Khurana S, Krementsov DN, Foti M, Thali M (2006) Mapping of
tetraspanin-enriched microdomains that can function as gateways for HIV-1.
J Cell Biol 173: 795-807.

Booth AM, Fang Y, Fallon JK, Yang JM, Hildreth JE, et al. (2006) Exosomes
and HIV Gag bud from endosome-like domains of the T cell plasma
membrane. J Cell Biol 172: 923-935.

Grigorov B, Attuil-Audenis V, Perugi F, Nedelec M, Watson S, et al. (2009) A
role for CD81 on the late steps of HIV-1 replication in a chronically infected T
cell line. Retrovirology 6: 28.

Brugger B, Glass B, Haberkant P, Leibrecht I, Wieland FT, et al. (2006) The
HIV lipidome: a raft with an unusual composition. Proc Natl Acad Sci U S A
103: 2641-2646.

Jolly C, Sattentau QJ (2007) Human immunodeficiency virus type 1 assembly,
budding, and cell-cell spread in T cells take place in tetraspanin-enriched
plasma membrane domains. J Virol 81: 7873-7884.

Krementsov DN, Weng J, Lambele M, Roy NH, Thali M (2009) Tetraspanins
regulate cell-to-cell transmission of HIV-1. Retrovirology 6: 64.

Manes S, Mira E, Gomez-Mouton C, Lacalle RA, Keller P, et al. (1999)
Membrane raft microdomains mediate front-rear polarity in migrating cells.
Embo J 18: 6211-6220.

Rossy J, Schlicht D, Engelhardt B, Niggli V (2009) Flotillins interact with
PSGL-1 in neutrophils and, upon stimulation, rapidly organize into membrane
domains subsequently accumulating in the uropod. PLoS One 4: ¢5403.
Fabbri M, Di Meglio S, Gagliani MC, Consonni E, Molteni R, et al. (2005)
Dynamic partitioning into lipid rafts controls the endo-exocytic cycle of the
alphalL/beta2 integrin, LFA-1, during leukocyte chemotaxis. Mol Biol Cell 16:
5793-5803.

Pierini LM, Maxfield FR (2001) Flotillas of lipid rafts fore and aft. Proc Natl
Acad Sci U S A 98: 9471-9473.

Harder T, Scheiffele P, Verkade P, Simons K (1998) Lipid domain structure of
the plasma membrane revealed by patching of membrane components. J Cell
Biol 141: 929-942.

Janes PW, Ley SC, Magee Al (1999) Aggregation of lipid rafts accompanies
signaling via the T cell antigen receptor. J Cell Biol 147: 447-461.

Gri G, Molon B, Manes S, Pozzan T, Viola A (2004) The inner side of T cell
lipid rafts. Immunol Lett 94: 247-252.

Lingwood D, Ries J, Schwille P, Simons K (2008) Plasma membranes are
poised for activation of raft phase coalescence at physiological temperature.
Proc Natl Acad Sci U S A 105: 10005-10010.

Meder D, Moreno M]J, Verkade P, Vaz WL, Simons K (2006) Phase
coexistence and connectivity in the apical membrane of polarized epithelial
cells. Proc Natl Acad Sci U S A 103: 329-334.

Shvartsman DE, Kotler M, Tall RD, Roth MG, Henis YI (2003) Differently
anchored influenza hemagglutinin mutants display distinct interaction
dynamics with mutual rafts. J Cell Biol 163: 879-888.

Freed EO, Martin MA (1996) Domains of the human immunodeficiency virus
type | matrix and gp41 cytoplasmic tail required for envelope incorporation
into virions. J Virol 70: 341-351.

October 2010 | Volume 6 | Issue 10 | e1001167



126.

127.

128.

129.

130.

131.

132.

133.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Mammano F, Kondo E, Sodroski J, Bukovsky A, Gottlinger HG (1995) Rescue
of human immunodeficiency virus type 1 matrix protein mutants by envelope
glycoproteins with short cytoplasmic domains. J Virol 69: 3824-3830.

Akari H, Fukumori T, Adachi A (2000) Cell-dependent requirement of human
immunodeficiency virus type 1 gp41 cytoplasmic tail for Env incorporation into
virions. J Virol 74: 4891-4893.

Murakami T, Freed EO (2000) Genetic evidence for an interaction between
human immunodeficiency virus type 1 matrix and alpha-helix 2 of the gp41
cytoplasmic tail. J Virol 74: 3548-3554.

Murakami T, Freed EO (2000) The long cytoplasmic tail of gp41 is required in
a cell type-dependent manner for HIV-1 envelope glycoprotein incorporation
into virions. Proc Natl Acad Sci U S A 97: 343-348.

Lopez-Verges S, Camus G, Blot G, Beauvoir R, Benarous R, et al. (2006) Tail-
interacting protein TIP47 is a connector between Gag and Env and is required
for Env incorporation into HIV-1 virions. Proc Natl Acad Sci U S A 103:
14947-14952.

Wyma DJ, Kotov A, Aiken C (2000) Evidence for a stable interaction of gp41
with Pr55(Gag) in immature human immunodeficiency virus type 1 particles.
J Virol 74: 9381-9387.

Massanella M, Puigdomenech I, Cabrera C, Fernandez-Figueras MT,
Aucher A, et al. (2009) Antigp41 antibodies fail to block early events of
virological synapses but inhibit HIV spread between T cells. AIDS 23:
183-188.

Facke M, Janetzko A, Shoeman RL, Krausslich HG (1993) A large deletion in
the matrix domain of the human immunodeficiency virus gag gene redirects
virus particle assembly from the plasma membrane to the endoplasmic

reticulum. J Virol 67: 4972-4980.

. Freed EO, Orenstein JM, Buckler-White AJ, Martin MA (1994) Single amino

acid changes in the human immunodeficiency virus type 1 matrix protein block
virus particle production. J Virol 68: 5311-5320.

. Yuan X, Yu X, Lee TH, Essex M (1993) Mutations in the N-terminal region of

human immunodeficiency virus type 1 matrix protein block intracellular
transport of the Gag precursor. J Virol 67: 6387-6394.

Hermida-Matsumoto L, Resh MD (2000) Localization of human immunode-
ficiency virus type 1 Gag and Env at the plasma membrane by confocal
imaging. J Virol 74: 8670-8679.

Cannon PM, Matthews S, Clark N, Byles ED, Tourin O, et al. (1997) Structure-
function studies of the human immunodeficiency virus type 1 matrix protein,
pl7.J Virol 71: 3474-3483.

Reil H, Bukovsky AA, Gelderblom HR, Gottlinger HG (1998) Efficient HIV-1
replication can occur in the absence of the viral matrix protein. Embo J 17:
2699-2708.

Ono A (2009) HIV-1 Assembly at the Plasma Membrane: Gag Trafficking and
Localization. Future Virol 4: 241-257.

Dou J, Wang JJ, Chen X, Li H, Ding L, et al. (2009) Characterization of a
myristoylated, monomeric HIV Gag protein. Virology 387: 341-352.

Crist RM, Datta SA, Stephen AG, Soheilian F, Mirro J, et al. (2009) Assembly
properties of human immunodeficiency virus type 1 Gag-leucine zipper
chimeras: implications for retrovirus assembly. J Virol 83: 2216-2225.
Accola MA, Strack B, Gottlinger HG (2000) Efficient particle production by
minimal Gag constructs which retain the carboxy-terminal domain of human
immunodeficiency virus type 1 capsid-p2 and a late assembly domain. J Virol
74: 5395-5402.

Zhang Y, Qian H, Love Z, Barklis E (1998) Analysis of the assembly function of
the human immunodeficiency virus type 1 gag protein nucleocapsid domain.
J Virol 72: 1782-1789.

Gillette JM, Larochelle A, Dunbar CE, Lippincott-Schwartz J (2009)
Intercellular transfer to signalling endosomes regulates an ex vivo bone
marrow niche. Nat Cell Biol 11: 303-311.

Jolly C, Mitar I, Sattentau QJ (2007) Requirement for an intact T-cell actin and
tubulin cytoskeleton for efficient assembly and spread of human immunode-
ficiency virus type 1. J Virol 81: 5547-5560.

Seveau S, Keller H, Maxfield FR, Piller F, Halbwachs-Mecarelli L (2000)
Neutrophil polarity and locomotion are associated with surface redistribution of
leukosialin (CD43), an antiadhesive membrane molecule. Blood 95:
2462-2470.

@ PLoS Pathogens | www.plospathogens.org

19

147.

148.

149.

160.

161.

162.

163.

164.

165.

166.

167.

168.

HIV-1 Gag Localization to Uropods & T-T Contacts

Braun J, Fujiwara K, Pollard TD, Unanue ER (1978) Two distinct mechanisms
for redistribution of lymphocyte surface macromolecules. I. Relationship to
cytoplasmic myosin. J Cell Biol 79: 409-418.

Kammer GM, Walter EI, Medof ME (1988) Association of cytoskeletal re-
organization with capping of the complement decay-accelerating factor on T
lymphocytes. ] Immunol 141: 2924-2928.

Fang Y, Wu N, Gan X, Yan W, Morrell JC, et al. (2007) Higher-order
oligomerization targets plasma membrane proteins and HIV gag to exosomes.
PLoS Biol 5: e158.

. Fisher RJ, Rein A, Fivash M, Urbancja MA, Casas-Finet JR, ct al. (1998)

Sequence-specific binding of human immunodeficiency virus type 1 nucleo-
capsid protein to short oligonucleotides. J Virol 72: 1902-1909.

. Hancock JF (2006) Lipid rafts: contentious only from simplistic standpoints. Nat

Rev Mol Cell Biol 7: 456-462.

. Fujita A, Cheng J, Fujimoto T (2009) Segretation of GM1 and GM3 clusters in

the cell membrane depends on the intact actin cytoskeleton. Biochim Biophys
Acta 1791: 388-396.

. Katagiri K, Maeda A, Shimonaka M, Kinashi T (2003) RAPL, a Rap1-binding

molecule that mediates Rapl-induced adhesion through spatial regulation of
LFA-1. Nat Immunol 4: 741-748.

. Morin NA, Oakes PW, Hyun YM, Lee D, Chin YE, et al. (2008) Nonmuscle

myosin heavy chain IIA mediates integrin LFA-1 de-adhesion during T
lymphocyte migration. J Exp Med 205: 195-205.

. Smith A, Carrasco YR, Stanley P, Kieffer N, Batista FD, et al. (2005) A talin-

dependent LFA-1 focal zone is formed by rapidly migrating T' lymphocytes.
J Cell Biol 170: 141-151.

. Deschambeault J, Lalonde JP, Cervantes-Acosta G, Lodge R, Cohen EA, et al.

(1999) Polarized human immunodeficiency virus budding in lymphocytes
involves a tyrosine-based signal and favors cell-to-cell viral transmission. J Virol
73: 5010-5017.

. Adachi A, Gendelman HE, Koenig S, Folks T, Willey R, et al. (1986)

Production of acquired immunodeficiency syndrome-associated retrovirus in
human and nonhuman cells transfected with an infectious molecular clone.

J Virol 59: 284-291.

. Zacharias DA, Violin JD, Newton AC, Tsien RY (2002) Partitioning of lipid-

modified monomeric GFPs into membrane microdomains of live cells. Science

296: 913-916.

. Nagai T, Ibata K, Park ES, Kubota M, Mikoshiba K, et al. (2002) A variant of

yellow fluorescent protein with fast and efficient maturation for cell-biological
applications. Nat Biotechnol 20: 87-90.

Rizzo MA, Springer GH, Granada B, Piston DW (2004) An improved cyan
fluorescent protein variant useful for FRET. Nat Biotechnol 22: 445-449.
Freed EO, Martin MA (1995) The role of human immunodeficiency virus type
1 envelope glycoproteins in virus infection. J Biol Chem 270: 23883-23886.
Yee JK, Friedmann T, Burns JC (1994) Generation of high-titer pseudotyped
retroviral vectors with very broad host range. Methods Cell Biol 43 Pt A. pp
99-112.

Nieto M, Frade JM, Sancho D, Mellado M, Martinez AC, et al. (1997)
Polarization of chemokine receptors to the leading edge during lymphocyte
chemotaxis. ] Exp Med 186: 153-158.

Wilkinson PC, Newman I (1994) Chemoattractant activity of IL-2 for human
lymphocytes: a requirement for the IL-2 receptor beta-chain. Immunology 82:
134-139.

Goebl NA, Babbey CM, Datta-Mannan A, Witcher DR, Wroblewski V], et al.
(2008) Neonatal Fc receptor mediates internalization of Fc in transfected
human endothelial cells. Mol Biol Cell 19: 5490-5505.

Lachmanovich E, Shvartsman DE, Malka Y, Botvin C, Henis YI, et al. (2003)
Clo-localization analysis of complex formation among membrane proteins by
computerized fluorescence microscopy: application to immunofluorescence co-
patching studies. J Microsc 212: 122-131.

Hoppe A, Christensen K, Swanson JA (2002) Fluorescence resonance energy
transfer-based stoichiometry in living cells. Biophys J 83: 3652-3664.
Negulescu PA, Krasieva TB, Khan A, Kerschbaum HH, Cahalan MD (1996)
Polarity of T cell shape, motility, and sensitivity to antigen. Immunity 4:
421-430.

October 2010 | Volume 6 | Issue 10 | e1001167




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


