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Background: The roles of SMS isoforms (SMS1 and SMS2) in membrane fusion have not yet been reported.
Results: Overexpression of Sms2 in Sms-deficient cells increased membrane fusion susceptibility and F-actin polymerization in
the region of membrane fusion.
Conclusion: SMS2 could promote membrane fusion by regulating HIV-1 Env-triggered F-actin polymerization.
Significance: Our findings provide new insights into the role of SMS2 in membrane fusion.

Membrane fusion between the viral envelope and plasma
membranes of target cells has previously been correlated with
HIV-1 infection. Lipids in the plasma membrane, including
sphingomyelin, may be crucially involved in HIV-1 infection;
however, the role of lipid-metabolic enzymes in membrane
fusion remains unclear. In this study, we examined the roles of
sphingomyelin synthase (SMS) in HIV-1 Env-mediated mem-
brane fusion using a cell-cell fusion assay with HIV-1 mimetics
and their target cells. We employed reconstituted cells as target
cells that stably express Sms1 or Sms2 in Sms-deficient cells.
Fusion susceptibility was �5-fold higher in Sms2-expressing
cells (not in Sms1-expressing cells) than in Sms-deficient cells.
The enhancement of fusion susceptibility observed in Sms2-ex-
pressing cells was reversed and reduced by Sms2 knockdown.
We also found that catalytically nonactive Sms2 promoted
membrane fusion susceptibility. Moreover, SMS2 co-localized
and was constitutively associated with the HIV receptor�co-re-
ceptor complex in the plasma membrane. In addition, HIV-1
Env treatment resulted in a transient increase in nonreceptor
tyrosine kinase (Pyk2) phosphorylation in Sms2-expressing and
catalytically nonactive Sms2-expressing cells. We observed that
F-actin polymerization in the region of membrane fusion was
more prominent in Sms2-expressing cells than Sms-deficient
cells. Taken together, our research provides insight into a novel
function of SMS2 which is the regulation of HIV-1 Env-medi-
ated membrane fusion via actin rearrangement.

Membrane dynamics play crucial roles in fundamental pro-
cesses in living cells, including exocytosis, endocytosis, mem-
brane recycling, protein trafficking, and organelle biogenesis

(1). A number of protein factors, such as clathrin, COP, and Rho
GTPase, have been shown to regulate membrane dynamics
(2– 4). These protein factors as well as other specific phospho-
lipids, such as phosphatidic acid and lysophospholipids, can
regulate the fusion, fission, or tubulation of membranes. Fur-
thermore, various enzymes, including phospholipases and acyl-
transferases, have been suggested to play a role in membrane
dynamics by producing and removing fusogenic lipids (5, 6).

Membrane dynamics, including fusion, are involved in phys-
iological as well as pathological processes. Many pathogens are
known to “hijack” the membrane dynamic machinery of host
cells for processes, such as infection, survival, symbiosis, and
replication. HIV-1 is one of the best known pathogens that uti-
lizes a membrane fusion mechanism (7). Because HIV-1 is sur-
rounded by a viral envelope composed of phospholipid bilayers,
membrane fusion between the viral envelope and the plasma
membranes of target cells is essential for its entry.

Several proteins in virus and target cells are involved in HIV-
1-mediated membrane fusion. HIV-1 envelope proteins (Env)2

are composed of gp120 and gp41 subunits that specifically rec-
ognize and bind to CD4, the HIV-1 receptor, and subsequently
to one of two chemokine receptors, either CCR5 or CXCR4,
which acts as the HIV-1 co-receptor on the surface of target
cells. CCR5 can be used by the macrophage tropic HIV-1 strains
(HIVJRFL) during early infection, whereas CXCR4 can be used
by the T cell tropic HIV-1 strains (HIVNL4-3) during late stage
infection (8). This tropism change has previously been associ-
ated with mutations in the third variable loop domain of the
gp120 subunit (9). Binding of the Env subunit gp120 to the
HIV-1 receptor and co-receptor induces a conformational
change in the Env and unmasks the second subunit gp41. The
exposed hydrophobic domain of gp41 is subsequently inserted
into the target cell membrane, resulting in the fusion of HIV-1
Env with target cells. Finally, the HIV-1 genome and proteins
enter the target cells.
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Several lines of evidence have reported that membrane lipids,
particularly sphingolipids, are involved in the fusion of HIV-1
to target cells. Dihydrosphingomyelin, which is identical to SM
except that it lacks a 4,5-trans double bond, was previously
shown to regulate formation of rigid domains (10). The genetic
and pharmacological blockade of dihydroceramide desaturase
replaced SM with dihydrosphingomyelin in cultured cells. This
increase in dihydrosphingomyelin levels led to more rigid
membrane domains that were resistant to the insertion of the
gp41 peptide, which consequently inhibited virus-cell mem-
brane fusion. These findings demonstrated that the physico-
chemical properties of SM (or its analog) affect HIV-1 infection.

Cellular levels of ceramide are also suggested to be important
for the entry of HIV-1 into cells (11, 12). The treatment of target
cells with a pharmacological activating agent of the ceramide
synthesis pathway markedly inhibited the fusion of HIV-1 to
target cell membranes (11). The bacterial sphingomyelinase
from Bacillus cereus also inhibited the entry of HIV-1, which
indicated that ceramide derived from the degradation of SM
may reduce the susceptibility of cells to membrane fusion. Cer-
amide was previously shown to translocate cholesterol from
lipid rafts to the liquid-disordered phase in the supported lipid
bilayer, which decreases the diffusion coefficient in this phase
(13). Additionally, treatment of target cells with sphingomyeli-
nase was shown to restrict the lateral diffusion of CD4 and
subsequently inhibited HIV-1 fusion (12).

Another sphingolipid, glycosphingolipid, was also reported
to be a potential lipid involved in HIV-1 infection; HIV-1-me-
diated membrane fusion was reduced by treating target cells
with a ceramide glucosyltransferase inhibitor, and the reconsti-
tution of globotriaosylceramide restored the susceptibility of
cells to membrane fusion (14). Furthermore, a glycerolipid
from Acholeplasma laidlawii was able to bind to HIV-1 and
accelerate the infection of target cells (15). Although the impor-
tance of membrane lipids for the entry of HIV-1 into target cells
has been confirmed, the roles of lipid-metabolic enzymes in
membrane fusion and their regulation have not yet been eluci-
dated in detail.

SM is synthesized de novo from serine and palmitoyl coen-
zyme A by the sequential reactions of various enzymes. The
final step of its synthesis is catalyzed by SM synthase (SMS),
which transfers the phosphorylcholine moiety from PC to the
primary hydroxy of ceramide, resulting in the production of SM
and diacylglycerol. This enzyme has two isoforms, SMS1 and
SMS2 (16). SMS1 is mainly localized in the Golgi apparatus,
although SMS2 is localized in both the Golgi apparatus and
plasma membrane (16). Previous studies revealed that SM pro-
duced by SMS1 and/or SMS2 played important roles in various
metabolic diseases, including atherosclerosis, insulin secretion,
and obesity (17–19). However, the roles of SMS isoforms in
pathogen infection have not yet been reported.

In this study, we attempted to determine the involvement of
SM and SMS isoforms in HIV-1 Env-mediated membrane
fusion using a cell-cell fusion assay. This fusion assay is a repro-
ducible method that can be used to analyze the membrane
fusion process of HIV-1 infection (20 –22) and does not need to
be carried out in a P3 class facility. By using this assay, we
showed that SMS2, but not SMS1, augmented membrane

fusion susceptibility. More importantly, we found that the
SMS2 protein itself, but not SM generated by SMS activity, was
involved in this process. The results of this study demonstrate
for the first time that lipid-metabolizing enzymes are involved
in HIV-1 Env-mediated membrane fusion, regardless of their
enzyme activities.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—The mouse anti-His6 (clone 9F2)
antibody was obtained from Wako Pure Chemicals (Japan). The
mouse anti-FLAG (clone M2) and rabbit anti-V5 antibodies as
well as anti-FLAG M2 affinity gel were obtained from Sigma.
The rat anti-HA antibody (clone 3F10) was from Roche Applied
Science, and the goat anti-rat IgG-HRP antibody was from
Santa Cruz Biotechnology. The anti-HA affinity gel was obtained
from Thermo Scientific, and the anti-Pyk2 and anti-phospho-
Pyk2 (Tyr-402) antibodies were obtained from Cell Signaling
Technology. The goat anti-mouse IgG-HRP, anti-rat IgG-
AlexaFluor 546, anti-mouse IgG-AlexaFluor 488, and anti-
rabbit IgG-AlexaFluor 405 antibodies as well as phalloidin-
AlexaFluor 546 and CellTrackerTM Blue CMAC were obtained
from Invitrogen. The rabbit anti-GAPDH antibody was from
GeneTex, and the goat anti-rabbit IgG-HRP antibody was from
MBL. Anti-CD4 IgG-APC (clone RPA-T4) for FACS analysis
was obtained from eBioscience, and anti-CCR5 IgG-PE (clone
3A9), anti-CXCR4 IgG-PE (clone 12G5), and goat anti-mouse
Ig-PE (multiple adsorption) were obtained from Pharmingen.

Plasmids—The expression vector for the nontoxic SM probe,
the EGFP fusion protein of the lysenin deletion mutant
(pQE30-EGFP-lysenin(161–297)), was kindly provided by Dr.
T. Kobayashi (RIKEN, Japan). pCXN/EnvJRFL, pCXN/EnvNL4-3,
pCDNA6.2/HIV-tat, pcDNA3.1/CD4, pCDNA6.2/CCR5,
pcDNA3.1/CXCR4, and pLTR-LucE were kindly provided by
Prof. H. Mitsuya (National Institutes of Health, Bethesda).
YUgp140 (�/GCN4)/pcDNA3.1(�) was provided by the AIDS
Research and Reference Reagent Program (National Institutes
of Health). pRL-SV40 was purchased from Promega.

Plasmids for the retroviral expression of mouse Sms isoforms
(pQCXIP/Sms1-V5 and pQCXIP/Sms2-V5) were constructed
as described previously (23). The mutated open reading frame
(ORF) of Sms2 (H229A) that lacked SMS activity was prepared
by QuikChange site-directed mutagenesis (Stratagene). The
expression vectors of SMS isoforms (pCMV-3Tag-8/SMS1-V5
and pCMV-3Tag-8/SMS2-V5) or human CD4 (pCMV-3Tag-8/
CD4-HA) were constructed as follows. The ORFs of human
SMS1 and SMS2 were amplified from the cDNA library derived
from HEK293 cells using specific primers containing sequences
corresponding to the V5 epitope in front of the stop codon.
CD4 cDNA was amplified from pcDNA3.1/CD4 as a template
using specific primers containing sequences corresponding to
the HA epitope in front of the stop codon. PCR products were
subcloned into pCMV-3Tag-8 (Stratagene). The expression
vectors of human CCR5 and CXCR4 (pCMV-3Tag-8/CCR5–
3�FLAG and pCMV-3Tag-8/CXCR4 –3�FLAG) were created
as described below. The ORFs of human CCR5 and CXCR4
without a stop codon were amplified by PCR using pCDNA6.2/
CCR5 and pcDNA3.1/CXCR4 as templates and then subcloned
into pCMV-3Tag-8.
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RNA Expression Analysis—Jurkat and Molt4 cells, which are
human T cell lines, were cultured in RPMI 1640 medium sup-
plemented with 10% fetal bovine serum (FBS), 100 �g/ml strep-
tomycin, and 100 units/ml penicillin. Total RNA was isolated
from cells with the RNeasy mini kit (Qiagen, Canada). cDNAs
were synthesized from 0.5 �g of RNA with the SuperScript III
First-strand Synthesis System for RT-PCR (Invitrogen). In the
semi-quantitative analysis, cDNA products were amplified with
PrimeSTAR HS DNA polymerase (Takara, Japan) with the
primers for SMS1 (sense, 5�-ATGAAGGAAGTGGTTTATTG-
GTC-3�; antisense, 5�-AGGGTTTCTATCATGTCC-3�) and
SMS2 (sense, 5�-ATGGATATCATAGAGACAGCAAAAC-3�;
antisense, 5�- CCTCTCATGTACAACTGT-3�), which
amplified 200- and 300-bp products, respectively. The PCR
program consisted of 45 cycles of 98 °C for 10 s, 55 °C for 15 s,
and 72 °C for 20 s. Relative quantification was estimated by
GAPDH amplification. Amplified PCR fragments were separ-
ated on a 4% agarose gel.

Assay of SMS Activity in Vitro—The assay of SMS activity was
performed as described elsewhere (23). C6-NBD-ceramide (400
pmol) and lecithin (6.5 nmol) were mixed in 100 �l of ethanol,
and the solvent was then evaporated. Aqueous solution (20 �l)
was added, and the mixture was sonicated to form liposomes.
The reaction mixture (40 �l) containing 20 �l of an appropriate
amount of cell lysate and 20 �l of C6-NBD-ceramide liposomes
were incubated at 37 °C for 1 h. The reaction was stopped by the
addition of 200 �l of chloroform/methanol (2:1, v/v) and vigor-
ous mixing. Lipids containing the reaction product were
extracted in the lower layer using the Bligh and Dyer method
after a 5-min centrifugation at 18,000 � g. After the solvents
were evaporated, the lipids were dissolved in 10 �l of chloro-
form/methanol (2:1, v/v). The lipids were separated by TLC in
chloroform/methanol/water (65:25:4, v/v/v) as a solvent. Each
band of C6-NBD-ceramide and C6-NBD-SM was quantified
using the fluorescence imaging analyzer, Typhoon 9000 (GE
Healthcare).

Expression of Sms1, Sms2, or the Sms2 Mutant in Mouse
Embryonic Fibroblasts from Sms1/Sms2 Double Knock-out
Mice—Sms-deficient immortalized embryonic fibroblasts (ZS
cells) were isolated from Sms1 and Sms2 double-deficient mice
as described previously (23). Sms1, Sms2, or the catalytically
inactive Sms2 mutant (Sms2-H229A) was stably expressed in
ZS cells as parental cells by the retroviral vector system. The
enzymes were all designed as V5 tag fusion proteins at the C
terminus. Each isolated cell line was named ZS/Sms1, ZS/Sms2,
or ZS/Sms2-H229A, respectively. All cell types were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FBS, 100 �g/ml streptomycin, and 100 units/ml pen-
icillin at 37 °C in a humidified incubator containing 5% CO2.

Lysenin Treatment and Cell Mortality Measurement—Cul-
tured cells (1 � 104 cells) were washed twice with phosphate-
buffered saline (PBS) and incubated for 30 min at 37 °C with
various concentrations of lysenin (Peptide Institute, Japan), a
cytotoxic protein derived from the earthworm that specifically
binds to SM-rich domains. Cell viability was measured using
the WST-1 cell proliferation reagent (Roche Applied Science)
according to the manufacturer’s instructions.

Cell Staining with Nontoxic EGFP-Lysenin—The procedure
for the expression and purification of nontoxic EGFP-lysenin
was performed as described previously (24). Cultured cells (3 �
105 cells) were washed twice with PBS and incubated with 3
�g/ml EGFP-lysenin for 30 min at 4 °C. After washing three
times with PBS, the binding of EGFP-lysenin to the cells was
quantified by FACS Aria (Pharmingen).

HIV-1 Env-mediated Cell-Cell Fusion Assay—The HIV-1
Env-mediated cell-cell fusion assay was performed as described
previously (25, 26) with minor modifications. To prepare the
effector cells, the envelope expression vector (1 �g of plasmid
of pCXN/EnvJRFL, pCXN/EnvNL4-3, or pVSV-G) and HIV-1
“Trans-activator of Transcription” (Tat) expression vector (1
�g of plasmid of pCDNA6.2/HIV-tat) were transfected into
HEK293 cells (5 � 105 cells) using Lipofectamine 2000 (Invit-
rogen) according to the manufacturer’s instructions. To gener-
ate target cells, the expression vectors of the HIV-1 receptor�co-
receptor complex (2.5 �g of pcDNA3.1/CD4 and 3.5 �g of
pCDNA6.2/CCR5 or pcDNA3.1/CXCR4) and the reporter
genes (3 �g of pLTR-LucE and 2 �g of pRL-SV40) were intro-
duced into the cultured cells (1 � 106 cells), i.e. ZS, ZS/Sms1,
ZS/Sms2, or ZS/Sms2-H229A cells using the NEPA21 electro-
porator (NEPA Gene, Japan). pLTR-LucE and pRL-SV40 were
used as the reporter gene for Tat and an internal control,
respectively. In some experiments, target cells were treated
with maraviroc (Sigma), AMD3100 (Sigma), cytochalasin D
(Wako, Japan), or tyrphostin A9 (Sigma) immediately before
the cell-cell fusion assay. The effector and target cells were har-
vested 24 h post-transfection, and 2 � 104 cells from each were
mixed in the wells of a 96-well plate. After incubating at 37 °C
for 4 h, the luciferase activity in each well was detected using the
Dual-Glo Luciferase Assay System (Promega), and its lumines-
cence level was measured using PowerscanHT (DS Pharma Bio-
medical, Japan). Nonspecific luciferase activity was determined
according to the luminescence level using effector cells express-
ing only Tat and not HIV-1 Env. The value of the nonspecific
luminescence level was subtracted from each experimental
luminescence level. Relative light units were calculated as the
quotient of the firefly and Renilla activity values and were indic-
ative of cell-cell fusion.

Analysis of Cell-surface Expression of CD4, CCR5, and
CXCR4 —The target cells (1 � 105 cells) were incubated with
monoclonal antibodies against CD4, CCR5, or CXCR4 (1:10
dilution). After incubating for 30 min at 4 °C, cells were washed
twice in PBS with 0.1% BSA and analyzed by FACS Aria to
determine the level of cell-surface expression.

Sms2 mRNA Silencing—Sms2 gene silencing was performed
using Stealth RNAiTM siRNA (Invitrogen) against the following
target sequences: siSms2-1, 5�-CCACACUGUCGUGCUCAC-
ACUUACU-3�; siSms2-2, 5�-CCCAGUGGCUCUUUCUGC-
GUUACAA-3�. Control experiments used StealthTM control
siRNA. ZS/Sms2 cells (1 � 106 cells) were transiently intro-
duced with 1 �M siRNA using the NEPA21 electroporator.
After 2 days, cells were dissociated with Cellstripper (Cellgro),
and the cells collected (1 � 106 cells) were transfected with the
plasmids (pcDNA3.1/CD4, pCDNA6.2/CCR5, or pcDNA3.1/
CXCR4, pLTR-LucE, and pRL-SV40) as described above. These
cells were counted 24 h post-transfection and assayed for Sms2
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levels by Western blotting, cell-surface SM levels, and the cell-
cell fusion assay.

gp140 Binding Assay—Three gp120-gp41 heterodimers com-
bine in a trimer to form the mature HIV-1 Env, which mediates
binding to the HIV-1 receptor/co-receptors. The soluble gp140
trimer is produced by modifications in the gp120-gp41 cleavage
site and introduction of the GCN4 trimeric motif (27). The
plasmid (3 �g) of YUgp140 (�/GCN4)/pcDNA3.1(�), which
encoded soluble gp140 with a His6 tag at the C terminus, was
transfected into HEK293 cells using Lipofectamine 2000 as
described previously (27).

In the negative control study, the empty vector was trans-
fected using similar procedures. The cell culture supernatants
were collected after 2 days, passed through a 0.45-�m mem-
brane filter, and used as the gp140 solution. The target cells
(1.5 � 105, CD4�/CCR5-expressing ZS, ZS/Sms1, and ZS/
Sms2 cells) were incubated with gp140 solution for 1 h at 4 °C.
After washing three times with 1% FBS in PBS, the cells were
incubated with the anti-His antibody (1:500) for 1 h at 4 °C,
followed by incubation with the anti-mouse Ig-PE (multiple
adsorption) secondary antibody (1:1000) for 1 h at 4 °C. After
washing three times with 1% FBS in PBS, the amount of gp140
that bound to the cell surface was quantified by FACS Aria.
Nonspecific binding was observed using the culture superna-
tants of empty vector-transfected cells.

Co-immunoprecipitation Analysis of HIV-1 Receptor, Its Co-
receptor, and SMS Isoforms—Co-immunoprecipitation was
performed as described previously (28) with minor modifica-
tions. COS7 cells were co-transfected with plasmids (pCMV-
3Tag-8/CD4-HA and pCMV-3Tag-8/CCR5–3�FLAG or
CXCR4 –3�FLAG and pCMV-3Tag-8/SMS1-V5 or SMS2-V5),
or HEK cells stably expressing SMS2-V5 were transfected with
plasmids (pCMV-3Tag-8/CD4-HA and/or pCMV-3Tag-8/
CCR5–3�FLAG) using Lipofectamine 2000. Cells were incu-
bated 24 h post-transfection with HIV-1 EnvJRFL- or EnvNL4-3-
expressing HEK293 cells at 37 °C for 10 min. After washing with
PBS three times, the cells were incubated on ice with lysis buffer
containing 50 mM Tris-HCl, pH 8.0, CompleteTM protease
inhibitor (Roche Applied Science), 150 mM NaCl, and 1%
CHAPS. The lysate was incubated with anti-FLAG M2 or
anti-HA beads at 4 °C for 4 h. The beads were then washed four
times with lysis buffer and eluted with sample buffer. Co-im-
munoprecipitated proteins were immunoblotted with specific
antibodies, such as anti-FLAG, anti-HA, or anti-V5 antibodies.
Signals were detected with the Western BLoT Quant HRP sub-
strate (Takara, Japan) and analyzed using the Light-capture II
System and CS Analyzer 3.0 software (ATTO, Japan).

Immunocytochemistry and Fluorescent Microscopy—COS7
cells were co-transfected with plasmids (pCMV-3Tag-8/CD4-
HA, pCMV-3Tag-8/CCR5–3�FLAG, or CXCR4 –3�FLAG
and pCMV-3Tag-8/SMS1-V5 or SMS2-V5) using Lipofect-
amine 2000. Cells were cultured on glass-bottom dishes 24 h
post-transfection (Matsunami Glass, Japan) and then fixed with
3% paraformaldehyde in PBS for 15 min. After being rinsed
with 50 mM NH4Cl in PBS, cells were permeabilized with 0.1%
Triton X-100 in PBS. After being treated with blocking buffer
(2% FBS in PBS) for 15 min, the samples were incubated with
anti-HA, anti-FLAG, and anti-V5 antibodies diluted 1:2000

with blocking buffer at 4 °C overnight followed by incubation
with AlexaFluor-conjugated secondary antibodies diluted
1:1000 with blocking buffer at room temperature for 2 h. Cells
were observed with the confocal laser-scanning fluorescent
microscope, FV10i (Olympus, Japan).

Analysis of F-actin Formation in Cell-Cell Contacts—F-actin
analysis of conjugates between target cells and effector cells was
performed as described previously (29) with minor modifica-
tions. ZS, ZS/Sms1, and ZS/Sms2 cells expressing CD4/CCR5
were stained with CellTrackerTM Blue CMAC according to the
manufacturer’s instructions. Target cells were incubated with
COS7 cells that expressed HIV-1 EnvJRFL and EGFP at 37 °C for
10 min on poly-L-lysine-coated glass-bottom dishes. Cells were
fixed with paraformaldehyde, permeabilized, and stained with
phalloidin-AlexaFluor 546. Cells were observed with the con-
focal laser-scanning fluorescent microscope, FV10i, and the
fluorescent signal of phalloidin was measured in plasma mem-
brane. The region of interest in target cells was defined as the
contacting and noncontacting regions between effector cells in
the plasma membrane. F-actin polymerization was quantified
as the ratio between the mean fluorescence intensity per area in
the region of interest from noncontacting to contacting
regions.

Statistical Analysis—All analyses were performed with
GraphPad PRISM 6 (GraphPad Software). Statistical compari-
sons were performed using a one-way ANOVA and Tukey-
Kramer multiple comparison test; p � 0.05 was considered
significant.

RESULTS

Evaluation of HIV-1 Env-mediated Membrane Fusion by
Cell-Cell Fusion Assay with HIV-1 Mimetics—The cell-cell
fusion assay was conducted using effector cells (HIV-1 mimet-
ics) and target cells to evaluate the effects of membrane lipids
and their metabolizing enzymes in HIV-1 Env-mediated mem-
brane fusion. The effector cells were prepared by the expression
of the viral envelope protein Env (gp120 and gp41 subunits)
in HEK293 cells as follows: EnvJRFL for CCR5-tropic HIV-1
mimetics and EnvNL4-3 for CXCR4-tropic HIV-1 mimetics.
These HIV-1 mimetics also possessed the Tat gene, and the
target cells had trans-activating response element-dependent
luciferase. The Tat protein was introduced by the fusion of
HIV-1 mimetics with the target cells, and luciferase was subse-
quently induced. This membrane fusion was entirely depen-
dent on the correct combination of Env tropism as well as type
of CD4 and co-receptor (see below). Using this assay system, we
first examined the effects of various acyltransferases and phos-
pholipases in HIV-1 Env-mediated membrane fusion. However,
the overexpression or knockdown of these lipid-metabolism
enzymes (membrane-bound O-acyltransferases, 1-acylglyc-
erol-3-phosphate O-acyltransferases, and phospholipase A1)
did not significantly affect the membrane fusion susceptibility
(data not shown).

SMS Expression and Activity in T Cell Lines—We then
attempted to examine the effects of SM and its synthesizing
enzymes SMS1 and SMS2 on HIV-1 Env-mediated membrane
fusion. Before the experiments were conducted, we confirmed
the expression of SMS isoforms in Jurkat and Molt4 cells as
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human CD4� T cells that are the target cells for HIV-1. As
shown in Fig. 1A, the expression of SMS1 and SMS2 mRNA was
observed in these T cell lines by semi-quantitative RT-PCR
analysis. Real time RT-PCR showed that the major isoform of
SMS was SMS1 in these cells (data not shown). In addition,
SMS activities were detected in the cell lysates using C6-NBD-
ceramide as the substrate (Fig. 1B). By contrast, ZS cells isolated
from Sms1 and Sms2 double-deficient mice did not have SMS
activity.

Ectopic Expression of Sms1 or Sms2 in Mouse Embryonic
Fibroblasts from Sms1/Sms2 Double Knock-out Mice—To
examine the roles of SMS1 and SMS2 in HIV-1 Env-mediated
membrane fusion, we employed reconstituted cells as the target
cells that express V5-tagged Sms1 or Sms2 stably in Sms-defi-
cient cells, thereby excluding the effects of endogenous Sms1
and Sms2. The isolated Sms1- and Sms2-expressing cells were
termed ZS/Sms1 and ZS/Sms2 cells, respectively.

First, the expression of Sms was confirmed by Western blot
analysis with the anti-V5 antibody. As shown in Fig. 2A, no
significant differences were observed in Sms protein levels
between ZS/Sms1 and ZS/Sms2 cells based on the intensity of
the Sms bands. SM levels on the cell surface were then deter-
mined by cell mortality analysis with toxic lysenin and FACS
analysis with nontoxic EGFP-lysenin staining. Lysenin is a toxic
protein that is derived from earthworms and binds specifically
to SM-rich domains. As shown in Fig. 2B, ZS/Sms1 and
ZS/Sms2 cells were highly sensitive to the lysenin treatment;
however, the same treatment did not affect the parent ZS cells.
The half-maximal cytotoxic concentrations (CC50) were 0.14 �
0.05 �g/ml for ZS/Sms1 cells and 0.05 � 0.01 �g/ml for
ZS/Sms2 cells. Similar results were observed in the FACS anal-
ysis using nontoxic EGFP-lysenin (Fig. 2C). The filled histo-
grams show that EGFP-lysenin-staining cells shifted more to
the right in ZS/Sms1 and ZS/Sms2 cells than in parent ZS cells.
Collectively, these results demonstrate that Sms1 or Sms2 were
functionally active in ZS cells and the enhancement in SMS

activity increased the amounts of cell surface SM in ZS/Sms1
and ZS/Sms2 cells. Despite the deficiency in SM synthesis in ZS
cells, significant amounts of SM were present on the cell surface
in ZS cells (Fig. 2C). Cell surface SM in ZS cells may have been
derived from serum in the culture medium.

Sms2 Increases HIV-1 Env-mediated Membrane Fusion
Susceptibility—We examined the effects of SMS1 and SMS2 on
HIV-1 Env-mediated membrane fusion. The target cells were
prepared by the expression of CD4/CCR5 or CD4/CXCR4 in
the three types of cells described above: ZS, ZS/Sms1, and
ZS/Sms2 cells. After each HIV-1 mimetic was incubated with
the corresponding target cells, susceptibility to membrane
fusion was determined by measuring luciferase activity (Fig.
3A).

When the CCR5-tropic HIV-1 mimetic (EnvJRFL-expressing
HEK293 cells) was incubated with CD4/CXCR5-expressing ZS
cells, a small amount of luciferase activity was induced (Fig. 3A,
left panel). The same experiment employing Sms2-expressing
ZS cells revealed that the expression of Sms2 augmented the
induction of luciferase activity (�5-fold higher than that in
Sms-deficient ZS cells). These results clearly indicate that
SMS2 was involved in HIV-1 Env-mediated membrane fusion.
In contrast, luciferase activity was not augmented by Sms1
expression, indicating that the expression of Sms1 did not
increase the susceptibility of cells to membrane fusion. Similar
results were also observed in the combination of the CXCR4-
tropic HIV-1 mimetic (EnvNL4-3-expressing HEK293 cells) and
CD4/CXCR4-expressing target cells; hence, Sms2, but not
Sms1, augmented membrane fusion susceptibility (Fig. 3A,
right panel). We further examined the membrane fusion sus-
ceptibility using VSV-G-expressing HEK293 cells. There were
no differences in membrane fusion susceptibility between ZS,
ZS/Sms1, and ZS/Sms2 cells incubated with effector cells
expressing VSV-G (Fig. 3B). Although the VSV-G protein is
known to be a low pH-activated viral fusion protein (30), we
employed a cell-cell fusion assay using VSV-G in the normal
medium, not acidic condition, to prevent acidic damage to the
cells. The increase of luciferase activity in effector cells express-
ing Tat and VSV-G was observed compared with effector cells
expressing only Tat and not VSV-G, due presumably to either
gradual acidification of the medium (31) or the high sensitivity
of this cell-cell fusion assay. These results indicate that the aug-
mentation of membrane fusion susceptibility by SMS2 was spe-
cific to HIV-1 Env-mediated membrane fusion.

Because membrane fusion was strictly dependent on the cell-
surface levels of the HIV-1 receptor and its co-receptors (32),
the effects of SMS isoforms on the expression of CD4, CCR5,
and CXCR4 in the target cells were determined. No significant
differences were observed in the expression levels of CD4,
CCR5, and CXCR4 on the cell surface between ZS, ZS/Sms1,
and ZS/Sms2 cells (Fig. 3, C and D). These results clearly indi-
cate that the increase of membrane fusion susceptibility in
ZS/Sms2 was not attributed to the expression levels of the HIV
receptor or its co-receptors on the cell surface.

Sms2 Silencing Inhibited HIV-1 Env-mediated Membrane
Fusion—To confirm the roles of SMS2 in HIV-1 Env-mediated
membrane fusion, we further examined the effects of Sms2
knockdown. Two stealth siRNAs, siSms2-1 and siSms2-2, for

FIGURE 1. SMS expression and activity in the CD4� T cell line. A, mRNA
levels of SMS1, SMS2, and GAPDH in Jurkat and Molt4 cells were detected by
semi-quantitative RT-PCR, as described under “Experimental Procedures.”
One representative experiment is shown, and similar results were obtained in
three independent experiments. B, SMS activities in Jurkat cells, Molt4 cells,
and ZS cells were determined using C6-NBD-ceramide as a substrate. Reac-
tion mixtures containing cell lysates (50 �g of protein/lane) were incubated at
37 °C for 1 h. Values represent the mean � S.D. from three independent
experiments.
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different target sequences were shown to be potent and specific
for Sms2 silencing; the transfection of siSms2-1 and siSms2-2 in
ZS/Sms2 cells each reduced Sms2 protein levels but did not
affect the housekeeping gene product GAPDH (Fig. 4A). The
stealth siRNAs for Sms2 also reduced SM levels on the cell
surface of ZS/Sms2 cells (Fig. 4B). Furthermore, HIV-1 Env-
mediated membrane fusion susceptibility was �60% lower with
the stealth siRNAs for Sms2 than with negative control siRNA
(Fig. 4E) without affecting the cell-surface expression levels of
CD4, CCR5, and CXCR4 (Fig. 4, C and D). These results again
demonstrated that SMS2 was involved in HIV-1 Env-mediated
membrane fusion.

Catalytically Nonactive Sms2 Also Increases HIV-1 Env-me-
diated Membrane Fusion Susceptibility—SMS1 could not aug-
ment membrane fusion, even though its expression increased
SM on the cell surface (Figs. 2 and 3). Furthermore, no correla-
tion was observed between fusion susceptibility and cell surface
SM (Figs. 2– 4). These results prompted us to question whether

the SMS2 protein itself, but not SM produced by SMS2, played
an important role in HIV-1 Env-mediated membrane fusion.
Therefore, we examined the effects of the SMS2 mutant on
HIV-1 Env-mediated membrane fusion.

Because the His-229 amino residue in SMS2 is known to be
responsible for SMS activity (33), we employed catalytically
inactive Sms2-expressing ZS cells. Western blot analysis
revealed no significant differences in Sms protein levels
between Sms2 and Sms2-H229A cells (Fig. 5A). However, the
assay for SMS activity using a fluorescent-labeled substrate (C6-
NBD-ceramide) indicated that the mutant Sms2 completely
abolished SMS activity (Fig. 5B). The loss of SMS activity was
also demonstrated by the lower SM levels on the cell surface of
ZS/Sms2-H229A cells than on ZS/Sms2 cells (Fig. 5C). More
importantly, the HIV-1 Env-mediated membrane fusion sus-
ceptibility of ZS/Sms2-H229A cells was similar to that of
ZS/Sms2 cells (Fig. 5E), and no significant difference was noted
in cell-surface CD4, CCR5, and CXCR4 expression levels (Fig.

FIGURE 2. Levels of Sms expression and cell-surface SM in Sms-reconstituted cells. A, cell lysates (22 �g of protein/lane) from SM-deficient mouse
embryonic fibroblasts (ZS cells) and Sms1- or Sms2-expressing ZS cells (ZS/Sms1 and ZS/Sms2 cells, respectively) were subjected to Western blotting with the
anti-V5 antibody to confirm their expression levels. Western blotting was also performed with the anti-GAPDH antibody for the loading control. IB, immuno-
blot. B, amount of SM on the cell surface was determined by the sensitivity of lysenin. Cell numbers were determined by the WST-1 cell proliferation reagent
after ZS (filled square), ZS/Sms1 (open triangle), and ZS/Sms2 cells (filled circle) were cultivated with various amounts of lysenin (0 –10 �g/ml). Values represent
the mean � S.D. from three independent experiments. C, amount of SM on the cell surface was also determined using a probe for SM (EGFP-lysenin). Each cell
was stained with 3 �g/ml EGFP-lysenin and analyzed by flow cytometry. Ten thousand cells were measured in each sample. The filled histogram represented
cells that bound EGFP-lysenin. In contrast, the open histogram indicates cells without staining for EGFP-lysenin. One representative experiment is shown, and
similar results were obtained in three independent experiments.
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5D). These results clearly indicate that the SMS2 protein itself,
but not SM generated by SMS2, is involved in the augmentation
of HIV-1 Env-mediated membrane fusion.

Sms2 Was Not an Entry Receptor and Could Not Facilitate
HIV-1 Env Attachment—We then investigated the mechanism
by which SMS2 promoted HIV-1 Env-mediated membrane
fusion. Based on the results that membrane fusion could occur
even in Sms-null ZS cells (Fig. 3A), SMS2 appeared to be a
promoting, but not essential, factor for membrane fusion sus-
ceptibility. Although the entry of HIV-1 occurs via the binding
of HIV-1 Env to CD4 and its co-receptors, HIV-1 is also known
to enter target cells by other pathways using the mannose
receptor for CD4-independent infection in astrocytes (34). To
investigate whether HIV-1 Env-mediated membrane fusion in
ZS/Sms2 cells occurred via the CD4/co-receptor-dependent
pathway, we examined the requirement of CD4 and its co-re-
ceptors in this cell-cell fusion assay. Target cells were prepared
by the expression of various combinations of CD4/CCR5/
CXCR4 in ZS/Sms2 cells. As shown in Fig. 6A, HIV-1 Env-
mediated fusion only occurred in CD4- and co-receptor-ex-
pressing ZS/Sms2 cells. However, membrane fusion hardly
occurred in the absence of any CD4 or co-receptors and in the
wrong combination of co-receptor and HIV-1 Env-tropism.

The effects of antagonists for each co-receptor were further
examined. Maraviroc, an antagonist for CCR5, specifically
inhibited the fusion of CCR5-tropic HIV-1 mimetics to CCR5-
expressing target cells, whereas maraviroc could not inhibit the
fusion of CXCR4-tropic HIV-1 mimetics to CXCR4-expressing
target cells (Fig. 6B). Alternatively, AMD3100, an antagonist for
CXCR4, specifically inhibited the fusion of CXCR4-tropic
HIV-1 mimetics to CXCR4-expressing target cells, although
AMD3100 could not inhibit the fusion of CCR5-tropic HIV-1
mimetics to CCR5-expressing target cells. These results indi-
cate that HIV-1 Env-mediated membrane fusion in ZS/Sms2
cells occurred in a manner that was dependent on CD4 and its
co-receptors.

We also examined the possibility that SMS2 could facilitate
the attachment of HIV-1 to target cells, because other proteins,
such as the gut-homing receptor integrin �4�7, were reported
to be promoting factors for virion attachment to target cells but
not as entry receptors for HIV-1 (35). Binding of the soluble
gp140 protein, truncated at the Env transmembrane domain,
was investigated to determine whether SMS2 acted as an entry
receptor or promoting factor for HIV-1 binding. As shown in
Fig. 6C, no significant difference was observed between the
binding of gp140 to ZS, ZS/Sms1, and ZS/Sms2 cells. These

FIGURE 3. Sms2 augmented HIV-1 Env-mediated cell-cell fusion susceptibility. A, HIV-1 Env-mediated cell-cell fusion assay was performed using Sms1- or
Sms2-reconstituted cells as the target cells. The target cells (ZS, ZS/Sms1, and ZS/Sms2 cells) that expressed CD4/CCR5 and the LTR-luciferase gene were
cultured for 4 h with the effector HEK293 cells that expressed EnvJRFL (CCR5-tropic) and the HIV-1 Tat gene (left panel). The target cells that expressed
CD4/CXCR4 and the reporter gene were also cultured for 4 h with other effector HEK293 cells that expressed EnvNL4-3 (CXCR4-tropic) and the HIV-1 Tat gene
(right panel). Fusion susceptibility was determined from luciferase activity using the reporter gene activation assay. Values represent the mean � S.D. from
three independent experiments. *, p � 0.01; NS, not significant. B, VSV-G Env-mediated cell-cell fusion assay was performed. The target cells (ZS, ZS/Sms1, and
ZS/Sms2 cells) that expressed the LTR-luciferase gene were cultured for 4 h with the effector HEK293 cells that expressed VSV-G Env and the HIV-1 Tat gene.
Fusion susceptibility was determined from luciferase activity using the reporter gene activation assay. Values are represented as the mean � S.D. from three
independent experiments. C, cell-surface expression levels of CD4/CCR5 or CD4/CXCR4 in each target cell (ZS, ZS/Sms1, and ZS/Sms2 cells) were analyzed by
flow cytometry using each specific antibody (filled histogram). Open histograms indicate the isotype control. Ten thousand cells were measured in each sample.
D, values represent the mean � S.D. from three independent experiments in C.
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results collectively indicate that SMS2 was not an entry recep-
tor or promoting factor for HIV-1 Env to attach to target cells.

SMS2 Co-localized and Is Constitutively Associated with the
HIV-1 Receptor�Co-receptor Complex in the Plasma Membrane—
We next determined whether SMS2 is involved in the HIV-1
gp120-induced association of the HIV-1 receptor�co-receptor
in the plasma membrane, which is a process directly related to
efficient viral fusion (28). Therefore, the cellular localization of
SMS2 and the HIV-1 receptor�co-receptor complex was exam-
ined by confocal microscopy. Immunofluorescence staining
using confocal microscopy demonstrated that SMS2 was local-
ized in the cell surface and concentrated structures in the peri-
nuclear region, whereas SMS1 was only localized in the perinu-

clear region (Fig. 7). These locations were consistent with the
findings of a previous study, in which SMS1 was localized in the
Golgi complex only, and SMS2 was localized in both the plasma
membrane and Golgi complex (16). Similar staining patterns
revealed that the HIV-1 receptor CD4 and its co-receptors
CCR5/CXCR4 were mainly localized to the plasma membrane
as well as intracellular dot and reticular structures. The perinu-
clear regions of CD4/CCR5/CXCR4 were due to the intracellu-
lar pool during trafficking to the cell surface. Confocal images
revealed that SMS2 was co-localized with CD4 and CCR5 or
CXCR4 in the plasma membrane and Golgi complex, whereas
SMS1 was co-localized with CD4 and CCR5 or CXCR4 in only
the Golgi complex.

FIGURE 4. Interference of Sms2 in ZS/Sms2 cells decreased HIV-1 Env-mediated cell-cell fusion susceptibility. StealthTM control siRNA, siSms2-1, or
siSms2-2 were transfected into ZS/Sms2 cells by electroporation. After 2 days, the expression vectors of CD4/CCR5 or CD4/CXCR4 were transfected into these
cells. These cells were harvested 24 h post-transfection and examined for Sms2 levels by Western blotting, cell-surface SM levels, and cell-cell fusion assay. A,
Sms2 knockdown was assessed by Western blot analysis with the anti-V5 antibody in total cell lysates (5 �g of protein/lane). The same blots were also probed
with an anti-GAPDH antibody for the loading control. One representative experiment is shown, and similar results were obtained in three independent
experiments. IB, immunoblot. B, cell-surface SM levels of Sms2 knockdown cells were determined by flow cytometry after EGFP-lysenin staining. Ten thousand
cells were measured in each sample. C and D, cell-surface expression levels of CD4/CCR5 or CD4/CXCR4 in Sms2 knockdown cells were analyzed by flow
cytometry using each specific antibody (filled histograms). Open histograms indicate the isotype control. Ten thousand cells were measured in each sample. E,
Sms2 knockdown cells that expressed the CD4/CCR5/reporter gene or CD4/CXCR4/reporter gene were cultured for 4 h with HEK293 cells that expressed HIV-1
Tat and EnvJRFL- or EnvNL4-3. Fusion susceptibility was determined by the amount of luciferase activity using the reporter gene activation assay. The values were
expressed as the percentage of Env-induced fusion using control siRNA-transfected cells as the reference value. Values represent the mean � S.D. from three
independent experiments. *, p � 0.01.
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To further assess the association between the SMS2 and
HIV-1 receptor�co-receptor complex, immunoprecipitation
assays were performed. The target cells were co-incubated with
HIV-1 Env-expressing cells prior to lysis and immunoprecipi-
tation. The immunoprecipitation by the anti-FLAG beads pre-
cipitated the HIV-1 co-receptors FLAG-tagged CCR5/CXCR4
as well as the HIV-1 receptor HA-tagged CD4 (Fig. 8A). SMS2
was also precipitated when CCR5 or CXCR4 were immunopre-
cipitated, which indicated that SMS2 bound to the CD4�CCR5

or CD4�CXCR4 complex. Although another isoform, SMS1,
also co-immunoprecipitated with CCR5 or CXCR4, the ratio of
precipitated SMS2 to CCR5 or CXCR4 was markedly higher
than those of SMS1 (Fig. 8, A and B). These results indicate that
the binding affinity between SMS2 and the HIV-1 receptor�co-
receptor complex was higher than SMS1. Immunoprecipitation
revealed another important result. Fig. 8, A and B, shows that
the association between HIV-1 receptor and co-receptor was
unchanged in the presence or absence of SMS2, which indicates
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FIGURE 5. Catalytic nonactive Sms2 also augmented HIV-1 Env-mediated cell-cell fusion susceptibility. Sms2 and its mutant (Sms2-H229A) were
expressed in ZS cells by a retroviral expression system. To be used as target cells, CD4 and its corresponding co-receptor were also expressed in these cells. A,
cell lysates (11 �g of protein/lane) from each cell were subjected to Western blotting with the anti-V5 antibody to evaluate the expression of Sms2 and
Sms2-H229A. The same blots were also probed with an anti-GAPDH antibody for the loading control. IB, immunoblot. B, SMS activities in the lysates from each
cell were determined using C6-NBD-ceramide as a substrate. Reaction mixtures containing cell lysates (75 �g of protein) were incubated at 37 °C for 1 h. The
reaction products were applied to the TLC plate, which was developed with chloroform/methanol/water (65:25:4, v/v/v), followed by visualization with a
fluorescence imaging analyzer. One representative experiment is shown, and similar results were observed in three independent experiments. C, cell-surface
SM levels of each cell were assessed by flow cytometry with EGFP-lysenin staining. Ten thousand cells were analyzed in each sample. NS, not significant. D,
CD4/CCR5 or CD4/CXCR4 cell-surface expression levels in each cell were analyzed by flow cytometry using each specific antibody (filled histogram). Open
histograms indicate the isotype control. Ten thousand cells were measured in each sample. MIF, mean intensity of fluorescence. E, HIV-1 Env-mediated cell-cell
fusion susceptibility was determined employing Sms2 and Sms2-H229A-expressing ZS cells as target cells. Fusion susceptibility was determined with luciferase
activity using the reporter gene activation assay. Data are expressed as the percentage of Env-induced fusion of ZS cells as the reference value. Values represent
the mean � S.D. from three independent experiments. *, p � 0.01.
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that SMS2 bound to the HIV-1 receptor�co-receptor complex,
whereas the binding of SMS2 could not facilitate the associa-
tion between HIV-1 receptor and co-receptor. More impor-
tantly, the association levels of SMS2�CD4�CCR5 were not sig-
nificantly different, even in the absence of HIV-1 Env
stimulation (Fig. 8C). Additionally, SMS2 could associate with
CCR5 even in the absence of CD4, and SMS2 was also associ-
ated with CD4 in the absence of CCR5 expression (Fig. 8D).
Collectively, these results demonstrate that SMS2 could be

constitutively associated with the HIV-1 receptor and co-re-
ceptor, respectively.

SMS2 Involvement in HIV-1 Env-induced Pyk2 Activation
and F-actin Polymerization—To address the SMS2-dependent
mechanism that augments membrane fusion susceptibility, we
focused on Pyk2, the nonreceptor tyrosine kinase known to
modulate HIV-1 gp120-induced migration of dendritic cells
(36). To investigate the roles of Pyk2 signaling, we examined the
effects of a pharmacologic Pyk2 inhibitor (36, 37), tyrphostin
A9, on HIV-1 Env-mediated membrane fusion using ZS/Sms2
cells as target cells. The Pyk2 inhibitor-treated ZS/Sms2 cells
significantly inhibited membrane fusion in a dose-dependent
manner compared with vehicle-treated control (Fig. 9A).
Nearly 70% inhibition of membrane fusion was observed in 10
�M tyrphostin A9 concentrations. Pyk2 is mainly expressed in
hematopoietic cells, neuronal cells, and fibroblasts (38 – 40).
We therefore examined the Pyk2 expression in ZS/Sms2 cells
derived from mouse embryonic fibroblasts (target cells) and
HEK293 cells (effector cells) by immunoblotting. As expected,
the expression of Pyk2 was observed in ZS/Sms2 and not
HEK293 cells (Fig. 9B); therefore, the alteration of Pyk2 signal-
ing could be observed in only target cells. Pyk2 phosphorylation
peaked at 5–15 min with HIV-1 gp120 stimulation in dendritic
cells (34). We therefore decided to examine Pyk2 phosphory-
lation for 10 and 30 min of incubation with EnvJRFL-expressing
HEK293 cells. As shown in Fig. 9C, we observed a transient but
significant increase in Pyk2 phosphorylation in ZS/Sms2 and
Sms2-H229A cells compared with ZS and ZS/Sms1 cells. For
the loading control, the total Pyk2 protein concentration was

FIGURE 6. Augmentation of membrane fusion by Sms2 was dependent on
CD4/co-receptors, and Sms2 itself was not an entry receptor. A, cell-cell
fusion assay was conducted by employing ZS/Sms2 cells that expressed in
various combinations of CD4/CCR5/CXCR4 as indicated. HIV-1 EnvJRFL (CCR5-
tropic)-expressing or EnvNL4-3 (CXCR4-tropic)-expressing HEK293 cells were
cultured with the indicated target cells. Fusion susceptibility was determined
with luciferase activity using the reporter gene activation assay. B, effects of
co-receptor antagonists on HIV-1 Env-mediated cell-cell fusion in ZS/Sms2
cells. ZS/Sms2 cells that expressed CD4 and co-receptor (CCR5 or CXCR4)
were incubated with medium containing 50 nM maraviroc (CCR5 antagonist)
or 100 nM AMD3100 (CXCR4 antagonist) for 30 min, and cells were then har-
vested. The cell-cell fusion assay was conducted by incubating antagonist-
treated target cells with the corresponding HIV-1 mimetics (HEK293 cells that
expressed EnvJRFL or EnvNL4-3). Fusion susceptibility was determined with
luciferase activity using the reporter gene activation assay. Values represent
the mean � S.D. from three independent experiments. *, p � 0.01; NS, not
significant. C, binding of HIV-1 Env to target cells was determined using the
soluble Env subunit gp140 with the C-terminal His6 tag. The target cells (ZS,
ZS/Sms1, and ZS/Sms2) that expressed CD4/CCR5 were incubated with
gp140 solution for 1 h at 4 °C. The binding of gp140 to the target cells was
determined by flow cytometry after staining with the mouse anti-His6 anti-
body and goat anti-mouse Ig-PE (filled histogram). Open histograms indicate
cells that were incubated with medium from the mock transfectant (absence
of soluble gp140). Ten thousand cells were measured in each sample. One
representative experiment is shown, and similar results were obtained in
three independent experiments.

FIGURE 7. SMS2 co-localized with HIV-1 receptor and co-receptor in the
plasma membrane. HA-tagged CD4, 3�FLAG-tagged CCR5 or CXCR4 and
V5-tagged SMS1 or SMS2 were co-expressed in COS7 cells in several combi-
nations. Subcellular localization of CD4, CCR5, or CXCR4 and SMS1 or SMS2
was examined by confocal laser microscopy after each protein was stained
with the corresponding antibody. CD4, green; CCR5 or CXCR4, red; SMS1 or
SMS2, blue. Confocal images suggested the partial co-localization of the SMS2
with the CD4�CCR5 or CD4�CXCR4 complex in the plasma membrane (white
signal in Merge).
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examined in all samples but was not altered after HIV-1 Env
treatment.

Next, we examined whether SMS2 was involved in F-actin
polymerization. Pyk2 signaling promotes the activation of the
F-actin-binding protein, leukocyte-specific protein 1, which
then associates with actin, leading to actin polymerization and
chemotaxis in dendritic cells (36). Furthermore, actin polymer-
ization was previously shown to play an essential role in the
fusion process during HIV-1 infection, which could act as a
driving force for membrane fusion (41). The pretreatment of
peripheral blood mononuclear cells with cytochalasin D, a spe-
cific inhibitor of actin polymerization, inhibited the entry of
HIV-1 (42). To determine the roles of F-actin polymerization,
we examined the effects of cytochalasin D on HIV-1 Env-medi-
ated membrane fusion using ZS/Sms2 cells as target cells. As
shown in Fig. 10A, cytochalasin D significantly inhibited mem-
brane fusion in a dose-dependent manner.

We next examined actin polymerization during HIV-1
EnvJRFL-mediated membrane fusion. Staining with phalloidin-
AlexaFluor 546, a probe for F-actin, indicated that actin poly-
merization was observed in the contact site of HIV-1 mimetics
and target cells (Fig. 10B). Actin polymerization was more

prominent in the contact site when ZS/Sms2 cells, compared
with ZS or ZS/Sms1 cells, were the target cells. The staining
intensity of the contact area in ZS/Sms2 cells was �1.7-fold
higher than that in ZS and ZS/Sms1 cells (Fig. 10, B and C).
However, we did not observe significant accumulation of F-ac-
tin in ZS/Sms2 cells that contacted target cells or were not in
contact (indicated by an arrow in Fig. 10B). Based on these
results, we propose that SMS2 may be able to promote actin
remodeling via Pyk2 activation, which implies a novel function
of SMS2 in membrane fusion.

DISCUSSION

The HIV-1 envelope is composed of phospholipid bilayers
derived from the membrane of host cells. Therefore, membrane
fusion between the HIV-1 envelope and plasma membranes of
target cells is essential for HIV-1 entry. However, very little is
known about the role of lipid-metabolizing enzymes in mem-
brane fusion. To examine the roles of lipids and their lipid-
metabolizing enzymes, we employed the cell-cell fusion assay
using HIV-1 mimetics and lipid-manipulating target cells. In
the target cells, the levels of Sms expression and cell surface SM

FIGURE 8. SMS2 constitutive association with HIV-1 receptor and co-receptor. A, HA-CD4-, 3�FLAG-CCR5-, or CXCR4- and V5-SMS1-, or SMS2-expressing
COS7 cells were incubated for 10 min with HIV-1 EnvJRFL- or EnvNL4-3-expressing HEK293 cells at 37 °C. Cell lysates were prepared, and an immunoprecipitation
assay was performed using anti-FLAG M2 beads. The precipitated proteins were analyzed by Western blotting using each antibody as described under
“Experimental Procedures.” Upper panel, cell lysates; lower panel, immunoprecipitates. B, quantities of precipitated HA-CD4 or V5-SMS with the 3�FLAG
co-receptor were represented as the ratio between the intensities of CD4 and HIV-1 co-receptor (upper panel), and SMS isoforms and HIV-1 co-receptor (lower
panel), respectively, in the immunoprecipitation assay. Values represent the mean � S.D. from three independent experiments. *, p � 0.01; **, p � 0.05; IP,
immunoprecipitation. C, HEK cells stably expressing SMS-V5 were transfected with plasmids (HA-CD4 and 3�FLAG-CCR5). Cells were incubated for 10 min with
or without HIV-1 EnvJRFL-expressing HEK293 cells at 37 °C. Cell lysates were prepared, and an immunoprecipitation assay was performed using anti-FLAG M2
beads. Left panel, cell lysates; right panel, immunoprecipitates. D, HEK cells stably expressing SMS-V5 were transfected with or without plasmids (HA-CD4 and
3�FLAG-CCR5). Cells were incubated for 10 min with HIV-1 EnvJRFL-expressing HEK293 cells at 37 °C. Cell lysates were prepared, and an immunoprecipitation
assay was performed using anti-FLAG M2 or anti-HA beads. Left panel, cell lysates; center panel, immunoprecipitates (anti-FLAG beads); right panel, immuno-
precipitates (anti-HA beads). IB, immunoblot.
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are manipulated by the overexpression and silencing of Sms1
and Sms2 in Sms-deficient cells.

In this study, we found that SMS2, not SMS1, is involved in
HIV-1 Env-mediated membrane fusion. The difference of
membrane fusion susceptibility between Sms1- and Sms2-ex-
pressing cells cannot be attributed to the differences of SM
generated by Sms1 and Sms2, because the lipid molecular spe-
cies of SM in Sms1- and Sms2-expressing ZS cells is similar
(43). However, the cellular localizations of SMS1 and SMS2 are
different; SMS1 is mainly localized in the Golgi apparatus,

whereas SMS2 is localized in both the Golgi apparatus and
plasma membrane. Therefore, we hypothesize that the location
of SMS2 in the plasma membrane is a critical determinant for
augmenting membrane fusion.

We also found no correlation between membrane fusion
susceptibility and cell-surface SM levels. Although cell-sur-
face SM levels in ZS/Sms1 cells are higher than those in
Sms-deficient ZS cells, these SM levels do not augment
membrane fusion. Furthermore, cell-surface SM levels in
ZS/Sms2-H229A cells are significantly lower than those in
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FIGURE 9. SMS2 involvement in HIV-1 Env-mediated Pyk2 activation. A, ZS/Sms2 cells that expressed CD4/CCR5 were incubated with medium including
0.1, 1, or 10 �M tyrphostin A9 in 0.05% DMSO for 30 min, and the cells were harvested. The cell-cell fusion assay was performed by incubating tyrphostin
A9-treated target cells with HIV-1 EnvJRFL-expressing HEK293 cells. Fusion susceptibility was determined with luciferase activity using the reporter gene
activation assay. Values represent the mean � S.D. from three independent experiments. *, p � 0.01. B, cell lysates (15 �g of protein/lane) from HEK293 and
ZS/Sms2 cells were subjected to Western blotting with the anti-Pyk2 antibody. Western blotting was also performed with the anti-GAPDH antibody for the
loading control. IB, immunoblot. C, ZS, ZS/Sms1, and ZS/Sms2 cells that expressed CD4/CCR5 were incubated for 0, 10, or 30 min with HIV-1 EnvJRFL-expressing
HEK293 cells. The lysates were analyzed by Western blotting with anti-Pyk2 (upper panel), anti-phosphoryl Pyk2, and Tyr-402 (lower panel) antibodies. For
quantitative analysis of protein phosphorylation, the ratio of phosphorylation versus total protein in each lane was obtained by densitometry. The phosphor-
ylation index was determined by calculating the value of this ratio in each lane and presenting the ratio as the fold increase over the control value (unstimulated
sample, 1). Values represent the mean � S.D. from three independent experiments. **, p � 0.05.
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ZS/Sms2 cells, although membrane fusion susceptibility is
similar between these cells. However, our results do not
completely reject that SM is involved in HIV-1 Env-medi-
ated membrane fusion, because a significant amount of SM is
observed on the cell surface of Sms-deficient ZS cells, which
might be derived from serum in the culture medium. We
presume that this level of SM is enough for membrane
fusion, although it cannot form SM-rich domains with which
to bind and form pores with lysenin. Our results demon-
strate that the enhancement observed in fusion by SMS2
could contribute to SM-dependent membrane fusion.
Tafesse et al. (44) reported that the knockdown of either
SMS1 or SMS2 reduces SM content and blocks cell growth.
Because the addition of exogenous SM does not restore cell
growth, the authors suggested that the biological role of SMS
may extend beyond formation of SM. Our findings provide
support for this idea and further reveal the role of SMS2 in
membrane fusion.

In our study, we observed that SMS2 co-localizes and is con-
stitutively associated with the HIV receptor�co-receptor com-
plex in the plasma membrane and with them. However, no sig-

nificant difference was observed in the association efficiency
between the HIV-1 receptor and its co-receptor in the presence
or absence of SMS2. These results indicate that SMS2 could be
associated with, but not promote, HIV-1 receptor�co-receptor
clustering. Furthermore, the association levels of SMS2/CD4/
CCR5 are not significantly different with and without HIV-1
Env stimulation. This result is consistent with the constitutive
association between CD4 and CCR5 that was detected by co-
immunoprecipitation (45). We need to use a sequential BRET/
FRET technique to more directly investigate the association of
this heterotrimerization (46).

We also found that HIV-1 Env induces Pyk2 phosphorylation
at tyrosine residue 402 in Sms2-expressing and catalytically
nonactive Sms2-expressing cells, with a peak at 10 min after
HIV-1 EnvJRFL-expressing HEK293. Tyr-402 has been known
to be the Pyk2 autophosphorylation site and binds to the Src
homology 2 domain of Src family protein tyrosine kinases (47).
This binding permits the subsequent phosphorylation of other
tyrosine residues on Pyk2, leading to an increase in Pyk2 activity
(47). Tyrphostin A9 has emerged as the most potent and selec-
tive Pyk2 inhibitor among the 51 tyrosine kinase inhibitors

FIGURE 10. Actin polymerization was involved in HIV-1 Env-mediated membrane fusion. A, ZS/Sms2 cells that expressed CD4/CCR5 or CD4/CXCR4 were
incubated with medium, including 0.25 or 1 �M cytochalasin D in 0.05% DMSO for 1 h, and cells were harvested. The cell-cell fusion assay was performed by
incubating cytochalasin D-treated target cells with the corresponding HIV-1 mimetics (HIV-1 EnvJRFL- or EnvNL4-3-expressing HEK293 cells). Fusion susceptibility
was determined with luciferase activity using the reporter gene activation assay. Values represent the mean � S.D. from three independent experiments. *, p �
0.01; **, p � 0.05. B, actin polymerization was augmented by SMS2 at cell-cell contact sites between the effector and target cells. Three types of target cells
(CD4- and CCR5-expressing ZS, ZS/Sms1, and ZS/Sms2 cells) were labeled with CMAC (blue) and incubated for 10 min with HIV-1 EnvJRFL- and EGFP-expressing
COS7 cells (green). These cells were observed by confocal microscopy after staining with phalloidin-AlexaFluor 546 (red). The arrowheads indicate heterotypic
cell contacts. The arrows indicate ZS/Sms2 cells that contacted target cells and were not in a contact. DIC, differential interference contrast. C, F-actin
polymerization was quantified as the ratio between the signals from noncontacting to contacting regions at plasma membrane in target cells. Values represent
the mean � S.D. for ZS (n 	 87), ZS/Sms1 (n 	 89), and ZS/Sms2 (n 	 77) cells. *, p � 0.01.
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tested in the TNF-induced neutrophils (37), and this pharma-
cologic inhibitor is an effective tool for investigating the role of
Pyk2 signaling in HIV-1 Env-mediated membrane fusion. In
this study, tyrphostin A9-treated ZS/Sms2 cells significantly
inhibited membrane fusion in a dose-dependent manner com-
pared with vehicle-treated control. These results indicate that
Pyk2 signaling is necessary for efficient membrane fusion in
ZS/Sms2 cells.

Furthermore, we investigated the possibility that SMS2 may
regulate the cytoskeleton, which acts as a driving force for
membrane fusion. We observed significant inhibition by
cytochalasin D, a specific inhibitor of actin polymerization, in
HIV-1 Env-mediated membrane fusion. The intensity of actin
polymerization in the contact area in ZS/Sms2 cells was higher
than those in ZS and ZS/Sms1 cells after 10 min of incubation
with HIV-1 EnvJRFL-expressing HEK293 cells. There was no
significant increase of F-actin polymerization in ZS/Sms2 cells
after 30 min of incubation (data not shown), indicating tran-
sient activation of actin polymerization by HIV-1 Env treat-
ment. The time course of actin polymerization was in agree-
ment with that of Pyk2 phosphorylation. These results
demonstrate that F-actin polymerization in ZS/Sms2 cells is
mediated by Pyk2 signaling.

The role of F-actin polymerization induced by HIV-1 Env
remains to be elucidated. The most appealing hypothesis is that
it is required to assemble high concentrations of HIV-1
receptor�co-receptor at the plasma membrane to promote viral
binding and entry (41). Because it is difficult to express high
levels of HIV-1 receptor/co-receptor in ZS cells, we did not
observe the CD4/co-receptor capping in detail by confocal
microscopy.

The cell-cell fusion assay should be used with other lipid-
metabolizing enzymes. We examined the effects of various
membrane-bound O-acyltransferases, 1-acylglycerol-3-
phosphate O-acyltransferases, and phospholipase A1 in
HIV-1 Env-mediated membrane fusion. However, the over-
expression or knockdown of these enzymes in HEK293 or
COS7 cells did not significantly affect membrane fusion sus-
ceptibility (data not shown). Because acyltransferases or
phospholipases comprise many isoforms and are redundant
in substrates (48), we hypothesized that other isoforms or
related proteins, which can act on the same substrate, may be
activated/inactivated to maintain lipid homeostasis within
the cells. Target gene-manipulated cells, such as ZS/Sms1
and ZS/Sms2 cells in this study, need to be examined to
understand the function of the target gene itself using this
cell-cell fusion assay.

In summary, our study demonstrates that SMS2 is
involved in HIV-1 Env-mediated membrane fusion, regard-
less of its enzyme activity. Moreover, we propose a model to
explain that SMS can augment the membrane fusion suscep-
tibility. SMS2 is associated with the HIV-1 receptor�co-re-
ceptor complex in the plasma membrane, which promotes
HIV-1 receptor�co-receptor-mediated Pyk2 signaling in
response to HIV-1 Env. Pyk2 signaling induces F-actin
polymerization at the at the cell-cell contact sites, leading to
consequent induction of membrane fusion. These novel

findings further our understanding of the role of lipid-met-
abolic enzymes in membrane fusion.
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