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ABSTRACT

The subcellular sites of HIV-1 assembly, determined by the localization of the structural protein Gag, vary in a cell-type-depen-
dent manner. In T cells and transformed cell lines used as model systems, HIV-1 assembles at the plasma membrane (PM). The
binding and localization of HIV-1 Gag to the PM are mediated by the interaction between the matrix (MA) domain, specifically
the highly basic region, and a PM-specific acidic phospholipid, phosphatidylinositol-4,5-bisphosphate [P1(4,5)P,]. In primary
macrophages, prominent accumulation of assembling or assembled particles is found in the virus-containing compartments
(VCCs), which largely consist of convoluted invaginations of the PM. To elucidate the molecular mechanism of HIV-1 Gag tar-
geting to the VCCs, we examined the impact of overexpression of polyphosphoinositide 5-phosphatase IV (5ptaselV), which de-
pletes cellular PI(4,5)P,, in primary macrophages. We found that the VCC localization and virus release of HIV-1 are severely
impaired upon 5ptaselV overexpression, suggesting an important role for the MA-PI(4,5)P, interaction in HIV-1 assembly in
primary macrophages. However, our analysis of HIV-1 Gag derivatives with MA changes showed that this interaction contrib-
utes to Gag membrane binding but is dispensable for specific targeting of Gag to the VCCs per se. We further determined that
deletion of the NC domain abolishes VCC-specific localization of HIV-1 Gag. Notably, HIV-1 Gaglocalized efficiently to the
VCCs when the NC domain was replaced with a leucine zipper dimerization motif that promotes Gag multimerization. Alto-
gether, our data revealed that targeting of HIV-1 Gag to the VCCs requires NC-dependent multimerization.

IMPORTANCE

In T cells and model cell lines, HIV-1 Gag localizes to the PM in a manner dependent on the MA-PI(4,5)P, interaction. On the
other hand, in primary macrophages, HIV-1 Gag localizes to convoluted intracellular membrane structures termed virus-con-
taining compartments (VCCs). Although these compartments have been known for decades, and despite the implication of vi-
ruses in VCCs being involved in virus reservoir maintenance and spread, the viral determinant(s) that promotes Gag targeting to
VCCs is unknown. In this study, we found that the MA-PI(4,5)P, interaction facilitates efficient Gag membrane binding in mac-
rophages but is not essential for Gag targeting to VCCs. Rather, our results revealed that NC-dependent multimerization pro-
motes VCC targeting. Our findings highlight the differential roles played by MA and NC in HIV-1 Gag membrane binding and
targeting and suggest a multimerization-dependent mechanism for Gag trafficking in primary macrophages similar to that for
Gag localization to uropods in polarized T cells.

acrophages represent one of the primary cell targets of

HIV-1 and play important roles in HIV-1 pathogenesis (1—
3). They are terminally differentiated phagocytic cells of myeloid
lineage and are found in various tissues in the body. Macrophages
are long-lived and are more resistant than CD4™ T cells to cyto-
pathic effects of virus replication (1-5). Some antiretroviral drugs
are less potent against macrophage infection in vitro, and infected
macrophages are found in infected individuals on successful anti-
retroviral therapy (ART) (1, 3). Moreover, macrophage infection
in tissues, in particular the central nervous system, may create a
condition where drug penetration is insufficient (3). Thus, HIV-
1-infected macrophages are likely to represent a long-term reser-
voir for viruses that are not eradicated during ART (1-3). In ad-
dition, HIV-1 dissemination and establishment of infection in the
brain, to which macrophages contribute, lead to HIV-associated
neurocognitive disorders, which are prevalent even in the era of
successful combination ART (1, 3, 6).

The subcellular site of HIV-1 assembly can be identified by the
presence of immature particles as well as virus structures budding
from the limiting cellular membrane by electron microscopy
(EM). In T cells and other cell lines, such as 293T, COS, and HeLa
cells, HIV-1 assembly structures are formed at the plasma mem-
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brane (PM) (7-9). In contrast, early ultrastructural studies of
HIV-1-infected primary macrophages showed that both mature
and immature HIV-1 particles and budding structures accumu-
late in intracellular compartments (10, 11) which share some sim-
ilarity with endosomes (5, 11, 12). Subsequent EM studies over the
past decade revealed that at least some of these intracellular com-
partments, now termed virus-containing compartments (VCCs),
are deep and convoluted invaginations of the PM and appear to
form connections to the cell surface and extracellular space via
tubular structures in a dynamic and transient manner (5, 13-19).
Notably, mature particles stored in macrophages remain infec-
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tious for weeks in the presence of a protease inhibitor (20). More-
over, viruses in VCCs are inaccessible to neutralizing antibodies
(14, 17) yet can be transferred to CD4" T cells that come into
contact with the infected macrophages (21, 22). These findings
collectively support the hypothesis that VCC-associated viruses
are likely to play important roles in HIV-1 pathogenesis.

Recent studies focused on characterizing the membrane pro-
tein composition of VCCs. VCCs have been shown to contain
tetraspanins, such as CD9, CD53, CD81, and CD82 (12, 15, 23,
24).Inaddition, CD18 (aleukocyte-specific B2 integrin), CD44 (a
cell adhesion protein/hyaluronic acid receptor), and CD36 (alow-
density lipoprotein [LDL] receptor) are also present (24-26). Cel-
lular compartments with identical markers also exist in the ab-
sence of HIV-1. These compartments are termed intracellular
PM-connected compartments (IPMCs) (24). Previous studies
have also suggested the involvement of host cellular components,
such as kinesins, in formation and/or dynamics of VCCs or IPMCs
(27, 28).

Even though much effort has been carried out to characterize
the structure and composition of VCCs, very little is known about
the viral determinants that target HIV-1 assembly to the VCCs.
HIV-1 assembly is driven by its structural protein, Gag. Gag is
synthesized as a polyprotein (Pr55%°) containing multiple struc-
tural domains, each of which plays a critical role during the assem-
bly process (29-34). The matrix (MA) domain makes up the N-
terminal part of the Gag protein and is responsible for Gag
localization to and membrane binding at the PM. Capsid (CA)
and nucleocapsid (NC) domains mediate Gag-Gag and Gag-RNA
interactions, respectively, both of which promote formation of
Gag multimers. The p6 domain contains the late domain motifs
that recruit ESCRT proteins, which in turn aid in the release of
virus particles from the cell surface.

The molecular determinants for Gag localization in cells where
HIV-1 assembly takes place at the PM are relatively well under-
stood. HIV-1 MA contains two key signals for membrane binding:
the N-terminal myristoyl moiety, which mediates hydrophobic
interactions with the membrane, and the highly basic region
(HBR) (35-39). The HBR binds to the membrane via interactions
with acidic phospholipids, in particular phosphatidylinositol-4,5-
bisphosphate [PI(4,5)P,], a PM-specific phosphoinositide (39—
43). Mutations in the HBR cause membrane binding defects
and/or mislocalization of HIV-1 Gag to perinuclear compart-
ments in HeLa and T cells (40, 44-49). Likewise, depletion of
cellular PI(4,5)P, by overexpression of polyphosphoinositide
5-phosphatase IV (5ptaselV) leads to defects in both total mem-
brane binding and specific Gag localization to the PM, which in
turn result in a severe reduction in virus release from the cell (40,
50). Altogether, these results strongly suggest that the HBR-
PI(4,5)P, interaction is required for both specific Gaglocalization
to the PM and efficient membrane binding.

In addition to PI(4,5)P,, HIV-1 MA, in particular the HBR,
binds RNA (51-57). Removal of MA-bound RNA by RNase treat-
ment reduces HIV-1 Gag specificity for PI(4,5)P, in vitro (46).
These results and other in vitro and cell-based studies (58-63)
collectively support a model in which MA-bound RNA prevents
HIV-1 Gag from binding to cellular membranes that do not con-
tain PI(4,5)P,. This way, the MA-RNA interaction ensures specific
binding of HIV-1 Gag to the PM in regions where PI(4,5)P, is
found. Notably, PH-GFP, a P1(4,5)P,-specific marker, was shown
to overlap CD81 and Gag puncta at intracellular sites in macro-
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phages, suggesting that PI(4,5)P, is present at the VCCs (23, 64).
Therefore, it is possible that MA promotes specific localization
of Gag to the VCCs via a mechanism regulated by PI(4,5)P,
and RNA.

In polarized T cells, HIV-1 Gag is specifically targeted to the
uropod part of the PM. The uropod is a protrusion at the rear end
of a polarized leukocyte (65). This region is enriched in membrane
proteins that are also found in the VCCs, such as CD9, CD44,
CD81, and CD82 (65-67). The uropod serves as a contact site
between infected and uninfected T cells and participates in the
formation of virological synapses (VS) (67), where cell-to-cell
transmission of HIV-1 occurs (68-73). Interestingly, Gag target-
ing to the uropod is not dependent on MA as long as a heterolo-
gous membrane binding domain is provided; rather, NC-medi-
ated multimerization is required (67, 74). Gag multimerization is
required for uropod localization of murine leukemia virus Gag as
well (75).

As described above, various factors are involved in proper Gag
localization to virus assembly sites. It is not currently known
which of these factors are important for HIV-1 Gag targeting to
the VCCs in macrophages. Since P1(4,5)P, is present at the VCCs
(23, 64), it is quite conceivable that HIV-1 Gag localization to
VCCs is PI(4,5)P, dependent. Alternatively or additionally, Gag
multimerization may play a key role in VCC targeting as is the case
with uropod targeting. To test these hypotheses, we examined (i)
the effects of P1(4,5)P, depletion on VCC targeting of HIV-1 Gag
and HIV-1 assembly, (ii) the effects of mutations and substitu-
tions of the MA domain on the localization of HIV-1 Gag in in-
fected macrophages, and (iii) the localization phenotypes of
HIV-1 Gag derivatives with alterations that affect post-mem-
brane-binding steps in virus assembly. Our results indicate that
HIV-1 Gaglocalization to the VCCs is dependent on NC and that
while PI(4,5)P, serves as an important membrane anchor for Gag
in macrophages, the MA interaction with this lipid is dispensable
for targeting of Gag to the VCCs.

MATERIALS AND METHODS

Cells and plasmids. Monocytes were isolated by plate adhesion from pe-
ripheral blood mononuclear cells, which were obtained from buffy coats
derived from healthy donors (New York Blood Center, NY). Monocytes
were cultured in RPMI 1640 medium supplemented with 10% fetal bo-
vine serum (FBS) for 7 days before being used as monocyte-derived mac-
rophages (MDMs) for experiments. 293T cells was cultured and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM; Lonza)
supplemented with 10% FBS (HyClone) as described previously (67).
An HIV-1 molecular clone encoding Gag-yellow fluorescent pro-
tein (Gag-YFP) (pNL4-3/Gag-YFP) was described previously (40).
pNL4-3/KFS/398/IRES-Myc-5ptaselV and pNL4-3/KFS/398/IRES-
Myc-5ptaseIlVA1 encode Myc-5ptaselV and an inactive deletion mu-
tant, Myc-5ptaselV Al, respectively, following an internal ribosome
entry site (IRES) sequence in place of the nef gene, as previously de-
scribed (76). These plasmids were derived from a parental plasmid,
pNL4-3/KFS/398, which has the nef gene sequence replaced with a
sequence containing multiple restriction sites derived from plasmid
p398-6 (a kind gift from K. T. Jeang) and contains a frameshift
mutation (KFS) that disrupts Env expression (77). pNL4-3/Gag-YFP/
KFS/398/IRES-Myc-5ptaselV and pNL4-3/Gag-YFP/398/IRES-Myc-
5ptaselVA1 were constructed from pNL4-3/Gag-YFP by using stan-
dard molecular cloning techniques (76). pNL4-3/1GA Gag-YFP (78),
pNL4-3/29KT/31KT Gag-YFP (46), pNL4-3/Fyn(10)/AMA Gag-YFP
(40), pNL4-3/PH/AMA Gag-YFP (79), pNL4-3/deINC Gag-YFP (78),
pNL4-3/GagLZ-YFP (67), and pNL4-3/Gag-LZ4-YFP (66) were de-
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scribed previously. pNL4-3/Kmyr/AMA Gag-YFP, pNL4-3/HTMA
Gag-YFP, and pNL4-3/EE75,76AA Gag-YFP were also constructed us-
ing standard molecular cloning techniques, using pNL4-3/Gag-YFP
and previously described plasmids (61, 80, 81).

Virus stocks and infection. Vesicular stomatitis virus G glycopro-
tein (VSV-G)-pseudotyped HIV-1 stocks were prepared as previously
described, with modifications (67). Briefly, 3.4 X 10° 293T cells were
transfected with 9 g of pNL4-3-derived molecular clones, 9 pg of
pCMVNLGagPol-RRE (82), and 3 pg of pHCMV-G (83). At 2 days
posttransfection, virus-containing supernatants were filtered through
a 0.45-pm filter, and virus particles were pelleted by ultracentrifuga-
tion (35,000 rpm, 4°C, 45 min). Virus pellets were resuspended in 900
pl of RPMI-10 medium. VSV-G-pseudotyped simian immunodefi-
ciency virus (SIV) virus-like particles containing Vpx (SIV-Vpx) were
prepared by transfecting 9 pg of SIV3+ (a kind gift from Andrea
Cimarelli [84-86]) and 3 pg of pHCMV-G into 3.4 X 10° 293T cells.
Virus particles were then pelleted as described above.

MDMs were first transduced with Vpx-containing virus-like particles
(SIV-Vpx) for either 2 h or overnight and then incubated with pseu-
dotyped HIV-1 particles for 6 more hours. Subsequently, cells were
washed and cultured for an additional 48 h.

Virus release assay. The virus release assay was performed as previ-
ously described (50), with modifications. Briefly, MDMs were treated
with SIV-Vpx followed by infection with pseudotyped HIV-1 molecular
clones as described above. At 48 h postinfection, the culture medium was
changed to RPMI 1640 lacking both methionine (Met) and cysteine (Cys)
and supplemented with 2% FBS [RPMI-2 (—Met/—Cys)], and the cells
were incubated for 30 min. Subsequently, these cells were metabolically
labeled with [**S]Met/Cys (Perkin-Elmer) in fresh RPMI-2 (—Met/
—Cys) for 4 h. Cell and virion lysates were prepared and subjected to
immunoprecipitation with HIV Ig (NIH AIDS Research and Reference
Reagent Program). The virus release efficiency was calculated as the
amount of virion-associated Gag, expressed as a fraction of the total
amount of Gag synthesized during the labeling period.

Immunostaining and confocal fluorescence microscopy. For visual-
ization of the PM, MDMs infected with VSV-G-pseudotyped HIV-1 par-
ticles were incubated with Alexa Fluor 594-conjugated concanavalin A
(ConA) (Invitrogen) for 5 min at room temperature. Cells were then
washed with 1 X phosphate-buffered saline (PBS), fixed with 4% parafor-
maldehyde (Electron Microscopy Sciences) in PBS for 30 min at room
temperature, permeabilized in PBS containing 0.1% Triton X-100 for 2
min, and washed thoroughly with PBS. The cells were immunostained
with anti-CD81 antibody (BD Biosciences Pharmingen, San Diego, CA)
for 1 h at room temperature, washed twice with PBS, and stained with goat
anti-mouse IgG conjugated to Alexa Fluor 647 (Invitrogen). The immu-
nostained cells were subsequently washed with PBS and mounted. Cells
were visualized using a Leica SP5X inverted confocal microscope system
with a 60X objective. Pearson’s correlation coefficients (PCCs) for ConA
and Gag-YFP as well as CD81 and Gag-YFP were calculated using the
Coloc2 plug-in in the Image]J software program. At least 10 cells per donor
were analyzed for each condition. MDMs from at least 2 donors were used
in the experiments.

RESULTS

PI(4,5)P, depletion reduces the efficiency of HIV-1 release from
MDMs. Overexpression of 5ptaselV, which depletes cellular
PI(4,5)P,, significantly reduced the HIV-1 release efficiency in
HeLa and other model cell lines as well as in T cells (40, 50, 61, 76,
87-89). To assess the role of PI(4,5)P, in HIV-1 release from
MDMs, we sought to coexpress 5SptaselV with HIV-1 in a large
number of MDMs sufficient for biochemical virus release assays.
Since MDMs are refractory to plasmid transfection, to achieve
coexpression of 5ptaselV with HIV-1, we chose to infect MDMs
with VSV-G-pseudotyped HIV-1 carrying the 5ptaselV gene in
place of the nef open reading frame (ORF). As a control, we re-
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placed the full-length 5ptaselV sequence with the sequence of the
catalytically inactive 5ptaselV Al mutant (76). Myeloid cells, in-
cluding macrophages, express high levels of a restriction factor
known as SAM domain- and HD domain-containing protein 1
(SAMHD1), which suppresses HIV-1 replication (90, 91). Nota-
bly, however, exogenous introduction of the SIV Vpx protein, for
example, in the form of pseudotyped virus-like particles (SIV-
Vpx), to target myeloid cells prior to or during HIV-1 infection
has been shown to improve HIV-1 infection efficiency (84, 90—
92). Thus, to obtain a large number of MDMs expressing HIV-1
derivatives that are incapable of spreading infection (e.g., molec-
ular clones encoding full-length 5ptaselV or catalytically inactive
5ptaselV Al) so as to facilitate quantitative analyses, in this and
subsequent experiments we pretreated MDMs with SIV-Vpx
prior to infection with a VSV-G-pseudotyped HIV-1 molecular
clone. We confirmed that SIV-Vpx transduction did not alter co-
localization of Gagand CD81 in apparently intracellular compart-
ments (shown below), which has been observed in previous stud-
ies (see the introduction). At 48 h postinfection, cells were
metabolically labeled with [**S]Met/Cys for 4 h, and **S-labeled
HIV-1 Gag in cell and virus lysates was immunoprecipitated using
HIV Ig. We found that the HIV-1 release efficiency was reduced
>3-fold in SptaselV-expressing cells compared to 5ptaselV Al-
expressing cells (Fig. 1A and B). This indicates that P1(4,5)P, plays
an important role in efficient release of HIV-1 from MDMs.

PI(4,5)P, is required for localization of wild-type (WT) Gag
to VCCs in MDMs. In addition to virus release, PI(4,5)P, is re-
quired for HIV-1 Gag localization to the PM, the site of assembly
in HeLa and T cells (40, 50, 61, 76). To assess whether P1(4,5)P,
depletion influences HIV-1 Gag localization to the VCCs in
MDMs, we expressed HIV-1 molecular clones encoding Gag-YFP
along with either full-length 5ptaselV or 5ptaseIV Al. Cells were
stained with fluorescently labeled concanavalin A (ConA) prior to
fixation and permeabilization and subsequently immunostained
for the tetraspanin CD81. Unlike another tetraspanin, CD63,
which localizes predominantly to late endosomes/lysosomes in
MDMs, CD81 was shown to localize at the cell surface PM and
VCCs, with minimal overlap with endosomal pathways, in MDMs
(15). Therefore, in MDMs, we can use CD81 to distinguish VCCs
from other intracellular compartments to which Gag can possibly
be targeted, such as late endosomes. Thus, in the current study, we
defined VCCs as intracellular CD81-positive vesicular compart-
ments. In 5ptaselV Al-expressing cells, we found that Gag-YFP
localized to VCCs (Fig. 2A). In contrast, in full-length 5ptaselV-
expressing cells, HIV-1 Gag-YFP failed to localize to intracellular
CD81-positive compartments. Instead, Gag-YFP displayed a hazy
cytosolic signal (Fig. 2A, middle row) or localized to CD81-nega-
tive compartments (Fig. 2A, bottom row). At this point, it is not
possible to distinguish whether the latter pattern of Gag localiza-
tion is due to mistargeting of Gag or if PI1(4,5)P, depletion inhibits
recruitment of CD81 to VCCs.

To quantitatively assess the effect of PI(4,5)P, depletion on
Gag-YFP localization to the VCCs on a single-cell basis, we mea-
sured Pearson’s correlation coefficient (PCC) for Gag-YFP and
CD81 signals from confocal images (Fig. 2B). In this analysis, we
found that Gag-YFP and CD81 showed a higher PCC for 5ptaselV
Al-expressing cells than for full-length 5ptaseIV-expressing cells.
Note that because CD81 is also present at the cell surface, the low
PCC value for the latter cells likely reflects the absence of the
Gag-YFP signal at both the cell surface PM and intracellular
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FIG 1 HIV-1 release from MDMs is sensitive to 5ptaselV overexpression. (A)
MDMs expressing HIV-1 along with full-length 5ptaseIV (FL) or its A1 mu-
tant were metabolically labeled for 4 h. Cell- and virus-associated Gag proteins
were recovered by immunoprecipitation and analyzed by SDS-PAGE. (B) Rel-
ative virus release efficiencies of HIV-1 were calculated. Data for 7 donors are
shown as means and standard deviations. The average virus release efficiency
of MDMs that expressed HIV-1 along with 5ptaselV Al was 18.4%. P values
were determined using Student’s ¢ test, using raw data. **, P < 0.001.

CD81-positive compartments. Altogether, these data support the
hypothesis that P1(4,5)P, is required for HIV-1 Gaglocalization to
the VCCs in MDMs.

Gag targeting to VCCs requires the N-terminal myristate
moiety but not an intact HBR. The results described above did
not allow us to determine whether cellular PI(4,5)P, is necessary
primarily for Gag membrane binding, which is likely a prerequi-
site for Gag localization to VCCs, or whether P1(4,5)P, also deter-
mines specific Gag localization via directly recruiting Gag to
VCCs. To distinguish between these possibilities, we examined the
localization of Gag derivatives with changes in MA, the interface
for PI(4,5)P, interaction. To test whether membrane binding is
indeed a prerequisite for HIV-1 Gag localization to the VCCs, we
expressed an HIV-1 molecular clone containing a Gag-YFP con-
struct defective in myristoylation (1GA Gag-YFP) in MDMs (Fig.
3A). As expected, we found that 1GA Gag-YFP displayed a hazy
cytosolic signal, indicative of a membrane binding defect, and
failed to colocalize with CD81 (Fig. 3A). Consistent with this, the
PCC for 1GA Gag-YFP and CD81 was low (~0.2), in contrast to
the PCC for WT Gag-YFP and CD81 (~0.6) (Fig. 3B). These re-
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FIG 2 HIV-1 Gag failed to localize to VCCs upon 5ptaselV overexpression.
(A) MDMs were infected with pseudotyped HIV-1 encoding Gag-YFP
along with 5ptaselV (FL) or 5ptaselV Al. At 48 h postinfection, cells were
stained with ConA labeled with Alexa Fluor 594 (a PM marker), fixed, immu-
nostained with a mouse monoclonal anti-CD81 antibody and anti-mouse IgG
conjugated with Alexa Fluor 647, and analyzed using a confocal microscope.
(B) Pearson’s correlation coefficients for colocalization of Gag-YFP with CD81
are shown as means and standard errors of the means (SEM). Twenty to 30
cells were analyzed per condition. **, P < 0.001.

sults indicate that the myristate moiety of HIV-1 Gag is required
for membrane binding in MDMs and that membrane binding is
required for VCC localization.

Previous studies showed that mutations in HBR residues 29
and 31 result in HIV-1 Gag mislocalization to the perinuclear
region in HeLa cells (45). Both basic-to-acidic (29KE/31KE) and
basic-to-neutral (29KT/31KT) amino acid substitutions at these
residues impair Gag interactions with P1(4,5)P, in in vitro lipo-
some binding assays (40). To test whether the HBR-mediated
PI(4,5)P, interaction is important for Gag targeting to the VCCs,
we expressed HIV-1 encoding a Gag-YFP construct that contains
29KT/31KT mutations. Gag-YFP with the 29KT/31KT substitu-
tions colocalized with CD81 at intracellular compartments, with a
high PCC value similar to that with WT Gag-YFP (Fig. 3A and B).
This observation is consistent with previous studies showing that
HIV-1 Gag with 29KE/31KE changes, which isless efficient in total
membrane binding than the 29KT/31KT mutant, shows colocal-
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FIG 3 The myristate moiety but not the intact HIV-1 MA sequence is required
for VCC localization. (A) MDM:s were infected with pseudotyped HIV-1 en-
coding WT Gag-YFP or Gag-YFP derivatives containing the indicated MA
substitutions. At 48 h postinfection, cells were stained with ConA labeled with
Alexa Fluor 594, fixed, immunostained with a mouse monoclonal anti-CD81
antibody and anti-mouse IgG conjugated with Alexa Fluor 647, and analyzed
using a confocal microscope. (B) Pearson’s correlation coefficients for colo-
calization of Gag-YFP with CD81 are shown as means and SEM. Twenty to 30
cells were analyzed per condition. *, P < 0.005; n.s., not significant.

ization with CD81 (21). Thus, these results suggest that HBR res-
idues which are required for PI(4,5)P, binding in vitro are not
required for Gag targeting to the VCCs.

The MA-RNA interaction, which suppresses MA binding to
non-PI(4,5)P, acidic lipids, is not required for Gag localization
to VCCs. While the results described above suggest that the MA-
PI(4,5)P, interaction does not directly promote localization of
HIV-1 Gagto VCCs, it is possible that RNA-mediated suppression
of MA-acidic lipid interactions may enhance the specificity of this
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localization. In contrast to HIV-1 Gag membrane binding, mem-
brane binding of human T-cell leukemia virus 1 (HTLV-1) Gag or
chimeric HIV-1 Gag proteins containing HTLV-1 MA in place of
HIV-1 MA is neither dependent on PI(4,5)P, nor susceptible to
RNA-mediated suppression (61, 93). Consistent with the lack of
lipid specificity, the HTLV-MA-containing Gag constructs local-
ize to both the PM and intracellular compartments in HeLa cells
(61, 93). To test whether Gag localization to VCCs requires the
MA-RNA interaction, which suppresses MA interactions with
ubiquitous acidic lipids, we expressed in MDMs an HIV-1 molec-
ular clone encoding a Gag-YFP chimera in which HIV-1 MA is
replaced with HTLV-1 MA (HTMA Gag) (61). We found that
HTMA Gag-YFP colocalized with CD81 in intracellular compart-
ments, with an efficiency similar to that of WT Gag-YFP (Fig. 3A
and B). These results suggest that RNA-mediated inhibition of
membrane binding via non-PI(4,5)P, acidic lipids is not required
for HIV-1 Gag localization to the VCCs.

HIV-1MA is not required for VCClocalization in MDMs. To
further study the role of MA-mediated membrane binding in Gag
localization to the VCCs, we replaced HIV-1 MA with the follow-
ing membrane binding motifs: (i) the PH domain of phospho-
lipase C 81, which binds to the PI(4,5)P, head group (79, 94-96);
(ii) Kmyr, which contains a myristoylation signal and the K-Ras4B
polybasic sequence (81, 97, 98); and (iii) Fyn(10), which corre-
sponds to the N-terminal 10 residues of the Fyn kinase, containing
myristoylation and dual-palmitoylation signals and hence bind-
ing to the membrane via hydrophobic interactions (40) (Fig. 4A).
These MA replacement changes were introduced into HIV-1 mo-
lecular clones encoding Gag-YFP and expressed in MDMs. Inter-
estingly, we found that, similarly to WT Gag-YFP, PH/AMA Gag-
YFP, Kmyr/AMA Gag-YFP, and Fyn(10)/AMA Gag-YFP
colocalized with CD81 at intracellular compartments, with high
PCC values (0.5 or higher) (Fig. 4B and C), indicating that various
modes of membrane binding [i.e., mediated by a structure bind-
ing to PI(4,5)P, head group, myristoylation and polybasic se-
quence, or triple acylation] can replace MA functions with regard
to HIV-1 Gag localization to VCCs. Notably, the PCC for ConA,
the cell surface marker, and WT Gag-YFP was <0.1 (see below).
Likewise, the PCC values for ConA and the 29KE/31KE, HTMA,
and AMA Gag-YFP derivatives were all <0.1 (data not shown).
Therefore, high PCC values for these Gag-YFP proteins and CD81
reflect Gag-YFP accumulation in intracellular CD81-positive
compartments but not colocalization with the surface PM popu-
lation of CD81. Altogether, our data indicate that membrane
binding mediated by MA is an essential step in Gag localization to
the VCCs but that the MA-PI(4,5)P, interaction and any other
MA functions, except for general membrane binding, are dispens-
able for VCC localization. Thus, PI(4,5)P, serves mainly as a
membrane anchor that facilitates HIV-1 Gag membrane binding,
not as a molecule recruiting Gag specifically to VCCs.

Higher-order multimerization is required for HIV-1 Gaglo-
calization to VCCs in MDMs. Since HIV-1 MA is dispensable for
VCC localization of Gag, a downstream region of HIV-1 Gag is
likely to contain the molecular determinant(s) for Gag localiza-
tion to the VCCs. Previous studies demonstrated that NC-depen-
dent multimerization is necessary for the specific localization of
HIV-1 Gag to the uropod in polarized T cells (66, 67, 74). To test
whether multimerization is similarly important for specific target-
ing to the VCCs in MDMs, we tested a panel of HIV-1 Gag con-
structs containing various multimerization mutations (Fig. 5A).
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We first tested EE75,76AA Gag, an HIV-1 Gag mutant with
mutations in the CA domain. This mutant was previously shown
to form electron-dense patches at the PM, suggesting that it mul-
timerizes but fails to cause membrane curvature or to form virus
particles (66, 80, 99). We found that Gag-YFP containing the
EE75,76AA mutation was able to localize to intracellular CD81-
positive compartments (Fig. 5B). These results are analogous to
our previous findings in that uropod localization of HIV-1 Gag
does not require formation of membrane curvature or full parti-
cles (66).

We next examined whether NC is required for VCC targeting.
We first compared the ability of HIV-1 deINC Gag, an NC-deleted
HIV-1 Gag mutant, to localize to the VCCs. deINC Gag was pre-
viously shown to bind to the membrane but displayed lower levels
of Gag-Gag interaction than those with WT Gag in HeLa and T
cells (67, 78). We found that deletion of NC resulted in Gaglocal-
ization not only to the intracellular CD81-positive compartments
but also to other locations (Fig. 5B and C). In particular, deINC
Gag was also found at the cell surface as well as at tubular com-
partments that appeared to interconnect the intracellular CD81-
positive compartments (Fig. 5B and E). The PCC for deINC Gag-
YFP and ConA, used as a PM marker, shows that they colocalized
with a high efficiency (PCC, ~0.5) (Fig. 5C). This is in stark con-
trast to the situation with WT Gag and EE75,76AA Gag, which
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showed less colocalization with ConA and thus had lower PCCs
(0.1 to 0.2) (Fig. 5B and C). We note that despite the difference in
PM localization, PCCs for CD81 and both deINC Gag and
EE75,76AA Gag, as well as those for the NC substitution mutants
described below, were around 0.5 or higher (Fig. 5D), presumably
due to the presence of CD81 at the cell surface PM and the VCCs.
Altogether, these results suggest that NC enhances the specificity
of HIV-1 Gag localization to the VCCs.

To examine whether NC contributes to VCC targeting by pro-
moting Gag multimerization or whether NC-RNA interactions
play a role, we examined the subcellular localization of a Gag-YFP
construct with NC replaced with a dimerizing leucine zipper (LZ)
motif (GagLZ) (Fig. 5A). GagLZ was previously shown to multi-
merize efficiently and to be able to form virus-like particles that
are indistinguishable from those with WT HIV-1 Gag (100). We
found that the LZ sequence restored specific localization of Gag to
the intracellular CD81-positive compartments and reduced the
distribution of Gag to the ConA-positive PM (PCC, ~0.2) (Fig. 5B
and C). These results indicate that Gag multimerization is an es-
sential step in VCC localization and that NC contributes to spe-
cific Gag targeting to the VCCs by functioning as a multimeriza-
tion domain.

Finally, we examined the minimal level of multimerization that
is needed for Gag targeting to the VCCs. Our previous studies
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demonstrated that an LZ derivative that forms a tetramer (LZ4) with ConA (PCC, ~0.5) (Fig. 5B and C). These results suggest that
(101) is able to restore Gag localization to the uropod in T cells  specific Gag targeting to the VCCs in MDMs requires more exten-
even when both CA- and NC-mediated multimerization is dis-  sive Gag multimerization than Gag localization to uropods in po-
rupted (66) (Fig. 5A). Thus, it is conceivable that the level of mul-  larized T cells.

timerization mediated by LZ4 is also sufficient to target Gag to

VCCs in MDMs. Interestingly, however, while we observed Gag-  DISCUSSION

LZ4 localization to intracellular CD81 compartments, alarge por-  Despite the potential importance of macrophages and VCCs in
tion of this Gag derivative remained at the PM and colocalized maintenance of virus reservoirs and virus spread to T cells
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FIG 6 Working model for HIV-1 Gag targeting to VCCs. HIV-1 Gag proteins
are synthesized in the cytosol and bind to membranes containing PI1(4,5)P,,
which include the PM and VCCs as well as the tubular network connecting
these locations. These membranes may also receive Gag from vesicles of endo-
somal pathways in cases where Gag lacks specificity for PI(4,5)P, (e.g., HTMA
Gag or some AMA Gag derivatives). Higher-order multimers of Gag accumu-
late in VCCs, potentially via lateral movement along membranous connec-
tions to the VCCs, where assembly continues to progress.

(20-22, 102-104), how HIV-1 Gag is targeted to this site of
virus assembly in macrophages is not well understood. In this
study, we found that the mechanism of HIV-1 Gag targeting to
the VCCs is dependent on the NC domain, an aspect shared by
the mechanism of Gag targeting to the uropod in polarized T
cells. We observed that deletion of NC results in a failure of Gag
to specifically accumulate to the CD81-enriched intracellular
compartments and causes substantial Gag distribution to the
cell surface PM (Fig. 5). In contrast, WT Gag or Gag mutants
that are capable of higher-order multimerization (such as
EE75,76AA Gag and GagLZ) are found mostly in the intracel-
lular CD81-positive compartments. Based on these results, we
propose a working model in which NC-mediated multimeriza-
tion facilitates Gag movement from the cell surface PM to the
VCCs, which are deep and complex invaginations of the PM
(Fig. 6). In this model, we propose that HIV-1 Gag (i) initially
binds to the cell surface PM in a manner dependent on myris-
toylation and the MA-PI(4,5)P, interaction, (ii) begins to mul-
timerize, and (iii) subsequently accumulates in the VCCs.
Gag multimerization induces reorganization of PM microdo-
mains in model cell types (79, 105). Therefore, it is conceivable
that NC-mediated multimerization at the PM in MDMs may
promote reorganization of and/or association with microdo-
mains, which may in turn facilitate Gag trafficking to VCCs.
Interestingly, deINC Gag localized not only to the PM but also
to apparently tubular compartments forming a membranous
network. This is consistent with an earlier electron tomography
study which showed that VCCs not only are connected to the
cell surface but are interconnected intracellularly as well (18).
Notably, PH-GFP, a reporter construct that binds PI(4,5)P,,
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was observed to localize to a similar web-like intracellular
structure that highly overlaps VCCs in MDMs (23). Therefore,
initial membrane binding of Gag may occur not only at the cell
surface PM but also anywhere in the intracellular web enriched
in PI(4,5)P,. Thus, although not all VCCs are connected to the
cell surface PM (16, 27), Gag may be recruited to the VCCs via
these web-like structures. While our study demonstrated that
multimerization of HIV-1 Gag drives its VCC localization, how
HIV-1 Gag multimers distinguish VCCs from any other part of
the intracellular membranous network is not known.

BST-2/tetherin has been shown to promote expansion of VCCs
(106, 107). However, EE75,76AA Gag, which is unable to recruit
BST-2/tetherin to the site of assembly in HeLa cells (80), still
showed only minimal localization at the cell surface and instead
localized to VCCs. Therefore, it appears that Gag targeting to
VCCsand reduction of Gag distribution to the cell surface PM can
occur independently of tetherin recruitment to Gag multimers
(Fig. 5). Nevertheless, cell-type-specific differences may influence
the phenotypes of the EE75,76AA Gag mutant (i.e., the ability to
recruit tetherin or the lack thereof), and therefore more in-depth
studies of the Gag multimer-tetherin association in macrophages
need to be carried out.

Our study showed that HIV-1 MA can be replaced with any
membrane binding motif, including the PH domain, the Kmyr
sequence, the Fyn (10) sequence, and the HTLV-1 MA domain,
without affecting VCC localization of Gag (Fig. 3 and 4). While
these results indicate that the Gag-PI(4,5)P, interaction is dis-
pensable for specific localization to the VCCs, we also found that
membrane binding of WT Gag and virus release are disrupted
in macrophages expressing 5SptaselV, which depletes cellular
PI(4,5)P, (Fig. 1 and 2). Thus, these data suggest that the MA-
PI(4,5)P, interaction is required for Gag binding to the mem-
brane, which in turn allows Gag to multimerize and be targeted to
VCCs. Notably, both Fyn(10)/AMA Gag and HTMA Gag are pro-
miscuously distributed to both the PM and intracellular vesicles in
HelLa cells (40, 61), presumably due to their lack of P1(4,5)P,- and
RNA-mediated regulation of membrane binding via the MA HBR.
Despite this lack of specificity, both Gag derivatives showed a WT-
like localization to intracellular CD81-positive vesicular compart-
ments, the definition of VCCs in this study, in MDMs. Therefore,
we do not rule out the possibility that some population of these
Gag derivatives may initially localize at non-PM, non-VCC com-
partments, which may subsequently fuse with either the PM or the
expanding VCCs during infection.

In conclusion, the current study identified a viral determi-
nant for Gag targeting during HIV-1 assembly in macrophages
and thereby revealed that HIV-1 Gag targeting to the site of
assembly in macrophages is a two-step process, i.e., successful
membrane binding via the PI(4,5)P,-MA interaction followed
by accumulation in VCCs, the latter being driven by NC-de-
pendent higher-order multimerization. This multimerization-
driven targeting mechanism is reminiscent of Gag targeting to
the uropod of polarized T cells, another subcellular site impli-
cated in cell-to-cell transmission of HIV-1, although the extent
of Gag multimerization required for VCC localization appears
to be different from that for uropod localization. Investigation
into the mechanisms that drive Gag multimers to these subcel-
lular locations is under way.
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