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Abstract

Determinants regulating sorting of host transmembrane proteins at sites of enveloped virus
assembly on the plasma membrane (PM) remain poorly understood. Here, we demonstrate for
the first time that PM acidic phospholipid PIP2 regulates such sorting into an enveloped virus,
HIV-1. Incorporation of CD43, PSGL-1, and CD44 into HIV-1 particles is known to have
profound effects on viral spread; however, the mechanisms promoting their incorporation were
unknown. We found that depletion of cellular PIP2 blocks the incorporation of CD43, PSGL-1,
and CD44 into HIV-1 particles. Expansion microscopy revealed that PIP2 depletion diminishes
nanoscale co-clustering between viral structural protein Gag and the three transmembrane
proteins at PM and that Gag induces PIP2 enrichment around itself. CD43, PSGL-1, and CD44
also increased local PIP2 density, revealing their PIP2 affinity. Altogether, these results support
a new mechanism where local enrichment of an acidic phospholipid drives co-clustering
between viral structural and cellular transmembrane proteins, thereby modulating the content,

and hence the fate, of progeny virus particles.
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Introduction

Enveloped viruses that assemble at the cell surface often incorporate cellular
transmembrane proteins [1-4], which can either facilitate or prevent the viral spread [4-6]. The
incorporation of these proteins into viruses is determined by their distribution relative to the viral
assembly sites at the cell surface. Among the factors that influence plasma membrane (PM)
distribution of the cellular transmembrane proteins include interactions with other proteins,
association with lipids or lipid nanodomains, endo- and exocytosis, diffusion barriers formed by
PM-associated proteins, and membrane curvature. Notably, these factors can be also
modulated by virus assembly.

Among viruses that assemble at the PM is the human immunodeficiency virus type |
(HIV-1) [7-9]. The HIV-1 assembly is governed by the structural polyprotein Gag. Gag binds the
PM through its N-terminal myristoylation and a highly basic region (HBR) in the MA domain
(MA-HBR) [7, 10]. The MA-HBR was shown in multiple in vitro studies to interact with
phosphatidylinositol (4,5)-bisphosphate (PIP2) [11-13], a negatively charged acidic phospholipid
enriched at the PM [14]. HIV-1 particle assembly affects the distribution of diverse cellular
transmembrane proteins by recruiting or excluding them from the assembly sites [15, 16].

The recruitment of some proteins (e.g., tetraspanin CD81 and tetherin, an antiviral protein) into
HIV-1 assembly sites relies on membrane curvature [15, 17, 18], whereas some other proteins
are incorporated into HIV-1 due to their association with cholesterol-enriched membrane
microdomains, which coincide with virus assembly sites [4, 18-21].

In polarized CD4+ T cells, HIV-1 Gag proteins accumulate to the rear-end protrusion
called uropod [22]. We have previously shown by TIRF-based nanoscopy approaches that three
uropod-localizing transmembrane proteins, CD43, PSGL-1, and CD44, co-cluster with Gag at
the PM of HeLa and T cells [23]. The presence of CD43 and PSGL-1 in HIV-1 particles impairs

attachment of the virion to the target cells [24-26], while the presence of CD44 on HIV-1
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particles promotes trans-infection of CD4+ T cells mediated by lymph node stromal cells [5, 27].
Despite their effects on HIV-1 spread, the mechanisms underlying incorporation of these three
host proteins into HIV-1 remain unknown.

Our past study found that co-clustering between Gag and CD43, PSGL-1, and CD44
requires both the juxtamembrane polybasic sequences (JMPBS) of these three transmembrane
proteins and the MA-HBR of Gag proteins [23]. As both IMPBS and MA-HBR protein regions
are positively charged, we hypothesize that their interaction is mediated by PIP2, a highly
negatively charged lipid resident to the plasma membrane inner leaflet. Consistent with this
hypothesis, previous studies have shown that HIV-1 Gag can reduce the mobility of PIP2 at
HIV-1 assembly sites and that PIP2 is enriched in the released virus particles [28-30]. However,
it remains unknown whether a Gag-engaged PIP2 at HIV-1 assembly sites plays roles beyond
anchoring Gag to the PM and if so, how these roles affect the virus assembly process. In the
current study, we demonstrate that PIP2 is enriched near Gag and that PIP2 facilitates the
enrichment of CD43, PSGL-1, and CD44 near Gag at the plasma membrane and the
incorporation of these proteins into released particles. Our results therefore reveal that PIP2
plays roles in HIV-1 assembly beyond the Gag-PM binding, namely in the recruitment of host

proteins that regulate virus spread into nascent virus particles.
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Results

PIP2 depletion reduces incorporation of CD43, PSGL-1, and CD44 into HIV-1 particles.

Previous studies demonstrated the nanoscale colocalization of CD43, PSGL-1, and
CD44 with Gag at the ventral PM [23] is dependent on both the MA-HBR of Gag and the
JMPBS of these three transmembrane proteins. To determine the roles for JIMPBS and PIP2 in
HIV-1 incorporation of the three transmembrane proteins, we generated HIV-1 VLPs from HelLa
cells with perturbed PIP2 levels and probed the incorporation of these proteins into isolated
VLPs. To accomplish this, cells were transfected with 3 plasmids. The first was an HIV-1
molecular clone encoding the Gag protein with its N terminus fused to the 10-residue N-terminal
sequence of Fyn kinase [Fyn(10)/Gag]. This construct replaces the single myristoylation of WT
Gag with triple acylation, enabling PM binding even in the absence of PIP2 [13]. Cells also
expressed plasmids encoding WT CD43, PSGL-1, or CD44 or their variants containing 3 or 6
alanine substitutions of basic amino acid residues in JMPBS (3A or 6A). PIP2 levels were
manipulated by additionally expressing a Tat-inducible plasmid encoding full-length 5-
phosphatase IV (5ptaselV FL), which depletes cellular PIP2, or its inactive variant 5ptaselV Al
upon expression of HIV-1 genes.

We first investigated the effect of the 3A or 6A mutations in JIMBPS on incorporation of
CD43, PSGL-1, and CD44 within Fyn(10)/Gag VLPs in cells transfected with the control plasmid
encoding 5ptaselV Al. As observed previously for HIV-1 particles consisting of WT Gag [23],
amino acid substitutions of IMPBS prevented incorporation of CD43 into VLPs consisting of
Fyn(10)/Gag (Figs. 1la and b), indicating that the triple acylation in place of N-myristylation of
Gag does not alter the IMPBS dependence of CD43 incorporation into nascent VLPs. We
further observed that changes in the JMPBS reduced the incorporation of both PSGL-1 (Figs.

1c and d) and CD44 (Figs. 1e and f). Together, these results demonstrate that the basic amino
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98 acid residues in JMPBS of the three transmembrane proteins are important for their

99 incorporation into HIV-1 VLPs regardless of acylation types present at the Gag N-terminus.
100 Next we explored how plasma membrane PIP2 impacted incorporation of the three
101  transmembrane proteins within HIV-1 VLPs. This was accomplished by monitoring the levels of
102  these proteins within nascent VLPs produced by cells expressing 5ptaselV Al versus 5ptaselV
103  FL. Expression of 5ptaselV FL, which depletes PIP2, significantly diminished the levels of the
104 three transmembrane proteins in released particles (Fig. 1). However, the fold change in the
105 incorporation into HIV-1 VLP upon PIP2 depletion was much greater than the change caused by
106  substitutions in JIMPBS of PSGL-1 (~20-fold with PIP2 depletion versus 2-fold with IMPBS
107  substitutions) and CD44 (~10-fold with PIP2 depletion versus ~1.3-fold with IMPBS
108  substitutions). Notably, flow cytometry analysis of the transmembrane proteins indicated that the
109 presence of 5ptaselV FL did not reduce the cell surface and total expression of CD43, PSGL-1,
110 and CD44 (Supplementary Figs. 1a to c). We also note that even though PIP2 regulates the
111  organization of cortical actin cytoskeleton [14] involved in various PM processes, treatment with
112 Latrunculin B, a compound that prevents F-actin formation, did not show any significant effect
113  onviral incorporation of the three transmembrane proteins (Supplementary Figs. 2a to f).
114  Altogether, these results indicate that PIP2 is a major determinant for efficient incorporation of
115 CDA43, PSGL-1, and CD44 into HIV-1 particles.
116
117 Expansion microscopy allows for detection of HIV-1 assembly sites at higher resolutions.
118 Since PIP2 depletion suppresses the incorporation of CD43, PSGL-1, and CD44 into
119  HIV-1 particles without interfering the trafficking of these proteins to the PM, we hypothesized
120 that PIP2 depletion instead alters the distribution of these three cellular proteins relative to HIV-

121 1 assembly sites at the PM. To examine the protein distribution in and around particle assembly
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122  sites, which are at the order of tens to hundreds of nhanometers, we sought to use a super-

123  resolution microscopy method.

124 Stochastic reconstruction microscopy (STORM) coupled with Total Internal Reflection
125  Fluorescence (TIRF) illumination has been used frequently to achieve super-resolution analysis
126  of HIV-1 assembly and its relationship with host proteins such as tetherin [17, 31-35]. However,
127 due to the sizes of CD43 and PSGL-1 extracellular domains, which reach 45-50 nm [36, 37], it
128  was conceivable that TIRF-based approaches, which examine only up to ~100 nm from the
129  coverslip, introduce detection bias (Supplementary Fig. 3a). To overcome this potential

130 limitation and to have a broader comprehension of HIV assembly at not only ventral but also
131 dorsal plasma membranes, we employed a recently developed super-resolution technique,

132  Expansion Microscopy (ExM) [38]. In ExM, cells are embedded in a hydrogel that swells in an
133  isotropic way in x-, y- and z-axis in the presence of water. After one round of expansion, the
134  cells increase their sizes between 3.5 to 5.5 times, which allows analysis using conventional
135 confocal microscopes to achieve a resolution equivalent to ~50-60 nm [39, 40] (Fig. 2a).

136  Consistent with the literature, nuclei of cells expanded using the protocol based on M'saad et al.
137  [40] were 4.6 times larger in perimeter length than those of the non-expanded cells after one
138 round of expansion (Supplementary Fig. 3b and c). Although two rounds of expansion

139 (Supplementary Fig. 3b) yielded a better resolution, it became technically difficult to image the
140 dorsal membrane, which fell outside the working distance of the objective. In addition, one

141  round of the expansion allowed us to distinguish individual clusters of YFP-tagged Fyn(10)/Gag
142  [Fyn(10)/Gag-Venus] and PSGL-1 on the cell surface readily, which cannot be distinguished in
143 non-expanded cells (Supplementary Figs. 3d and e). Therefore, in the subsequent

144  experiments, we used the ExM approach with one round of expansion to determine distribution
145  of proteins and a lipid at the PM of HIV-1-expressing cells.

146


https://doi.org/10.1101/2024.09.05.611432
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.05.611432; this version posted September 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

147 A majority of VenusYFP-tagged Fyn(10)/Gag is within 1 um from the plasma membrane in
148 expansion microscopy.

149 To analyze the nanoscale colocalization between Gag and host PM components on the
150 cell surface using the ExM approach, we first identified the population of Gag bound to the PM.
151  Although previous studies showed that ~75% of Fyn(10)/Gag-Venus in HelLa cells is found in
152  membrane fractions [41], the non-membrane-bound Gag population, which is irrelevant to this
153  study, still exists in these cells. To determine the distance from the PM that distinguishes the
154  PM-bound and non-PM-bound Gag populations in ExM, we measured the shortest distances
155 from each Fyn(10)/Gag-Venus signal to the PM. HelLa cells were co-transfected with an HIV-1
156  molecular clone encoding Fyn(10)/Gag-Venus and a plasmid encoding PSGL-1, which served
157 as the PM marker. After expansion, cells were imaged using confocal microscopy (Fig. 2b), and
158 the images were post-processed to determine the weighted centroid of the Gag and PSGL-1
159  signals (see Methods for details). Then, we measured the distances from each Gag centroid to
160 the nearest PSGL-1 centroid and plotted these distances in the histograms shown in Fig. 2c.
161 We found that the distances from Fyn(10)/Gag-Venus to the nearest PSGL-1 in expanded cells
162  most frequently ranged around 0.2-0.4 pm with ~70% of Gag localized within 1 pm of the

163  nearest PSGL-1 signal, suggesting that Gag signals present within 1 um from a PM marker in
164  ExM corresponds to the membrane-bound population detected in the membrane flotation

165 analyses reported previously [41]. Based on these observations, in the subsequent experiments
166  we defined the population of Gag spots that are within 0 to 1 um from the nearest cell surface
167 transmembrane proteins as the PM-bound Gag.

168

169 Expansion microscopy confirms cytoplasmic-tail-dependent co-clustering of CD43 and
170 PSGL-1 with Gag.

171 Consistent with incorporation of PSGL-1 in Fyn(10)/Gag VLPs (Fig. 1), co-localization

172 between Fyn(10)/Gag-Venus and PSGL-1 was readily visible (Fig. 2b, white arrowheads).
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173  However, coclustering between Gag and cellular transmembrane proteins at nanoscales may
174  not necessarily be detected as exactly overlapping signals in ExM. To quantitate the degree of
175  coclustering, we measured the shortest distances between the PM-bound Gag and cellular
176  transmembrane proteins. To validate this approach, we repeated several past measurements
177  conducted in TIRF-STORM using ExM. We previously demonstrated that deletion of the

178  cytoplasmic domain of PSGL-1 (PSGL-1 ACT) and basic-to-neutral amino acid substitutions in
179 CD43 JMPBS (CD43 6A) diminished co-clustering of these proteins with Gag at the ventral
180 membrane of HelLa cells [23]. Here, we transfected Hela cells with Fyn(10)/Gag-Venus and
181 PSGL-1, CD43, or their variants and analyzed the cells by ExM (Figs. 2d and k). For

182  quantitation of coclustering between Gag and the transmembrane proteins in ExM, we

183  determined the distances from PM-bound Gag to the nearest transmembrane proteins at the
184  PM (shortest distances) for each cell analyzed by ExM (Figs. 2d, k, and histograms shown in e
185 and ). We then calculated the mean of these distances for each cell (arrowheads in panels e
186 and | denote the means for the examples) and compared the ranges of the mean shortest

187  distances between the experimental conditions (Figs. 2f and m).

188 Consistent with past work, we observed that the mean shortest distances from Gag to
189 PSGL-1 ACT are longer than those to WT PSGL-1 (Fig. 2f). Likewise, the basic-to-neutral

190 amino acids changes in CD43 CT JMPBS increased the shortest distances from Gag to CD43
191 6A compared to WT CD43 (Fig. 2m). We additionally determined the Pearson’s correlation
192  coefficient using the z-stacks of the same microscopy images analyzed by the shortest distance
193  method. In good accordance with shortest distance measurements, Pearson’s coefficient

194  showed that the cytoplasmic tail of PSGL-1 promotes its colocalization with Gag

195 (Supplementary Fig. 3f).

196 It is conceivable that the decrease in the shortest distance (which is interpreted here as

197 increased co-clustering) could correlate with the abundances of the proteins at the PM;
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however, across the range of surface expression levels observed under the experimental
conditions we used, the shortest distance from Fyn(10)/Gag-Venus to PSGL-1 has no strong
correlation with the numbers of PSGL-1 or Fyn(10)/Gag-Venus spots (Figs. 2g and h,
respectively). This was also the case with the shortest distances from Fyn(10)/Gag-Venus to
CD43 (Figs. 2n and o). We further sought to test in a different approach whether the shortest
distance observed above simply reflects the densities of Gag and PSGL-1 or if it shows bona
fide co-clustering. To this end, we compared Nearest Neighbor distances between Gag and
PSGL-1 in actual and randomized distribution over the same cell surfaces. This comparison
showed that the nearest neighbor distances from Fyn(10)/Gag-Venus to PSGL-1 WT is shorter
in actual than in randomized distribution (Fig. 2i). The same was observed with the distances
from Fyn(10)/Gag-Venus to PSGL-1 ACT (Fig. 2j). Based on these results, we concluded that
the shortest distances measured in Figs. 2f and m reflect their colocalization rather than the
relative abundances of the two proteins of interest (e.g., Gag and PSGL-1).

Together, these results demonstrate that ExM allows for nanoscale analyses of co-

clustering between two proteins at not only ventral but entire plasma membranes.

PIP2 depletion increases the distances from Gag to the cellular transmembrane proteins
at the plasma membrane.

Using the ExM-based approach validated above, we next tested the hypothesis that
PIP2 promotes the co-clustering between Gag and CD43, PSGL-1, and CD44 at the PM of HIV-
1-expressing cells. HelLa cells were transfected with a molecular clone encoding Fyn(10)/Gag-
Venus and plasmids encoding the cellular transmembrane proteins along with plasmids
encoding 5ptaselV Al or FL. Co-clustering between Fyn(10)/Gag-Venus and CD43, PSGL-1, or
CD44 was analyzed as in Figs. 2f and m. We found that expression of 5ptaselV FL caused

significant increases in the distances from Fyn(10)/Gag-Venus to CD43 (Figs. 3a and b),

10
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223  PSGL-1 (Figs. 3c and d), and CD44 (Figs. 3e and f). Notably, expression of 5ptaselV FL did
224 not change the distances from Fyn(10)/Gag-Venus to ICAM-1 (Fig. 3g and h), which does not
225  specifically co-cluster with HIV-1 Gag [16]. We also tested whether the shortest distances from
226  Fyn(10)/Gag-Venus to the cellular transmembrane proteins correlate with their number of spots
227  (abundance of the proteins of interest) at the plasma membrane. In the cases of CD43, PSGL-1,
228 and CD44, we found no correlations in 5ptaselV Al-expressing cells (Supplementary Figs. 4a
229  tof). In contrast, ICAM-1 showed a moderate correlation between number of molecules at the
230 cell surface and association with Gag in cells expressing 5ptaselV Al (Supplementary Figs. 4g
231 and h). Finally, we confirmed that the presence of the Fyn(10) modification at the Gag N

232 terminus does not affect the shortest distances from Gag to PSGL-1 (Supplementary Figs. 5a-
233 o).

234 Altogether, these results indicate that the PIP2 promotes co-clustering of HIV-1 Gag with
235 CDA43, PSGL-1, and CD44 but not ICAM-1.

236

237  PIP2 co-clusters with Gag at the plasma membrane

238 To investigate the mechanism by which PIP2 promotes co-clustering of Fyn(10)/Gag-
239  Venus with the cellular transmembrane proteins, we sought to determine PIP2 localization. We
240 chose to detect PIP2 by an immunostaining procedure, which is expected to allow for the

241  detection of the lipid with minimal perturbation [42]. To validate this approach, 5ptase IV Al- or
242  FL-transfected cells were probed with anti-PIP2, expanded, and quantified for PIP2 spots under
243  each condition. As expected, the 5ptaselV FL expression reduced PIP2 "3 times compared to
244 the control in the total cell surface (Fig. 4a). In addition, the expression of 5ptaselV FL caused
245  anincrease in the distances from a given PIP2 signal to its three nearest neighbors (Fig. 4b),

246  revealing that PIP2 becomes more sparsely distributed when its density decreases with

11
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247  expression of 5ptaselV FL. These results indicate that this approach allows for comparison of
248  PIP2 distribution using the ExM approach.

249 According to our hypothesis, accumulation of PIP2 at Gag assembly sites promotes the
250 recruitment of CD43, PSGL-1, and CD44. To address this possibility, we measured the density
251  of PIP2 spots found within a radius of 0.5 um from a Gag spot in expanded cells (Area A) and
252  compared it with the density of PIP2 spots found within a radius of 2 um excluding Area A (Area
253  B) (Fig. 4c). This analysis showed that the PIP2 density in Area A is 1.5-8 times higher than the
254  PIP2 density found in Area B with the average 4.6-fold enrichment of PIP2 in Area A relative to
255  Area B (Fig. 4d). Of note, the presence of the Fyn(10) sequence on Gag does not affect PIP2
256 enrichment around Gag (compare Supplementary Figs. 5d with Fig. 4d). To test the role

257 played by Gag MA-HBR in PIP2 clustering, we compared Fyn(10)/Gag-Venus with

258 Fyn(10)/6A2T/Gag-Venus in which the basic residues in MA-HBR were substituted with neutral
259 amino acids. Importantly, these substitutions increased the distance from PIP2 to Gag

260  significantly (Figs. 5a, b and c and Supplementary Fig. 6). Altogether, these results

261 demonstrate that PIP2 is denser in the vicinity of Gag at the PM and support the hypothesis that
262 MA-HBR interactions with PIP2 induce PIP2 accumulation at the virus assembly sites, which in
263 turn promotes recruitment of CD43, PSGL-1, and CD44.

264

265 PIP2 accumulates around CD43, PSGL-1, and CD44

266 To test whether the IMPBS in CD43, PSGL-1 and CD44 interact with PIP2, cells were
267  transfected with CD43 WT, CD43 6A, PSGL-1, CD44, or ICAM-1, probed for the respective
268  protein and PIP2, and examined for the shortest distances between the transmembrane

269 proteins and PIP2. The shortest distances from PIP2 to CD43 WT, PSGL-1, and CD44 were all
270  significantly smaller than those from PIP2 to CD43 6A and ICAM-1 (Figs. 5d to i). Next, we

271  evaluated the capacity of these proteins to enrich PIP2 in their close proximity as was examined

12
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272  for Gag in Figs. 4c and d. CD43 WT, PSGL-1, and CD44 induced significantly higher

273 enrichment of PIP2 in their proximity than CD43 6A and ICAM-1 (Fig. 5j). For CD43 WT, the
274  PIP2 enrichment showed a relatively high correlation with the number of CD43 spots

275 (R*=~0.62), suggesting that the abundance of the protein on the cell surface may partially

276  contribute to the high PIP2 enrichment. For PSGL-1 and CD44, no correlation was observed
277  (R*=~0.03 and ~0.02, respectively). These results indicate that CD43, PSGL-1, and CD44 have
278  strong capacity to cause PIP2 enrichment in their proximity. In addition, the differences

279  observed between CD43 WT and 6A suggest that the basic residues of JMPBS are important
280 for recruitment of PIP2. Interestingly, in cells co-transfected with CD43 WT, Fyn(10)/Gag-Venus
281  exhibited smaller shortest distances from PIP2 and higher PIP2 enrichment in its proximity than
282 in cells transfected solely with Fyn(10)/Gag-Venus (see Supplementary Fig. 7a and 7b),

283  suggesting a possible synergy mechanism for PIP2 enrichment at viral assembly sites.

284
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Discussion

PIP2 plays critical roles in various cellular functions both as a ligand for effector proteins
and a signaling molecule [14]. In HIV-1 assembly, PIP2 is known to recruit Gag to the PM as a
membrane-associated ligand. Here, we demonstrated a novel role for PIP2 wherein this lipid
promotes recruitment of cellular transmembrane proteins CD43, PSGL-1, and CD44 into
assembling HIV-1 particles. Cellular PIP2 depletion diminishes this incorporation without major
effects on their trafficking to the PM or involvement of actin cytoskeleton (Fig. 1 and
Supplementary Figs. 1 and 2). Expansion microscopy showed that PIP2 facilitates co-
clustering between Gag and CD43, PSGL-1, or CD44 at the PM (Fig. 3) and that PIP2
accumulates around these proteins (Figs. 4 and 5). Altogether, this study unveils a novel
mechanism of host protein sorting into HIV-1 assembly sites at the PM. As a number of
enveloped viruses, including Ebola and influenza A viruses [43-48], rely on PIP2 for efficient
assembly, it is conceivable that the PIP2-dependent mechanism observed here promotes the
incorporation of host and/or viral transmembrane proteins into a broad range of viruses.

Previous lipidomics studies demonstrated the enrichment of PIP2 in HIV-1 patrticles
compared to the PM [29, 30]. Additionally, a microscopy-based study conducted in live cells
revealed that Gag reduces motility of fluorescently labeled PIP2 when it is in a close proximity of
Gag [28], formally demonstrating Gag-PIP2 interactions in cells. Furthermore, at least in the in
vitro studies, Gag has been shown to induce PIP2 clustering on the liposome [49, 50].
Consistent with these observations, the ExM analysis of the whole-cell PIP2 distribution in this
study revealed the PIP2 enrichment around Gag. Importantly, although PIP2 enrichment in
assembled HIV-1 particles has been recognized for many years, its functional significance in the
fate of virus particles has remained elusive. Our study now reveals that PIP2 enrichment prior to

completion of virus particle formation promotes incorporation of the cellular transmembrane

14


https://doi.org/10.1101/2024.09.05.611432
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.05.611432; this version posted September 5, 2024. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

available under aCC-BY-NC-ND 4.0 International license.

proteins that are known to modulate virus attachment to target cells, CD43, PSGL-1, and CD44
[24-27].

Basic-to-neutral mutations in the JMPBS of PSGL-1 and CD44 had a milder impact on
their incorporation into HIV-1 particles compared to those in CD43 (Fig. 1). This observation
implies the existence of additional mechanism(s) governing the sorting and incorporation of
PSGL-1 and CD44 into HIV-1, mediated by other regions of the transmembrane proteins that
interact with either PIP2 or other molecular partners. Consistent with this possibility, the deletion
of the entire cytoplasmic tail of PSGL-1 had a more pronounced impact on its co-clustering with
Gag than amino acid substitutions in its JIMPBS [23]. Furthermore, CD44 undergoes
palmitoylation as a post-translational modification, which can promote association to lipid rafts
[51]. Therefore, it is plausible that upon disruption of IMPBS, CD44 retains its ability to be
incorporated into HIV-1 through the association with lipid raft(-like) microdomains that are also
enriched at the assembly sites and can promote viral incorporation [18-21, 28]. Whether and
how additional mechanisms other than PIP2 co-clustering promote sorting of CD43, PSGL-1,
and CD44 to the virus assembly sites are subjects of further investigation.

Although ICAM-1 is known to be incorporated into HIV-1 patrticles [52, 53], our previous
study showed that replacing the cytoplasmic tail with that of PSGL-1 significantly enhances the
incorporation [23]. Of note, ICAM-1 also has a polybasic sequence in the juxta-membrane
region of the cytoplasmic tail [54]; however, our current study revealed that unlike CD43, PSGL-
1, and CD44, ICAM-1 distribution relative to Gag was insensitive to the presence or absence of
PIP2 (Fig. 3). Consistent with these results, ICAM-1 showed poor enrichment of PIP2 in its
proximity compared to CD43, PSGL-1, and CD44 (Fig. 5). These results indicate that PIP2
plays an active role in recruitment of CD43, PSGL-1, CD44, but not ICAM-1, to HIV-1 assembly
sites. Of note, ICAM-1 showed a moderate correlation between its abundance and its co-
clustering with Gag at the PM, in contrast to CD43, PSGL-1, and CD44, for which no

correlations were observed between their respective abundances and Gag co-clustering
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336 (Supplementary Fig. 4). Therefore, it is likely that the incorporation of ICAM-1 into HIV-1

337 particles is a passive event that depends on its PM abundance. It remains to be determined
338 what prevents the polybasic sequence of ICAM-1 from recruiting PIP2 in the context of HIV-1
339 infection.

340 Multiple molecular dynamics simulation studies have shown that PIP2 enriched near the
341 Dbasic residues of various proteins, including CD44 [51, 55-57], but cell-based evidence of PIP2
342  clustering around a transmembrane protein has been limited thus far. A study on PM sheets
343  prepared by cell sonication probed with a recombinant PIP2 biosensor or an anti-PIP2 antibody
344  has shown PIP2 clustering around syntaxin-1A, a transmembrane protein with a JMPBS [58].
345 Notably, biosensor-based analysis of PIP2 distribution tends to focus on the PIP2 population
346 thatis unengaged with cellular PIP2-interacting proteins and freely diffuses over the PM [59].
347  Therefore, biosensor-based detection potentially underestimates PIP2 enrichment caused by
348 interactions with basic residues of viral or cellular proteins. Our data obtained using an anti-PIP2
349 antibody showed that cellular proteins CD43, PSGL-1, and CD44, but not a CD43 variant

350 lacking JMPBS, are surrounded by high density of native PIP2 in the intact cell context,

351  providing additional evidence for transmembrane-protein-induced PIP2 clustering in cells.

352  Furthermore, these findings suggest a general mechanism by which transmembrane proteins
353  with a JMPBS induce PIP2 clustering, which in turn contributes to co-clustering with different
354  proteins that have a PIP2-binding region, such as Gag (see below).

355 Although the ExM experiments revealed the enrichment of PIP2 within the distance of
356 0.5 pm around Gag, which corresponds to 100-120 nm in cells prior to expansion, this is unlikely
357 toinform us on the actual size of PIP2 clusters. The expansion of cells 4-5 fold only achieves
358 the resolution of approximately ~60-80 nm depending on the fluorophore, precluding the

359 measurement of a smaller PIP2 cluster size. In addition, the size of Gag-Venus and the

360 extracellular domains of the cellular transmembrane proteins as well as primary and secondary

361 antibodies for detecting them, which are all >10 nm, introduces uncertainty to distance

16
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362 measurement. Nonetheless, considering that Gag coclustering with PSGL-1 occurs within the
363 range of up to 200 nm [23], it appears possible that formation of the PIP2-enriched areas

364 around Gag depend not only on direct short-range Gag-PIP2 interactions but also on formation
365  of electrostatic network mediated by other positively charged molecules such as divalent

366 cations.

367 The magnitudes of PIP2 enrichment caused by the cellular transmembrane proteins
368 appear larger than that observed with Gag. However, since the ways that Gag and the cellular
369 transmembrane proteins studied here bind to PIP2 are different [11-13, 55, 60-62], which could
370 affect the efficiencies of PIP2 headgroup detection by the anti-PIP2 antibody, it is not possible to
371 compare the capacity to induce PIP2 clustering between the cellular transmembrane proteins
372 and Gag. Nonetheless, our data showing the robust PIP2 enrichment around the cellular

373 transmembrane proteins suggest interesting possibilities that HIV-1 Gag can be targeted to
374  PIP2-enriched areas induced by the cellular transmembrane proteins and that recruiting the
375 cellular transmembrane proteins to assembly sites expands PIP2 clusters at the assembly sites.
376  In support of the latter possibility, we observed higher PIP2 enrichment around Gag in the

377  presence of CD43 than in its absence (Supplementary Fig. 7). Of note, an in vitro study

378 demonstrated that the myristylated MA of Gag prefers to bind clustered rather than free PIP2 in
379 liposomes [49]. Therefore, it is tempting to speculate that HIV-1 exploits PIP2 clusters made by
380 cellular transmembrane proteins to facilitate Gag recruitment to assembly sites.

381 In summary, we demonstrate that Gag and the cellular transmembrane proteins CD43,
382 PSGL-1, and CD44 induce local PIP2 enrichment and that PIP2 is essential for the sorting and
383 incorporation of these proteins into HIV-1 particles. Altogether, PIP2 at virus assembly sites, by
384  bridging the assaociation of CD43, PSGL-1, and CD44 with Gag, emerges as a key player in
385 shaping the unique composition of the viral envelope, ultimately modulating viral spread.

386

387
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Materials and Methods

Cells and plasmids: HelLa cells were cultured and transfected as previously described [23].
The plasmids used in transfection for expression of HIV-1 Gag proteins were pNL4-3/Gag-
Venus [15, 16], pNL4-3/1GA/6A2T/Gag-Venus, pNL4-3/Fyn(10)/Gag, pNL4-3/Fyn(10)/Gag-
Venus, pNL4-3/Fyn(10)/6A2T/Gag-Venus [16]. These plasmids are HIV-1 molecular clones and
express HIV-1 Tat. For expression of uropod proteins, the following plasmids were used for
transfection: pCMV6-AC/CD43/WT or 6A, pCMV6-AC/PSGL-1/WT or 3A, pCMV6-AC/PSGL-
1/ACT, pCMV6-AC/CD44 or 6A, pCMV6-AC/ICAM-1, pCMV6-AC/Empty-Vector [23]. For PIP2
depletion experiments, pHIV-Myc-5ptaselV full length (FL), which expresses 5ptaselV in a Tat-
dependent manner was used [13]. As a negative control, pHIV-Myc-5ptaselV Al, which contains
a deletion encompassing the enzyme active site and therefore serves as was used instead [13].
For the analysis of CD44-Gag co-clustering and CD44 incorporation into virions, we used HelLa
cells that are depleted of endogenous CD44 (CD44 KO) using the CRISPR/Cas9 approach [27].

These cells are also referred to as HelLa cells in the Results section.

Antibodies: The antibodies against CD43 (1G10), PSGL-1 (clone KPL-1), CD44 (515), and
ICAM-1 (LB-2) were obtained from BD Pharmingen. Anti-HIV Ig was obtained from NIH AIDS
Research and Reference Reagent Program. HIV-1 Core antigen-FITC (KC57) was obtained
from Beckman Coulter. For detection of Fyn(10)/Gag-Venus in expansion microscopy, we used
a rabbit anti-GFP (Sigma, SAB4701015). Free PIP2 was detected using mouse anti-P1(4,5)P2
(Z-PD45, Echelon Biosciences). For flow cytometry experiments, the primary antibodies were
conjugated with Alexa Fluor 647, following manufacturer's protocol (Invitrogen Antibody
Labeling Kit, A20186). Secondary antibodies for immunofluorescence used were: Invitrogen

Alexa Fluor 488 Goat anti-Rabbit (A11008); Alexa Fluor 594 Goat anti-Mouse IgM pchain
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413  (A21044); Alexa Fluor 488 Goat anti-mouse (A11001); Alexa Fluor 594 Goat anti-mouse

414  (11005).

415

416 Viral incorporation assays: The viral incorporation assays were performed as previously
417  described with modifications [24]. Briefly, either 350,000 CD44 KO or WT Hela cells were

418 seeded onto 6 well plates and maintained in 5% DMEM without penicillin and streptomycin. On
419 the next day, the cells were transfected with 3 ug of pNL4-3/Fyn(10)/Gag, 0.85 ug of plasmids
420 encoding the cellular uropod proteins, and 1 ug of pHIV-Myc-5ptaselV full-length (FL) or Al
421  using lipofectamine 2000. At 16-18 hours post-transfection, the supernatants were collected,
422  passed through 0.45-um filter, and ultracentrifuged at 35,000 RPM for 95 min at 4°C. In actin
423  disruption experiments, after 12 hours post-transfection the media was removed, and a fresh
424  media containing DMSO (control) or 10 mM of Latrunculin B (Lat B) was added. Four hours
425 |later, the viral and cell pellets were suspended in Triton X100 lysis buffer (0.5% Triton 100X,
426 300 mM NacCl, 50 mM Tris-HCI, pH 7.5) containing protease inhibitors (cOmplete, Millipore
427  Sigma, 11836170001). The cell and virus lysates were resolved using a discontinuous 6-10%
428  (for Supplementary Figure 2) or 8-10% (for Figure 1) SDS-polyacrylamide gel, followed by

429 transfer to a PVDF membrane. For detection by immunoblotting, the membranes were blocked
430 in SuperBlock (Thermo Scientific, PI37515) solution and probed using the primary antibodies
431 (see “antibodies”) indicated in each corresponding figure. The chemiluminescent signal was
432  detected using either WestPico or WestFemto chemiluminescence substrate (Thermo Scientific
433 - PI34580, P134696, respectively) and recorded with a GeneSys image acquisition system
434  (SynGene). The viral incorporation of CD43, PSGL-1 and CD44 was calculated as it follows:
435  The intensity of the cellular transmembrane protein bands in the viral supernatant was

436  normalized first by the intensity of their corresponding bands in the cell lysates and then by the

437  HIV p24 levels in the viral lysates.
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Expansion microscopy. The expansion microscopy experiments were performed as described
previously [40] with some modifications. Briefly, HeLa cells were seeded onto 12 mm coverslips
and transfected as described above, except that the ratio of the plasmids encoding
Fyn(10)/Gag-Venus and 5ptaselV FL or A1 was 1:1. At 16-18 hours post-transfection, the cells
were fixed in PBS containing 4% paraformaldehyde (PFA) and 0.2% glutaraldehyde for 30
minutes. For detecting only PM population of the host transmembrane proteins, the cells were
rinsed five times in PBS and probed with appropriate primary antibody for 1 hour and rinsed at
least 10 times in PBS. VenusYFP-tagged Gag derivatives were detected using anti-GFP
following permeabilization of cells with 0.1% Saponin. For detecting P1(4,5)P2, we adapted a
previously described method [42]. First, the cells were permeabilized for 45 minutes in 0.3%
Saponin solution followed by the anti-PIP2 antibody incubation for 1 hour. Both processes were
done on ice. The cells incubated with primary antibodies were rinsed 10 times in cold PBS and
incubated with solutions containing secondary antibodies for 1 hour. The cells were rinsed at
least 10 times in cold PBS and fixed again with 2% PFA solution. The cells were rinsed 10 times
in PBS at room temperature (r.t.), then the cells were incubated in PBS containing 0.54% of
acrylamide and 0.33% PFA (the hybridization solution) overnight at 37°C. Subsequently, the
cells were washed 3 times for 10 minutes each and incubated in the hydrogel solution
containing 19% of sodium acrylate (Sigma 408220 or Pfaltz and Bauer SO3880), 10%
acrylamide (Sigma A9099), 0.1% N,N’-(di-hydroxy-ethylene bis-acrylamide DHEBA (Sigma
294381), 0.25% APS, and 0.25% TEMED. The coverslips were incubated for 15 minutes at r.t.
and then for 2 hours in a humidified chamber at 37°C. After that, the cell-containing gels were
carefully detached from the coverslips using a spatula, incubated in a denaturation buffer (200
mM SDS, 200 mM NacCl, 40 mM Tris-HCI, pH 6.8) at r.t. for 15 minutes, transferred to a 1.5-mL
tube containing 1 mL of the fresh denaturation buffer, and further incubated at 63°C for 1 hour.

The gels were placed in petri dishes, washed in 30 mL of MiliQ water at least 2 times, one hour

20


https://doi.org/10.1101/2024.09.05.611432
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.05.611432; this version posted September 5, 2024. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

available under aCC-BY-NC-ND 4.0 International license.

each, and then incubated in fresh MiliQ water overnight. On the next day the water was
removed, and the gels were incubated in a 30% glycerol (w/vol in water) solution overnight.
Pieces of the gels were cut off, the excess water was carefully removed from them, and the gel
pieces were placed on coverslips pre-treated with poly-L-lysine (0.1% wi/vol in water). The gels
were imaged using a Nikon Ti2 coupled with Yokogawa Spinning Disk Microscope, using 405-
nm, 488-nm and 594-nm excitation lasers. The objective used was 100X oil, numerical aperture
of 1.4. The z-stack images taken were reconstructed in Imaris 10.0.1 software (Oxford), with

which the quantitative analyses were also performed.

Flow cytometry. At 16-18 hours post-transfection, the transfected cells were rinsed once with
PBS and detached with 2 mM EDTA in PBS for 1 minute. The cells were pelleted down and
resuspended in PBS containing 4% PFA and 0.1% Glutaraldehyde. For the analysis of the
cellular transmembrane proteins PM expression levels, the cells were fixed, washed, and
probed with mouse anti-CD43, anti-PSGL-1 or anti-CD44 or isotype control, which are directly
conjugated with Alexa647 (see antibodies section for more details) for 1 hour at 37°C. For
evaluating the expression levels of the cellular transmembrane proteins in a whole cell (Total),
the cells were fixed, washed, permeabilized with PBS containing 0.2% Triton X-100 for 5
minutes at room temperature, and them probed with the same antibodies described above.
Then the cells were incubated with FITC-conjugated anti-HIV-1 p24 (clone KC57) for 1 hour,
washed again with 3% BSA in PBS and analyzed using a BD LSR Fortessa flow cytometer. The
data acquired was analyzed in a Flow Jo Software. Cells transfected with puC19 and pCMV6-
AC/Empty were used to set the gates for expression of Gag and cellular transmembrane
proteins, respectively. The mean fluorescence intensity was determined for the cells positive for

both Gag and cellular transmembrane proteins.
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489  Data analysis. Fiji ImageJ software (Rasband, W.S., ImageJ, U.S. National Institutes of Health,

490 Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018) was used to display and

491 analyze immunoblots and to display expanded and non-expanded fluorescence images. All
492  plots were prepared using GraphPad Prism version 9.0. Expansion microscopy images were
493  analyzed using Imaris software version 9.91 and 10.0.1. Fluorescent signals were segmented
494  into Imaris spots using Imaris spots creation wizard. The shortest centroid-to-centroid distances
495  Dbetween all Gag spots and spots representing other labels was measured using the filter

496  parameter Shortest distance, and the average shortest distance for all Gag spots in individual
497  cells is reported within violin plots. 3D reconstructions were generated using Spots Growing
498 Region and Background subtraction algorithms using 0.35 pm for diameter. Randomized

499  distributions were generated in Matlab by first estimating a tessellated cell surface from spot
500 centroids using the alphashape function, then points were redistributed randomly on this surface
501 using the randtess function. Nearest neighbor distances were then tabulated from randomized
502  points.

503

504
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Figure Legends

Figure 1. PIP2 depletion diminishes incorporation of CD43, PSGL-1 and CD44 into VLPs.
HelLa cells were transfected with plasmids encoding Fyn(10)/Gag, indicated host
transmembrane proteins or their variants lacking native JMPBS, and 5ptaselV Al or Full Length
(FL). Western blotting analysis of cell and viral lysates were performed for CD43 (a and b),
PSGL-1 (c and d), and CD44 (e and f) and HIV-1 Gag proteins. Representative blots are shown
(a, c, and e). The asterisks in Panels c and e denote the bands for PSGL-1 and CD44
guantitated for Panels d and f, respectively. In b, d, and f, the incorporation efficiency was
calculated as the ratio of the indicated host transmembrane proteins in viral lysates versus cell
lysates, which was normalized for the amount of released patrticles represented by p24 in virus
lysates. The relative incorporation efficiency for each condition was calculated in comparison to
the incorporation efficiency of WT transmembrane proteins into virus in the presence of
5ptaselV Al. The data from three independent experiments are shown. The P value was
determined using analysis of variance (ANOVA) one-way Tukey’s multiple-comparison test.

* P <0.05; **, P <0.01; **, P<0.001; ns, non-significant.

Figure 2. Expansion microscopy analysis of transmembrane proteins and Gag at the
plasma membrane. a) Schematic representation of expansion microscopy. In step 1, cells are
incubated in the hybridization solution, which contains acrylamide and formaldehyde. In step 2,
the cells are embedded in acrylamide plus sodium acrylate copolymer hydrogel to which
biomolecules are crosslinked. Expansion of hydrogel after incubation in water (step 3) enables
the separation of the biomolecules (green and red) above optical resolution limits, which were
originally not separable before expansion (yellow dots at steps 1 and 2). b) ExM of HelLa cells

transfected with Fyn(10)/Gag-Venus along with PSGL-1. Cells were fixed at 16-18 hours post-
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728  transfection, immunostained for cell-surface-expressed PSGL-1 (red), permeabilized, and

729 immunostained for Gag (with anti-GFP; green) prior to the ExM procedure. c) A histogram of the
730  distances from Fyn(10)/Gag-Venus spots to their nearest PSGL-1 spots. d) ExM of HelLa cells
731  transfected with Fyn(10)/Gag-Venus and PSGL-1 WT or ACT. Cells were transfected, fixed, and
732 immunostained as in Panel b. e) Histograms of the distances from Fyn(10)/Gag-Venus to

733  PSGL-1 in the cells shown in Panel d. Mean shortest distance values for these two cells are
734 shown with arrowheads. f) Mean shortest distances from Fyn(10)/Gag-Venus to PSGL-1 WT
735 and ACT. The mean shortest distance from Fyn(10)/Gag-Venus to the indicated host

736  transmembrane protein was calculated for each cell and complied in single graphs for all cells
737  examined in three independent experiments. g-h) Correlation and simple linear regression

738  between the shortest distance from Fyn(10)Gag-Venus to PSGL-1 WT and the number of

739  PSGL-1 or Fyn(10)/Gag-Venus spots are examined. i-j) Mean nearest neighbor distances from
740 Fyn(10)/Gag-Venus to PSGL-1 WT or ACT are compared between cells with actual and

741  simulated randomized distributions of the two proteins. k) ExM of cells transfected with

742  Fyn(10)/Gag-Venus and CD43 WT or 6A. Cells were transfected, fixed, and immunostained as
743 in Panel b. I) Histograms of the distances from Fyn(10)/Gag-Venus to CD43 in the cells shown
744  in Panel k. Mean shortest distance values for these two cells are shown with arrowheads. m)
745  Mean shortest distances from Fyn(10)/Gag-Venus to CD43 WT and 6A are compared as in

746  Panel f. n-0) Correlation and simple linear regression between the shortest distance from

747  Fyn(10)Gag-Venus to CD43 WT and the number of CD43 or Fyn(10)/Gag-Venus spots are

748  examined. All the experiments were repeated at least three times, and seven to twelve cells for
749  each biological replicate (total 26 to 33 cells) were analyzed. The P value was determined using
750  non-paired Student’s t test (Panels f and m) or paired t test (Panels i and j). *, P < 0.05; **, P <
751 0.01; *** P< 0.001; ns, non-significant. The R?was determined by simple linear regression

752  analysis. For randomizing the locations of fluorescence signals (i and j), the x, y, and z
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753  coordinates for each membrane protein signal was used to determine the cell surface, then
754  points redistributed randomly on the estimated surface were used to calculate nearest neighbor
755  distances. The expanded immunofluorescence images were acquired with a Nikon Spinning
756  Disk confocal microscope. Magnification, x100. For image processing and quantification, the
757  Imaris (version 10.0.1) software was used. Scale bars Jare(125 pym in whole cell images and 1

758 pmininsets.

759

760  Figure 3. PIP2 depletion decreases co-clustering of Fyn(10)/Gag-Venus with CD43, PSGL-
761 1, and CD44, but not ICAM-1. a, c, e, and g) ExM of HeLa cells transfected with plasmids

762  encoding Fyn(10)/Gag-Venus (green), the indicated host transmembrane proteins (red), and
763  bSptaselV Al or FL. Cells were fixed, immunostained, and expanded as in Figure 2. The insets
764  correspond to regions shown in white boxes in maximum intensity projection images. b, d, f,
765  and h) Mean shortest distances from Fyn(10)/Gag-Venus to the indicated host transmembrane
766  proteins are compared between the presence of 5ptaselV Al and FL. The experiments were
767  repeated three to six times, and at least five to twelve cells from each biological replicate were
768  analyzed (total 24-47 cells). The P value was determined using Student’s t test. *, P < 0.05;

769  ** P <0.01; ns, nonsignificant. Scale bars:[125 um for whole cell images and 1 ym for insets.
770  Image acquisition, processing, and quantification were performed as in Figure 2.

771

772  Figure 4. PIP2 accumulates to VLP assembly sites at the plasma membrane. a) Number of
773  fluorescent spots representing PIP2 was determined in HeLa cells co-transfected with plasmids
774  encoding Fyn(10)/Gag-Venus and 5ptaselV Al or FL. b) Distances from a given PIP2 spot to its
775  three nearest neighbors are compared in cells examined in Panel a. c) A schematic

776  representation of an approach to quantify the accumulation of PIP2 to the assembly sites. d)

777  PIP2 spots were counted in Areas A (within a radius of 0.5 yum from a Fyn(10)/Gag-Venus spot)
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and B (within a radius of 2 um from Fyn(10)/Gag-Venus but excluding Area A) and normalized
for the area size with the approximation that total Area B is 15 fold larger than total Area A. The
experiments were repeated at least three times, and five to 9 cells from each biological replicate
were analyzed (total 19 cells). The P value was determined using non-paired Student’s t test (a
and b), paired t test (d). *, P < 0.05; **, P < 0.01; ***, P< 0.001; ****, P< 0.0001; ns,

nonsignificant.

Figure 5. PIP2 accumulates to the proximity of Fyn(10)/Gag and cellular transmembrane
proteins CD43, PSGL-1, and CD44, but not ICAM-1, in a manner dependent on polybasic
sequences. a and b) HelLa cells expressing either Fyn(10)/Gag-Venus (a) or
Fyn(10)/6A2T/GagVenus (b) were fixed, probed with anti-PIP2 (red) and anti-GFP (for detection
of Gag; green) antibodies, and analyzed by ExM. Note that although the maximum intensity
projections for Fyn(10)/Gag-Venus in Panels a and b display the entire Gag signals, only the
PM-associated populations were examined for the quantitative analyses (see Supplementary
Fig. 6 for the comparisons between the entire and PM-associated Gag signals). The insets
correspond to regions shown in white boxes in the whole cell images. c) The mean shortest
distances from PIP2 to Fyn(10)/Gag-Venus and Fyn(10)/6A2T/Gag-Venus were compared. d —
h) HelLa cells expressing CD43 WT (d), CD43 6A (e), PSGL-1 (f), CD44 (g), or ICAM-1 (h) were
probed with anti-PIP2 (red) and antibodies for the indicated cellular transmembrane proteins
(green). The insets correspond to the boxed areas shown in whole cell images. i) Quantification
of the means of shortest distances from PIP2 to each cellular protein. j) PIP2 enrichment
determined as the PIP2 density in Area A divided by that in Area B. The PIP2 densities were
calculated with the approximation that total Area B is 15-fold larger than total Area A. The
experiments were repeated three to four times, and at least nine to thirteen cells from each
biological replicate were analyzed (total 28 to 39 cells). The P value was determined using

Student’s t test (c) and analysis of variance (ANOVA) one-way Tukey’s multiple-comparison test
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804 (i and j). **** P< 0.0001; *** P< 0.001; **, P< 0.01; *, P< 0.05; ns, non-significant. Image

805 acquisition, processing, and quantification were performed as in Figure 2. Scale bars:[125 ym
806 for whole cell images and 1 um for insets.

807

808

809

810 Supplementary Fig. 1. The expression levels of CD43, PSGL-1, and CD44 and their

811 mutants at the plasma membrane. a, b and c) Mean fluorescence intensity of cellular

812  transmembrane proteins was determined by flow cytometry for HeLa cells co-transfected with
813  plasmids for CD43 WT or 6A (a), PSGL-1 WT or 3A (b), or CD44 WT or 6A (c) along with those
814  for Fyn(10)/Gag-Venus and 5ptaselV Al or FL. PM, plasma membrane levels determined by
815 analyzing cells immunostained without prior cell permeabilization; Total, total protein expression
816 levels determined by analyzing permeabilized cells. The experiments were repeated three
817 times. The P values were determined using analysis of variance (ANOVA) one-way Tukey’'s
818  multiple-comparison test. ns, nonsignificant.

819

820 Supplementary Fig. 2. The effect of actin disruption on CD43, PSGL-1 and CD44

821 incorporation into VLPs. a-f), HeLa cells expressing CD43 (a and b), PSGL-1 (c and d), or
822  CD44 (e and f) along with HIV-1 encoding Fyn(10)/Gag was cultured in the presence of

823 Latrunculin B or vehicle control DMSO for 4 hours. At 16 hours post transfection, cell and viral
824  lysates were prepared and analyzed by western blotting analysis using antibodies against
825 CD43, PSGL-1 and CD44 and HIV-Ig, and relative viral incorporation of the indicated proteins
826 (a, c, and e) was determined as in Figure 1. The asterisks in Panels c and e denote the bands
827  for PSGL-1 and CD44 quantitated for Panels d and f, respectively. The experiments were

828  repeated three times. The P values were determined non-paired Student’s t test (panels b, d

829 and f). ns, nonsignificant.
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830

831 Supplementary Fig. 3. Expansion microscopy standardization. a) Schematic representation
832  of the potential caveat with TIRF-based super-resolution microscopy. Association of tall

833 transmembrane proteins (shown in blue) with the assembling particles at the PM can be

834  underestimated due to the limited depth of the detectable range. b) Representative images of
835 nucleiin non-expanded HelLa cells or HelLa cells after one round or 2 rounds of expansion. c)
836 Measurement of the expansion factor after one round of expansion. d-e) Maximum intensity
837  projection of non-expanded or expanded Hela cells co-transfected with pNL4-3/Fyn(10)/Gag-
838 Venus and a plasmid encoding PSGL-1. f) Pearson’s correlation coefficient analysis of cells
839  expressing Fyn(10)/Gag-Venus with PSGL-1 WT or ACT. All the experiments were repeated at
840 least three times, and at least eight cells from each biological replicate were analyzed.

841 The P value was determined using non-paired analysis of Student’s t test. **** P < 0.0001.

842  Image acquisition, processing, and quantification were performed as in Figure 2. Scale

843  bars,[125 ym for e and 10 ym for b and d.

844

845  Supplementary Fig. 4. Analysis of correlation between shortest distance and plasma

846 membrane signhal abundance. a, c, e, and g) Correlation between the number of Fyn(10)/Gag-
847  Venus spots and the mean shortest distance from Fyn(10)/Gag-Venus to CD43 (a), PSGL-1 (c),
848 CD44 (e), or ICAM-1 (). b, d, f, and h) Correlation between the number of CD43 (b), PSGL-1
849  (d), CD44 (f), and ICAM-1 (h) spots and the mean shortest distance from the indicated

850 transmembrane proteins to Fyn(10)/Gag-Venus. Each dot represents a cell examined in Figure
851 3 for the shortest distance between fluorescent spots representing the indicated transmembrane
852  proteins and Fyn(10)/Gag-Venus. The experiments were repeated at least three times. The P
853  values and the R”are annotated in each corresponding graph.

854
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Supplementary Fig. 5 Comparison between Fyn(10)/Gag-Venus and Gag-Venus clustering
with PSGL-1 and PIP2 . a and b) Maximum intensity projections of cells transfected either with
Fyn(10)/Gag-Venus or Gag-Venus along with PSGL-1 WT. The insets correspond to the boxed
areas shown in whole cell images. c) Mean shortest distances from Fyn(10)/Gag-Venus or Gag-
Venus to PSGL-1. d) PIP2 density in the Areas A (within a radius of 0.5 ym from a Gag-Venus
spot) and B (within a radius of 2 ym from Gag-Venus but excluding area A) was measured as
the number of PIP2 spots normalized for the area size as in Figure 4. The experiments were
repeated three times, and at least nine cells for each experiment were analyzed. The P value
was determined using non-paired (Panel c) or paired (Panel d) Student’s t test analysis. ****, P<
0.0001; ns, non-significant. Image acquisition, processing, and quantification were performed as

in Figure 2. Scale bars,125 um for whole cell images and'1 um for insets.

Supplementary Fig. 6. The effect of the MA highly basic region on Gag-PIP2 co-
clustering. a) The three-dimensional reconstruction of distributions of Gag and PIP2 in cells
shown in Figure 5a and b. The entire Gag population (left) and the subset of Gag associated
with the plasma membrane (defined as Gag located within 1 pm of PIP2) (right) are shown. b)
Histograms of the distances from PIP2 to Fyn(10)/Gag-Venus in the cells shown in Figure 5a
and b. Mean shortest distance values for these two cells are shown with arrowheads. c) PIP2
enrichment determined as in Figure 5. The experiments were repeated three times, and 10 to
thirteen cells for each experiment were analyzed. The P values were determined non-paired

Student’s t test. **, P< 0.01.

Supplementary Fig. 7. The effect of the co-expression of CD43 on Gag-PIP2 co-
clustering. a and b) HeLa cells were transfected with a molecular clone encoding Fyn(10)/Gag-
Venus alone or along with the plasmid encoding CD43 WT. The cells were fixed, probed, and

expanded as in Figure 5. The means of the shortest distances from PIP2 to Fyn(10)/Gag-Venus
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881 (Panel a) and the degree of PIP2 enrichment (Panel b) were determined as in Figure 5. The
882  experiments were repeated three times, and nine to eleven cells from each biological replicate
883  were analyzed. The P value was determined using analysis of Student’s t test. **, P< 0.01; *, P<
884  0.05.

885
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