
Basic Motifs Target PSGL-1, CD43, and CD44 to Plasma Membrane
Sites Where HIV-1 Assembles

Jonathan R. Grover,a* Sarah L. Veatch,b Akira Onoa

Department of Microbiology and Immunology, University of Michigan Medical School, Ann Arbor, Michigan, USAa; Department of Biophysics, University of Michigan, Ann
Arbor, Michigan, USAb

ABSTRACT

HIV-1 incorporates various host membrane proteins during particle assembly at the plasma membrane; however, the mecha-
nisms mediating this incorporation process remain poorly understood. We previously showed that the HIV-1 structural protein
Gag localizes to the uropod, a rear-end structure of polarized T cells, and that assembling Gag copatches with a subset, but not
all, of the uropod-directed proteins, i.e., PSGL-1, CD43, and CD44, in nonpolarized T cells. The latter observation suggests the
presence of a mechanism promoting virion incorporation of these cellular proteins. To address this possibility and identify mo-
lecular determinants, in the present study we examined coclustering between Gag and the transmembrane proteins in T and
HeLa cells using quantitative two-color superresolution localization microscopy. Consistent with the findings of the T-cell co-
patching study, we found that basic residues within the matrix domain of Gag are required for Gag–PSGL-1 coclustering. Nota-
bly, the presence of a polybasic sequence in the PSGL-1 cytoplasmic domain significantly enhanced this coclustering. We also
found that polybasic motifs present in the cytoplasmic tails of CD43 and CD44 also promote their coclustering with Gag.
ICAM-1 and ICAM-3, uropod-directed proteins that do not copatch with Gag in T cells, and CD46, a non-uropod-directed pro-
tein, showed no or little coclustering with Gag. However, replacing their cytoplasmic tails with the cytoplasmic tail of PSGL-1
significantly enhanced their coclustering with Gag. Altogether, these results identify a novel mechanism for host membrane pro-
tein association with assembling HIV-1 Gag in which polybasic sequences present in the cytoplasmic tails of the membrane pro-
teins and in Gag are the major determinants.

IMPORTANCE

Nascent HIV-1 particles incorporate many host plasma membrane proteins during assembly. However, it is largely unknown
what mechanisms promote the association of these proteins with virus assembly sites within the plasma membrane. Notably,
our previous study showed that HIV-1 structural protein Gag colocalizes with a group of uropod-directed transmembrane pro-
teins, PSGL-1, CD43, and CD44, at the plasma membrane of T cells. The results obtained in the current study using superresolu-
tion localization microscopy suggest the presence of a novel molecular mechanism promoting the association of PSGL-1, CD43,
and CD44 with assembling HIV-1 which relies on polybasic sequences in HIV-1 Gag and in cytoplasmic domains of the trans-
membrane proteins. This information advances our understanding of virion incorporation of host plasma membrane proteins,
some of which modulate virus spread positively or negatively, and suggests a possible new strategy to enrich HIV-1-based lenti-
viral vectors with a desired transmembrane protein.

HIV-1 assembles at the plasma membrane in most cell types.
The viral structural protein Gag, synthesized as a precursor

polyprotein (Pr55), initiates and coordinates viral assembly at the
plasma membrane. Membrane binding and targeting of Gag re-
quire cotranslational, N-terminal myristoylation of Gag (1, 2) as
well as the highly basic region (HBR) of the matrix (MA) domain,
which specifically interacts with the plasma membrane phospho-
lipid phosphatidylinositol-(4,5)-bisphosphate [PI(4,5)P2] (3–7).
The MA HBR also binds RNA (8–11). The MA-bound RNA is able
to inhibit interactions of Gag with other acidic phospholipids;
however, this inhibition can be overcome by PI(4,5)P2 interaction
(12–16). This mechanism is likely to suppress nonspecific mem-
brane binding of Gag to other cellular membranes and ensure Gag
localization to the plasma membrane. Recent in vitro studies also
implicated acyl chains of other phospholipids and cholesterol in
Gag binding to lipid membranes (16–18). While the role of the
phospholipid acyl chains in cells remains to be determined, pre-
vious studies showed that cholesterol depletion reduces Gag
membrane binding in cells (19).

While Gag membrane binding and multimerization drive par-

ticle assembly, infectious virion production also involves a coor-
dinated and highly regulated process in which Gag recruits other
viral and cellular components to assembly sites and to assembling
virions. This process includes incorporation of the viral envelope
glycoprotein Env, encapsidation of viral genomic RNA, and incor-
poration of other viral and cellular proteins (20). Proteomics
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studies showed that a large number (�100) of cellular proteins
associated with the plasma membrane are incorporated into
HIV-1 particles released by infected macrophages (21). However,
the specific molecular mechanisms that mediate incorporation of
host membrane proteins into virions remain largely unexplored,
except for those for BST-2/tetherin (22) and virus receptors (23–
25). This is in contrast to the incorporation of viral glycoproteins,
where several mechanisms have been investigated (26, 27). In-
deed, previous studies suggested that most membrane proteins are
incorporated into retrovirus particles passively, i.e., with no en-
richment relative to the plasma membrane (28). During assembly,
Gag has been observed to associate with plasma membrane mi-
crodomains, such as lipid rafts (29, 30) and tetraspanin-enriched
microdomains (TEMs) (31–36), and reorganize these domains in
ways that do not occur in uninfected cells (37–39). Therefore, at
least a subset of membrane proteins (e.g., glycosylphosphatidyli-
nositol-anchored proteins and tetraspanins) may be incorporated
into virions actively (as opposed to by passive incorporation,
which does not involve enrichment of membrane proteins at as-
sembly sites) without specific interactions, other than association
with the plasma membrane microdomains. However, it is un-
known whether other virion-associated membrane proteins are
incorporated passively or whether specific interactions (direct or
indirect) with Gag contribute to their incorporation.

T cells, which are a natural host of HIV-1 infection in vivo, are
highly motile and exhibit a polarized morphology in secondary
lymphoid tissues (40–44), where cell-to-cell HIV-1 transmission
is likely to occur (45, 46). In polarized T cells, Gag localizes to a
rear-end protrusion known as the uropod (34, 47). In our previ-
ous studies, we observed that when clustering was induced by
specific antibodies, a subset of uropod-directed proteins, includ-
ing PSGL-1, CD43, and CD44 (here referred to as class I uropod-
directed proteins), colocalized or copatched with Gag, even in
nonpolarized T cells (34, 39). This colocalization was found to be
dependent upon the charge, but not the specific amino acid se-
quence, of the MA HBR (39). Intriguingly, we also observed that
Gag failed to copatch with a second class of uropod-directed pro-
teins (class II); CD59, ICAM-1, and ICAM-3 were observed to
localize to uropods but not to copatch with Gag in unpolarized T
cells. Furthermore, ICAM-3, which copatched with the class I uro-
pod-directed protein CD44 in uninfected cells, dissociated from
CD44 in the presence of Gag through an unknown mechanism
(39). Most of these membrane proteins described above are cell
adhesion molecules, and some of them are implicated in modula-
tion of immunological synapses (48–50). Therefore, the associa-
tion of these cellular proteins with virus assembly sites may have
important implications in the formation or stability of cell-cell
contact structures that efficiently transmit HIV-1 particles, such
as the virological synapse (VS) (51). However, while the high de-
gree of copatching suggests that HIV-1 may have evolved to pref-
erentially recruit uropod-directed proteins to virus assembly sites,
the mechanisms remain to be determined.

The previous studies were performed using an antibody-in-
duced copatching assay (38) in which proteins of interest are clus-
tered to form patches that can be readily distinguished by conven-
tional, diffraction-limited microscopy. However, the protein
distribution determined by this technique does not necessarily
correlate with the native distribution of proteins in live cells be-
cause clustering is induced by antibodies prior to fixation. A great
deal has been learned about mechanisms for the specific incorpo-

ration of viral glycoproteins into assembling virus particles using
scanning electron microscopy or superresolution fluorescence
microscopy (52–55), which allow analyses at a resolution higher
than that possible by conventional fluorescence microscopy.
However, except for the molecular determinants for BST-2/teth-
erin incorporation (56, 57), the molecular determinants for the
incorporation of host transmembrane proteins have not been ex-
amined at a high resolution. High-resolution microscopy meth-
ods not only allow assessment of whether the protein of interest is
incorporated into assembling virions but also provide informa-
tion regarding the degree of enrichment of the protein at assembly
sites relative to that in surrounding areas, which is essential in
determining whether the protein is actively recruited to assembly
sites. Indeed, in our previous study (56), superresolution localiza-
tion microscopy methods, but not confocal microscopy, allowed
us to detect differences in the degree of BST-2/tetherin–Gag co-
clustering among multimerization-competent Gag mutants. In
this study, we employed the same quantitative two-color super-
resolution localization microscopy techniques to elucidate the
molecular mechanism by which a subset of cellular transmem-
brane proteins is specifically recruited to sites where viral assembly
occurs and incorporated into HIV-1 particles.

MATERIALS AND METHODS
Plasmids. pNL4-3/Gag-mEos3.2 was described previously (56). pNL4-3/
Fyn(10)/Gag-mEos3.2, pNL4-3/Fyn(10)/6A2T/Gag-mEos3.2, pNL4-3/
Fyn(10)/HBR/RKswitch/Gag-mEos3.2, and pNL4-3/Fyn(10)/�MA/Gag-
mEos3.2 were constructed using MA-containing sequences from pNL4-
3/Gag-Venus versions of these constructs, which were described
previously (38, 39). pNL4-3/Kmyr/�MA/Gag-mEos3.2 was constructed
by replacing the MA domain of Gag with the N-terminal, Ras-derived
membrane-anchoring sequence MGSSKSKDGKKKKKKSKTK (58, 59).

A plasmid encoding a full-length cDNA clone of human PSGL-1
(GenBank accession number NM_003006.3), pCMV6-AC/PSGL-1, was
obtained from OriGene (Rockville, MD). pCMV6/empty was created by
digesting pCMV6-AC/PSGL-1 with AgeI to remove the entire multiple-
cloning site, followed by religation of the vector. The pCMV6-AC/PSGL-
1/C310A and �CT (with a stop codon in place of L331) constructs were
generated by standard PCR mutagenesis techniques. The PSGL-1 expres-
sion plasmid that we obtained encodes transcript variant 2, which lacks 1
of 12 10-amino-acid tandem repeats (corresponding to residues 132 to
141 of transcript variant 1 used in another study [60]) in the extracellular
region. Accordingly, the C320A mutation that inhibits PSGL-1 dimeriza-
tion reported previously (60) corresponds to the C310A mutation in our
study. pCMV6-AC/PSGL-1/3A and pCMV6-AC/PSGL-1/6A constructs
were generated by making the following substitutions (mutations are in
bold) using a single-stranded PCR mutagenesis approach: RLSRK ¡
ALSAA (residues 334 to 338) in pCMV6-AC/PSGL-1/3A and EPREDR
EGDD ¡ APRAARAGAA (residues 385 to 394) in pCMV6-AC/PSGL-1/
6A. Briefly, phosphorylated forward primers spanning mutated regions
were used for PCR amplification with Pfu Ultra II high-fidelity DNA poly-
merase (Agilent, Santa Clara, CA). Next, methylated parental DNA was
digested with the DpnI enzyme (NEB, Ipswich, MA), followed by heat
inactivation of the enzyme. PCR products were then transformed directly
into chemically competent Escherichia coli cells, and the resulting clones
were sequenced to verify the correct sequence of the entire open reading
frame.

Plasmids carrying full-length cDNA clones of the following genes
were obtained from OriGene (Rockville, MD) (GenBank accession
numbers are given in parentheses): human CD43 (NM_003123.2),
pCMV6-XL5/CD43; CD44 (NM_000610.3), pCMV6-XL5/CD44;
ICAM-1 (NM_000201.1), pCMV6-XL5/ICAM-1; ICAM-3 (NM_002162.2),
pCMV6-AC/ICAM-3; and CD46 (NM_002389.3), pCMV6-XL4/CD46.
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Basic motif mutants pCMV6-XL5/CD43/6A and pCMV6-XL5/CD44/6A
were generated by single-stranded PCR mutagenesis as described above
for the pCMV6-AC/PSGL-1/3A and pCMV6-AC/PSGL-1/6A constructs.
The chimeric constructs pCMV6-AC/ICAM-1/PCT, pCMV6-AC/ICAM-
3/PCT, and pCMV6-AC/CD46/PCT were constructed by inserting the
sequences encoding the extracellular and transmembrane domains of
ICAM-1, ICAM-3, and CD46, respectively, into pCMV6-AC/PSGL-1 in
place of the PSGL-1 extracellular and transmembrane domains by stan-
dard molecular cloning techniques. The boundary sequences of the chi-
meras are as follows (the sequences of ICAM-1, ICAM-3, and CD46 are
shown in bold): for ICAM-1 with the PSGL-1 cytoplasmic tail (ICAM-1/
PCT), MAPSSP . . . LSTYLYAVRLSR; for ICAM-3/PCT, MATMVP . . .
ALMYVFAVRLSR; and for CD46/PCT, MEPPGR . . . ICVVPYAVRLSR.
Each construct was verified by sequencing the entire open reading frame.

Antibodies. Monoclonal mouse antibodies directed against human
PSGL-1 (clone KPL-1), CD43 (1G10), CD44 (515), ICAM-1 (LB-2),
ICAM-3 (TU41), and CD46 (E4.3) were obtained from BD Biosciences
(San Jose, CA). Rabbit monoclonal antibody against human ICAM-1
(EP1442Y) was obtained from Abcam (Cambridge, MA). For microscopy
experiments, antibodies were directly labeled with Alexa Fluor 647 using
an Alexa Fluor 647 antibody labeling kit obtained from Life Technologies
(Carlsbad, CA). For immunoblotting, unlabeled primary antibodies were
used along with either Alexa Fluor 488- or Alexa Fluor 594-conjugated
antihuman or antirabbit secondary antibodies (Life Technologies, Carls-
bad, CA). Anti-HIV Ig was obtained from the NIH AIDS Research and
Reference Reagent Program (NABI and NHLBI).

Cells, transfection, infection, immunostaining, and analyses for cell
surface expression, virus-like particle (VLP) release, and incorporation
of membrane proteins. HeLa cells were maintained in Dulbecco modified
Eagle medium supplemented with 5% fetal bovine serum, penicillin-
streptomycin, and L-glutamine. For superresolution localization micros-
copy analysis, cells were plated at a density of 4.2 � 104 cells per well in
number 1.5, 4-chamber coverslips from Fisher Scientific (Pittsburgh, PA).
After overnight incubation, cells were transfected with 1 �g pNL4-3/Gag-
mEos3.2 plasmids and 50 ng pCMV6 plasmids per well, using the Lipo-
fectamine 2000 reagent, according to the manufacturer’s instructions
(Life Technologies, Carlsbad, CA). Cells were then incubated for 16 h
prior to fixation with phosphate-buffered saline (PBS) containing 4%
paraformaldehyde and 0.1% glutaraldehyde for 10 min, followed by im-
munostaining with Alexa Fluor 647-conjugated antibodies.

For flow cytometry analysis of cellular transmembrane proteins ex-
pressed on the transfected HeLa cell surface, HeLa cells were plated at a
density of 5.6 � 105 cells per well in 6-well plates and 1 day later trans-
fected with 100 ng pCMV6 plasmids per well. Cells were incubated for 16
h prior to collection of cells as suspensions and fixation with PBS
containing 4% paraformaldehyde for 30 min. Cells were immuno-
stained with Alexa Fluor 647-conjugated antibodies and analyzed us-
ing a BD FACSCanto flow cytometer.

The VLP release assay used for the Gag-mEos3.2 constructs was de-
scribed previously (56). For analysis of virion incorporation of CD43,
CD43/6A, ICAM-1, or ICAM-1/PCT, HeLa cells cotransfected with
pNL4-3 and an expression plasmid carrying one of the membrane pro-
teins were cultured for 16 h or 2 days, and cell and virus lysates were
prepared as previously described (61). Immunoblotting was performed
using anti-CD43 (1G10) or anti-ICAM-1 (EP1442Y) and anti-HIV Ig in
combination with appropriate secondary antibodies, and fluorescence
signals were detected using a Typhoon scanner (GE Healthcare).

Maintenance, fixation, and immunostaining of P2 cells and their pa-
rental A3.01 cells were performed as described previously (34, 39). For
superresolution localization microscopy analysis of T cells, A3.01 cells
were infected with vesicular stomatitis virus G glycoprotein (VSV-G)-
pseudotyped viruses encoding Gag derivatives as described previously
(34, 39). Two days later, cells (�0.5 � 106) were resuspended in RPMI
medium containing no serum and plated onto the coverslip area of Mat-
Tek number 1.5 glass-bottom dishes. The coverslip area was precoated

with 5 �g/ml fibronectin in PBS. After a 50-min incubation at 37°C, cells
were fixed with PBS containing 4% paraformaldehyde and 0.1% glutaral-
dehyde for 10 min, followed by immunostaining with Alexa Fluor 647-
conjugated antibodies.

Superresolution localization microscopy and image processing.
Sample preparation, conditions for image acquisition, reconstruction of
superresolution images, and data analysis methods were described previ-
ously (56). Briefly, single fluorophores of Alexa Fluor 647- and mEos3.2-
labeled proteins were imaged simultaneously under total internal reflec-
tion (TIRF) using an Olympus IX81-XDC inverted microscope with a
cellTIRF module, a �100 UAPO TIRF objective (numerical aperture �
1.49), and active Z-drift correction (ZDC) (Olympus America). Two
emission channels were projected onto the same electron-multiplying
charge-coupled-device camera (iXon-897; Andor) using a DV2 splitter
(Photometrics). Single molecules captured in each emission channel were
identified and localized in individual image frames and culled to remove
outliers in intensity, width, or localization error, and then high-resolution
images were reconstructed from localized centers acquired from at least
5,000 acquired raw images. Reconstructed images from the two emission
channels were aligned by sampling space with fiducial particles both be-
fore and after imaging. Pair cross-correlation [C(r)] functions were tab-
ulated from masked images of reconstructed localized centers as described
previously (62). Cross-correlation curves are normalized to be 1 at long
distances, which corresponds to a random distribution. Additionally,
cross-correlation curves from individual cells were set to 1 at 1 �m in
order to avoid potential artifacts arising from uneven illumination of the
sample or inaccurate masking of individual cells. To compare total coclus-
tering in cross-correlation analyses, the area (A) under the cross-correla-
tion curves was summed using the following equation for radii between 0
and 200 nm: A � �i�1

n 2�ri�C�ri� � 1��r, where n is the number of radii
included in the sum, i is an index describing the radius, ri, and r is radius.
The average radii of the Gag puncta were determined by fitting the Gag
autocorrelation function to a Gaussian shape, with the average radius
being the standard deviation of this curve (62).

RESULTS
Two-color superresolution microscopy analysis detects MA
HBR-dependent coclustering of Gag with PSGL-1 in T cells. To
examine whether class I uropod-directed proteins associate with
Gag in the absence of pretreatment with cross-linking antibodies,
we analyzed coclustering between PSGL-1 and wild-type (WT)
Gag-mEos3.2, a Gag construct fused to the photoswitchable,
monomeric fluorescent protein mEos3.2 (63), in T cells using
two-color superresolution localization microscopy techniques
(56). T cells infected with VSV-G-pseudotyped HIV-1 encoding
WT Gag-mEos3.2 were fixed with PBS containing 4% paraformal-
dehyde and 0.1% glutaraldehyde prior to immunostaining with
an anti-PSGL-1 monoclonal antibody directly conjugated to Al-
exa Fluor 647 and examined by TIRF illumination. In superreso-
lution localization microscopy, signals for two colocalizing pro-
teins do not necessarily appear to localize at exactly the same spots
due to the high-resolution nature of the method (25 nm for Gag-
mEos3.2 and 15 nm for PSGL-1); rather, colocalizing proteins are
often detected adjacent to each other. To assess the coclustering
(or lack thereof) between Gag-mEos3.2 and PSGL-1 quantita-
tively, we performed cross-correlation analysis (Fig. 1A, bottom),
as in our previous studies (56). This analysis measures the proba-
bility of finding one protein (e.g., PSGL-1) at a given distance
from another (e.g., Gag) or vice versa normalized by the probabil-
ity that would be detected from a random distribution of the same
average density (62). A normalized cross correlation of 1 is ob-
served when the distributions of the two proteins are independent
from each other, whereas a value greater than 1 indicates coclus-
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FIG 1 Two-color superresolution microscopy analysis detects MA HBR-dependent coclustering of Gag with PSGL-1 in T cells. (A) A3.01 cells infected with
VSV-G-pseudotyped HIV-1 whose genome encodes the Gag-mEos3.2 fusion protein were plated onto fibronectin-coated coverslips, fixed, immunostained for
PSGL-1 or ICAM-3 with Alexa Fluor 647-labeled monoclonal antibodies, and imaged by TIRF microscopy in a reducing buffer (at least 5,000 image frames per
cell). Representative reconstructed images were produced as described in Materials and Methods. Images show Gag-mEos3.2 in green and PSGL-1 and ICAM-3
in red. Cross-correlation measurements were performed using images of a total of at least 15 cells per condition. Curves below the images represent mean
cross-correlation [C(r)] values at distances ranging from 0 to 500 nm. The range that is not shaded corresponds to 0 to 200 nm, which was used for the calculation
of total coclustering in panel B. (B) Total coclustering was calculated by integrating the area under the cross-correlation curves from 0 to 200 nm, as described
in Materials and Methods. The values shown indicate means � SEMs. ***, P � 0.0005. (C) A3.01 cells were infected with VSV-G-pseudotyped viruses whose
genomes encode the indicated Fyn(10)/Gag-mEos3.2 derivatives and analyzed as described in the legend to panel A. (D) The analysis of total coclustering was
performed as described in the legend to panel B using cross-correlation curves for images of a total of 9 to 15 cells. **, P � 0.005; *, P � 0.05; ns, not significant.
The fields shown in panels A and C are 10 �m by 10 �m. Bars � 500 nm.
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tering of the two proteins. To facilitate comparison of total coclus-
tering between different conditions, the area between cross-cor-
relation curves and the baseline [C(r) � 1; no cross-correlation]
was summed for radii between 0 and 200 nm on a cell-by-cell
basis, as described in Materials and Methods, and the average
values were compared (Fig. 1B). This value, presented as an inte-
grated cross-correlation, is 0 if two proteins distribute completely
randomly. In this analysis, we found that Gag coclusters with
PSGL-1 but not with ICAM-3 (Fig. 1A and B), an observation that
correlates well with our previous results obtained in the copatch-
ing assays (39).

To further evaluate the copatching results analyzed in our pre-
vious study, we next examined the effect of amino acid substitu-
tions in MA HBR on Gag–PSGL-1 coclustering (Fig. 1C and D).
To compensate for the membrane-binding defect caused by MA
alterations, we examined Gag derivatives that have an N-terminal
triple acylation sequence derived from Fyn (Fig. 2A). In Fyn(10)/
6A2T/Gag, the 8 basic residues of the HBR, which facilitate inter-
actions between Gag and PI(4,5)P2, have been replaced with neu-
tral amino acids (39), whereas in Fyn(10)/HBR/RKswitch Gag, the
identity of the 8 basic residues has been exchanged (R ¡ K and
K ¡ R) (RKswitch). We previously observed that when fused to
yellow fluorescent protein and examined by the antibody-induced
copatching assay, the 6A2T substitutions but not the RKswitch
changes in the context of Fyn(10)/Gag abolished colocalization
between Gag and PSGL-1 (39). Consistent with the copatching
results, we found in superresolution localization microscopy anal-
ysis that in T cells, Fyn(10)/6A2T Gag-mEos3.2 failed to cocluster
with PSGL-1, whereas Fyn(10)/HBR/RKswitch Gag-mEos3.2
showed a level of coclustering with PSGL-1 similar to that shown
by Fyn(10)/Gag, which retains the intact MA sequence (Fig. 1C
and D). Altogether, the two-color superresolution localization
microscopy analysis confirmed the MA-dependent association
between Gag and PSGL-1 in T cells, as previously suggested on the
basis of the copatching studies (39).

Coclustering of Gag and PSGL-1 in HeLa cells is dependent
on the intact MA HBR sequence but does not correlate with Gag
membrane binding per se or VLP production efficiency. We
conducted subsequent experiments in this study using HeLa cells
because HeLa cells do not express endogenous uropod proteins
PSGL-1, CD43, and ICAM-3 (see below) and yet are very amena-
ble to transfection by plasmid DNA, properties that are essential
for examining molecular determinants of potential interactions
between Gag and uropod proteins. Nonetheless, it is possible that
the Gag-uropod-protein associations are dependent on T-cell-
specific factors that are absent in adherent cell lines. Therefore, we
first sought to determine whether the MA-dependent nature of
the association between Gag and uropod-directed proteins in T
cells is also observed in HeLa cells. To this end, we expressed
PSGL-1 along with Gag-mEos3.2 constructs (63) in HeLa cells and
compared Gag derivatives with MA deletion or amino acid sub-
stitutions (Fig. 2A). As described above, PSGL-1 was detected with
a specific monoclonal antibody conjugated directly to Alexa Fluor
647. In addition to the Fyn(10)/Gag derivatives examined in the
experiments presented in Fig. 1, Fyn(10)/�MA/Gag, which lacks
the entire MA sequence (5), was examined for coclustering with
PSGL-1 (Fig. 2A).

When expressed in HeLa cells, all of these constructs were
readily detected at the plasma membrane, as was PSGL-1 (Fig.
2B). We found that deletion of MA or basic-to-neutral substitu-

tions in MA HBR reduced the level of coclustering of Fyn(10)/
Gag-mEos3.2 with PSGL-1 4- to 6-fold (Fig. 2B and C), consistent
with our findings in T cells (39) (Fig. 1). In contrast, coclustering
was reduced only 2-fold by the HBR/RKswitch mutation (Fig. 2B
and C). These results indicate that Gag is able to associate with
PSGL-1, a class I uropod-directed protein, when expressed in
HeLa cells. They also confirm that the HBR positive charge in MA
is an important determinant of this association, as observed in T
cells, although we note that the HBR/RKswitch mutant may asso-
ciate more efficiently with PSGL-1 in T cells than in HeLa cells.

Using the same experimental settings described above, we fur-
ther sought to determine whether myristoylation and a polybasic
sequence are sufficient to recruit PSGL-1 or whether other fea-
tures of the MA domain contribute to PSGL-1 recruitment. To
test these possibilities, we replaced the MA domain of Gag with a
synthetic membrane anchor, Kmyr, which binds to the plasma
membrane through myristoylation and basic residues (Fig. 2A)
(59), and compared this construct (Kmyr/�MA/Gag) with
Fyn(10)/Gag derivatives and WT Gag. We found that WT Gag-
mEos3.2 coclustered with PSGL-1 even more efficiently than
Fyn(10)/Gag-mEos3.2, indicating that dual palmitoylation is not
necessary for coclustering of Gag with PSGL-1 in the presence of
the MA sequence. We detected signals for Kmyr/�MA/Gag-
mEos3.2 at the plasma membrane by TIRF illumination, indicat-
ing that the Kmyr peptide supports membrane binding of Gag in
the absence of the MA domain (Fig. 2B). However, Kmyr/�MA/
Gag-mEos3.2 failed to show any coclustering with PSGL-1 (Fig.
2B and C). These results indicate that plasma membrane binding
via a combination of myristoylation and basic charge is insuffi-
cient to facilitate PSGL-1 coclustering with HIV-1 assembly sites
and that an additional property of the MA domain is necessary.

We next sought to determine whether efficient VLP produc-
tion correlates with the recruitment of PSGL-1. We compared the
VLP release efficiencies of the constructs used in the above-de-
scribed experiments in HeLa cells (Fig. 2D). The VLP release effi-
ciency of Fyn(10)/Gag was higher than that of WT Gag, as ob-
served previously for untagged versions of these constructs (5, 19).
The higher membrane binding ability conferred by the triple acy-
lation signal of Fyn attached to Gag is likely to explain at least
partly the increased VLP release efficiency of Fyn(10)/Gag (5, 19).
Likewise, Fyn(10)/�MA/Gag and Fyn(10)/HBR/RKswitch Gag
released VLPs more efficiently than WT Gag. In contrast, Fyn(10)/
6A2T/Gag and Kmyr/�MA/Gag were less efficient in VLP release
than WT Gag, although the defective step in VLP assembly/release
of Fyn(10)/6A2T/Gag and Kmyr/�MA/Gag is currently un-
known. Of note, comparison of Fyn(10)/Gag derivatives and
WT Gag indicates that VLP release efficiencies do not correlate
with the Gag–PSGL-1 coclustering shown in Fig. 2C. Likewise,
we did not find any correlation between Gag–PSGL-1 coclus-
tering and the size of Gag puncta, which are within 44 to 52 nm
(in radius) for all Gag derivatives. Altogether, PSGL-1 coclus-
tering with HIV-1 Gag is correlated with the presence of the
MA domain but not with strong Gag membrane binding per se
or efficient VLP production.

Efficient coclustering of Gag and PSGL-1 in HeLa cells is de-
pendent on a basic stretch in the cytoplasmic domain of PSGL-1.
In order to better understand how Gag coclusters with class I
uropod-directed proteins, we sought to identify which parts of
PSGL-1 are necessary for this localization. To this end, we con-
structed PSGL-1 derivatives (Fig. 3A), transfected them into HeLa
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FIG 2 Coclustering of Gag and PSGL-1 in HeLa cells is dependent on the intact MA HBR sequence but does not correlate with Gag membrane binding or VLP
production. (A) Schematic representation of the MA mutants examined in this study. The amino acid residues of the Fyn(10), HBR, and Kmyr sequences are
shown. Blue, basic residues; gray, uncharged amino acids; turquoise, switched residues; red, lipid-modified residues. (B) HeLa cells were transfected with
plasmids carrying the indicated Gag-mEos3.2 fusion constructs and wild-type PSGL-1. Cells were fixed and immunostained for PSGL-1 with a monoclonal
antibody against PSGL-1, which was directly labeled with Alexa Fluor 647, and imaged by TIRF microscopy in a reducing buffer (7,500 image frames per cell).
Representative reconstructed images were produced as described in Materials and Methods. Images show Gag-mEos3.2 in green and PSGL-1 in red. Bars � 500
nm. Cross-correlation curves are shown below their corresponding representative images. Cross-correlation measurements were performed as described in the
legend to Fig. 1A using images of a total of at least 10 cells per condition from 2 independent experiments. (C) Total coclustering was calculated as described in
the legend to Fig. 1B. Values shown indicate means � SEMs. ***, P � 0.0005; *, P � 0.05; ns, not significant. (D) A VLP release assay was performed on
Gag-mEos3.2 constructs in HeLa cells. Results represent the averages of three independent experiments normalized to the value for WT Gag-mEos3.2.

January 2015 Volume 89 Number 1 jvi.asm.org 459

http://jvi.asm.org


cells, and compared the cells with cells transfected with wild-type
PSGL-1 by immunoblotting, flow cytometry, and superresolution
localization microscopy analyses (Fig. 3B to D). While all con-
structs were readily detected in cell lysates (Fig. 3B) and on the cell

surface (Fig. 3C), we observed that there were severalfold differ-
ences in total and cell surface expression levels among PSGL-1
derivatives. It is important to note, however, that the cross-corre-
lation method used in this study has been shown to be insensitive

FIG 3 A basic sequence in the cytoplasmic tail of PSGL-1 enhances coclustering with HIV-1 Gag. (A) Partial amino acid sequences of WT and mutant PSGL-1
constructs. EC, extracellular domain; TM, transmembrane domain; CT, cytoplasmic tail. Amino acid substitutions are shown in red. (B) WT PSGL-1 and
PSGL-1 mutants were expressed in HeLa cells, and cell lysates were analyzed by SDS-PAGE (nonreducing conditions), followed by immunoblotting using an
anti-PSGL-1 antibody. Numbers on the left are molecular weights (MWs), in kilodaltons. (C) HeLa cells transfected with plasmids carrying the indicated PSGL-1
constructs or an empty vector were recovered as cell suspensions at 16 h posttransfection, fixed, immunostained with an anti-PSGL-1 antibody labeled with Alexa
Fluor 647, and analyzed by flow cytometry. The background mean fluorescence intensity was determined using cells transfected with the empty vector. Cells
expressing transfected PSGL-1 derivatives, which were readily distinguished on the basis of the much higher fluorescence intensity, were gated, and their mean
fluorescence intensities (MFIs) were determined. (D) HeLa cells were transfected with plasmids carrying WT Gag-mEos3.2 and the indicated PSGL-1 constructs
and imaged as described in the legend to Fig. 2B. Representative reconstructed images are shown. Bars � 500 nm. Gag-mEos3.2 is shown in green, and PSGL-1
is shown in red. Cross-correlation curves, prepared as described in the legend to Fig. 1A, are shown. (E) The analysis of total coclustering was performed as
described in the legend to Fig. 1B using cross-correlation curves for images of a total of 10 cells per condition from 2 independent experiments. Values shown
indicate means � SEMs. P values were calculated for each construct relative to WT PSGL-1. ***, P � 0.0005; **, P � 0.005; ns, not significant.
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to relative protein expression levels (62). Moreover, in superreso-
lution microscopy, cells with readily detectable expression levels
were examined, and this was likely to minimize, if any, the effects
of the low expression levels of some PSGL-1 mutants.

We first asked whether dimerization is necessary for Gag–
PSGL-1 coclustering, since PSGL-1 is always present as a dimer in
cells. For some proteins, multimerization enhances microdomain
association (64–66), which in turn may promote association with
assembly sites. To this end, we introduced into our expression
construct a previously characterized mutation (C310A) that abol-
ishes the dimerization of PSGL-1 (60) (Fig. 3A and B). We found
that this mutation did not significantly decrease Gag–PSGL-1 co-
clustering, ruling out a role for dimerization (Fig. 3D and E).

We also hypothesized that the PSGL-1 cytoplasmic tail (PCT)
contributes to localization of PSGL-1 to virus assembly sites via
direct or indirect interactions with Gag or other viral components.
Indeed, we found that deletion of the cytoplasmic tail of PSGL-1
(truncated after residue 331) substantially reduced Gag–PSGL-1
coclustering (Fig. 3D and E). While the cytoplasmic tail deletion
also appeared to abolish dimerization, dimerization per se is not
necessary for Gag–PSGL-1 coclustering, as shown above. Alto-
gether, this experiment identifies the cytoplasmic tail of PSGL-1 to
be the major determinant of Gag–PSGL-1 coclustering.

With regard to the features of the cytoplasmic tail of PSGL-1
that promote its localization to HIV-1 assembly sites, we specu-
lated that an acidic stretch near the C terminus of the cytoplasmic
tail of PSGL-1 may interact directly with the HBR of the MA
domain. To test this hypothesis, we generated a mutant, PSGL-1/
6A, in which the 6 acidic residues in this stretch have been replaced
with an uncharged amino acid, alanine (Fig. 3A). When expressed
in HeLa cells, we found that PSGL-1/6A coclusters with Gag-
mEos3.2 to a similar extent as wild-type PSGL-1 (Fig. 3D and E).
These results rule out a direct interaction between the highly
acidic C-terminal region of PSGL-1 and the basic residues of the
MA HBR.

Our alternative hypothesis was based on the observation that
PSGL-1, CD43, and CD44 all possess basic amino acids immedi-
ately C terminal to their transmembrane domains. Basic se-
quences in the juxtamembrane domains of several transmem-
brane proteins are shown to interact with acidic phospholipids
(67–73). Given that Gag can bind to acidic lipids, such as PI(4,5)P2

and phosphatidylserine (PS), through the HBR (5, 12, 39), we
speculated that clustering of acidic lipids at assembly sites by mul-
timerizing Gag molecules may attract PSGL-1 and possibly also
CD43 and CD44. As the first step toward testing this hypothesis,
we generated a mutant, PSGL-1/3A, in which three juxtamem-
brane basic residues have been replaced with alanine (Fig. 3A). We
found that unlike the 6A mutation, the 3A mutation significantly
reduced the coclustering of Gag and PSGL-1 (Fig. 3D and E).
These results indicate that a basic motif near the plasma mem-
brane significantly enhances localization of PSGL-1 to HIV-1 as-
sembly sites. While the residual coclustering suggests the presence
of additional determinants within the cytoplasmic tail of PSGL-1,
the membrane-proximal basic motif RLSRK is likely a major de-
terminant of the association between Gag and PSGL-1.

Basic sequences in cytoplasmic domains are required for ef-
ficient coclustering of CD43 and CD44 with Gag in HeLa cells.
We next investigated whether juxtamembrane basic motifs in the
cytoplasmic tails of CD43 and CD44 promote recruitment of these
proteins to plasma membrane sites where HIV-1 assembles, as

observed with PSGL-1. To do this, we generated mutants in which
6 basic residues, present in two clusters in both proteins, were
mutated to alanine (CD43/6A and CD44/6A, respectively) (Fig.
4A). Flow cytometry analysis confirmed the cell surface expres-
sion of CD43 and CD43/6A (Fig. 4B). Due to the endogenous
expression of CD44, the cell surface expression of transfected
CD44 constructs could not be measured (data not shown). When
expressed in HeLa cells, we found that wild-type CD43 and CD44,
detected with Alexa Fluor 647-labeled antibodies, significantly co-
clustered with Gag-mEos3.2 (Fig. 4C and D). As was observed
with the 3A mutation of PSGL-1, we found that mutation of the
basic residue stretches in the CD43 and CD44 cytoplasmic tails
significantly decreased their coclustering with Gag-mEos3.2 (Fig.
4C and D). We note that coclustering between Gag and the
CD44/6A mutant may be overestimated due to the presence of
endogenous wild-type CD44. Consistent with the superresolution
localization microscopy results, incorporation of CD43/6A into
virions was reduced approximately 7-fold relative to that of wild-
type CD43 (Fig. 4E). These results support a model in which a
group of uropod-directed proteins, including PSGL-1, CD43, and
CD44, is recruited to plasma membrane sites where HIV-1 assem-
bly occurs in a manner dependent on juxtamembrane basic resi-
dues in the cytoplasmic tails of these proteins.

Chimeric transmembrane proteins containing the PSGL-1
cytoplasmic tail cocluster with Gag more efficiently than the na-
tive counterparts. We further examined whether the PSGL-1 cy-
toplasmic domain can promote coclustering of other host cell
proteins with assembling HIV-1. To do this, we examined
ICAM-1 and ICAM-3, which localize to uropods but do not co-
patch with Gag in T cells (34, 39), and CD46, which does not
specifically localize to uropods (Fig. 5A). Transfection of these
proteins as well as their chimeric derivatives (Fig. 5B) led to an
increase in mean fluorescence intensity in flow cytometry (data
not shown), confirming their ectopic expression in HeLa cells;
however, only ICAM-3 and its chimeric construct were measured
accurately for cell surface expression levels due to the endogenous
expression of ICAM-1 and CD46 (Fig. 5C). Consistent with pre-
vious observations obtained using T cells (39) (Fig. 1), we found
that these proteins, detected with Alexa Fluor 647-labeled anti-
bodies, do not associate strongly with HIV-1 Gag when expressed
in HeLa cells (Fig. 5D and E). Notably, we found that both
ICAM-1 and ICAM-3 give integrated cross-correlation values of
less than 0, indicating that there is a tendency for these proteins to
be excluded from HIV-1 assembly sites, rather than simply being
randomly distributed on the cell surface (giving an integrated
cross-correlation value of 	0).

We hypothesized that replacement of the cytoplasmic tails of
these proteins with the PCT could enhance their recruitment to
plasma membrane sites where assembling HIV-1 localizes (Fig.
5B). When expressed in HeLa cells, we found by cross-correlation
analysis that the PCT-containing chimeric proteins were more
strongly associated with HIV-1 Gag than the corresponding wild-
type proteins (Fig. 5D and E). Of note, due to the presence of
endogenous wild-type ICAM-1 in HeLa cells, the cross-correla-
tion between Gag and ICAM-1/PCT may be underestimated. Al-
though wild-type CD46 was weakly associated with Gag-mEos3.2,
this coclustering was enhanced approximately 4- to 5-fold by re-
placement of its native cytoplasmic tail with PCT (Fig. 5D and E).
These results demonstrate that the cytoplasmic tail of PSGL-1,
which contains the major determinants for coclustering of this
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protein with HIV-1 assembly sites (Fig. 3), is sufficient to promote
efficient recruitment of other transmembrane proteins to plasma
membrane sites where HIV-1 assembly takes place.

ICAM-1/PCT is incorporated into virions more efficiently
than WT ICAM-1. It is likely that transmembrane proteins that
cocluster with Gag at the plasma membrane are more efficiently
incorporated into virions than those that distribute randomly rel-

ative to Gag. To examine whether this is the case with chimeric
proteins that contain the PSGL-1 cytoplasmic domain, we trans-
fected HeLa cells with a WT HIV-1 molecular clone (pNL4-3) and
an expression plasmid for WT ICAM-1 or ICAM-1/PCT and ex-
amined cell and virus lysates for the presence of the transmem-
brane proteins by immunoblotting (Fig. 5F). The ICAM-1 pair
was chosen for this analysis because an antibody usable for immu-

FIG 4 Coclustering of CD43 and CD44 with HIV-1 Gag is enhanced by juxtamembrane polybasic sequences. (A) Partial amino acid sequences of CD43 and
CD44 mutants. (B) The mean fluorescence intensities of HeLa cells expressing transfected CD43 constructs were determined as described in the legend to Fig. 3C.
Note that the mean fluorescence intensities of HeLa cells transfected with CD44 expression plasmids were not determined due to a high endogenous expression
of CD44. (C) HeLa cells were transfected with plasmids carrying WT Gag-mEos3.2 and the indicated constructs and imaged as described in the legend to Fig. 2.
Representative reconstructed images and cross-correlation curves are shown. Bars � 500 nm. Gag-mEos3.2 is shown in green, and the indicated uropod-directed
proteins or their derivatives are shown in red. (D) The analysis of total coclustering was performed as described in the legend to Fig. 1B using cross-correlation
curves for images of a total of 10 cells per condition from 2 independent experiments. Values shown indicate means � SEMs. P values were calculated for each
mutant construct relative to its wild-type counterpart. ***, P � 0.0005; *, P � 0.05. (E) HeLa cells were transfected with a WT HIV-1 molecular clone (pNL4-3)
and expression plasmids carrying wild-type CD43 or CD43/6A and cultured for 16 h. Cell and virus lysates were collected and subjected to immunoblotting
analysis using HIV-Ig and anti-CD43. Note that no obvious difference in virus release efficiency was observed between CD43- and CD43/6A-expressing cells. The
results shown are representative of the results from three independent experiments. The normalized CD43/p24 ratio shown at the bottom was calculated and
averaged from the results of the three experiments. **, P � 0.005. RT, reverse transcriptase.
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noblotting was available. A much higher virion-associated
ICAM-1 signal was observed when HeLa cells were transfected
with ICAM-1/PCT than WT ICAM-1, suggesting that ICAM-1/
PCT was more efficiently incorporated into virions than wild-type

ICAM-1. When coexpressed with a mutant HIV-1 molecular
clone that encodes nonmyristoylated Gag and, hence, is unable to
produce virions, ICAM-1/PCT was not detected in the virus lysate
preparation, suggesting that the proteins detected in WT virus

FIG 5 Chimeric transmembrane proteins containing the PSGL-1 cytoplasmic tail cocluster with HIV-1 Gag more efficiently than their native counterparts. (A)
T cells with a polarized morphology (P2 cells) were dually immunostained for PSGL-1 and CD46. As indicated by arrows, PSGL-1 localized to uropods, whereas
CD46 localized to the entire cell surface. (B) Schematic representation of the chimeric constructs. (C) The mean fluorescence intensities of HeLa cells expressing
transfected ICAM-3 constructs were determined as described in the legend to Fig. 3C. Note that the mean fluorescence intensities of HeLa cells transfected with
plasmids carrying ICAM-1 or CD46 were not determined due to endogenous expression of these proteins. (D) HeLa cells were transfected with plasmids carrying
WT Gag-mEos3.2 and the indicated constructs and imaged as described in the legend to Fig. 1. Representative reconstructed images and cross-correlation curves
are shown. Bars � 500 nm. Gag-mEos3.2 is shown in green, and the indicated proteins are shown in red. (E) The analysis of total coclustering was performed as
described in the legend to Fig. 1B using cross-correlation curves for images of a total of 10 cells per condition from 2 independent experiments. Values shown
indicate means � SEMs. P values were calculated for each PCT construct relative to its wild-type counterpart. ***, P � 0.0005. (F) HeLa cells were transfected with
a WT HIV-1 molecular clone (pNL4-3) and expression plasmids carrying wild-type ICAM-1 or ICAM-1/PCT and cultured for 2 days. Cell and virus lysates were
collected and subjected to immunoblotting analysis using HIV-Ig and anti-ICAM-1. Note that wild-type ICAM-1 was detected in virus lysates but at a much
smaller amount than ICAM-1/PCT. The results shown are representative of the results from three independent experiments. The normalized ICAM-1/p24 ratio
shown at the bottom was calculated and averaged from the results of the three experiments. *, P � 0.05.
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lysates indeed associated with virus particles but not cell-derived
microvesicles (data not shown). Altogether, these results suggest
that coclustering between host transmembrane proteins and Gag
at the plasma membrane leads to enhanced incorporation of the
transmembrane proteins into released HIV-1 particles.

DISCUSSION

Virus particles of HIV-1 and other retroviruses incorporate vari-
ous heterologous transmembrane proteins, some of which drasti-
cally affect the fate of nascent virions. These proteins may be pas-
sively incorporated into assembling particles due to their presence
at the plasma membrane or specifically recruited to assembly sites
via direct or indirect molecular interactions with Gag. To deter-
mine the specificity of the plasma membrane protein association
with assembly sites and molecular determinants for this associa-
tion, high-resolution and quantitative microscopy analysis is es-
sential. However, such a mechanistic analysis for the association of
heterologous cellular transmembrane proteins with assembly sites
has not been performed, except for ones performed in studies on
BST-2/tetherin (56, 57). In the present study, we employed super-
resolution localization microscopy methods capable of resolving
single virus assembly sites as well as single uropod-directed pro-
teins. These studies were carried out in cells that had been fixed
prior to immunostaining, allowing observation of the native dis-
tribution of these proteins with respect to HIV-1 assembly sites.

Previous studies showed that copatching of lipid raft- and
TEM-associated proteins with Gag occurs even when the MA se-
quence is replaced with heterologous membrane binding se-
quences (35). In contrast and consistent with previous findings
from a copatching study performed in T cells (39), we found that
coclustering of Gag with PSGL-1 is dependent upon the HBR of
the MA domain in both T and HeLa cells. Therefore, the mecha-
nism for Gag–PSGL-1 coclustering is likely to be different from
that mediated by lipid rafts or TEMs. Replacing 8 basic amino
acids within the HBR with neutral amino acids substantially re-
duced Gag–PSGL-1 coclustering. Exchanging the basic residues of
the HBR from lysine to arginine and vice versa still allowed co-
clustering of PSGL-1 with Gag at high (in T cells) or moderate (in
HeLa cells) levels (Fig. 1 and 2). Although the Gag construct con-
taining this change (HBR/RKswitch) is incapable of binding to
PI(4,5)P2, it is still able to bind liposomes containing PS after
RNase treatment (39). Therefore, the coclustering between
Fyn(10)/HBR/RKswitch Gag and PSGL-1 observed in this study
may reflect the involvement of acidic phospholipids (discussed
below). Of note, Fyn(10)/HBR/RKswitch Gag expressed in T cells
showed copatching and coclustering with PSGL-1 to the same
extent as Fyn(10)/Gag, which has an intact MA sequence, whereas
the level of coclustering of Fyn(10)/HBR/RKswitch Gag with
PSGL-1 was lower than that of Fyn(10)/Gag in HeLa cells. It is
unclear at this point whether this difference arose from the differ-
ence in lipid compositions or other components of the plasma
membrane of different cell types. It is also unclear why WT Gag
showed higher coclustering with PSGL-1 than Fyn(10)/Gag, par-
ticularly in HeLa cells (Fig. 2). However, as observed in cross-
correlation curves, WT Gag, but not Fyn(10)/Gag, tended to have
a substantial cross-correlation even at a distance of 200 nm in
HeLa cells. This longer-range association between WT Gag and
PSGL-1 may be due to the tendency of WT Gag puncta, but not
Fyn(10)/Gag puncta, to form clusters of puncta (data not shown),
since, in such a case, PSGL-1 associated with one Gag assembly site

contributes to a cross-correlation with Gag molecules in neigh-
boring assembly sites. Regardless, both WT Gag and Fyn(10)/Gag
showed similar levels of coclustering with PSGL-1 at short dis-
tances, suggesting that the extent of PSGL-1 coclustering with
single assembly sites is similar for both Gag proteins.

We have observed that basic residues are required on both sides
of the association between Gag and PSGL-1 (Fig. 3) and that jux-
tamembrane polybasic residues also facilitate the association of
CD43 and CD44 with assembly sites (Fig. 4). Based on these find-
ings, we hypothesize the existence of an acidic intermediate which
links Gag and class I uropod-directed proteins. This factor could
potentially be a lipid, protein, nucleic acid, or other negatively
charged molecule. Given the likely proximity of the required basic
residues on MA and PSGL-1 to the plasma membrane, we further
hypothesize that this unknown factor may be an acidic lipid pres-
ent in the inner leaflet of the plasma membrane. Consistent with
this hypothesis, both PS and PI(4,5)P2 have been shown to form
clusters on the cytoplasmic leaflet of the plasma membrane (74–
78). Moreover, a recent study also showed the formation of an
acidic interface, composed of plasma membrane acidic phospho-
lipids, at the virological synapses between murine leukemia virus-
infected and virus receptor-expressing cells (79). Altogether, our
current findings and previous studies are consistent with a model
in which basic residues within the HBR of the MA domain result
in local clustering of acidic lipids (35, 80), potentially driven by the
multimerization of Gag, which in turn selectively recruits some
host cell plasma membrane proteins on the basis of the presence of
polybasic motifs in their cytoplasmic tails. It is also possible that a
preexisting microdomain enriched in acidic phospholipids at-
tracts both Gag and cellular transmembrane proteins with jux-
tamembrane polybasic sequences. At this point, we also do not
rule out the possibility that nonlipid factors, such as proteins in-
volved in membrane-cytoskeleton interactions (e.g., ezrin), di-
rectly or indirectly promote the basic sequence-dependent coclus-
tering. Further analyses using lipid and cytoskeleton probes and
Gag multimerization mutants in superresolution localization mi-
croscopy may distinguish these possibilities.

Interestingly, while the manuscript was in revision, a study
using a scanning electron microscopy method demonstrated that
CD4, another transmembrane protein with a juxtamembrane po-
lybasic sequence, is efficiently recruited to assembling HIV-1 (81).
However, not all transmembrane proteins with polybasic se-
quences associate with HIV-1 assembly sites. While ICAM-1,
ICAM-3, and CD46 do contain basic amino acid-rich sequences in
their cytoplasmic domains, we observed that these proteins did
not specifically cocluster with assembling HIV-1. Therefore, the
availability of the basic sequences and/or additional regions pres-
ent in the cytoplasmic domains of type I uropod-directed proteins
may also play important roles.

Of note, while we observed that ICAM-1 neither copatches
with Gag in T cells that express endogenous ICAM-1 (39) nor
coclusters with Gag in transfected HeLa cells (this study), previous
studies showed that ICAM-1 is nonetheless incorporated into
HIV-1 particles when virions were produced by 293T or Cos7 cells
transfected with ICAM-1 expression plasmids (82–84). We spec-
ulate that these previous observations likely represent a passive
mode of incorporation. Alternatively, in the overexpression con-
text used in these studies, a small population of ICAM-1 mole-
cules may escape from a binding partner that would prevent spe-
cific recruitment to assembly sites and, as a result, engage in direct
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or indirect interactions with Gag (85). Consistent with these in-
terpretations, a previous study showed that the amounts of
ICAM-1 present on the virions correlate with the levels of ICAM-1
expression on virus-producing 293T cells (86). We also observed
that HeLa cells transfected with an expression plasmid for
ICAM-1 produced virions that contain a faint but detectable level
of ICAM-1 (Fig. 5F). However, the amount of ICAM-1 incorpo-
rated into virions in these cells was much less than that incorpo-
rated into virions in cells transfected with ICAM-1/PCT, despite
the similar total expression levels in cells.

In summary, this study illuminated the presence of a novel
molecular mechanism that promotes the specific recruitment of a
class of cellular transmembrane proteins to HIV-1 assembly sites.
This mechanism relies on basic sequences in HIV-1 MA and in
cytoplasmic domains of the transmembrane proteins. Cocluster-
ing with HIV-1 assembly sites via this mechanism leads to the
enhanced incorporation of transmembrane proteins into virions
compared to the level of incorporation achieved by random colo-
calization. Therefore, further analyses of the roles played by the
polybasic sequences will likely help with the development of a new
strategy to improve the targeting specificity of lentiviral vectors via
pseudotyping. It is known that PSGL-1, CD43, and CD44 partic-
ipate in adherence, motility, cell-cell contact, and cell signaling
events in lymphocytes (48–50, 87–90). However, although a
mechanism promoting the specific recruitment of these proteins
to assembly sites does exist, as revealed in this study, it is unknown
whether these proteins play important roles in HIV-1 replication.
Our current efforts are focused on determining what role these
proteins play in the replication and dissemination of HIV-1 and
whether specific plasma membrane lipids are involved in the re-
cruitment of these proteins to HIV-1 assembly sites.
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