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Previously, we reported that treatment of cells with sphingomyelinase inhibits human immunodeficiency
virus type 1 (HIV-1) entry. Here, we determined by measuring fluorescence recovery after photobleaching that
the lateral diffusion of CD4 decreased 4-fold following sphingomyelinase treatment, while the effective diffusion
rate of CCR5 remained unchanged. Notably, sphingomyelinase treatment of cells did not influence gp120
binding, HIV-1 attachment, or fluid-phase and receptor-mediated endocytosis. Furthermore, sphingomyelinase
treatment did not affect the membrane disposition of the HIV receptor proteins CD4, CXCR4, and CCR5, as
determined by Triton X-100 extraction. Restriction of CD4 diffusion by antibody cross-linking also inhibited
HIV infection. We therefore interpret the decrease in CD4 lateral mobility following sphingomyelinase treat-
ment in terms of clustering of CD4 molecules. Examination of fusion intermediates indicated that sphingo-
myelinase treatment inhibited HIV at a step in the fusion process after CD4 engagement. Maximal inhibition
of fusion was observed following short coculture times and with target cells that express low levels of CD4. As
HIV entry into cells requires the sequential engagement of viral envelope protein with CD4 and coreceptor, we
propose that sphingomyelinase inhibits HIV infection by inducing CD4 clustering that prevents coreceptor
engagement and HIV fusion.

Human immunodeficiency virus (HIV) fusion is initiated
following the engagement of CD4 by gp120, the receptor bind-
ing subunit of the HIV envelope protein (Env) (25). This
interaction triggers conformational changes in the Env, allow-
ing for the engagement of the second HIV receptor, generally
either CXCR4 or CCR5 (1, 5). Coreceptor engagement is
preceded by a lag time of several minutes following gp120-CD4
binding (10). This allows for the spatial recruitment of core-
ceptor molecules (32), generating close proximity to each other
and to the CD4-Env complex. A trimolecular complex of Env-
CD4-coreceptor then forms, eliciting additional conforma-
tional changes in the Env. This triggers the refolding of gp41,
the fusogenic moiety, into a six-helix bundle and the merging of
viral and cellular membranes (reviewed in reference 9).

The lipid content of the cell membrane is composed primar-
ily of glycerophospholipids, sphingolipids, and cholesterol.
Sphingolipids and cholesterol segregate from glycerophospho-
lipids, creating a more ordered phase in the cell membrane
termed “rafts” (reviewed in reference 41). The lipid composi-
tion of the target cell plays an important role in the HIV fusion
process (35, 39). Receptor recruitment, a prerequisite for fu-
sion, is sensitive to lipid modulation (32). Cholesterol deple-
tion inhibits the ability of gp120 to induce the colocalization of

CD4 and the coreceptor (26). In primary cells where receptor
molecules are expressed in low numbers, cholesterol depletion
inhibits fusion and infection. However, overexpression of Env
and the receptors in many model fusion systems obscures this
requirement of receptor recruitment (44). It has been demon-
strated that cholesterol depletion inhibits receptor recruitment
by decreasing the diffusion rate of CCR5, implicating receptor
restriction as one possible mechanism by which modulation of
cellular lipids can inhibit HIV fusion (42).

The application of sphingomyelinase (Smase) to cells alters
the lipid content of the plasma membrane by generating cer-
amide upon cleaving sphingomyelin. Ceramide is extremely
hydrophobic and, upon formation, promotes the coalescence
of membrane domains into what have been termed “mem-
brane platforms” (16). This property of ceramide to facilitate
large domain formations has been exploited by a variety of
microbes to facilitate entry and infection. Neisseria gonorrhoeae
infection is entirely dependent on the activity of an acid Smase
at the cell surface, which triggers phagocytosis of the bacterium
into mucosal epithelial cells (13). Likewise, ceramide forma-
tion due to Smase activity induces the formation of large raft
signaling platforms that have been implicated in facilitating the
internalization of Pseudomonas aeruginosa (14), Sindbis virus
(20), Plasmodium falciparum (17), and rhinovirus (15).

We showed previously that Smase activity can have adverse
effects on HIV infection (6). In the current work, we probe the
mechanistic details of how ceramide modulation inhibits HIV
fusion. Here, we demonstrate that Smase activity significantly
restricts the lateral diffusion of CD4, while coreceptor diffusion
is unaltered. We show that restricting CD4 diffusion by anti-
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body cross-linking inhibits HIV infection. Smase inhibits HIV
infection at a late step in the fusion process, prior to coreceptor
engagement. We demonstrate that Smase-mediated inhibition
of HIV fusion is overcome when CD4 is expressed at high
levels, if fusion occurs over a sufficiently long period. Collec-
tively, these results indicate that Smase inhibits the HIV fusion
process by restricting the lateral mobility of CD4, which may be
a result of clustering of CD4 molecules. As HIV entry is a
highly orchestrated event requiring the sequential interaction
of CD4 and the coreceptor, receptor clustering would be ex-
pected to have severe consequences for viral fusion.

MATERIALS AND METHODS

Cells and reagents. The TZM-bl indicator cell line, obtained through the
AIDS Research and Reference Reagent Program, NIH, from John C. Kappes,
Xiaoyun Wu, and Tranzyme, Inc., is a HeLa cell line derivative that expresses
high levels of CD4 and CCR5 along with endogenously expressed CXCR4.
TZM-bl cells contain HIV long terminal repeat-driven �-galactosidase and lu-
ciferase reporter cassettes that are activated by HIV TAT expression. HeLa cells
expressing different levels of CD4 and coreceptor were gifts from David Kabat
(Oregon Health Sciences University). Smase derived from Bacillus cereus,
streptavidin-horseradish peroxidase (HRP), and HRP were obtained from Sigma
(St. Louis, MO). Phycoerythrin (PE)-conjugated anti-CD4, -CXCR4, or -CCR5
monoclonal antibodies (MAbs) were from BD-Pharmingen (San Jose, CA).
Gp120-biotin (Bt) was obtained from Intracell (Issaquah, WA), and biotinylated
transferrin, anti-transferrin receptor, Alexa-conjugated secondary antibodies,
and CellTracker reagents were obtained from Molecular Probes (Eugene, OR).

Analysis of lipid composition. The sphingolipid analyses were conducted by
liquid chromatography and electrospray tandem mass spectrometry using a PE
Sciex API 3000 triple quadrupole mass spectrometer equipped with a turbo
ion-spray source, as described previously (30). Internal standards for the mass
spectrometric analyses were obtained from Avanti Polar Lipids (Alabaster, AL);
these were C12-ceramide (N-dodecanoyl-sphingosine, d18:1/12:0), C12-glucosyl-
ceramide, and C12-sphingomyelin.

Infectivity assay. TZM-bl cells (2 � 104 per well) were added to 96-well
microtiter plate wells (Falcon, Lincoln Park, NJ) in 100 �l of complete medium
(Gibco) and allowed to adhere for 15 to 18 h at 37°C. An equivalent amount of
virus stock (NL4-3; multiplicity of infection [MOI] of 0.01) was added to the cell
monolayers in the presence of 40 �g/ml DEAE-dextran in Dulbecco’s modified
Eagle’s medium (DMEM) in a final volume of 100 �l. Viral infection was allowed
to proceed for 2 h at 37°C, following which, 100 �l of complete DMEM was
added. Luciferase activity was measured after 15 to 18 h at 37°C with 5% CO2 in
a humidified incubator using a Promega (Madison, WI) luciferase assay system
kit. All infectivity assays were performed in triplicate.

Biochemical measurement of fluid-phase uptake. Fluid-phase endocytosis was
quantitated as described previously (27). In brief, cells were plated on six-well
plates 24 h prior to the assay. The cells were washed once with DMEM and
incubated at 37°C with 0.5 ml prewarmed medium containing 10 �g/ml HRP
(Type 2; Sigma Chemical Co., St. Louis, MO). Following incubation for the
specified time, the dishes were placed on ice and washed 10 times with ice-cold
phosphate-buffered saline (PBS). Subsequently, the cells were trypsinized,
washed an additional two times, and finally resuspended in 0.5 ml of 0.1% Triton
X-100. Total cell protein was calculated using bicinchoninic acid (BCA; Pierce
Chemical Co.), and all samples were normalized for protein content. HRP
activity was determined using 3-3�,5,5�-tetramethylbenzidine, a soluble chromo-
gen substrate for HRP.

Cell fractionation assays. Subconfluent TZM cells were incubated with Bt-
conjugated transferrin (transferrin-Bt) or Bt-conjugated gp120 (gp120-Bt) for
3 h at 37°C. To remove surface-bound protein, the cells were washed three times
with ice-cold PBS and trypsinized for 5 min at room temperature. Trypsin activity
was quenched by the addition of serum-containing medium, and the cells were
then washed twice in ice-cold PBS. The cells were resuspended in 2 ml of
hypotonic solution (20 mM Tris-HCl [pH 8], 10 mM KCl, 1 mM EDTA) for 15
min at 4°C and disrupted by Dounce homogenization (15 strokes, 7-ml B pes-
tles). The nuclei and cell debris were pelleted by centrifugation (3,000 rpm for 5
min at 4°C). The postnuclear extracts were centrifuged at 22,000 rpm for 30 min
at 4°C. The pellet representing the vesicular fraction, including endosomes, was
resuspended in lysis buffer (0.5% Triton X-100). Total cell protein was calculated
using BCA, and all samples were normalized for protein content. Transferrin and
gp120 content were then quantitated by immunoblot analysis.

Preparation of detergent-resistant membrane fractions. Plasma membrane
rafts were obtained as previously described (44). Briefly, TZM cells were treated
at 37°C with 50 mU/ml of Smase for 10 min at 37°C. The enzyme was removed,
and the cells were washed with ice-cold PBS, followed by lysis at 4°C in a buffer
containing 1.4 ml of 25 mM morpholineethanesulfonic acid (MES) (pH 6.5), 0.15
M NaCl, 1% (vol/vol) Triton X-100, protease inhibitors (0.1 �g of phenylmethyl-
sulfonyl fluoride/ml, 2 �g of aprotinin/ml, 2 �g of leupeptin/ml, 1 �g of pepstatin
A/ml), and 1 mM sodium orthovanadate. The lysate was then homogenized and
adjusted to 40% sucrose. A 5 to 30% linear sucrose gradient was formed above
the homogenate. The centrifugation was carried out at 45,000 rpm for 16 to 20 h
in an SW60 rotor (Beckman Instruments, Palo Alto, CA). From the top of each
gradient, 0.35-ml fractions were collected to yield a total of 12 fractions. Proteins
were quantitated using BCA (Pierce Biotechnology), separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and subjected to
immunoblot analysis. Fractions 1 and 2 were generally lacking proteins and thus
were not subjected to SDS-PAGE. Fraction 12 represented the nuclear portion.
Prototypical raft proteins localize on the top of the gradient in fractions 4 to 7;
nonraft marker proteins localize predominantly in fractions 9 to 11.

Immunoblot analysis. Cellular proteins were resolved by SDS-PAGE under
reducing conditions and transferred to nitrocellulose membranes. The blots were
incubated for 1 h in TBST (10 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.2%
Tween 20) containing 5% powdered skim milk. After four washes with TBST, the
membranes were incubated for 1 h with the primary antibody (streptavidin-HRP
diluted 1:3,000) in TBST with 3% bovine serum albumin. Immunoreactivity was
detected by using an enhanced chemiluminescence detection kit (Amersham,
Piscataway, NJ).

Analysis of receptor expression. Cells were harvested with cell dissociation
buffer (Gibco) and resuspended at 0.5 � 106 cells/ml in PBS. Following 20 min
of incubation in PBS with 5% fetal bovine serum and 5% normal mouse serum,
PE-conjugated mouse immunoglobulin G (IgG) anti-CD4 (RPA-T4), anti-
CXCR4 (12G5), anti-CCR5 (2D7), or anti-transferrin receptor MAbs were
added at 5 �g/ml. GM1 expression was assayed by incubation with fluorescein
isothiocyanate-conjugated cholera toxin B at 5 �g/ml. Following 1 h of incuba-
tion at 4°C, the cells were washed three times with ice-cold PBS and samples
were split into duplicates. In experiments determining Triton X-100 extraction of
proteins, 300 �l of ice-cold Triton X-100 (1%, vol/vol) in PBS was added to one
set of samples for 30 min on ice. Control samples received PBS alone. The cells
were subsequently pelleted to remove the Triton X-100 and washed twice with
PBS on ice. The samples were maintained on ice and analyzed with a FACS-
Calibur (Becton Dickinson, San Jose, CA) at 10,000 events/sample with respect
to unlabeled cells.

gp120 binding assay. Cells were harvested with cell dissociation buffer and
resuspended at 106 cells/ml in PBS. The cells were treated for 10 min at 37°C with
50 mU/ml of Smase or control buffer and then incubated with gp120 (5 �g/ml)
for 2 h at 4°C. Cells were washed and directly fixed with 2% paraformaldehyde.
The cells were stained with the gp120-specific MAb 2G12 (5 �g/ml). Following
staining, samples were resuspended in 1 ml of PBS and read by a FACSCalibur
(Becton Dickinson, San Jose, CA) at 10,000 events/sample with respect to un-
labeled cells.

Viral binding assays. The cells were washed twice with PBS and resuspended
at 3 � 106 cells in 2 ml of complete medium. Purified HIV type 1 (HIV-1) (40
ng of p24 ADA isolates) was added to the cells for 3 h at 4°C. Following this
incubation, the cells were spun down and unbound virus was aspirated. The cells
were washed five times with cold PBS to remove unbound material. Cell lysates
were prepared by resuspending the pellet in 300 �l of lysis buffer (1% Triton
X-100) and freezing at �20°C. Viral attachment was monitored by measuring the
amount of p24 in the supernatant of cell lysates by enzyme-linked immunosor-
bent assay (ELISA). Total cell protein was calculated using BCA, and all samples
were normalized for protein content. The average was taken from the results of
three separate experiments that were normalized to 100% relative to the results
for the untreated control sample.

FRAP acquisition and analysis. Fluorescence recovery after photobleaching
(FRAP) analysis was performed using a Zeiss LSM 510 (Carl Zeiss, Jena,
Germany) confocal laser scanning microscope. HeLa cells were plated on 35-mm
glass-bottom dishes (MatTek, Ashland, MA) and transfected 24 h prior to con-
focal analysis with either CD4-green fluorescent protein (GFP) or CCR5–N-
terminally tagged GFP (these constructs were generous gifts from W. Popik and
S. Manes, respectively, and have been described previously) (12, 38). Most of the
protein was expressed on the surface, although some intracellular accumulation
was observed in some cells. During FRAP analysis, cells were kept at physiolog-
ical conditions of 37°C and 5% CO2 in a stage incubation system (Incubator S;
PeCon GmbH, Erbach, Germany). A 488-nm Ar� laser line was used for GFP
excitation, and emission light was collected with a 500- to 550-band-pass filter. A
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40�/1.3 numerical-aperture oil-immersion objective lens was used with a zoom
factor of 4. The detector pinhole was opened slightly more than 1 Airy unit in
order to acquire an optical section of 2-�m thickness. This allowed more light to
be collected, for better quantification. Three prebleach images were acquired, to
determine the rate of nonpurposeful photobleaching, using a nominal laser
intensity of 1%. Then photobleaching was performed in a 2-�m, visually uniform
region of the cell membrane. Bleaching was performed using 100% laser inten-
sity for a duration of approximately 1 s (20 to 50 scans of the laser) to achieve
close to 100% bleaching of the GFP. After photobleaching, images were ac-
quired at 1 s apart for 8 to 10 images and then the time resolution was changed
to 10 s to follow the recovery to completion. A total of 20 to 40 data points per
image were acquired for image analysis.

FRAP analysis was performed using the Medical Imaging Processing, Analysis,
and Visualization (MIPAV; CIT/NIH, Bethesda, MD) (28) software package.
The images were preprocessed by correction for background by subtraction and
by normalizing to the total fluorescence from the entire cell membrane in order
to correct for the (nonpurposeful) photobleaching that occurred during the
acquisition of the recovery images. Following preprocessing, the total intensities
in the bleached region after photobleaching, I(t), were calculated and fitted to
the one-dimensional diffusion FRAP model (26), I(t) � Ifinal{1 � [w2(w2 �
4�Dt)�1]1/2}, using Gauss-Newton nonlinear fitting, where Ifinal is the predicted
intensity after infinite time, w is the width of the bleached region along the
membrane in �m, and D is the diffusion coefficient. The mobile fraction was
calculated as: [Ibefore � I(0)]/[Ifinal � I(0)], where Ibefore is the total intensity of
the bleached region before photobleaching commenced and I(0) is the intensity
immediately following photobleaching.

Infectivity assay. The infectivity assay was performed as previously described
(6). To create temperature-arrested intermediate (TAI) states, virus and cells
were cocultured at either 23°C or 4°C for 2 h. Virus was then removed and the
cells (with attached virus) were treated with Smase for 10 min at 37°C. Following
removal of Smase, the cells were incubated with complete medium and infection
was allowed to proceed for 15 to 18 h at 37°C. In control experiments, target cells
were treated with Smase for 10 min, the enzyme was removed, virus was then
added at 37°C, and infection was allowed to proceed for 15 to 18 h at 37°C.

MAb OKT4 cross-linking and infectivity experiments. TZM-bl cells (2 � 104

per well) were added to 96-well microtiter plate wells (Falcon, Lincoln Park, NJ)
in 100 �l of complete media and allowed to adhere for 15 to 18 h at 37°C. Each
well was treated with 100 �l of MAb OKT4 (10 �g/ml) or mouse IgG (10 �g/ml)
in combination with goat anti-mouse IgG (40 �g/ml) for 1 h at 4°C in serum-free
DMEM. The antibody solutions were then removed, and virus (NL4-3; MOI of
0.01) was added to the cell monolayers in the presence of 40 �g/ml DEAE-
dextran in DMEM in a final volume of 100 �l. Viral infection was allowed to
proceed as described above.

HIV-1 Env glycoprotein-mediated cell-cell fusion. Target cells were labeled
with the cytoplasmic dye CellTracker orange (CMRA) at 10 �M and Env-
expressing cells were labeled with 10 �M CellTracker green as described in the
manufacturer’s protocol. The labeled target cells were treated with Smase for 10

min and then cocultured with the labeled Env cells for 2 h at 37°C. Dye redis-
tribution was monitored microscopically as described previously (10). The extent
of fusion was calculated as % fusion � 100 � (number of bound cells positive for
both dyes/number of bound cells positive for CMRA).

RESULTS

Smase treatment increases ceramide levels in HeLa cells.
Smase cleaves sphingomyelin at the outer leaflet of the plasma
membrane, generating phosphocholine and ceramide. Initially,
we determined the effectiveness of this treatment in our assay
system following incubation at 37°C for 10 min. Previously, we
established that this brief enzymatic treatment inhibits HIV
infection (6). As shown in Fig. 1, following lipid extraction and
analysis, Smase treatment decreased sphingomyelin from 7,605
to 3,019 pmol and increased ceramide more than eightfold
(from 818 to 7,136 pmol). Thus, the increase in ceramide
apparently reflects cleavage of sphingomyelin, confirming the
activity of this enzyme in our assay system. This suggests that
the changes in membrane properties are due to the decrease in
sphingomyelin and the increase in ceramide.

Smase treatment does not influence gp120 or viral binding.
Smase activity generates a large increase in ceramide in the
extracellular leaflet of the plasma membrane, possibly affecting
HIV-1 receptor expression. To investigate this, we analyzed
the expression of the HIV receptors CD4, CXCR4, and CCR5
by flow cytometry following Smase treatment. We observed no
change in the expression levels of CCR5 or CXCR4 (data not
shown), while CD4 expression was decreased. As shown in Fig.
2A, enzymatic treatment decreases CD4 expression levels ap-
proximately 30%. To determine if Smase treatment influences
gp120 or viral binding, we incubated treated cells with either
the viral Env gp120 or chilled HIV-1 at 4°C. Gp120 engage-
ment was assayed using flow cytometry, by employing the
gp120-specific MAb 2G12, while viral binding was determined
by a p24 ELISA. As seen in Fig. 2B, Smase activity does not
affect gp120 binding to target cells. Quantitative analysis of
viral binding also revealed similar values for the HIV antigen

FIG. 1. Smase treatment increases ceramide levels while decreasing sphingomyelin. Smase was added to cells for 10 min at 37°C. Cells were
pelleted and frozen, and lipid analysis was performed by liquid chromatography electrospray tandem mass spectrometry as described by Merrill
et al. (30). The amounts of the individual subspecies (e.g., d18:1/16:0 ceramide, d18:1/18:0 ceramide, etc.) were summed to give the total amounts
shown in the figure. The error bars indicate the standard deviations of three samples.
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p24 (Fig. 2C), indicating that Smase has little effect on this
initial step in the fusion cascade.

Smase treatment does not influence Triton X-100 extraction
of HIV-1 receptor proteins. Next, we investigated the mem-
brane disposition of the HIV receptors by determining Triton
X-100 extraction at 4°C. We compared the extractabilities of
CD4, CXCR4, and CCR5 with those of GM1, a characterized
raft marker, and transferrin receptor, a well-characterized non-
raft marker protein. As seen in Fig. 3, following Triton X-100

treatment, transferrin receptor is predominantly extracted, as
expected for this protein. In contrast, GM1, a raft-localized
ganglioside, remained predominantly cell associated. In agree-
ment with previous reports, the coreceptors CXCR4 and
CCR5 are almost entirely extracted under our assay condi-
tions; notably, the percent extraction remained unchanged fol-
lowing Smase treatment. CD4, which is generally accepted to
be a raft-localized protein, is also largely extracted. This result
is consistent with results found by others for nonlymphoid cell
lines (7). Importantly, there is no difference in the extraction of
CD4 following Smase treatment. This result was confirmed by
isolating detergent-resistant membrane fractions from sucrose
gradients and quantitating CD4 content by Western blotting
(data not shown).

We also investigated the distribution of these receptors by
confocal microscopy. However, on our reporter cell line, the
HIV receptors are overexpressed, resulting in a continuous
plasma membrane staining pattern. The limits of resolution
and sensitivity of confocal microscopy cannot resolve any sub-
tle changes in such a staining pattern. Following Smase treat-
ment, no alteration in staining was observed, indicating that no
gross membrane effects such as capping are being induced
(data not shown).

Smase does not affect cellular endocytic pathways. Smase
activity has been shown to influence cellular endocytic path-
ways (3, 23, 45). Given that HIV infectivity is influenced by
modulating cellular endocytic pathways (4, 40), we considered
this a possible mechanism resulting in HIV inhibition. Initially,
we measured the rate of uptake of a soluble protein, HRP,
which enters cells through nonabsorptive endocytosis. As ob-
served in Fig. 4A, Smase activity has no effect on HRP uptake
over a 3-h time frame. Notably, it has been shown that Smase
activity promotes a rapid stimulation of endocytosis (45). How-
ever, even when HRP activity was assayed over the initial 30
min of uptake, no difference was observed.

We next investigated the effect of Smase on receptor-medi-
ated endocytosis, as HIV engages specific receptors on the cell
surface. We employed transferrin, the soluble ligand for the
transferrin receptor, as a classical marker protein for this path-
way. Endocytic uptake was analyzed following the incubation
of cells with medium containing transferrin-Bt after Smase or
control treatment. Following 3 h at 37°C, the cells were
trypsinized to remove cell surface ligand and subjected to sub-
cellular fractionation. The vesicular endosome fraction was
isolated from the cellular lysate and analyzed for transferrin
content by Western blotting. Densitometric analysis of such
blots provided the data shown in Fig. 4B. As shown, when
internalized transferrin was quantitated, Smase pretreatment
appeared to have a minimal effect on endocytic accumulation.
Thus, it appears that receptor-mediated endocytosis is unaf-
fected by Smase activity.

Given that productive viral entry is mediated by specific
Env-receptor interactions, we also determined if the viral
Env gp120 undergoes increased endocytosis following Smase
treatment. To test this, we quantitated endocytic uptake of
gp120-Bt as described previously for transferrin. As shown in
Fig. 4C, the gp120 content of the endocytic fraction is unal-
tered by Smase treatment. We also performed kinetic analysis
of gp120 uptake over a 30-min to 3-h time course, and no

FIG. 2. Smase decreases CD4 expression but does not affect gp120
or viral binding. Cells were treated with Smase for 10 min at 37°C.
(A) The expression of CD4 was analyzed by the addition of anti-CD4
PE-conjugated antibody in parallel with a matched isotype control.
Antibody binding was quantitated using flow cytometry. The reactivity
was compared to the reactivity of the control sample, and the mean
fluorescence intensity was quantitated. (B) Cells were incubated with
gp120 for 2 h at 4°C. Gp120 binding was determined using the anti-
gp120-specific MAb 2G12, and the reactivity was detected by flow
cytometry. (C) Cells were incubated with prechilled virions for 2 h at
4°C, washed extensively, and lysed. Viral binding was quantitated using
a p24 ELISA. The results represent the averages of three independent
experiments; the error bars indicate the standard deviations between
experiments.
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difference in the rate of gp120 endocytosis was observed at any
time point (data not shown).

Smase restricts CD4 mobility. The lateral diffusion of HIV
receptors is an important requirement in the fusion process

(9). Hence, we investigated the effect of Smase on the effective
diffusion rates of CD4 and CCR5. FRAP is one technology
available to measure the lateral mobility of proteins in mem-
branes. This approach utilizes the confocal laser to focus on a

FIG. 3. Smase has minimal effects on detergent extraction of CD4, CXCR4, or CCR5. Cells were treated with Smase for 10 min at 37°C. CD4,
CXCR4, CCR5, and transferrin receptor were detected by the addition of the respective PE-conjugated antibodies, while GM1 was detected by
the addition of fluorescein isothiocyanate-conjugated cholera toxin B subunit. Following antibody or cholera toxin labeling, the cells were subjected
to Triton X-100 extraction at 4°C as described in Materials and Methods. Antibody binding was quantitated using flow cytometry. The reactivity
was compared to the reactivity of control samples, and the percent extraction was calculated. The results shown are the averages of three
independent experiments. The data are the means 	 standard deviations of three independent experiments.

FIG. 4. Smase does not affect cellular endocytic pathways. (A) Confluent dishes of TZM-bl cells were incubated in medium containing HRP
(10 �g/ml) following control or Smase pretreatment. Internalized HRP was assayed as described in Materials and Methods. The results represent
the averages of three independent experiments. O. D., optical density. (B and C) Cells were incubated with transferrin-Bt (B), or gp120-Bt (C) for
3 h at 37°C. The endosomal fraction was isolated as described in Materials and Methods, and the Bt-labeled content was quantitated. The results
were normalized to the results for control samples and represent the averages of three independent experiments; the error bars indicate the
standard deviations between experiments.
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small region of the cell until the fluorescent signal is irrevers-
ibly bleached. Following bleaching, the recovery of the fluo-
rescent signal is monitored over time. The rate of this recovery
is used to determine the effective diffusion coefficient for the
protein of interest in the cell. To investigate receptor mobility,
we employed GFP-tagged CD4 and CCR5 constructs which

result in a bright fluorescent membrane staining pattern when
expressed in target cells (Fig. 5A). Following Smase treatment,
we bleached these samples and monitored the recovery of the
fluorescent signal. Quantitative analysis of the recovery rate
allows for calculation of the effective diffusion coefficient for
both of these proteins. Experiments to calculate the mobility of

FIG. 5. Smase restricts CD4 mobility, while CCR5 mobility is unaffected. FRAP analysis was conducted as described in Materials and Methods.
Cells were transfected to express CD4-GFP (A, B, and C) or CCR5-GFP (D and E) and treated with control or Smase for 10 min. FRAP was
performed within 1 h of treatment using a Zeiss LSM 510 (Carl Zeiss, Jena, Germany) confocal laser scanning microscope. (A) A representative
control and a Smase-treated CD4-expressing cell are shown; the bleach box is indicated in white. (B) A representative recovery curve (broken line)
and a fit (solid line) for CD4-GFP diffusion following control (square) or Smase (star) treatment are shown. A residual plot is shown at the top
of the graph. (C) The average effective diffusion coefficient for CD4 following control treatment is 0.022 �m2/s with a standard deviation of 0.008
�m2/s; following Smase treatment, the average effective diffusion coefficient is 0.005 �m2/s with a standard deviation of 0.002 �m2/s. The number
of cells analyzed for each condition is indicated. (D) A representative recovery curve (broken line) and fit (solid line) are shown for CCR5-GFP
diffusion following control or Smase treatment. A residual plot is shown at the top of the graph. (E) The average effective diffusion coefficient for
CCR5 following control treatment is 0.049 �m2/s with a standard deviation of 0.057 �m2/s; following Smase treatment, the average effective
diffusion coefficient is 0.050 �m2/s with a standard deviation of 0.042 �m2/s.
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CD4 were performed on the same day under the same FRAP
conditions. Three separate experiments with paired samples
were performed. A total of 30 control and 27 Smase-treated
cells were analyzed, and the average effective diffusion coeffi-
cient for CD4 was calculated. A representative image and a
recovery curve are shown in Fig. 5A and B for both control and
Smase-treated cells. The average effective diffusion coefficient
is shown in Fig. 5C. Notably, there was an approximately four-
fold change in the effective diffusion rate of CD4 following
Smase treatment. The effective diffusion rate decreased from
0.022 �m2/s to 0.005 �m2/s following enzyme treatment. We
also determined the mobile fraction of CD4 by calculating the
overall extent of signal recovery. By observing the recovery
curve of the fluorescent signal, we can determine if the recov-
ery plateaus before 100% of the signal is achieved, indicating a
subset of CD4 molecules that are immobile in the membrane
(24). In both the presence and absence of Smase treatment,
almost 100% recovery was observed (control treatment, 96%;

Smase treatment, 98.6%). This indicates that most of the CD4
molecules under these FRAP conditions were mobile in the
membrane.

CCR5 mobility is unaffected by Smase. Using FRAP analy-
sis, we also determined the effective diffusion rate for CCR5.
Experiments were performed on the same day under the same
FRAP conditions. Three separate experiments with paired
enzyme and control treatments were performed. A total of
21 control and 23 Smase cells were analyzed, and the aver-
age effective diffusion coefficient for CCR5 was calculated.
A representative recovery curve is shown in Fig. 5D for both
control and Smase-treated cells. As shown in Fig. 5E, there
was no change in the effective diffusion rate of CCR5 fol-
lowing Smase treatment. Under these conditions, we calcu-
late the effective diffusion rate of CCR5 to be approximately
0.05 �m2/s. We calculate the mobile fraction in control cells
to be 99%, while Smase treatment decreased this fraction
slightly to 94%.

FIG. 6. Antibody cross-linking of CD4 restricts mobility and inhibits HIV infection. (A) Cells were treated with MAb OKT4 (10 �g/ml) or
control antibody solution for 1 h at 4°C. The antibody solution was removed and FRAP analysis was conducted as described in Materials and
Methods. The average effective diffusion rate for CD4 is 0.027 �m2/s with a standard deviation of 0.009 �m2/s. Following cross-linking, the average
effective diffusion rate is 0.007 �m2/s with a standard deviation of 0.002 �m2/s. (B) Cells were incubated with the indicated concentration of MAb
OKT4 or control IgG for 1 h at 4°C. The antibody solution was removed, virus (isolate NL4-3; MOI � 0.01) was added, and infection was allowed
to proceed overnight. The inhibition was calculated relative to the inhibition of control samples with an isotyped antibody, and the average of three
independent experiments is shown. The error bars indicate the standard deviations.
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Cross-linking CD4 reduces the effective diffusion rate and
inhibits HIV infection. To further investigate the influence of
CD4 diffusion on HIV infection, we cross-linked CD4 using the
nonneutralizing anti-CD4 MAb OKT4 in combination with an
anti-mouse IgG antibody. MAb OKT4 binds an epitope on
CD4 that is not involved in the HIV fusion process and has no
inhibitory effects on gp120 engagement (2). We confirmed that
cross-linking CD4 with MAb OKT4 does not downregulate
CD4 or alter HIV binding under our assay conditions (data not
shown). By employing FRAP, we confirmed that we were ef-
fectively cross-linking CD4, with a fourfold decrease in the
effective diffusion rate of CD4 observed following cross-linking
(Fig. 6A). No such effect was detected on cells treated with an
isotype control antibody in combination with an anti-mouse
IgG antibody (data not shown). We next investigated the ef-
fects of cross-linking CD4 on HIV infection by pretreating cells
with increasing concentrations of MAb OKT4 in combination
with an anti-mouse IgG antibody. Following 1 h of pretreat-
ment at 4°C, the antibody cocktail was removed, virus was
added, and infection proceeded at 37°C. Control experiments
with an isotype antibody were carried out in parallel. As shown
in Fig. 6B, MAb OKT4 cross-linking of CD4 effectively inhibits
HIV infection. Dose-dependent inhibition of infection was ob-
served, while control antibody pretreatment resulted in mini-
mal inhibition (data not shown).

Smase inhibits viral fusion after CD4 engagement. As
Smase restricts CD4 diffusion (Fig. 5C), and we determined
from cross-linking experiments that CD4 mobility is necessary
for HIV infection, we next determined which step in the fusion
cascade is targeted by Smase. To do this, we used the approach
of creating temperature-arrested fusion intermediates which
have well-defined characteristics (10, 29, 31). Previous studies
have determined that virus-cell fusion intermediates created by
incubation at 4°C are arrested at an early step in the fusion
cascade that allows attachment but does not permit further
progress. In contrast, intermediates arrested by incubation at
23°C have engaged CD4 and are in close proximity to the

coreceptor. Shifting of 23°C-arrested intermediates to 37°C
results in rapid fusion without the characteristic lag time that is
seen in the fusion of 4°C-arrested intermediates or in the
fusion of non-temperature-arrested cocultures (18). By em-
ploying specific inhibitors that target different steps in the
fusion process, it has been determined that the 23°C-arrested
intermediate is arrested at a late step in the cascade, immedi-
ately prior to coreceptor engagement and formation of the
fusion pore. We created 4°C TAIs and 23°C TAIs by cocultur-
ing virus and cells at these temperatures for 2 h. The unab-
sorbed virus was then removed, and the coculture systems were
treated with Smase. In control experiments, target cells were
treated with Smase prior to virus coculture. When we analyzed
these coculture systems for Smase-mediated inhibition, we ob-
served that Smase was equally effective in inhibiting infection
when added to all TAIs (Fig. 7). Thus, HIV fusion is sensitive
to Smase inhibition post-CD4 engagement and most likely is
sensitive until a late step in the fusion process prior to core-
ceptor engagement.

Inhibition of cell-cell fusion by Smase is dependent on CD4
expression levels. To further examine the hypothesis that
Smase inhibits HIV fusion by restricting the lateral diffusion of
CD4, we employed a cell-cell fusion system with target cells
expressing different CD4 surface densities. These experiments
utilize a well-characterized dye transfer system between a sta-
ble HeLa cell line expressing IIIb Env and HeLa target cells
expressing either low (10 � 103 molecules/cell) or high (150 �
103 molecules/cell) levels of CD4. CXCR4, the coreceptor for
the EnvIIIb, is expressed endogenously on HeLa cells. As in the
viral fusion assays, we pretreated target cells for 10 min with
Smase prior to coculture with Env cells. As shown in Fig. 8, a
10-min treatment of target cells with Smase effectively inhibits
cell-cell fusion after a 120-min coculture period, but only with
target cells that have a low surface density of CD4. Cells with
high CD4 levels demonstrate no inhibition at this time point.
When shorter coculture periods are scored for fusion inhibi-
tion, high-CD4-expressing target cells do demonstrate suscep-

FIG. 7. Smase inhibits fusion at a late step in the fusion cascade. Cells were incubated with virus for 2 h at either 4°C or 23°C. Unbound virus
(NL4-3 isolate) was removed, and Smase was added for 10 min at 37°C. After removal of the enzyme, complete medium was added, and infection
was allowed to proceed overnight. In control experiments, target cells were treated with Smase for 10 min, the enzyme was removed, virus was then
added at 37°C, and infection was allowed to proceed overnight. The inhibition was calculated relative to the inhibition by the control treatment
at the respective temperature, and the average of three independent experiments is shown. The data are the means 	 standard deviations of three
independent experiments. The relative luciferase units obtained are as follows: for the 4°C TAI, 36,463; for the 23°C TAI, 38,854; and for the
control, 36,465.
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tibility to Smase-mediated inhibition. As observed in the re-
sults shown in Fig. 8, following 30 min of coculture, Smase-
treated high-CD4-expressing cells demonstrated 66% fusion
inhibition, while after 60 min of coculture, this inhibitory effect
decreased to 49%. We reasoned that the lack of inhibition
following 2 h of coculture may reflect the high density of CD4
molecules overcoming the mobility restriction imposed by
Smase due to closer proximity to the coreceptor. We addition-
ally investigated if cells expressing low CD4 surface densities
could overcome Smase-induced fusion inhibition when cul-
tured for extended time periods of 180 to 240 min. This ex-
tended coculture time may allow sufficient time for CD4 to
engage the coreceptor even when CD4 mobility is restricted
due to Smase treatment. As shown in Fig. 8, low-CD4-express-
ing cells can overcome Smase-mediated inhibition following
180 to 240 min of coculture. At these time points, the inhibi-
tory effects of Smase on fusion decrease from 18% to 0%,
respectively. These results indicate that Smase-mediated fu-
sion inhibition is sensitive to CD4 surface densities, highlight-
ing the requirement for receptor mobility in the fusion process.

DISCUSSION

Ceramide, when generated rapidly upon Smase application,
reorganizes the plasma membrane (reviewed in reference 43).
In vivo, this plays an important role in many cell signaling
events, as the generation of ceramide functions to cluster and
activate receptor molecules in rafts (for a review, see reference
16). In our experiments, we determined that Smase, while
eliciting the rapid generation of ceramide (Fig. 1), does not
alter the membrane raft disposition of CD4 or coreceptors as
determined by Triton X-100 extraction. However, we found
that the effective diffusion rate for CD4 is reduced fourfold
following Smase treatment (Fig. 5C), whereas the CD4 mobile
fraction is not reduced. It is important to note that the rela-
tionship between CD4 raft localization and susceptibility to
HIV-1 infection has been quite controversial. Prior studies

have indicated that raft disruption does not affect HIV-1 Env-
mediated fusion as long as HIV-1 receptors are in high abun-
dance in the target cells (44). Other studies (37, 38) have also
shown that cells expressing CD4 with mutations that placed
CD4 in the nonraft domains were perfectly capable of support-
ing HIV-1 entry. Since these data indicate that HIV-1 fusion/
entry is supported mainly by the nonraft (i.e., Triton X-100
extractable) fraction of CD4, we are led to conclude that the
Smase effects on CD4 mobility are not raft related. This is
consistent with the results of Kenworthy et al. (21), who show
that raft association is not the dominant factor in determining
long-range protein mobility at the cell surface.

The lateral mobilities of viral or receptor proteins have been
correlated with their abilities to mediate fusion (19, 22). How-
ever, given the low rate of HIV-1 Env-mediated fusion, a
reduction of the CD4 diffusion coefficient to 0.005 �m2/s would
still provide these molecules sufficient travel time (a distance of
1 �m in about 1 min) to encounter multiple Env and corecep-
tor molecules on the time scale of fusion (hours). We therefore
propose that Smase treatment causes an appreciable fraction
of CD4 to aggregate or cluster and these clusters cannot sup-
port fusion. The reduction in the lateral mobility of CD4 is
consistent with this hypothesis, since it has recently been dem-
onstrated (11) that the dependence of the lateral diffusion
coefficient of a membrane protein (D) on the radius R of the
protein fits a Stokes-like expression [D (propto) 1/R]. There-
fore, clusters of proteins should diffuse much more slowly than
dispersed receptors. Based on the inverse relationship between
the diffusion coefficient and the radius, for our data, this trans-
lates to an average cluster size of approximately 16 CD4 mol-
ecules.

While Smase treatment did not alter gp120 or viral binding,
it did lead to a reduction in the fluorescence of a secondary Ab
against an anti-CD4 MAb (Fig. 2). Based on the clustering
hypothesis, we interpret this reduction as self-quenching due to
the clustering of CD4 molecules. Our data on the correlation
between CD4 cross-linking by MAb OKT4 that reduces its
lateral mobility and inhibition of infection (Fig. 6) also support
the clustering hypothesis.

HIV fusion can be dissected into discrete steps based on the
use of TAIs and specific inhibitors (10, 29, 31). By coculturing
virus and cells at 23°C for 2 h, we created fusion intermediates
that have been previously well characterized (18). Such inter-
mediates are insensitive to inhibitors that target the CD4-
gp120 interaction, but are sensitive to coreceptor- and gp41-
targeted inhibitors. Thus, this stable fusion intermediate most
likely reflects an accumulation of CD4-engaged viruses that are
primed for coreceptor engagement. We determined that this
intermediate was sensitive to Smase inhibition, indicating that
Smase is targeting a post-CD4 binding step in the fusion pro-
cess (Fig. 7). As CD4 molecules are clustered following Smase
treatment, the likelihood of coreceptor engagement is re-
duced, resulting in the inhibition of fusion. However, we find
about 30% residual fusion after Smase treatment (Fig. 7),
presumably due to remaining unclustered CD4.

Our results using a cell-cell fusion assay with various CD4
levels provide additional evidence that Smase, by inducing
CD4 clustering, inhibits HIV fusion. Similar to results that
were obtained following the depletion of cholesterol from cells
(44), we determined that Smase inhibits cell-cell fusion. This is

FIG. 8. Smase inhibition of cell-cell fusion is dependent on CD4
expression levels and coculture time. HeLa cells expressing HIV-1 IIIb
Env, labeled with CellTracker green, were cocultured with HeLa target
cells labeled with CellTracker orange. The target cells expressing ei-
ther low or high CD4 levels were pretreated with Smase for 10 min
prior to coculture. Low- and high-CD4-expressing cells were cocul-
tured with Env cells for discrete time periods up to 240 min at 37°C.
Images were collected at the indicated time points using a 20� lens
objective, and the extent of fusion was scored relative to the extent of
fusion of the control cells as described in Materials and Methods. The
data are the means of three independent experiments.
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only observed, however, when CD4 is expressed at low levels or
following relatively short coculture times if the expression lev-
els are high. It is important to note that the effects of choles-
terol depletion and Smase treatment on HIV-1 receptor dis-
position and function are quite different: in contrast to the
effects of Smase treatment, cholesterol depletion has no effect
on CD4 mobility (42). However, cholesterol depletion does
significantly affect chemokine receptor function (33, 34). By
contrast, Smase does not affect ligand binding to coreceptors
and had little effect on ligand-induced chemotaxis (36).

Protection of fusion, after Smase treatment, for high CD4
levels follows naturally if only unclustered CD4 can participate
in fusion. The level of unclustered CD4 after Smase treatment
would be sufficient for fusion. By contrast, in cells with low
CD4 levels, the probability of Env-CD4-coreceptor interac-
tions is less favorable and Smase, by clustering CD4 molecules,
reduces the frequency of these interactions to a level where
fusion is inhibited (Fig. 8). As an extension of this line of
reasoning, in cells with low CD4 levels, if sufficient time is
allowed to permit complexes to form between unclustered
CD4 and Env, allowing for coreceptor engagement, then the
restriction imposed by Smase treatment should be overcome.

Collectively, this study shows that Smase treatment of cells
inhibits HIV fusion, most likely by altering the topology of the
plasma membrane, which results in the clustering of CD4 mol-
ecules. Understanding the mechanism by which Smase inhibits
HIV infections has important implications for the develop-
ment of antiretroviral therapeutics. Inhibiting viral infection by
inducing receptor clustering (22) is a novel approach targeting
the viral entry process. Recently, the concept of targeting
sphingolipids as therapeutics has made significant strides (8),
with innovative strategies for the local and targeted delivery of
sphingolipids emerging. We anticipate that our understanding
of Smase-mediated inhibition of HIV infection can be further
exploited for the development of antiviral agents.
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