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Abstract

Serine incorporator protein 5 (SERINCS5) is the host anti-retroviral factor that reduces HIV-1
infectivity by incorporating into virions and inhibiting the envelope glycoprotein (Env) mediated
virus fusion with target cells. We and others have shown that SERINCS incorporation into virions
alters the Env structure and sensitizes the virus to broadly neutralizing antibodies targeting cryptic
Env epitopes. We have also found that SERINC5 accelerates the loss of Env function over time
compared to control viruses. However, the exact mechanism by which SERINCS5 inhibits HIV-1
fusion is not understood. Here, we utilized 2D and 3D super-resolution microscopy to examine the
effect of SERINCS5 on the distribution of Env glycoproteins on single HIV-1 particles. We find
that, in agreement with a previous report, Env glycoproteins form clusters on the surface of mature
virions. Importantly, incorporation of SERINCS5, but not SERINC2, which lacks antiviral activity,
disrupted Env clusters without affecting the overall Env content. We also show that SERINC5 and
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SERINC?2 also form clusters on single virions. Unexpectedly, Env and SERINCs molecules
exhibited poor co-distribution on virions, as evidenced by much greater Env-SERINC pairwise
distances compare to Env-Env distances. This observation is inconsistent with the previously
reported interaction between Env and SERINC5 and suggests an indirect effect of SERINC5 on
Env cluster formation. Collectively, our results reveal a multifaceted mechanism of SERINC5-
mediated restriction of HIV-1 fusion that, aside from the effects on individual Env trimers,
involves disruption of Env clusters, which likely serve as sites of viral fusion with target cells.

Keywords

SERINCS; HIV-1 restriction; envelope glycoprotein clustering; viral fusion; super-resolution
microscopy; DBSCAN

SERINCS (serine incorporator 5) is a host factor that reduces HIV-1 infectivity by
incorporating into virions and inhibiting their fusion with a target cell.1-3 SERINC family
proteins are conserved across eukaryotes.# The drosophila SERINCS5 structure has been
recently solved revealing 10-transmembrane domains arranged in a two sub-domain fold.>
SERINC3 and SERINC4 also reduce HIV-1 infectivity,% © whereas SERINC2 does not
exhibit detectable antiviral activity,: 3 6 in spite of its efficient incorporation into virions.3: 7
The HIV-1 Nef accessory protein antagonizes SERINCs’ activity by binding these proteins
and removing them from the plasma membrane where the viral assembly/budding occurs.l: 2
Nef-mediated internalization targets SERINC5 (hereafter abbreviated SER5) to lysosomal
degradation 8 (but see ? for the opposite result). At least two other retroviral proteins
unrelated to Nef antagonize SER5: the Murine Leukemia Virus-encoded glycoGag and
Equine Infectious Anemia Virus S2 protein.10-12 These proteins counteract the SER5
activity by a mechanism similar to that employed by Nef.10

Despite the significant antiviral activity of SER5, the mechanism by which this protein
restricts HIV-1 is poorly understood. The SER5’s region encompassing the transmembrane
domains 5 through 9 appears to be responsible for the antiviral activity.5 A more recent
structure-based mutagenesis study revealed a critical role of residues within the extracellular
loops and at the sub-domain interface.?> HIV-1’s sensitivity to SER5 restriction varies
between virus strains with tier 1, laboratory-adapted HIV-1 strains being generally more
sensitive to SERD5 restriction than Tier 2/3 strains.13 7: 13 The Env’s resistance to SER5
maps to the gp120 variable loops V1, V2 and V3 2: 7- 13 and appears to correlate with the
stability of the “closed” conformation of Env in which the variable loops V1-V3 interact
with each other at the apex of Env trimer.2: 14 Consistent with this notion, a recent study
reported that incorporation of CD4 into virions promotes an “open” conformation of Env
and thereby sensitizes otherwise resistant Env strains to SERS5 restriction.” Moreover, that
study has found that Env binds SER5, but not SER2 in the cell membranes and that the
extent of Env-SERS binding correlates with Env’s sensitivity to this restriction factor.’

Consistent with the Env-SERS interaction, SER5 has been shown to increase the
accessibility of the cryptic gp41 domains, membrane-proximal extracellular region and
coiled coil region, to neutralizing antibodies 2 and to sensitize viral fusion/infection to
neutralizing antibodies and antiviral drugs.3: 6 13 Hence, SER5 appears to promote Env
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“opening” and exposure of vulnerable neutralization epitopes. We have also provided
evidence that SER5 incorporation accelerates spontaneous loss of Env function over time.3
Interestingly, although we found that SERS5 inhibits the formation of a small (~4 nm) fusion
pore between viruses and cells,3 HIV-1 fusion is less potently suppressed than infectivity.1-3
This phenotype suggests that SER5 may affect the fusion pore enlargement, which is
required for the release of viral core.l: 4

Here, we asked whether, in addition to altering the conformation and promoting spontaneous
inactivation of Env,3 SER5 also alters the distribution of Env in the viral membrane, as has
been suggested previously.2 4 A pioneering study using a super-resolution imaging of single
HIV-1 particles has shown maturation-dependent clustering of Env on virions and argued
that this clustering is essential for viral fusion/infection.1® Indeed, it is generally accepted
that the fusion process proceeds through a cooperative action of several glycoproteins
forming a functional fusion complex.16-21 Given that there are only a few Env glycoproteins
on HIV-1 particles (~14 trimers),22 23 it is reasonable to assume that Env clustering could
create “fusion hotspots” and thereby increase HIV-1 infectivity.

To visualize the Env and SERINC molecule distributions on single HIV-1 particles, we
employed 2- and 3-dimensional super-resolution fluorescence microscopy. Fewer Env
clusters were observed on mature vsimmature virions, in agreement with the previous study.
15 Importantly, a comparison of SER5-containing and control SER2-containing particles,
which do not exhibit reduction in infectivity,1 3 6 revealed that SER5 incorporation into
virions disfavored Env clustering compared to control and SER2-containing viruses. Thus,
the diminished fraction of Env that forms clusters on mature SER5-containing viruses may
be partially responsible for the reduced fusion competence of these particles compared to
control viruses. Surprisingly, we did not detect significant co-distribution of Env and SER5
on virions. This finding is inconsistent with Env-SERS5 interactions and is indicative of a
potential indirect mechanism of SER5-mediated restriction.

Results and Discussion

Single-molecule localization imaging implicates SERS5 in disrupting Env clusters on HIV-1

particles.

To determine whether SER5 affects the incorporation and/or distribution of HIV-1 Env
glycoproteins on the virus membrane, we produced several independent panels of
pseudoviruses bearing SER5-sensitive HXB2 Env by parallel transfections of 293T/17 cells.
Each panel consisted of 4 viral preparations: control viruses, viruses containing SER5 or
SER2, as well as immature viruses produced in the presence of the HIV-1 protease inhibitor
Saquinavir (SQV) to assess the maturation-dependence of Env clustering described
previously.1® To visualize single viral particles, all preparations were labeled with GFP-Vpr,
which incorporates into the HIV-1 core.24 The quality control for each preparation included
the measurements of infectivity, Western blotting for p24 to assess proper virus maturation,
immuno-fluorescence staining for Env and SERINCs, as well as single virus imaging to
ensure comparable levels of Env, SER5 and SER2 across the viruses in each panel. To detect
SERS5 and SER2 on single virions, SERINC constructs with an HA-tag inserted into the
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predicted extra-cellular loop 4 % 6. 25 were used. Two out of four virus panels passed the
quality control and were selected for imaging.

In all virus panels tested (exemplified by the set of viruses designated panel A), infectivity
was strongly inhibited by incorporation of SER5, whereas SER2 incorporation did not
diminish infectivity (Fig. 1A). In this panel, neither SER5 nor SER2 co-expression affected
the release or maturation of HIV-1, as evidenced by comparable p24/PrGag bands on SDS
PAGE (Fig. 1B, bottom). As expected, HIV-1 maturation was blocked by SQV treatment.
Immuno-fluorescence staining of GFP-Vpr-labeled viruses for Env and SERINCs (Fig. 1C-
E) showed that, importantly, all preparations contained comparable levels of Env
glycoproteins on viral particles (Fig. 1F). In this panel, the incorporation of SER2 was
somewhat more efficient than SER5 (Fig. 1G), in agreement with the previous reports.b: 7 Of
note, the levels of Env in virions were not affected by SERINC incorporation, as evidenced
by the lack of correlation between the two signals on single particles (Supp. Fig. S1A, B).
Similarly, SERINC incorporation did not affect the extent of proteolytic cleavage of Env in
virions (Fig. 1B, top). Also, virus aggregation did not noticeably contribute to our analysis,
as evidenced by limited correlation between Env and GFP-Vpr signals in all preparations
(data not shown).

We next visualized the Env distribution on HIV-1 GFP-Vpr labeled pseudoviruses by
dSTORM (direct stochastic optical reconstruction microscopy) that enables sub-diffraction
resolution imaging down to ~20 nm.26 Given the limited axial resolution of ASTORM (~50
nm),2” we employed this technique to examine 2D-distribution of Env glycoproteins on
HIV-1 particles that have a diameter ~120 nm.28-30 Env glycoproteins on the virus surface
were visualized by immunostaining, as shown in Figures 1C-E. Briefly, pseudoviruses
adhered to coverslips were fixed and incubated with human anti-Env antibodies followed by
staining with second antibodies conjugated with AlexaFluor-647 (AF647). dASTORM
experiments were carried out on a Vutara 352 system using a 640 nm laser and a low
intensity of 405 nm illumination (see Methods) to visualize AF647 blinking associated with
each GFP spot (Fig. 2A).

dSTORM experiments confirmed comparable levels of Env incorporation across all
preparations, as evidenced by similar numbers of single molecule localizations (SMLs) per
virion (Supp. Fig. S1C). Visual inspection of Env localizations overlaid onto low-resolution
images of single isolated GFP-Vpr spots (Fig. 2A, right) implied that Env glycoproteins
were not randomly distributed on HIV-1 particles and appeared to form clusters. To
objectively detect and analyze protein clusters on HIV-1 particles, we chose DBSCAN
(density-based spatial clustering of applications with noise)3! analysis. DBSCAN allows for
an unbiased clustering analysis without assumptions about the shape or size of clusters.3!
Here, clusters are defined based upon two userselected parameters — the search radius (R)
and the minimal number of single molecule localizations (SMLs) within that radius (N). A
cluster encompasses all contiguous points having =N SMLs within a search radius around a
given localization. The boundaries of a cluster are formed by SMLs that have fewer
neighbors than N.
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Since the number and size of clusters depend on the selected DBSCAN parameters (R and
N), we varied both parameters across a wide range to avoid bias in assessing whether Env
clusters differently across the four virus preparations. Varying the SML number threshold N
between 20 and 180 for a fixed R=15 nm yielded different number and size of clusters per
virus (illustrated in Fig. 2B). Likewise, reducing R from 50 nm to 15 nm (for fixed N=90
SMLys) altered the number and size of Env clusters for all preparations (Supp. Fig. S2A).
Overall, the more stringent DBSCAN parameters (smaller R and greater N) selected for
smaller and denser clusters. Accordingly, only a small fraction of Env SMLs were found in
clusters for the most stringent DBSCAN parameters (Fig. 2B). In order to interpret
dSTORM data, we classified the viruses into 4 categories: those containing no clusters, 1
cluster, 2 clusters and 3 or more clusters, and plotted the relative fractions of virions in each
category across the range of DBSCAN parameters (Fig. 2C and Supp. Fig. S2B). As
expected, the fraction of viruses containing Env clusters, and, especially those that contained
=3 clusters, decreased as the SML threshold increased or the search radius decreased.

Env cluster analysis revealed that immature viruses contained a greater number of clusters
and fewer single clusters per particle than control viruses, in excellent agreement with the
previous study that utilized STED imaging to visualize Env clusters.1® Importantly, SER5-
containing virions had, on average, significantly fewer clusters than control or SER2-
containing viruses across a range of DBSCAN parameters (Fig. 2C). The inhibitory effect of
SERS5 on Env clustering was also apparent when we analyzed the data while varying the
DBSCAN search radius (R) and fixing the SML threshold (N) (Supp. Fig. S2B). We also
examined Env’s tendency to cluster using just two categories of viruses — those with and
without clusters, irrespective of the number of Env clusters. Similar to the 4-category
analysis above, this analysis also revealed a clear tendency of SERS5 to inhibit Env clustering
compared to control and SER2 viruses (Fig. 2D and Supp. Fig. S2C). These results
demonstrate negative regulation of Env clustering on mature viruses by SER5, but not SER2.

Three-dimensional super-resolution imaging of SER5-mediated disruption of Env clusters
on HIV-1 particles.

Since projection of SMLs distributed over a 3-dimensional object onto a single plane should
increase their apparent clustering, we further validated the results of 2D dSTORM imaging
using a 3D super-resolution microscopy technique referred to as iPALM (interferometric
photo-activation localization microscopy), which achieves a nearly isotropic resolution of
~15 nm in all three dimensions (https://www.aicjanelia.org/ipalm).32 Using two-color
iPALM, we visualized 3D distributions of Env and SERINCs on an independently produced
panel of pseudoviruses (designated panel B) consisting of control, immature (SQV), SER5
and SER2 particles. As with the first virus panel, the incorporation of SER5, but not SER2,
strongly inhibited specific infectivity (Fig. 3A). All preparations, except SQV-treated
viruses, properly matured (Fig. 3B, bottom). The efficiency of SER5 and SER?2
incorporation into virions was similar and this incorporation did not affect the levels or
proteolytic cleavage of viral Env, as measured by Western blotting (Fig. 3B, top) and
immuno-fluorescence imaging of single particles (Fig. 3C, D), as well as by single-molecule
localization microscopy (Fig. 3F). Encouragingly, these preparations did not exhibit a
noticeable correlation between Env and SERINC incorporation (Fig. 3E).
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Coverslip-adhered viruses were fixed, washed and incubated with human anti-Env antibody
and mouse anti-HA antibody (to visualize SERINCSs), followed by staining with respective
AF647- and pc594-conjugated second antibodies. The obtained 3D SML coordinates were
rendered onto a virus-sized sphere with the center corresponding to the center of a
diffraction-limited GFP-Vpr spot (Fig. 4A). Visual inspection of Env and SERINC
distribution on single virions suggested nonrandom distributions of these proteins on the
virus surface. We then performed 3D DBSCAN analysis of Env clustering on single virions
by varying the parameters R and N. As was the case for 2D analysis, more stringent
DBSCAN parameters selected for smaller and denser Env clusters, to the point where only a
small fraction of particles had clusters, as illustrated in Fig. 4B. We plotted the fraction of
viruses with no clusters, 1, 2 and =3 clusters as a function of the minimum number of SMLs
(N, Fig. 4C) or the search radius (R, Supp. Fig. S3A, B). Across the selected ranges of
DBSCAN parameters, a larger fraction of SER5-containing viruses lacked Env clusters than
control and SER2-containing particles (Fig. 4C and Supp. Fig. S3B). The same analysis
performed using just two categories of viruses (with or without clusters) confirmed that
SERS5 incorporation markedly disfavored Env clustering on mature virions. Similar to the
dSTORM analysis above, Env clusters were more abundant on immature particles (SQV)
compared to control virions, irrespective of DBSCAN parameters.

To more directly compare the results of 2D and 3D SML analyses, we projected the 3D
iPALM point coordinates onto a single plane and analyzed Env clustering by DBSCAN. As
illustrated in Supp. Fig. S4A, for the same DBSCAN parameters, projecting 3D SML
coordinates onto a single plane altered the apparent extent of Env clustering due to an
overlap between clusters separated in Z-direction. Because of this, 2D projection of iPALM
data resulted in: (i) reduction in the apparent number of clusters and (ii) increase in the
apparent density of clusters in 2D-projections. However, in spite of the changes in the
relative cluster abundance in 2D projections, DBSCAN analysis of 2D-projected iPALM
data confirmed that SER5 virions contained fewer clusters compared to the control and
SER? preparations (Supp. Fig. S4B, C), supporting the validity of 2D dSTORM imaging for
analysis of Env clusters on single virions (Fig. 2).

Virus-incorporated SER2 is more prone to form clusters than SER5

We next measured the propensity of SER5 and SER2 to cluster on HIV-1 particles by
analyzing 2-color iPALM images (Fig. 4A). Selection of more stringent DBSCAN
parameters diminished the size and the number of SERINC clusters per virion (illustrated in
Fig. 5A). Since protein clustering is likely affected by the surface density, we examined
iPALM data to determine whether SER5 and SER?2 incorporated into virions at comparable
levels. Although SER2 tended to more efficiently incorporate into virions, the difference
between distributions of SER5 and SER2 SMLs/virus was not significant (Fig. 5B). We
therefore proceeded with SERINC clustering analysis as a function of the SML number
threshold and found that a larger fraction of SER2 molecules on virions formed clusters
compared to SER5 (Fig. 5C, D).

ACS Nano. Author manuscript; available in PMC 2021 July 12.
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SERINC molecules do not self-aggregate in cell membrane.

In order to assess whether the observed Env and SERINC foci on single virions result from
protein self-aggregation, we used an image correlation technique known as Number and
Brightness (N&B) analysis.33 N&B assesses oligomerization of fluorescently tagged
molecules based upon the molecular brightness () of diffusing species, which is derived
from the ratio of pixel fluctuation variance over the mean. We were unable to examine
HIV-1 Env oligomerization by this technique due to a quick clearance of Env from the
plasma membrane mediated by the Y712SPL motif in its cytoplasmic tail.3* By contrast,
wild-type and GFP-tagged SER5 and SER2 proteins are predominantly localized to the
plasma membrane (2 and Supp. Fig. S5) and are thus amenable to N&B analysis. In
control experiments, N&B analysis of the GPI-anchored GFP and a tandem GFP construct
(1XGFP-GPI and 2xGFP-GPI, respectively, Supp. Fig. S5B and C) showed a ~2-fold
difference in e, as expected (Supp. Fig. S5F). Analysis of cells expressing SER5-GFP or
SER2-GFP revealed a low molecular brightness for both proteins (Supp. Fig. S5D, E and G)
that was indistinguishable from 1xGFP-GPI and was significantly lower that 2xGFP-GPI
(Supp. Fig. S5H). This result implies that SER2 and SERS5 are predominantly expressed in
the plasma membrane as monomers and that, therefore, clustering of these proteins on
virions observed by single molecule localization microscopy is not driven by pre-
oligomerization of these proteins in the plasma membrane.

Env and SERINCs do not co-cluster on HIV-1 particles

We next examined 2-color iPALM data (for representative images, see Fig. 4A and Supp.
Fig. 6A) to assess the degree of Env and SERINC co-distribution on virions. For this
purpose, we analyzed the distributions of pairwise distances between SMLs within single
particles (see Methods). Before examining the Env-SERINC distance distributions, we
analyzed the Env-Env distances in order to establish a baseline for a “self-clustering”
distribution. As a positive control for co-distribution, we incubated viruses with anti-Env
2G12 antibody, co-stained with a mixture of two second antibodies conjugated with AF647
and CF568 and imaged by 2color dSTORM (referred to as co-staining control, Fig. 6A, left).
The obtained pairwise distribution for the co-staining control was indistinguishable from the
distributions of inter-Env distances derived from iPALM data for SER5- and SER2-
containing viruses (virus panel B) after projecting the point coordinates onto 2D (Fig. 6B) or
from Env-Env distances obtained by dSTORM (virus panel A, Fig. 6C). The overlapping
distributions of Env-Env distances and distances for an Env co-staining control (Fig. 6B, C)
support the notion that Env trimers form tight clusters on virions.

We next compared the Env-SERS and Env-SER2 pairwise distance distributions and found
that the distributions of Env-SER5 and Env-SER2 pairwise distances were indistinguishable
(Fig. 6D). Note that 3D analysis of pairwise distances also did not reveal any difference in
Env-SERINC or Env-Env distributions on SERINC-containing or control viruses (Supp. Fig.
S6). Importantly, Env-SERINC distances were much longer than the Env-Env distances in
control co-stained samples (Fig. 6D). Thus, Env-SERINC distance distributions are not as
tight as Env-Env distance distribution, implying that these two molecules do not co-
distribute or co-cluster on virions.

ACS Nano. Author manuscript; available in PMC 2021 July 12.
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Here, we employed single-molecule localization microscopy to visualize the distribution of
Env glycoproteins on the surface of HIV-1 particles and to examine the effect of SER5 on
Env distribution. Specifically, we asked if SER5 could disrupt the formation of Env clusters
that had been proposed to be essential for the virus’ ability to fuse with a target cell.1®> Two-
and threedimensional super-resolution imaging of single virions containing or lacking
SERINC:s lead to the following principal findings. First, SER5 interferes with Env clustering
on mature virions, whereas SER?2 is without effect (no significant differences were observed
across DBSCAN parameters). Thus, disruption of Env clusters may contribute to the HIV-1
fusion-inhibitory activity of SER5. Second, in spite of SER5’s effect on Env clustering (this
paper), on the antigenic properties of Env, ¢ 13 and on the rate of loss of HIV-1 fusion-
competence,3 we observed poor co-distribution of Env and SERINCs on virions. This
finding is inconsistent with the reports of specific interaction between Env and SER5.”

A correlation between the lower fraction of Env in clusters on SER5-containing viruses and
impaired infectivity, as compared to control or SER2-containing viruses, supports the
significance of Env clustering for the virus’ fusion-competence. Indeed, viral protein-
mediated membrane fusion is thought to proceed through a cooperative action of several
glycoproteins assembled into a fusion complex 16-21 (but see 3° for the opposite conclusion).
A concerted action of several glycoproteins would more readily overcome the energetic
barriers for creating and expanding a fusion pore.36-3 The minimal number of fusion
proteins in a functional complex is referred to as “fusion stoichiometry”.16. 35 Increasing the
local surface density of Env through clustering (1> 39 and this study) is expected to favor the
formation of Env complexes and thereby facilitate fusion with a target cell.

The SER5-induced disruption of Env clusters may account for the observed differences in
the SER5-sensitivity of different HIV-1 strains, which has been mapped to the gp120
variable loops V1-V3.2: 7+ 13 We surmise that SER5-sensitivity may correlate with the
stoichiometry of fusion complexes formed by different HIV-1 Envs. Indeed, there is
evidence that a smaller number of Env trimers from some primary HIV-1 isolates, like
SER5-resistant JRFL Env, is involved in a functional fusion complex, as compared to SER5-
sensitive laboratory adapted strains, like NL4-3 17- 18 and HXB2. Thus, HIV-1 strains
capable of forming functional fusion complexes with fewer Envs should be less sensitive to
SER5-mediated disruption of Env clusters, in agreement with the greater SERS5 resistance of
the low-stoichiometry JRFL Env compared to the higher-stoichiometry NL4-3 Env.17

Although STED imaging revealed that single Env focus formation is disfavored in immature
particles,15 39 the block of Env function through the Gag-Env cytoplasmic tail interactions
in immature virions 4% does not allow one to assess the relevance of single Env cluster
formation to viral fusion. Whereas our findings are in general agreement with STED data,
15,39 e interpret our results as supporting the functional relevance of dense Env clusters,
instead of only a single Env cluster per virion proposed previously.1® In order to match the
STED imaging-based cluster analysis presented in that study, we replotted the results in
Figures 2 and 4 after excluding virions without clusters (Supp. Fig. S7). While this analysis
confirmed that cluster-containing immature particles had a significantly greater number of
Env foci than mature virions, as reported in,1> a much greater fraction of SER5 viruses
contained a single Env cluster compared to SER2 viruses (Supp. Fig. S7). Thus, the
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prevalence of single Env clusters in SER5- vs SER2-containing virions appears to inversely
correlate with infectivity. The relative fractions of viruses with single vs. multiple clusters
was not consistently different between SER5 and control viruses (Supp. Fig. S7). By
contrast, the fraction of Env in clusters was markedly lower on SER5-containing particles
(Figs. 2 and 4). Thus, the increase in fraction of SER5-containing virions with no clusters
correlates well with reduced infectivity.

The functional relevance of multiple Env clusters is further supported by our previous data
showing that HIV-mediated cell-cell fusion (also known as fusion-from-without), which
proceeds through the formation of two fusion pores connecting a single virion to two
adjacent cells, is markedly augmented by deletion of the Env cytoplasmic tail 41
Enhancement of fusion-from-without upon deletion of the Env cytoplasmic tail is likely due
to the increased mobility of truncated Env compared to the full-length Env, which likely
facilitates the formation of at least two clusters at the sites of virus-cell contact.1> We
therefore propose that it is not the formation of a single (presumably large) Env cluster per
virion, but the formation of any number of dense clusters exceeding the fusion stoichiometry
of a given Env, that increases the likelihood of fusion with a target cell.

N&B analysis revealed a lack of considerable oligomerization of SER5 or SER2 in the
plasma membrane (Supp. Fig. S5). This finding is consistent with our previous fluorescence
recovery after photobleaching (FRAP) results in cells expressing SER5-GFP and CCR5-
GFP, which yielded similar diffusion coefficients for these two proteins in the plasma
membrane.3 The lack of selfoligomerization argues against the possibility that SERINC
clustering on HIV-1 virions is driven by strong interactions between monomers. We surmise
that the proximity of SERINC SMLs in virions is due to the protein sequestration into
membrane domains, possibly into lipid rafts formed by cholesterol and sphingomyelin,
which are enriched in the HIV-1 membrane compared to the plasma membrane.42 43
Similarly, in the absence of known Env-Env interactions, Env clustering in virions is likely
driven by the interaction between its cytoplasmic tail and the Gag lattice in immature/
assembling virions 44-46 or the cytoplasmic tail and the matrix protein lattice in mature
virions.15

A recent study using co-immunoprecipitation and bi-molecular fluorescence
complementation (BiFC) assays reported the Env and SERS interaction in cell membranes.’
We surmise that the reason for the apparent specific interaction between Env and SERS5, but
not SER2, observed in 7 could be due to a marked difference in the amounts of respective
plasmids used to transfect the cells in an attempt to match the surface expressions of these
two proteins. This would result in a lower fraction of SER2-positive cells and thus a smaller
fraction of cells that could possibly generate a BiFC signal with co-expressed Env compared
to SER5-transfected cells. Our super-resolution experiments reveal poor co-distribution of
these two molecules in virions (Fig. 6). The pairwise Env-SERINC distance distributions
was markedly longer compared to Env-Env distances (Fig. 6 and Supp. Fig. S6), implying
the lack of co-clustering of the two proteins. These results are inconsistent with the
interaction between Env and SER5 or SER2. Thus, SER5 appears to segregate into clusters
that are distinct from those formed by Env and is thus unlikely to disrupt Env clusters by
insinuating itself between the Env trimers.
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The lack of Env and SER5 co-distribution on virions observed in our experiments supports
an indirect mechanism of inhibition of Env function that does not involve a direct interaction
between these proteins. However, we cannot rule out the possibility that Env-SERS5
interactions occur transiently, perhaps early upon virus assembly/budding, and that this
restriction factor no longer interacts with inactivated Env on mature cell-free virions. It is
also possible that virus adhesion to glass coverslips and/or fixation can adversely affect Env
and SERINC distribution. We note, however, that, under these experimental conditions,
SERS5, but not SER2, selectively disrupts Env clustering. It is also worth noting that,
although we did not probe the effects of SERINCs on infectious HIV-1, pseudoviruses used
in this study faithfully recapitulate SER5-mediated inhibition of viral fusion.

It is currently unclear how SERS5 can alter the Env structure 3613 or accelerate loss of its
function 3 without binding to Env. A previous report concluded that SERINCs function as
facilitators of phospholipid synthesis.#” One could thus speculate that SER5 inhibits viral
fusion by altering the lipid composition of virions and perhaps stiffening the viral
membrane. However, more recent studies found no changes in cell or virus lipidome upon
expression/incorporation of SER5.48: 49 |n spite of the lack of SERS5 effect on the virus’ lipid
composition, it is possible that this protein inhibits viral fusion by segregating lipids required
for the Env’s stability and/or function. For instance, HIV-1 fusion is inhibited by cholesterol
depletion 90-33 or mutations in the Env’s CRAC-like cholesterol binding motif located in the
gp41 membrane-proximal extracellular region.>* 5 It is therefore possible that cholesterol
sequestration by SER5, which has been shown to bind cholesterol and phosphatidylserine,®
can compromise the stability and/or fusion-competence of Envs. It is conceivable that, by
virtue of their greater Env stability, SER5-resistant viruses could better tolerate changes in
the virus lipid composition than the less stable SER5-sensitive Envs. Future studies
addressing this and other models of inhibition of HIV-1 infectivity will further delineate the
mechanism of SERS5 restriction.

Conclusions

Methods

Our 2D and 3D single-virus super-resolution imaging results reveal that HIV-1 Env
glycoproteins form clusters in the membrane of mature virions and that SER5, but not SER2
disrupts Env clusters. Since isolated Env glycoproteins that do not form clusters are less
likely to promote viral fusion, we conclude that SERS5 restricts HIV-1, in part, by dispersing
the Env clusters. The surprisingly low colocalization of Env and SER5 molecules observed
in our experiments argues against their interaction in the viral membrane and suggests an
indirect mechanism of SER5-mediated inhibition of HIV-1 fusion.

Cell lines, reagents, and plasmids.

HelLa and HEK293T/17 cells were acquired from ATCC (Manassas, VA). HeLa-derived
TZM-bl cells were obtained from AIDS Research and Reference Reagent Program, National
Institutes of Health (NIH-ARP). Both cell lines were grown in highglucose DMEM
supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Atlanta Biologicals,
Flowery Branch, GA) and 100 units/ml penicillin/streptomycin (Gemini Bio-Products,
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Sacramento, CA). The growth medium for HEK293T/17 cells was supplemented with 0.5
mg/ml G418 (Cellgro, Mediatech, Manassas, VA).

Bright-Glo luciferase kit was purchased from Promega (Madison, WI1). Poly-L-lysine and
poly-D-lysine were from Sigma (St. Louis, MO). The viral protease inhibitor Saquinavir (cat
# 4658), human 2G12 antibody (cat #1476), and human HIV immunoglobulin (HIV 1G) (cat
# 3957) were obtained from the NIH AIDS Reagent Program. The DMEM without phenol
red was obtained from Life Technologies (Grand Island, NY). The anti-human
AlexaFluor-647 (cat #A21445), and the mouse anti-HA.11 (cat #901501) were purchased
from Invitrogen (Waltham, MA) and BioLegend (San Diego, CA), respectively. The anti-
mouse CF568-conjugated (cat #20800), anti-human CF568-conjugated (cat #20097), and
goat anti-human HRP-conjugated (cat # 31412) antibodies were acquired from Biotium
(Fremont, CA) and Thermo Scientific (Waltham, MA), respectively. The 16% formaldehyde
stock (cat #28908) was purchased from Thermo Scientific.

The pCAGGS plasmid encoding HIV-1 HXB2 envelope glycoprotein, the pROIAEnvANef
HIV-1-based packaging vector, pcRev, GFP-Vpr, pBJ5-SER2-GFP and pBJ5-SER5-GFP
expression vectors have been described previously.3 The GFP-Vpr plasmid was a gift from
Dr. T. Hope (Northwestern University). The psPAX2 lentiviral packaging vector was from
NIH-ARP. The CMV-SERINC2-iHA and CMV-SERINC5-iHA expression vectors were
kindly provided by Dr. M. Pizzato (University of Trento, Italy). The pVPX-mKate2
lentiviral vector was a gift from Dr. A. Brass (University of Massachusetts). pPCR3-GFP-GPI
(here denoted as 1XGFP-GPI) and pBunny encoding the dimer GFP were gifts from Dr. C.
Bron (University of Konstanz, Germany), and Dr. S. Padilla-Parra (Oxford, UK),
respectively.

To obtain pCR3-2xGFP-GPI (2xGFP-GPI), the GFP sequence from pCR3-GFP-GPI plasmid
flanked by Xho/and BamH/ unique restriction sites was replaced with the dimer GFP. The
dimer GFP fragment was amplified by PCR using 7agDNA high fidelity polymerase
(Invitrogen), pBunny as plasmid template, and the following forward and reverse primers,
containing Xho/ and BamH/ restriction sites, respectively: 5’-
GGGCTCGAGGTGAGCAAGGGCGAGGAGCTG-3’ and 5°-
GGGGGATCCCCTTGTACAGCTCGTCCATGC-3’. The PCR fragment was purified on a
1% agarose gel, digested with XAo/and BamH|, and ligated with pCR3-GFP-GPI digested
and purified in a similar manner.

Pseudovirus production and characterization.

The HIV-1 HXB2 Env pseudotyped viruses were produced by transfecting HEK293T/17
cells with JetPRIME transfection reagent (Polyplus-transfection, Illkirch-Graffenstaden,
France). To produce viruses for iPALM imaging (panel B), HEK293T/17 cells seeded in 6-
well tissue culture plates were transfected with 0.4 pg of HXB2 Env, 0.33 pg of pcRev, 1 ug
of psPAX2, 0.13 ug of GFP-Vpr, 0.2 ug of either CMV-SERINC2-iHA, CMV-SERINC5-
iHA, or empty pcDNAS3.1 vector, and 1 ug of pVVPX-mKate2. To generate viruses for
dSTORM imaging (panel A), 0.64 ug of HXB2 Env, 0.28 ug of pcRev, 0.85 pg of
PROAENVANEf, 0.14 ug of GFP-Vpr, and 0.09 ug of either CMV-SERINC2-iHA, CMV-
SERINCS5-iHA, or empty pcDNAS3.1. The DNA transfection mix and HEK293T/17 cells
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were incubated overnight at 37 °C, 5% CO», at which point the medium was removed, and
DMEM without phenol red was added. Where indicated, DMEM contained 300 nM
Saquinavir to inhibit HIV-1 protease. Forty-eight hours post-transfection, the supernatants
were collected, passed through 0.45 um pore filters, aliquoted and stored at —80 °C.

The p24 content of viral preparations was determined by ELISA, as previously described.4!
For Western blotting, equal amounts of p24 were loaded onto 4-15% polyacrylamide gel
(Bio-Rad, Hercules, CA), and transferred on a nitrocellulose membrane. The membrane was
incubated overnight at 4 °C with either HIV IG (1:2000 dilution) or goat anti-gp120
(Fitzgerald, Acton, MA) (1:700 dilution), washed and incubated for 1 h at room temperature
with either with goat anti-human HRP-conjugated 1gG (1:5000 dilution) or donkey anti-goat
HRP-conjugated (Santa Cruz, Dallas, TX) (1:700 dilution). The chemiluminescence signal
was measured on ChemiDoc XR+ (Bio-Rad). The densitometry was performed using Image
Lab software (Bio-Rad).

For infectivity assays, TZM-bl cells seeded in black-clear 96-well plates (Corning) at
0.2x10° cells/well were infected with viruses by centrifugation at 4 °C for 30 min at 1550 x
g. Forty-eight hours later, infected cells were either lysed and incubated with Bright-Glo
luciferase substrate for 5 min at room temperature or immediately analyzed for the presence
of fluorescent cells. The luciferase signal was measured using a TopCount NXT reader
(PerkinElmer Life Sciences). For virus panel B, infectivity was measured by visualizing
mKate2-expressing cells 48 hours postinfection with psPAX2/pVPX-mKate2 pseudoviruses,
using a Zeiss LSM880 microscope. The results were normalized to the p24 content.

iPALM sample preparation, acquisition and processing.

For iPALM measurements, 25 mm #1.5 glass coverslips containing fiducial markers were
prepared, as described previously.32 Prior to the experiment, the coverslips were washed in
1M KOH for 30 min, washed, coated with 0.1 mg/ml poly-L-lysine for 30 min and air-dried
for 10 min. To bind the viral particles, 100 pl of viral suspension containing equivalent
amounts of GFP-Vpr viral particles was spotted onto a 70% ethanol-sterilized parafilm
sheet, covered with a coverslip, and incubated for 30 min at room temperature in the
biosafety cabinet. The coverslips were then washed 3 times, with 10 min intervals, by
immerging in 3 ml of PBS containing calcium and magnesium (PBS**). The coverslip-
bound viruses were fixed with 2% paraformaldehyde for 30 min at room temperature.
Paraformaldehyde was quenched by washing two times, with 10 min intervals, using a 1%
glycine solution, and once with PBS**. Fixed samples were blocked with PBS**/15% FBS
for 2 h, and incubated at 4 °C for ~12 h with 20 pg/ml 2G12 (NIH-ARP, cat #1476) for Env
staining or 20 pg/ml mouse anti-HA.11 (BioLegend, cat #901501) for SERINC staining. The
coverslips were washed 3 times with PBS**/15% FBS, with 10 min intervals, and incubated
for 1 h at room temperature with 20 ug/ml of anti-human AlexaFluor-647 for Env staining or
goat anti-mouse antibody conjugated to a photochromic self-blinking derivative of
AlexaFluor-594 (pc594, kindly provided by Luke Lavis at Janelia Research Campus) for
SERINC staining. The coverslips were washed 3 times, with 10 min intervals between
solution changes, with large excess of PBS++. Samples were then immersed in dASTORM
imaging buffer described in,%6 and a second 18 mm diameter coverslip was affixed to the
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bottom of a 25 mm coverslip and sealed to prevent buffer evaporation and oxygen infiltration
into the sample.

Samples were mounted on the iPALM system and illuminated with 3-7 kW/cm? laser
intensity (647 and 561 nm for the AlexaFluor-647 and pc594 dyes, respectively). Images
were acquired through a pair of Nikon 60x Plan Apo 1.49 NA TIRF objectives, combined
and allowed to interfere in a custom made three-way beam splitter.32 The resulting signal
was detected via three electron multiplying charge couple devices (EMCCD) cameras (iXon
DU-897, Andor). We acquired 20,000 frames for AF647 and 30,000 frames for pc594 with
50 ms exposure time per frame. Single molecule blinks were localized in 3D using the
PeakSelector software (Janelia Research Campus). Corrections were made for drift in all
directions, as well as for any residual tilt in the specimen plane (typically less than 50 nm).
Two-color images were registered with respect to each other viathe gold fiducial markers
embedded in the coverslip.

dSTORM sample preparation and image acquisition.

Eight-chambered glass coverslips (#1.5, Lab-Tek, Nalge Nunc International, Penfield, NY)
were washed with 70% ethanol twice and incubated with 0.1 mg/ml poly-D-lysine in water
for 30 min and solution aspirated. Treated chambered coverslips were next incubated with
pre-sonicated 100 nm nanoparticles (Cytodiagnostics, G-100-20) diluted 5-fold in water for
30 min, washed with water and blocked with 10% FBS in water for 30 min. After blocking
with FBS, the chamber slide was washed with water and then incubated with poly-D-Lysine
0.1 mg/ml for 30 min again and solution aspirated. The chamber was washed with water and
stored at 4 °C for several months.

Chambered coverslips pretreated as above were incubated with pseudovirus stocks diluted
(4- to 10-fold) in PBS** for 30 min at room temperature, washed and fixed with 2%
paraformaldehyde for 30 min at room temperature. Paraformaldehyde was quenched by
washing 5x with 20 mM TRIS/PBS**. Each washing step was done without completely
removing the solution in order to avoid sample drying. Samples were then blocked with 15%
FBS/ PBS** for 2 hr at room temperature and incubated with primary antibodies (5 pg/ml
2G12 for Env staining and mouse anti-HA.11 for SERINC staining) at 4 °C overnight and
washed 9 times with 15% FBS/ PBS**. Next, samples were incubated with second
antibodies, 2 ug/ml anti-human AlexaFluor-647 (for Env) or 4 pg/ml anti-mouse CF568 (for
SERINC). After 9 washes with 15% FBS/ PBS**, the samples were used for
immunofluorescence imaging and dSTORM.

Image drift correction was performed using more than two fiducial markers (gold
nanoparticles (SRX, Vutara software, Bruker, Billerica, MA). After drift correction, the full
width at half maximum of the distribution of localizations from >90% gold nanoparticles
should be less than 20 nm in XY, or the images were discarded. GFP-Vpr-positive particles
with fewer than 20 SMLs were excluded from analyses, reasoning that even non-specific
binding of a single AF647-labeled antibody can produce around 20 blinking events under
our experimental conditions.
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Owing to the uncertainty of localization of diffraction-limited GFP-Vpr spots, we assigned
all Env SMLs in dSTORM and iPALM experiments falling within a 200 nm distance from
the center of the GFP signal to that particle.

Wide-field fluorescence and dSTORM imaging.

Prior to ASTORM imaging, fixed/stained viruses (panel A) were imaged in a single z-plane
using an Elite DeltaVision microscope (Applied Precision, GE, Pittsburgh, PA), using an
UPlanFluo 40x/1.3 NA oil objective (Olympus, Tokyo, Japan) and a FITC/TRITC/Cy5 filter
set (Chroma, Bellows Falls, VT). Prior to iPALM imaging, samples (panel B) were imaged
using a Nikon Eclipse Ti microscope equipped with a 100x Plan Apo 1.4NA objective, a
white light LED excitation source (Sola, Lumencore), FITC and TRITC filter sets
(Semrock), and EMCCD detector (DU-885, Andor). For dSSTORM, imaging buffer was
made based on the Nikon STORM protocol sample preparation. Buffer A: 10 mM Tris (pH
8.0) with 50 mM NaCl in PBS**. Buffer B: 50 mM Tris (pH 8.0), 10 mM NacCl, and 10%
glucose in PBS**. GLOX solution: 28 mg glucose oxidase (from Aspergillus niger,
>100,000 units/g, Sigma, cat #G2133-50KU), 100 pl of Catalase (17 mg/mL) (prepared
from Catalase lyophilized powder, >10,000 units/mg, Sigma, cat #C40-100MG) with 400 pl
Buffer A, vortexed to dissolve and stored up to two weeks. STORM imaging buffer
contained 100 mM MEA (cysteamine hydrochloride, Sigma M6500-25G) with 1% GLOX in
Buffer B. Chambered coverslips filled with the dASTORM imaging buffer were covered with
parafilm to seal the wells and limit oxygen access. Freshly prepared dSTORM imaging
buffer was used every 2 hours to avoid buffer acidification.

dSTORM imaging of Env was performed on a Vutara 352 microscope (Bruker, Billerica,
MA) using 3% 640 nm laser power with 50 ms frame rate for a total 20,000 frames. The
power of a 405 nm laser was adjusted (0.1-0.3%) to increase the blinking rate. 2-color
dSTORM imaging of Env co-staining control was done using the same condition as above
for AF647 staining. For the second color, CF568, 20% 561 nm laser power with 50 ms
frame rate for a total 30,000 frames. The power of a 405 nm laser was turned on at 0.5%
after 10,000 frames of acquisition to increase the blinking rate.

Number and Brightness analysis.

Hel a cells were seeded on collagen-coated 8-well chamber slides ((#1.5, Lab-Tek) the day
before transfection. At 60-80% confluency, cells were transfected with JetPRIME
transfection reagent (Polyplus-transfection) using 0.1-0.2 ug SER5-GFP, SER2-GFP,
1xGFP-GPI, or 2xGFP-GPI expression vectors. Cells were imaged 26-40 hours after
transfection on a Zeiss LSM880 confocal microscope (Carl Zeiss Microimaging, Germany).

Cell imaging was performed at room temperature in a Live Cell Imaging Buffer (Invitrogen,
Carlsbad, CA) supplemented with 2% FBS using a Plan-Apochromat 63x/1.4 oil objective
after the medium was changed to. N&B imaging parameters imaging was performed at 8.19
us/pixel dwell time with total of 256x256 pixels (1.26 s per frame).33: 57 Fifty consecutive
image frames were analyzed for single variance (o2) and average value (<k>) after
detrending the images (time constant, 20 frames) on Zen Black (Zen 2.3 SP1, Carl Zeiss
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AG, Oberkochen, Germany) to compensate for slow photobleaching. Molecular brightness
(e) of each pixel was calculated using a custom Matlab code with formula:

2

e=-—2_—1
T <k>

For western-blotting analysis of 1XGFP-GPI and 2xGFP-GPI, 70% confluent HelLa cells in
6-well plate were transfected with JetPRIME reagent using 1 ug of either 1XGFP-GPI or
2XGFP-GPI expression vectors. Thirty-six to forty hours post-transfection, the cells were
lysed in RIPA buffer (Sigma) supplemented with protease inhibitor cocktail (Complete Mini,
Roche, Mannheim, Germany), and the total protein was determined using Micro BCA
protein assay kit (Themo Scientific). Equal amounts of total protein were loaded onto 4—
15% polyacrylamide gel (Bio-Rad) and transferred onto nitrocellulose membranes. The
membranes were incubated overnight at 4 °C with either mouse anti-GFP antibody
(Clontech) diluted 1:1000 or mouse-anti-tubulin (Sigma) diluted 1:3000. The membranes
were washed in PBS/0.1% Tween20 and incubated for 1h at room temperature with rabbit
anti-mouse HRP-conjugated (EMD Millipore, Burlington, MA) at 1:3000 dilution. The
chemiluminescence signal was measured on ChemiDoc XR+ (Bio-Rad).

DBSCAN and statistical analyses.

Single virus particles were identified by the GFP-Vpr fluorescence signal. The coordinates
of single-molecule localizations (SMLs) were assigned to a virus, using a search distance of
+200 nm from the center of a low-resolution GFP spot. Single virus particles with less than
20 Env localizations were excluded from analysis. Clustering analysis was performed by
density-based spatial clustering of applications with noise (DBSCAN) described by S.M.K.
Heris in “Implementation of DBSCAN Clustering in MATLAB” (https://yarpiz.com/255/
ypmI110-dbscan-clustering). This algorithm uses two user-selectable parameters, the search
radius (R) and the minimal number (N) of SMLs within that radius, to identify densely
located SMLs, regardless of the cluster shape. DBSCAN finds the neighbors within R for
each SML. If more than N neighbors within the search radius are found, this location is
considered a cluster. For any neighboring localization, the cluster grows if a neighboring
SML has more than N neighbors within the radius R. The cluster stops growing whenever a
neighbor has less than N neighbors. That is, DBSCAN identifies clusters when SMLs are
dense enough to satisfy the selected parameters, N and R. Unless stated otherwise, we used
R=20 nm in 3D iPALM images, and R=15 nm in 2D iPALM or 2D dSTORM images to
adjust for an increase in SML density upon projecting 3D localizations on a single plane.

Statistical analysis of categorized clustering data was performed by Fisher's Exact Test using
R program, while statistical analysis of continuous distributions was done using two-sample
Kolmogorov-Smirnov test in Matlab. Since a very large sample size yields smaller p-value
and thus greater statistical significance, we used an optimal binning method for
nonparametric density estimation®8 to represent each sample population without the
influence of a large sample size. We applied optimal binning, W (bin width) = 2:(3 quantile
-15t quantile)-N~1/3, for n>100 prior to running the Kolmogorov—Smirnov test.
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Pairwise distance distribution analyses.

Pairwise distance analysis of SMLs on single viruses was calculated for each pair of one-
color Env-Env SMLs using the pdist() function in Matlab; for two-color Env-SER SML
pairwise distances were calculated using pdist2() function in Matlab. The pairwise distance
was statistically compared by two-sample Kolmogorov-Smirnov test in Matlab after optimal
binning®8 (see above).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analysis of Env and SERINC incorporation into pseudovir uses, virus infectivity and
maturation.

Four pseudovirus preparations were produced in parallel by transfection of 293T/17 cells
and designated as panel A. This panel consisted of control viruses, +SQV (saquinavir
treated, immature particles), SER5 and SER2 viruses. For comparison, pseudoviruses were
also produced in cells transfected with twice the amount of SER2 or SER5 plasmids. The
latter viruses were not used in imaging experiments. (A) Normalized infectivity of
pseudoviruses measured by a luciferase reporter assay, using equivalent amounts of p24 to
inoculate the cells. (B) Western blotting for HIV-1 gp120 (top) and p24 (bottom) for the
virus preparations in the panel. (C-E) SER5-containing viruses were adhered to coverslips,
fixed and incubated with anti-gp120 2G12 human (D, F) and anti-HA (SERINC) mouse (E,
G) antibodies, followed by staining with anti-human-AF647 and anti-mouse-CF568
antibodies, respectively. White boxes mark particles positive for GFP-Vpr. More than 1,000
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single viruses were imaged and analyzed for each preparation of this panel (F, G). SER2
signal was on average twice as strong as SER5 signal with p-value < 0.001, as determined
by two-sample Kolmogorov—Smirnov after optimal binning (see Methods). Scale bar: 10
pm.
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Figure 2. Effect of SERINC incorporation on Env distribution on virionsimaged by dSTORM.
(A) Workflow for single virus dSTORM imaging. GFP-Vpr signal was imaged by wide-field

fluorescence microscopy to determine the location of single viruses adhered to a coverslip.
Samples were then imaged in a dSTORM mode for 20k frames to map single molecule
localizations (SMLs, red) associated with single viruses identified by diffraction-limited
GFP-Vpr-labeled spot (grey). Scale bar: (Left) 1 um. (Right) 100 nm. (B) Four panels
illustrating the results of DBSCAN analysis of the same virion using different SML
thresholds, as indicated, and the search radius 15 nm. Cluster areas are colored light magenta
pink with cyan boundaries. Scale bar: 100nm. (C) Distribution of Env clusters as a function
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of DBSCAN SML threshold categorized into no cluster, 1, 2, and =3 clusters per virion. (D)
Same as in C but using two virus categories (with/without Env clusters). Statistical
comparison for panels C and D is done using Fisher's Exact Test and shown on the right.
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Figure 3. Analysis of Env and SERINC incorporation into pseudovir uses, virusinfectivity and
maturation.

Four pseudovirus preparations were produced in parallel by transfection of 293T/17 cells
and designated panel B, which consisted of control viruses, +SQV (saquinavir treated,
immature particles), SER5 and SER2 (viruses containing SERINC5 or SERINC2,
respectively). (A) Normalized infectivity of pseudoviruses of the panel measured by
fluorescence microscopy as the number of cells expressing the mKate2-reporter gene. (B)
Western blot for HIV-1 gp120 (top) and p24 (bottom) of the viruses in the panel. (C, D)
Viruses were adhered to coverslips, fixed and incubated with anti-gp120 2G12 human (C) or
anti-HA (SERINC) mouse (D) antibodies, followed by staining with AF647- with pc594-
conjugated second anti-human and anti-mouse antibodies, respectively. More than 5,000
single viruses were imaged and analyzed for each preparation of this panel. No significant
differences between SER5 and SER2 incorporation. (E) No significant correlation is
observed between Env and SERINC incorporation (Pearson correlation < 0.3). Blue dot is
median (50%) of the intensity. (F) Single molecule localization (SML) distributions per
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virion for this panel obtained by iPALM. No significant differences were observed between
control, SQV, SER5 and SER2 pseudoviruses (£>0.05), using a two-sample Kolmogorov—
Smirnov test after optimal binning of data (see Methods). Box plot includes 1st, 2nd, and
3rd quantiles. Whiskers are 5% and 95% values.
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Figure 4. 3D iPALM imaging and analysis of HIV-1 Env distribution on virions.
(A) Hlustration of 2-color 3D iPALM imaging on single Env molecule localizations (SMLs,

red dots) and SER5 SMLs (green dots) projected onto a 200 nm-diameter sphere
representing a GFP-Vpr labeled viral particle. (B) Illustration of Env SMLs (red dots) in 3D
overlaid onto an idealized viral particle shown as a sphere with diameter of 200 nm.
Dependence of Env clustering (light red area) on the DBSCAN SML threshold N of 20, 60,
120, 180 localizations, and the same searching distance R of 20 nm. X, Y, Z axes are in nm.
(C) Analysis of Env clustering for a panel of HIV-1 pseudoviruses consisting of control and
immature (SQV) particles and virions containing SER2 and SERS, using different DBSCAN
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SML threshold parameters, as indicated. The results are categorized into no cluster, 1, 2, and
>3 clusters per virion. The same R=20 nm for DBSCAN analysis with N=20, 60, 90, 120,
180 localizations. (D) Fraction of pseudoviruses containing or lacking Env clusters (2
categories) for the same DBSCAN parameters as in B. Statistical analyses of data in panel B
and C using Fisher's Exact Test are shown on the right.
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Figure 5. SERINC clustering analysis.
(A) Hlustration of single molecule localizations (SMLs) of SER5 (green dots) in 3D overlaid

onto an idealized viral particle shown as sphere and dependence of SERINC clustering (light
green area) on the DBSCAN SML threshold parameter (N=20 and 60 SMLs and R=20 nm).
X, Y, Z axes labels are in nm. (B) Distributions of SMLs per virion are similar for SER5 and
SER2. (C) DBSCAN analysis of SER5 and SER2 clustering using a fixed distance
parameter (20 nm) and varied SML thresholds, as indicated. Pseudoviruses with less than 20
SER localizations were excluded from analysis. (D) Fractions of pseudoviruses containing
or lacking SER clusters (2 categories) as a function of SER SMLs thresholds. Fisher's Exact

Test was used for statistical analysis in panels C and D (shown on the right).
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Figure 6. Analysis of Env-SERINC co-distribution on HIV-1 by 2-color iPALM and dSTORM.
(A) Representative images of Env co-stained with both anti-human AF647 (red) and anti-

human CF568 (green, left image). The cluster areas are shaded in magenta (AF647) and

light green (CF568). Middle and right panels show examples

of Env SMLs (red) with a

magenta-colored cluster and SER5 SMLs (middle) or SER2 SMLs (right) with a green-

colored cluster. Env, SER, and Env co-stained clusters were defined by DBSCAN, R=15 nm

and N=20 SMLs. (B) Comparison of probability density function (PDF) of Env-Env
pairwise distances between SER5- (red) and SER2-containing viruses (from panel B)

imaged by iPALM and projected on a single plane. A pairwise distance distribution for Env
control co-stained with two second antibodies is shown for comparison. (C) Comparison of

PDF of Env-Env pairwise distances between SER5- (red) and SER2- (green) containing

viruses (from panel A) and control Env co-staining obtained by dSTORM. (D) Comparison

of PDF of Env-SERINC pairwise distances between SER5- (red) and SER2- (green)
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containing viruses imaged by iPALM (2D projection). Env-Env distance distribution for
control viruses co-stained with a mixture of two second antibodies is shown for comparison.
Insets: p-values obtained statistical analysis of the PDF of pairwise distance distributions
using two-sample Kolmogorov—Smirnov test after optimal binning (see Methods).
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