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HIV-1 assembly occurs at the inner leaflet of the plasma membrane (PM) in highly
ordered membrane microdomains. The size and stability of membrane microdo-
mains is regulated by activity of the sphingomyelin hydrolase neutral sphingomyeli-
nase 2 (nSMase2) that is localized primarily to the inner leaflet of the PM. In this
study, we demonstrate that pharmacological inhibition or depletion of nSMase2 in
HIV-1-producer cells results in a block in the processing of the major viral structural
polyprotein Gag and the production of morphologically aberrant, immature HIV-1
particles with severely impaired infectivity. We find that disruption of nSMase2 also
severely inhibits the maturation and infectivity of other primate lentiviruses HIV-2 and
simian immunodeficiency virus, has a modest or no effect on nonprimate lentiviruses
equine infectious anemia virus and feline immunodeficiency virus, and has no effect on
the gammaretrovirus murine leukemia virus. These studies demonstrate a key role for
nSMase2 in HIV-1 particle morphogenesis and maturation.

HIV-1 | nSMase2 | Gag processing | maturation | infectivity

HIV-1 assembly is driven by the viral Gag precursor protein Pr55Gag (hereafter referred
to as Gag). Gag contains several structural and functional domains that serve specific
functions during virus assembly and release: The matrix (MA) domain directs the binding
of Gag to the inner leaflet of the plasma membrane (PM) and is also responsible for the
incorporation of the viral envelope (Env) glycoproteins into virus particles; capsid (CA)
is the key determinant of protein—protein interactions that drive particle assembly; nucle-
ocapsid (NC) binds viral genomic RNA, thereby mediating its encapsidation into the
virus particle, and promoting efficient particle assembly; and p6 drives particle release by
recruiting the cellular endosomal sorting complex required for transport apparatus and
associated factors that catalyze the membrane scission reaction required for the pinching
off of the virus particle from the PM [reviews (1-3)]. HIV-1 Gag also contains two spacer
peptides, SP1 and SP2, located between CA/NC and NC/p6 domains, respectively. While
expression of Gag is sufficient to drive the assembly and release of noninfectious virus-like
particles (VLPs), the production of mature, infectious particles requires expression of the
GagPol polyprotein precursor, Pr160GagPol (hereafter referred to as GagPol), which is
generated via a low-frequency ()1 ribosomal frameshifting event during Gag translation.
The GagPol precursor, which coassembles with Gag in virus particles, contains the domains
for the viral enzymes protease (PR), reverse transcriptase (RT), and integrase (IN).

Gag is synthesized in the cytosol and subsequently traffics to the inner leaflet of the
PM where virus assembly takes place. The phospholipid phosphatidylinositol-(4, 5)-
bisphosphate [PI(4, 5)P,] plays a central role in the binding of Gag to the inner leaflet
of the PM (4, 5) through direct interactions between PI(4, 5)P, and the MA domain of
Gag (6, 7). After Gag-membrane association, the CA domain of Gag assembles into an
immature hexameric lattice that contains gaps, allowing the lattice to form a roughly
spherical shell (8). Because retroviral PRs function as obligate dimers, GagPol must dimer-
ize in order for PR to first cleave itself from GagPol and then form the mature dimeric
enzyme that cleaves Gag and GagPol precursors into their constituent domains, triggering
particle maturation (for reviews, see refs. 9 and 10). A primary feature of lentiviral particle
maturation is the formation of a condensed conical core composed of an outer layer of
CA protein (referred to as the capsid) and containing the viral RNA genome and viral
enzymes RT and IN. In contrast to the conical core formed by lentiviruses, other retro-
viruses, like murine leukemia virus (MLV), form a spherical/polyhedral CA core (11, 12).
Regardless of the core morphology, proper core condensation is absolutely required for
particle infectivity (13); for reviews, see refs. 2 and 14.

HIV-1 assembly has been shown to take place in specialized, highly ordered membrane
microdomains, often referred to as “lipid rafts,” that are enriched in cholesterol, sphingo-
myelin, and phospholipid species with saturated acyl chains [(15-18); for reviews see
refs. 19 and 20]. Consistent with the hypothesis that HIV-1 assembly takes place in lipid
rafts, the viral envelope is enriched in cholesterol and sphingomyelin relative to the producer
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cell membrane, and HIV-1 particles display a high degree of lipid
order that is similar to raft-like membrane domains (21-26).
Although the lipid composition of retroviruses other than HIV-1
has not been extensively studied, published data indicate that the
lipid envelopes of HIV-2, simian immunodeficiency virus
(SIV-B670), and MLV are also enriched in cholesterol and sphin-
gomyelin (22, 24). The lipid composition of the avian retrovirus
Rous sarcoma virus has also been reported to be distinct from that
of the PM of its host cell (27). The Gag proteins of several retrovi-
ruses, including HIV-1 (16, 17, 28-33), MLV (34), and HTLV-1
(35), have been shown to associate with detergent-resistant mem-
branes, which serve as a biochemical surrogate for raft association.
Depletion of cellular cholesterol impairs HIV-1 assembly by inhib-
iting the association of Gag with the PM (17, 36), and removing
cholesterol from the viral envelope disrupts HIV-1 particle infec-
tivity (37-39). Together, these results indicate that the specialized
lipid composition of the PM at viral assembly sites, and the
raft-like properties of the viral envelope, play a critical role in the
replication of HIV-1 and perhaps other retroviruses. However,
the relationship between lipid composition and retroviral assem-
bly, release, and maturation remains poorly understood.

Sphingomyelin is converted to ceramide and phosphorylcholine
through the action of a family of sphingomyelinases that are clas-
sified based on their pH optima (alkaline, acidic, and neutral) (for
review, see ref. 40). Neutral sphingomyelinase 2 (nSMase2) is the
most extensively studied sphingomyelinase and is primarily local-
ized to the PM. Ceramides are a diverse family of bioactive lipids
that have been reported to play key roles in a variety of cellular
processes including proliferation, apoptosis, differentiation, adhe-
sion, autophagy, and the formation of a subset of extracellular
vesicles (EVs) (41, 42). Recruitment of nSMase2 to the PM has
been reported to be promoted by its interaction with the PI(4,
5)P,-binding protein TNF receptor 1-associated protein FAN
(the WD-repeat protein factor associated with nSMase) (43, 44).

Several previous studies investigated the role of ceramide in
HIV-1 replication. Blumenthal and colleagues reported that
increasing ceramide levels in target cells inhibited HIV-1 infection
(45), and Barklis et al. showed that the knockdown of ceramide
synthase 2, which catalyzes the synthesis of very-long-chain cer-
amides, did not affect HIV-1 assembly but reduced the infectivity
of virus particles produced from the knockdown cells (46). This
effect appeared to be exerted at the level of membrane fusion.

EVs and enveloped virus particles share several properties,
including their raft-like lipid composition. Because of the reported
role of ceramide and nSMase2 in EV biogenesis, we sought to
investigate a potential role for this enzyme in the late stages of
HIV-1 replication. Our results show that inhibiting the activity
of nSMase2 in virus-producing cells results in severe defects of
HIV-1 Gag processing and particle morphogenesis. We demon-
strate that other primate lentiviruses also depend on nSMase2 for
Gag processing and proper particle formation, whereas MLV is
unaffected by nSMase2 disruption. These results, together with
those reported in the companion paper (Yoo etal.), identify
nSMase2 as a key regulator of HIV-1 particle formation and
maturation.

Results

Disruption of nSMase2 Impairs HIV-1 Gag Processing. To examine
whether nSMase2 plays a role in HIV-1 assembly, release, and
maturation, we treated virus-producing cells with a dose escalation
of the potent and selective nSMase2 inhibitor phenyl(R)-(1-(3-
(3,4-dimethoxyphenyl)-2,6-dimethylimidazo[1,2-b]pyridazin-8-
yl)pyrrolidin-3-yl)-carbamate (PDDC) (pIC50 = 6.57) (47) and
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monitored Gag processing and particle release by western blot with
anti-HIV immunoglobulin (HIV-Ig). These experiments used
293T, Hela, and the human T cell line SupT1 as the virus-producer
cells (Fig. 1 A-C). PDDC produced a strong and dose-dependent
inhibition of Gag processing as evidenced by accumulation of the
Gag precursor protein Pr55Gag, the Gag-processing intermediates
p49 and p41, and correspondingly reduced levels of mature p24
(CA) in cell and viral lysates. Probing cell and virus lysates with
anti-pl7 (MA) and anti-p7 (NC) antibodies confirmed the
impaired Gag processing in the presence of PDDC (SI Appendix,
Fig. S1 Aand B). These defects in Gag processing were not observed
in the presence of an inactive structural analog of PDDC (control,
compound 5; pIC50 < 4) in which the imidazo[1,2-b]pyridazine
ring was substituted with a triazolo pyrimidine (Fig. 1 A-C, control
lane) (47). Similar results were observed with all cell lines tested,
with the lab-adapted, subtype B HIV-1 strain NL4-3, and the
primary, subtype C transmitted/founder virus K3016 (also
known as CH185; ref. 48) (SI Appendix, Fig. S2). We also tested
a structurally distinct small-molecule inhibitor of nSMase2,
2,6-Dimethoxy-4-(5-Phenyl-4-Thiophen-2-yl-1H-Imidazol-2-yl)-
Phenol (DPTIP) and its inactive des-hydroxy analog JHU3398
(49). As with PDDC, DPTIP treatment of virus-producer cells
caused a strong and dose-dependent inhibition of HIV-1 Gag
processing and infectivity, whereas the inactive structural analog
JHU3398 had no effect (S Appendix, Fig. S3).

The data presented above demonstrate that inhibition of
nSMase2 in virus-producing cells severely disrupts HIV-1 Gag
processing. To confirm a role for nSMase2 in the late stages of the
HIV-1 replication cycle, we knocked down expression of nSMase2
using a lentiviral-delivered siRNA in HeLa and 293T cells trans-
fected with pNL4-3. The siRNA-encoding lentiviral vector used
in this study and in the companion paper (Yoo et al.) targets four
sequences in the nSMase2 (also known as SMPD3) gene
(SI Appendix, Fig. S4). The nSMase2 knockdown efficiency was
approximately 60% in 293T cells (Fig. 1D). Consistent with the
data obtained with PDDC, knockdown of nSMase2 severely dis-
rupted Gag processing. In cells transduced with scrambled siRNA,
fully cleaved p24 (CA) protein was detected in both cell and viral
lysates. In contrast, in nSMase2-depleted cells, p24 (CA) was not
generated and the Gag precursor protein Pr55Gag accumulated
(Fig. 1E). These results confirm that disruption of nSMase2 in
virus-producer cells severely impairs HIV-1 Gag processing.

In an effort to map domains in Gag that are responsible for the
effect of nSMase2 disruption on Gag processing, we used several
Gag mutants: NL4-3/Fyn10delMA, in which the MA domain
has been replaced by the 10 N-terminal residues of C-Fyn (6);
NL4-3/ILp1p6, in which the NC domain has been replaced by
an isoleucine zipper (IL) (50); and NL4-3/L1term, in which the
p6 domain has been removed by replacing the first amino acid
codon of p6 (Leu) with a termination codon (51) (87 Appendix,
Fig. S5A). In cells transduced with the Gag deletion mutants, Gag
processing was severely impaired by disruption of nSMase2 activ-
ity with PDDC (8] Appendix, Fig. S5B) or siRNA-mediated
knockdown (87 Appendix, Fig. S5C) with all constructs tested. A
scrambled siRNA did not affect Gag processing. These results
indicate that the MA, NC, or p6 domains of Gag are not individ-
ually required for the inhibitory effect of nSMase2 disruption on
HIV-1 Gag processing.

Disruption of nSMase2 in the Virus-Producer Cell Impairs
GagPol Processing but Does Not Reduce the Efficiency of Virus
Particle Production or GagPol Incorporation into Virions. To
determine whether inhibition of nSMase2 affects the efliciency
of virus particle production, we transfected 293T cells with a
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PR-inactive derivative of pNL4-3, exposed cells to PDDC, and
collected supernatants containing VLPs over time (2 to 24 h) for
western blotting. Quantification of the blots indicated that PDDC
did not substantially reduce the levels of VLP production at any
time point tested (Fig. 2). Activity of PDDC in these assays was
confirmed by treatment of cells expressing wild-type (WT) NL4-3;
again, PDDC treatment severely impaired Gag processing.

To determine whether disruption of nSMase2 activity with
either PDDC or nSMase2-specific siRNA impairs GagPol pro-
cessing, or GagPol incorporation into virions, virus particles pro-
duced from cells treated with PDDC or nSMase2-specific siRNA
and transfected with WT or PR(-) pNL4-3 (which contains a
point mutation in the PR active site; ref. 51) were subjected to
western blotting with HIV-Ig or anti-PR antiserum. Activity of
PDDC and the nSMase2-specific siRNA was confirmed in this
analysis by the accumulation of the Gag precursor and correspond-
ingly reduced generation of the p24 (CA) protein (Fig. 3 Aand B,
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Fig. 1. Inhibition of nSMase2 activity impairs HIV-1
Gag processing. 293T (A) or Hela (B) cells were
transfected with the HIV-1 proviral clone pNL4-3and 8 h
posttransfection, cells were treated with the nSMase2
inhibitor PDDC at 0, 1, 3, and 10 pM or 10 pM inactive
control compound 5 (Cntrl). After 24 h, cell and virus
lysates were prepared and subjected to western blot
analysis with HIV-Ig to detect the Gag precursor Pr55Gag
(Pr55), Gag-processing intermediates (p49 and p41), and
the CA protein p24. (C) SupT1 cells were transfected with
- Pr55 pNL4-3 using DEAE-dextran. Six days posttransfection, the
-p49 cells were divided into five equal parts, spun down, and

the supernatant was replaced with medium containing
- p41 0,1,3,10 pM PDDC or 10 pM control compound (Cntrl)
and cultured for another 48 h. Cell and virus lysates were
prepared and subjected to western blot analysis as in
Fig. 1A. (D and E) HeLa or 293T cells were transduced with
lentiviral particles carrying scrambled (Scr) or nSMase2
(nSM)-specific siRNA. One-day posttransduction, the cells
were transfected with pNL4-3 and 24 h posttransfection,
cell and virus lysates were prepared and subjected to
western blot analysis as in Fig. 1A. nSMase2 knockdown
efficiency was monitored by western blotting using an
nSMase2-specific antibody (D). The mobility of molecular
mass standards is shown on the left of each blot in kDa.
Positions of the Gag precursor Pr55Gag (Pr55), Gag-
processing intermediates (p49 and p41), and p24 (CA)
are labeled on the right. A representative image from
three independent experiments is shown.

e -p49
- - pai

- - p24

NL4-3 lanes). In addition, disruption of nSMase2 activity or
expression in the virus-producer cells resulted in the absence of
virion-associated, mature PR (Fig. 3 A and B, Lower). However,
disruption of nSMase2 had no effect on the levels of the GagPol
precursor in PR(-) virus particles [Fig. 3 A and B, NL4-3/PR(-)
lanes]. These results indicate that disruption of nSMase2 in
virus-producer cells blocks not only Gag processing but also the
processing of GagPol, resulting in a severe reduction in levels of
mature PR in virus particles. The absence of PR in virions pro-
duced from nSMase2-disrupted cells is thus not the result of a
defect in GagPol incorporation into virus particles.

The cytoplasmic tail of the MLV transmembrane Env protein
p15(E) is cleaved during particle maturation by the viral PR to
generate p12(E) (52, 53). We have shown that in HIV-1 particles
pseudotyped with MLV Env, the HIV-1 PR will cleave the p15(E)
cytoplasmic tail (54). p15(E) cleavage thus serves as an orthogonal
approach to monitoring Gag processing for evaluating the activity
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Fig. 2. PDDC does not affect the kinetics of HIV-1 particle release. 293T cells
were transfected with pNL4-3 or the PR-defective derivative pNL4-3/PR(-)and 8 h
posttransfection, cells were treated with 10 yM PDDC. Virus supernatants were
collected after 2, 4, 8, 16, and 24 h and virus lysates were subjected to western
blot analysis with HIV-Ig as in Fig. 1A. The mobility of molecular mass standards
is shown on the left in kDa. The positions of the GagPol precursor Pr160GagPol,
Pr55Gag (Pr55), p49, p41, and p24 (CA) are indicated on the right. The relative
virus release of NL4-3/PR(-) from PDDC-treated cells compared to untreated cells
based on the levels of particle-associated Pr55Gag at each time point averaged
from two independent experiments is shown at the bottom. WT NL4-3 is shown
in the last two lanes to demonstrate that PDDC is active in this assay.

of PR in HIV-1 particles. To examine whether nSMase2 disruption
prevents PR-mediated cleavage of MLV p15(E), we pseudotyped
Env(-) HIV-1 particles with amphotropic MLV Env (A-MLV Env)
and measured the levels of p15(E) cleavage in the presence of PDDC
or nSMase2 siRNA. The PR inhibitor amprenavir served as a pos-
itive control. Consistent with the reduced levels of mature PR in
virions produced from nSMase2-disrupted cells (Fig. 3), we
observed a loss of p15(E) cleavage to p12(E) in particles produced
from cells treated with PDDC or nSMase2 siRNA (SI Appendix,
Fig. S6). As expected, p15(E) cleavage was also blocked by the PR

inhibitor amprenavir.

Disruption of nSMase2 in Virus-Producer Cells Inhibits HIV-1
Infectivity. As mentioned in the Introduction, Gag processing
is required for virus maturation and subsequent infection. To
determine the extent to which the Gag processing defect imposed
by nSMase2 disruption impairs HIV-1 infectivity, the TZM-bl
indicator cell line (55) was used to measure the infectivity of virus
produced from 293T, HeLa, and SupT1 cells treated with PDDC.
As shown in Fig. 4 A-C, we observed a dose-dependent inhibition of
viral infectivity upon addition of PDDC, with a >100-fold reduction
in infectivity at the highest dose of PDDC (10 pM) in all cell
lines tested. As expected, the infectivity of virions produced in the
presence of the inactive PDDC analog Cmpd-5 was not impaired.
To corroborate the PDDC data, we examined whether depletion
of nSMase2 with siRNA in virus-producer cells also reduces HIV-
1 infectivity in TZM-bl cells. Virus stocks obtained from HeLa or
293T cells transduced with control-scrambled siRNA or nSMase2-
specific siRNA were used to infect the TZM-bl indicator cell line.
We observed a profound loss of infectivity of virus produced from
cells treated with the nSMase2-specific siRNA relative to the
scrambled siRNA (Fig. 4D). These data demonstrate that disruption
of nSMase2 in virus-producer cells with either a pharmacological
inhibitor or siRNA markedly impairs HIV-1 infectivity. This loss
of infectivity was also seen with a primary, subtype C transmitted/

founder virus (S Appendix, Fig. S2B).
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Fig. 3. The defect in Gag processing imposed by disruption of nSMase2 is
not due to impaired GagPol incorporation into virions. (A) 293T cells were
transfected with pNL4-3 or the PR-defective derivative pNL4-3/PR(-) and
8 h posttransfection, cells were treated with 0, 5, and 10 pM PDDC or 10 uM
inactive control compound (Cntrl). Twenty-four hours posttransfection, cell
and virus lysates were prepared and subjected to western blot analysis with
HIV-Ig asin Fig. 1A or anti-HIV PR antibody. (B) 293T cells were transduced with
lentiviral particles carrying scrambled (Scr) or nSMase2 (nSM)-specific siRNA as
in Fig. 1E and 24 h posttransduction, cells were transfected with WT pNL4-3 or
the PR-defective derivative pNL4-3/PR(-), and virus lysates were prepared and
subjected to western blot analysis as in Fig. 3A. The mobility of molecular mass
standards is shown on the left of each blot in kDa. The positions of GagPol,
Pr55, p49, p41, p24, and PR are labeled on the right. A representative image
from two independent experiments is shown.

Disruption of nSMase2 Activity with PDDC Impairs HIV-1
Replication in Spreading Infections. To determine whether
PDDC treatment disrupts HIV-1 replication, the SupT1 T cell
line was transfected with the full-length HIV-1 molecular clone
pNL4-3. Transfected cells were treated with a dose escalation
of PDDC, or were left untreated, and virus replication was
monitored by measuring RT activity in the supernatant (Fig. 5A4).
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© o (Cntrl) and cultured for another 48 h. Virus-containing
2 40- 2 40 supernatants were harvested and equal volumes were used
% e % to infect TZM-bl cells. Two days postinfection, luciferase
[ 20~ ﬁ [ 20 activity was measured. The infectivity of HIV-1 in the
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M = ~ - ~ were transduced with lentiviral particles carrying scrambled
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to infect TZM-bl cells as in panels A-C. The infectivity of HIV-1
in the absence of PDDC was set to 100%. Data shown are
HelLa 293T +SD from three independent experiments. ****p < 0.0001.

In the untreated SupT1 cells, HIV-1 replication peaked at
around 10 d posttransfection. In the cultures treated with 0.1
M PDDC, only a slight delay in virus replication was observed,
whereas 1.0 pM PDDC completely blocked replication during
the time frame of the experiment. At 0.3 pM, replication was
delayed by several weeks relative to the untreated cultures
(Fig. 54). To determine whether PDDC blocked replication
in primary peripheral blood mononuclear cells (PBMCs), cells
from three different donors were infected with 293T-derived
NL4-3 virus and RT activity was monitored over time in the
presence or absence of PDDC. As observed in the SupT1 T
cell line, concentrations of PDDC of 0.3 or 1.0 uM PDDC
severely impaired or blocked HIV-1 replication (Fig. 5B). The
ICs, concentration of PDDC for nSMase2 is 0.3 pM, and the
concentration at which HIV-1 replication was blocked is in
line with its potency for inhibition of nSMase2. These results
demonstrate that the activity of nSMase2 is required for HIV-1
replication in both primary and immortalized T cells.

nSMase2 in Virus-Producer Cells Is Not Required for HIV-1 Env
Incorporation. The results presented above demonstrate that
inhibition of nSMase2 activity in virus-producer cells results in
a severe defect in virus particle infectivity. To examine whether a
defect in Env incorporation contributes to this loss of infectivity,
we measured the levels of the surface Env glycoprotein gp120
and transmembrane Env glycoprotein gp41 in virions produced
from cells treated with either PDDC (87 Appendix, Fig. S7A) or
nSMase2-specific siRNA (87 Appendix, Fig. S7B). For this analysis,
we used both WT [PR(+)] and PR(-) particles. We observed

no consistent reduction in the levels of gp120 or gp41 in virus
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particles produced from cells treated with PDDC or nSMase2-
specific siRNA (SI Appendix, Fig. S7 A and B), indicating that

nSMase2 is not required for Env incorporation.

PDDC Treatment of Target Cells Does Not Impair HIV-1 Infectivity.
Previous studies have demonstrated that depletion of cholesterol
or increasing levels of ceramide in target cells has a significant
impact on HIV-1 infectivity (39, 45, 56-59), suggesting that
raft-like microdomains in the PM function in promoting HIV-1
infection. To investigate whether inhibiting nSMase2 activity in
target cells has an effect on HIV-1 infectivity, we treated TZM-bl
target cells with a dose escalation of PDDC and then infected with
WT HIV-1. Luciferase activity was measured 2 d postinfection.
We did not observe any reduction in HIV-1 infectivity even when
target cells were treated with the highest concentration of PDDC
for 48 h prior to infection (87 Appendix, Fig. S8). These results
demonstrate that, under these conditions, nSMase2 in the target
cell is not required for virus particle infectivity.

Disruption of nSMase2 Activity Impairs HIV-1 Particle
Morphogenesis and Maturation. The defect in Gag processing
and the subsequent loss of infectivity imposed by PDDC treatment
and nSMase2 knockdown suggest that disruption of nSMase2
activity in virus-producer cells would likely be accompanied by
aberrant virion maturation. We investigated this question by
performing thin-section transmission electron microscopy (TEM).
As expected, a high percentage of HIV-1 particles produced from
untreated cells or cells treated with nontargeting siRNA exhibited
a mature morphology characterized by the presence of condensed
conical cores (Fig. 6 A and C, blue arrowheads). In contrast, virus
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particles produced from nSMase2-depleted cells (Fig. 6B) or cells
treated with 1 or 3 uM PDDC (Fig. 6 D and E) lacked conical
cores and instead displayed a primarily immature morphology
(orange arrowheads). In addition, many of the particles produced
from nSMase2-disrupted cells showed a large gap in the Gag lattice
(gray arrowheads) and a number contained blebs or “tails” (yellow
arrowheads) (Fig. 6 B, D, and E). To quantify these ultrastructural
phenotypes, we classified the virions into four subgroups: mature,
immature, containing a large gap in the Gag lattice, and “tail”
containing (Fig. 6 F and G). This scoring indicated that none
of the HIV-1 particles from nSMase2-disrupted cells contained
conical cores characteristic of mature virions. In contrast, the
number of immature particles or particles containing large gaps
in the Gag lattice or tails was markedly elevated in the context of
either nSMase2 KD or PDDC treatment. Disruption of nSMase2
activity in virus-producer cells did not significantly affect the virus
particle diameter, but many virions were oddly shaped (Fig. 6 Fand
G). These results indicate that nSMase2 disruption not only results
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in the absence and presence of PDDC were monitored
by measuring RT activity.

in a severe defect in particle maturation (as would be predicted
from the loss of Gag processing) but also produces other aberrant
features. Even at concentrations of PDDC in the range of 0.2 to
0.4 uM, similar defects in virion morphogenesis were observed
(81 Appendix, Fig. S9 A-D), although an occasional mature particle
could be detected at these concentrations. These concentrations of
PDDC also impaired Gag processing (S/ Appendix, Fig. SOE). This
is consistent with the replication data presented above showing
that 0.3 pM PDDC significantly delays virus replication.

To examine the effect of PDDC on the morphology of HIV-1
particles produced from a T cell line, virions produced from SupT'1
cells infected with NL4-3 were collected by ultracentrifugation and
examined by TEM. The results were consistent with those obtained
in 293T and Hela cells; most of the particles from untreated cells
exhibited a mature morphology with condensed, conical cores
(81 Appendix, Fig. S10 A and D; blue arrowheads), whereas many
particles obtained from PDDC-treated cells contained a large gap
in the Gag lattice (S Appendix, Fig. S10 B-D, orange arrowhead),
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Fig. 6. Disrupting nSMase2 activity in
virus-producer cells alters the morphology
of HIV-1 particles. (A and B) 293T cells
were transduced with lentiviral particles
carrying scrambled (Scr) (A) or nSMase2-
specific (B) siRNA and 1 d later were
transfected with pNL4-3 as in Fig. 1E. One
day posttransfection, cells were fixed in
2.5% glutaraldehyde and analyzed by
thin-section EM. (C-E) pNL4-3-transfected
293T cells were either untreated (C) or
treated with 1 pM (D) or 3 uM (E) PDDC for
24 h and processed for EM as in panels A
and B. The following virion morphologies
are highlighted: mature (blue arrowhead),
immature spherical (orange arrowhead),
immature with a large gap in the Gag
lattice [gapped-lattice (gray arrowhead)],
and immature “tail” containing (yellow
arrowhead). (F and G) Quantification of
virion morphology produced from 293T
cells transduced with nontargeting or
nSMase2-specific SiRNA (F), and untreated
or PDDC-treated 293T cells (G). The

number of particles counted in each group
and the mean diameter of the particles are
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indicated at the bottom of the bar diagram.
(Scale bars represent 100 nm.)

and membrane blebs or tails (S/ Appendix, Fig. S10 B-D, grey
arrowhead). Overall, these data demonstrate that nSMase2 plays
a critical role in HIV-1 morphogenesis independent of producer
cell type. The production of oddly shaped virions with tails and
large gaps in the Gag lattice that occurs when nSMase2 activity or
expression is reduced is a likely result of altered lipid composition
in the virion (see Yoo et al. companion paper for additional data).

To investigate further the effect of nSMase2 disruption on
HIV-1 virion morphogenesis, we carried out cryo-electron tomog-
raphy (cryo-ET) of immature VLPs in the presence and absence of
PDDC. Interestingly, compared with the VLPs in the untreated
sample (Fig. 74 and Movie S1), the three dimensional (3D) tomo-
grams indicated that many (-36%) of the PDDC-treated VLPs
show sizable indentations (Fig. 7 B-E) with infrequent protrusions
(Movie S2). Despite these morphological aberrations, PDDC treat-
ment did not change the average diameter of VLPs in the 3D
tomograms (Fig. 7F), consistent with the TEM data presented
above. To determine whether PDDC treatment alters the structure
of the immature Gag lattice, we conducted cryo-ET subtomogram
averaging (STA) using emClarity (60). The Gag structures were
determined to 3.7 and 4.3 A resolutions for untreated and
PDDC-treated particles, respectively (S/ Appendix, Figs. S11 A and
Band S12 and Table S1). The structural elements of the immature
Gag lattice, including the presence of the small polyanionic host
assembly cofactor inositol hexakisphosphate (IP6) (61), were well

PNAS 2023 Vol.120 No.28 2219475120

resolved. An overlay of the structures from untreated and PDDC-
treated VLPs shows their high degree of structural similarity
(81 Appendix, Fig. S11C), indicating that PDDC treatment does
not substantially alter Gag folding. We further analyzed the Gag
immature lattice from untreated and PDDC-treated VLDPs. As
illustrated in S7 Appendix, Fig. S11D, the overall hexagonal Gag
lattices are similar between PDDC-treated and untreated VLPs,
and both surface lattices are incomplete with holes.

nSMase2 Activity Is Required for Gag Processing and Particle
Morphogenesis of Some, but Not Other, Retroviruses. The
results presented thus far have focused on the effect of nSMase2
disruption on HIV-1 Gag and GagPol processing, maturation,
and infectivity. Next, we sought to investigate the effect on Gag
processing and maturation in the context of other retroviruses.
We selected two closely related primate lentiviruses, SIVmac and
HIV-2, two nonprimate lentiviruses Equine Infectious Anemia
Virus (EIAV) and Feline immunodeficiency virus (FIV), and the
gammaretrovirus MLV. We included HIV-1 in these experiments as
a positive control. Virus particles were produced in 293T or CrFK
(FIV) cells in the presence of 5 or 10 uM PDDC or 10 uM inactive
control compound. Similar to HIV-1, treatment of virus-producer
cells with PDDC disrupted STVmac and HIV-2 Gag processing,
as indicated by reduced levels of virion-associated CA and
accumulation of Gag-processing intermediates (Fig. 8 A-C). EIAV

https://doi.org/10.1073/pnas.2219475120 7 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2219475120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219475120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219475120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219475120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219475120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219475120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219475120#supplementary-materials

Downloaded from https://www.pnas.org by UNIVERSITE DE RENNES on March 5, 2024 from |P address 129.20.131.166.

VLP length (nm)
& 8 8

N
8

°

Long Short Long Short
-PDDC +PDDC

Fig.7. Cryo-ET and STA of PDDC-treated immature particles (A) Tomographic slice of an untreated VLP. (B) A tomographic slice of a PDDC-treated VLP displaying
indentation, shown with a face-on view. (C and D) Tomographic slices of a PDDC-treated VLP are shown in side view (C) and a 90° rotated view (D). 36% of
virions (55/152) exhibited an indentation. () Segmentation of the VLP surface is shown in (C) and (D). (F) Analysis of the size of VLPs with (105 VLPs) and without

(99 VLPs) PDDC treatment. (Scale bars, 50 nm.)

also showed some increased levels of Gag-processing intermediates
in the presence of PDDC, although levels of CA protein were not
substantially altered (S7 Appendix, Fig. S134). In contrast, FIV
and MLV Gag processing was not discernably affected by PDDC
(81 Appendiix, Fig. S13B and Fig. 8D). These results demonstrate
variable effects across different retroviruses in the impact of
nSMase2 disruption on Gag processing.

We next investigated the effect of PDDC treatment on the
infectivity of a range of retroviruses. 2937 cells were transfected
with HIV-1, HIV-2, SIVmac, or MLV molecular clones; the cells
were treated with varying concentrations of PDDC; and the infec-
tivity of the released particles was measured. Consistent with the
western blotting data shown in Fig. 8, the infectivity of HIV-1,
SIVmac, and HIV-2 was markedly impaired by PDDC treatment
(Fig. 8 A-C). In contrast, and consistent with the lack of an effect
on MLV Gag processing, the infectivity of MLV particles was not
reduced by PDDC treatment, even at the highest concentration
tested (10 uM) (Fig. 8D).

Next, we examined the morphology of a subset of virions sen-
sitive (SIVmac, HIV-2) or insensitive (FIV, MLV) to nSMase2
disruption by TEM. Consistent with the defect in Gag processing,
and similar to HIV-1, the morphology of SIVmac and HIV-2
particles produced in the presence of PDDC was uniformly imma-
ture (orange arrowhead) and some virions contained tail-like
structures (yellow arrowhead) or had large gaps in the Gag lattice
(gray arrowheads) (87 Appendix, Fig. S14 A and B). These TEM
morphologies are strikingly similar to those observed for HIV-1
following nSMase2 disruption. Unlike lentiviral particles, which
contain conical cores, mature MLV virions contain a spherical/
polyhedral CA core (11, 12). Consistent with the lack of an effect
of nSMase2 disruption on FIV and MLV Gag processing and
infectivity, FIV and MLV particles produced in the presence of
PDDC were morphologically indistinguishable from particles
produced from untreated cells (S7 Appendix, Fig. S14 C and D).
These results, together with the biochemical and infectivity data
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presented above, demonstrate that nSMase2 is required for the
production of mature particles of some but not all retroviruses.
We also knocked down the expression of nSMase2 in 293T cells
and examined the effect on STVmac, HIV-2, ETAV, and MLV Gag
processing. Consistent with the Gag-processing defects observed
with PDDC, knockdown of nSMase2 severely impaired the pro-
cessing of SIVmac (S]Appendix, Fig. S154) and HIV-2
(SI Appendix, Fig. S15B) Gag, modestly affected EIAV Gag pro-
cessing (SI Appendix, Fig. S15E), but had no effect on MLV
(SI Appendix, Fig. S15F). TEM analysis of SIVmac and HIV-2
produced from nSMase2-depleted cells showed immature virions
(orange arrowhead) and some with large gaps in the Gag lattice
(gray arrowheads) or tail-like structures (yellow arrowhead)
(SI Appendix, Fig. S15 C and D). In contrast, nSMase2 knock-
down had no discernible effect on the morphology of MLV par-
ticles (ST Appendix, Fig. S15G).

Discussion

In this study, we report that disruption of the sphingomyelin
hydrolase nSMase2 in virus-producer cells elicits a variety of pro-
found effects on the morphogenesis and maturation of HIV-1
particles. Gag and GagPol processing are severely inhibited in the
presence of either the nSMase2 inhibitor PDDC or nSMase2-
specific siRNA, resulting in a loss of particle infectivity and spread-
ing replication. This defect is independent of cell type, as impaired
Gag processing was observed in HelLa and 293T cells and in the
SupT1T cell line, and PDDC inhibited virus replication in SupT1
cells and primary PBMCs. These effects are also not HIV-1 isolate
dependent, as similar effects on Gag processing and particle infec-
tivity were observed with a lab-adapted subtype B strain and a
primary subtype C transmitted/founder virus. HIV-1 virions pro-
duced from nSMase2-disrupted cells display unusual “blebs” or
tails and large gaps in the immature Gag lattice. Cryo-ET analysis
revealed that a substantial fraction of particles contain large
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Fig.8. PDDC inhibits SIVmac and HIV-2 Gag processing and particle infectivity
but has no effect on MLV. 293T cells were transfected with plasmids expressing
HIV-1, SIVmac, HIV-2, or MLV, and 8 h posttransfection, cells were treated
with 0, 5, and 10 uM PDDC or 10 uM control compound (Cntrl). After 24 h,
virus-containing supernatants were harvested, and a portion was retained for
infectivity assay and the remainder was concentrated by ultracentrifugation.
Cell and virus lysates were prepared and subjected to western blot analysis
with HIV-Ig to detect HIV-1 (A), SIVmac (B), or HIV-2 (C) Gag proteins, and anti-
MLV p30 (CA) to detect MLV Gag (D). (Right) TZM-bl cells were infected with
equal volumes of HIV-1, SIVmac, and HIV-2 and 2 d postinfection, luciferase
activity was measured as in Fig. 4. To monitor the effect of PDDC on MLV
infectivity, 293T cells were cotransfected with the MLV molecular clone pRR390
and MLV-based luciferase-expressing clone pRR460 and treated with 0, 5,
and 10 uM PDDC or control compound (Cntrl) as in Fig. 8D. Virus-containing
supernatant was harvested, and equal volumes were used to infect HT1080
cells; 2 d later, luciferase activity was measured. The mobility of molecular mass
standards is shown on the left of each blot in kDa. The positions of the Gag
precursors (PrGag), Gag-processing intermediates (Int), and CA proteins are
indicated on the right. A representative image from at least three independent
experiments is shown. Infectivity in the absence of PDDC was set to 100%.
Data shown are + SD from three independent experiments. ****p < 0.0001.
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indentations, consistent with membrane deformations at sites of
Gag lattice discontinuity. Despite these morphological defects,
cryo-ET and STA demonstrated that the local structure of the
immature Gag lattice is not discernably altered by nSMase2 dis-
ruption. nSMase2 activity is not required for Env incorporation
into virions, and treatment of target cells with PDDC does not
impair particle infectivity. nSMase2 disruption in the virus-
producer cell interferes with Gag processing and particle morpho-
genesis for HIV-2 and SIVmac, but has a milder or no effect on
nonprimate lentiviruses FIV and EIAV and no effect on the gam-
maretrovirus MLV. These results identify nSMase2 as a key cellular
factor in the maturation of primate lentiviruses.

Gag processing and subsequent particle maturation require the
recruitment of the GagPol precursor into virus particles. Retroviral
PRs function as obligate homodimers, with each monomer con-
tributing half of the active site; GagPol dimerization is therefore
essential to the initial proteolytic events (for review, see ref. 62).
GagPol dimerization has been proposed to be driven by sequences
in the RT and PR domains of GagPol (63) and GagPol dimers are
less stable and less enzymatically active than mature PR dimers
[(64, 65); see ref. 62 for review]. The inherently low activity of
GagPol dimers is likely a mechanism to prevent premature PR
activity before completion of particle assembly and release. Upon
GagPol dimerization and PR activation, the PR domain cleaves
itself from the GagPol precursor and is then able to cleave its target
sites in Gag and GagPol, triggering particle maturation. PR acti-
vation is tightly regulated, as premature activation (e.g., by over-
expressing GagPol relative to Gag) inhibits virus assembly (66-69)
and delayed or impaired PR activity disrupts particle maturation
and infectivity (70—74). Our data demonstrate that disruption of
nSMase2 in virus-producer cells does not reduce the levels of
virion-associated GagPol; the lower levels of PR in virions, and
the block in Gag processing, may thus be the result of a defect in
PR activation. The timing of PR activation relative to virus assem-
bly and release has been addressed in several studies (75, 76) with
recent data using a FRET-based reporter for PR activity suggesting
that PR is activated in virus-producer cells and that proteolysis is
completed very soon (seconds or minutes) after virus release (77).
Because levels of Gag in virions exceed those of GagPol by a factor
of ~20, each molecule of GagPol is surrounded by a large number
of molecules of Gag. Dimerization of GagPol monomers may thus
require conformational flexibility facilitated by specific properties
of the viral membrane, and changes in the membrane composition
of HIV-1 particles resulting from disruption of nSMase2 in the
virus-producer cell (see Yoo et al.’s companion paper) may prevent
activation of PR. According to this model, our observation that
different retroviruses display differential requirements for nSMase2
activity suggests that either the lipid composition of these retro-
viruses differs or is differentially modulated by nSMase2, or that
the rules that govern PR activation differ between the retroviruses
that are sensitive or resistant to nSMase2 inhibition. Distinguishing
among these possibilities will require further study.

By analyzing a series of Gag deletion mutants, we were able to
exclude several domains of Gag as being required for the effect of
nSMase2 disruption on HIV-1 Gag processing. Deletion of MA
or p6, or replacement of NC with an Ile-zipper domain, did not
alleviate the effect of PDDC or nSMase2-specific siRNA on Gag
processing. These results suggest that a combination of domains,
or the CA domain (which cannot be deleted in its entirety without
abrogating particle assembly), may be responsible for the pheno-
type of nSMase2 disruption. Alternatively, as suggested above, the
primary target of nSMase2 disruption could be activation of PR.
In this context, it is important to note that PDDC itself is not a
PR inhibitor, as determined by in vitro PR activity assays (see Yoo
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etal’s companion paper); we also observed the same effects on
Gag processing with both PDDC and nSMase2 depletion, demon-
strating that the observed phenotypes are not due to off-target
effects of PDDC, which shows no significant interactions with
other enzymes on the Eurofins safety 44-panel (47).

The effect of nSMase2 disruption on HIV-1 replication is dis-
tinct from that caused by manipulating cholesterol levels in cells
and virions. Treatment of virus-producer cells with the
cholesterol-chelating agent methyl-B-cyclodextrin, or inhibiting
cholesterol biosynthesis with simvastatin, impaired particle pro-
duction without interfering with Gag processing (17, 33). The
inhibition of HIV-1 production from cholesterol-depleted cells
was due to reduced Gag-membrane binding and impaired
higher-order Gag multimerization (32). Similarly, treatment of
virus-producer cells with the cholesterol-binding antifungal anti-
biotic amphotericin B methyl ester reduced HIV-1 release but did
not induce a defect in Gag processing (78, 79). In contrast to the
lack of an effect of nSMase2 disruption in target cells on HIV-1
infectivity, cholesterol depletion in target cells has been reported
to impair particle infectivity (56, 57, 59). Thus, the effects of
disrupting nSMase2 on HIV-1 replication are distinct from those
imposed by cholesterol binding or depletion.

In conclusion, in this study, we demonstrate that inhibiting
nSMase2 activity impairs the maturation of HIV-1 and other
primate lentiviruses. Future work will extend these findings to
obtain additional insights into the role of virion lipid composition
in retroviral particle maturation. As described in more detail in
the accompanying paper (Yoo et al. companion paper), nSMase2
may represent a unique target for therapeutic intervention in the
HIV-1 replication cycle.

Methods

Cell Culture and Antibodies. HEK293T cells [obtained from the American Type
Culture Collection (ATCC)], TZM-bl cells (obtained from J. C. Kappes through the
NIH AIDS Reagent Program), and HeLa cells were maintained in Dulbecco's mod-
ified Eagle's medium (DMEM) containing 10 or 5% fetal bovine serum (FBS;
HyClone), 2 mM glutamine, and 1% penicillin-streptomycin at 37 °Cwith 5% CO,.
HT1080 cells expressing murine ecotropic receptor mCAT-1(HT1080-mCAT, a gift
from A. Rein, NC|-Frederick, MD) were maintained in DMEM with 10% FBS, 2 mM
glutamine, and 1% penicillin-streptomycin. Crandell-Rees feline kidney cells
CRFK (a gift from S. Le Grice, NCI-Frederick, MD) were maintained in Eagle MEM
supplemented with 10% FBS, 2 mM glutamine, and 1% penicillin-streptomycin.
The SupT1 Tcell line was cultured in Roswell Park Memorial Institute (RPMI) with
10% FBS and 1% penicillin-streptomycin. Primary hPBMCs were obtained from
healthy volunteers from the NCI-Frederick Research Donor Program. The hPBMCs
were extracted from whole blood using the Histopaque procedure (Sigma). Cells
were then stimulated with phytohemagglutinin P (PHA-P) and IL-2 for 3 d. Anti-
HIV-1 Ig, anti-HIV-1 p17, and anti-FIV p24Gag (clone PAK3-2C1) were obtained
from the NIH AIDS Reagent Program. Reference immune serum from a naturally
infected horse (Lady) (80) was a gift from R. Montelaro (University of Pittsburgh,
Pittsburgh, PA). Anti-MLV p30 (CA) antibody was obtained from ViroMed Biosafety
Laboratories. Anti-HIV PR was obtained from Abcam, and anti-HIV-1 p7 was a
gift from R. Gorelick (NCI-Frederick, MD). Anti-A-MLV p15(E) Env antiserum was
custom made in rabbits by Thermo Fisher Scientific using the peptide sequence
C-RDSMALRERLNQRQKLFE. PDDC and compound 5 were synthesized as previ-
ously described (47) and were characterized by 'H/"*C NMR for structural iden-
tification and confirmed to be of =95% purity by LC/MS. DPTIP and its inactive
analog JHU3398 were synthesized as previously described (49).

Plasmids and Transfection. The following HIV-1 plasmids were used in this
study: the full-length, infectious HIV-1 molecular clone pNL4-3 (81), and the
mutant derivatives pNL4-3PR(—), which contains a point mutation in the PR active
site (51); pNL4-3/Fyn(10)delMA (5, 32); pNL4-3-ILp1p6 (50); pNL4-3-p6L1Term
(51); and pNL4-3APol AEnv (82). The subtype C transmitted/founder viral iso-
late K3016 (also known as CH185) (48) was a gift from Christina Ochsenbauer
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and John Kappes (University of Alabama, Birmingham, AL). The full-length SIV
molecular clone SIVmac239 (83) was kindly provided by B. Crise and Y. Li (AIDS
and Cancer Virus Program, NCI-Frederick). The full-length HIV-2 molecular clone
HIV-2g0p10 Was described previously (84) and was a gift from K. Strebel (NIAID,
Bethesda). For EIAV Gag and GagPol expression, pCMV-EIAVuk was used [(85),
a generous gift from R. Montelaro, University of Pittsburgh]. pSV-MLVy—env—
(86) was obtained from NIH AIDS Reagent Program. The FIV Orf2rep clone was
described previously (87). The infectious MLV clone pRR390 (88) and the MLV
vector expressing firefly luciferase, pRR460 (89), were gifts from A. Rein. One
day after plating, the cells were transfected with the indicated plasmid DNA
using Lipofectamine 2000 (Invitrogen) according to the manufacturer's rec-
ommendations. Six to eight hours posttransfection, the cells were treated with
indicated concentrations of PDDC or inactive control compound in DMEMS. Virus-
containing supernatants were filtered through a 0.45-pm membrane 24 or 48 h
posttransfection; a portion was stored for infectivity assay, and the remainder was
used to collect virus particles by ultracentrifugation. Virus pellets and cells were
solubilized in lysis buffer [10 mM iodoacetamide (Sigma-Aldrich), complete PR
inhibitor tablets (Roche), 300 mM sodium chloride, 50 mMTris-HCl (pH 7.5), and
0.5% Triton X-100 (Sigma-Aldrich)] and used for further analysis. SupT1 cells were
transfected with DEAE-dextran; 6 d later, the cells were divided into five equal
parts and cultured in medium containing 0, 1,3, 70 uM PDDC or 10 uM control
compound in RPMI5 for another 48 h.The cells were spun down, the supernatant
was filtered, the virus was pelleted, and cells and virus pellet were solubilized
and used for western blotting. To monitor MLV particle infectivity, HEK293T cells
were cotransfected with pRR390 and pBabeLuc; 6 to 8 h posttransfection, the cells
were treated with indicated concentrations of PDDC or inactive control compound
in DMEMDS. Virus supernatant was collected 48 h posttransfection, filtered, and
used for infectivity assay. For pseudotyping experiments, the pNL4-3/KFS clone
was used, which expresses all HIV-1 proteins except Env (90), and A-MLV Env was
expressed from pSV-A-MLVEnv (obtained through the NIH AIDS Reagent Program
from N. Landau and D. Littman) (91).

siRNA-Mediated Knockdown of nSMase2. Lentiviral particles encoding siRNA
specific for nSMase2 or scrambled siRNA (purchased from Applied Biological
Materials) were used to transduce HEK293T or Hela cells. One day after transduc-
tion, the cells were transfected with proviral molecular clones and fresh medium
was added 6 to 8 h posttransfection. Virus supernatant was collected 24 or 48 h
posttransfection, filtered, and used for further analysis.

Western Blotting. Cell and virus lysates were treated with 6x sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample loading buffer
[600 mM Tris-HCl (pH 6.8), 30% glycerol, 12% SDS, 20 mM dithiothreitol, 0.03%
bromophenol blue] and heated at 95 °C for 5 min. Samples were analyzed on
410 15%Tris-glycine gels using a Bio-Rad Trans-Blot Turbo Transfer system accord-
ing to the manufacturer's instructions. Proteins were detected with primary and
secondary antibodies. Protein bands were visualized using chemiluminescence
with Gel Doc XR+ system (Bio-Rad) and analyzed with Image Lab version 6.0.1
or AzureSpot (Azure Biosystems).

single-Cycle Infectivity Assays. TZM-bl, a Hela cell derivative harboring a stably
integrated luciferase gene under transcriptional control of the HIV-1 long terminal
repeat (LTR) (55), was infected with serial dilutions of virus stock in the presence
of 20 pg/mL DEAE-dextran. Cells were lysed with BriteLite luciferase reagent
(PerkinElmer), and luciferase was measured in a Wallac BetaMax plate reader at
48 h postinfection. Data were normalized to either untreated or scrambled siRNA-
treated negative controls. MLV infectivity was measured in the HT1080mCAT1 cell
line (92) 48 h after infection.

HIV-1 Replication. Virus replication kinetics were monitored in the SupT1 T cell
line as previously described (78). Briefly, SupT1 cells were transfected with pNL4-3
(1 ug DNA/10° cells) in the presence of 700 pg/mL DEAE-dextran and were cul-
tured in the absence and presence of 0.1,0.3, or 1 uM of PDDC. The cells were
split every 2 or 3 d with fresh medium containing or lacking PDDC. To monitor
replication in PBMCs, NL4-3 virus was produced in HEK293T cells, normalized
for RT activity, and used to inoculate stimulated (with 20 IU/mLhuman IL-2 and
5 mg/mL phytohemagglutinin from Phaseolus vulgaris for 48 h) hPBMCs. After a
2-hincubation, PBMCs were washed and resuspended in fresh RPMI5 containing
0,0.1,0.3, 0r T uM PDDC. Every 2 or 3 d, half the medium was replaced with
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fresh medium without disturbing the cells. Virus replication was monitored by
measuring the RT activity at each time point. RT activity values were plotted using
GraphPad Prism to generate replication curves.

Thin-Section TEM. HEK293T cells were transfected with HIV-1, SIVmac, HIV-2,
and MLV molecular clones, or CRFK cells were transfected with an FIV molecular
clone, and 6 to 8 h posttransfection, cells were treated with or without PDDC at
indicated concentrations. One day later, the cells were fixed with 2.5% glutaralde-
hyde and analyzed by TEM as described previously (93). Cell-free HIV-1 particles
from SupT1 cells were pelleted by ultracentrifugation, fixed, and analyzed by
TEM. For nSMase2 knockdown experiments, HEK293T cells were transduced with
lentivirus particles containing nSMase2-specific or scrambled siRNA, and 24 h
later transfected with HIV-1, SIVmac, HIV-2, or MLV molecular clones. One day
later, the cells were fixed and processed for TEM as described above.

cryo-ET. To produce VLPs for cryo-ET analysis, HEK293T cells were seeded in
175-cm? flasks (nine flasks per particle preparation). One day after plating, the
cells were transfected with pNL4-3APolAEnv plasmid using GenelJet transfec-
tion reagent (Ver. Il) as per the manufacturer's recommendations. Eight hours
posttransfection, the cells were replaced with DMEM containing 5 uM PDDC or
without PDDC. Two days posttransfection, the virus supernatants were filtered
through a 0.45-um nitrocellulose membrane, and 35 mLof the supernatant was
overlayed on 3 mL8% OptiPrep in STE buffer. The virus was spun in an SW41 rotor
at 100,000 x g for 1 h at 4 °C. The pellet was resuspended in PBS buffer and
equilibrated on 30%, 20%, and 10% OptiPrep gradient for 2.5 h at 120,000 x g
at 4 °C. The visible virus-containing fraction was collected, diluted 10 times in
PBS, and spun at 160,000 x g for 80 min at 4 °C. The pellet was suspended in
30 pL of PBS and used for Cryo-ET analysis.

Cryo-ETtilt series were acquired using a Thermo FisherTitan Krios operated at
300 keV equipped with a Gatan Quantum postcolumn energy filter (Gatan Inc.)
operated in zero-loss mode with 20 eV slit width and a Gatan K3 direct electron
detector in eBIC (Electron Biolmaging Centre, Diamond). Tilt series were col-
lected with SerialEM (94) with a nominal magnification of 64 k and a physical
pixel size of 1.34 A per pixel. They were acquired using a dose-symmetric tilt-
scheme (95) starting from 0° with a 3° tilt increment by a group of three and
anangularrange of =60°. The accumulated dose of each tilt series was around
123 e~ /A2 with a defocus range between —1.5and —6 um. In total, 45 tilt series
from the control untreated sample and 43 tilt series from the PDDC-treated
sample were collected. Each projection image was dose-fractioned into 10
frames. Details of data collection parameters are listed in S/ Appendix, Table S1.

The automated cryoET pipeline developed in-house was used for initial tomo-
grams (https://github.com/ffyr2w/cet_toolbox) through performing motion cor-
rection (96) of the raw frames, tilt-series alignment, and final reconstruction with
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IMOD (97). The fiducial markers were manually inspected to ensure the centering
of predicted markers for each tilt series in eTOMO.

STA for both datasets was performed following the workflow of emClarity
(60, 98). The in vitro assembled HIV-1 Gag structure (EMD-8403) (99) was low-
pass filtered at 30 A and was used as the initial template for template search in
6 binned tomograms with a pixel size of 8.06 A. A total of 119,237 subtomo-
grams were selected from 45 tilt series for the untreated dataset and 103,350
subtomograms were selected from 43 tilt series for the PDDC-treated dataset. The
STA and alignment were performed iteratively using 6, 5x, 4x, 3x,2x, and
1x binned tomograms. A cylindrical alignment mask including seven hexamers
and a sixfold symmetry was used throughout the alignment procedure. The final
density maps were reconstructed at bin 1 and sharpened with a b-factor of —50.

Data, Materials, and Software Availability. Cryo-EM data have been depos-
ited into the EM database. The accession numbers for untreated and PDDC-treated
VLPs are EMD-15763 (100) and EMD-15764 (101), respectively.
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