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To investigate the association of the murine leukemia virus (MuLV) Env protein with lipid rafts, we
compared wild-type and palmitoylation-deficient mutant Env proteins by using extraction with the mild
detergent Triton X-100 (TX-100) followed by a sucrose gradient flotation assay. We found that the wild-type
MuLV Env protein was resistant to ice-cold TX-100 treatment and floated to the top of the gradients. In
contrast, we observed that the palmitoylation-deficient mutant Env protein was mostly soluble when extracted
by ice-cold TX-100 and stayed at the bottom of the gradients. Both the wild-type and mutant Env proteins were
found to be soluble when treated with methyl-�-cyclodextrin before extraction with ice-cold TX-100 or when
treated with ice-cold octyl-�-glucoside instead of TX-100. These results indicate that the MuLV Env protein is
associated with lipid rafts and that palmitoylation of the Env protein is critical for lipid raft association.
Although the palmitoylation-deficient Env mutant was synthesized at a level similar to that of the wild-type
Env, it was found to be expressed at reduced levels on the cell surface. We observed syncytium formation
activity with both the wild-type and mutant Env proteins, indicating that palmitoylation or raft association is
not required for MuLV viral fusion activity.

Lipid rafts, also known as detergent-insoluble glycosphingo-
lipid-enriched domains, are specific domains on plasma mem-
branes which are enriched in cholesterol and sphingolipids (16,
30, 31). The high concentration of sphingolipids, which contain
long, saturated acyl side chains, confers a more ordered state
to the lipid rafts, which are resistant to extraction with mild
nonionic detergents such as Triton X-100 (TX-100) at low
temperature (4°C) (5). Lipid rafts are known to play an im-
portant role in several biological processes, such as signal
transduction, T-cell activation, protein sorting, and virus as-
sembly and budding (4, 31). Classes of proteins which have
been shown to be associated with lipid rafts include glyco-
sylphosphatidylinositol (GPI)-linked proteins, Src family ki-
nases, and palmitoylated proteins (4, 14, 15, 24).

The assembly and budding of several enveloped viruses oc-
cur selectively from lipid rafts on the surface of infected cells
(1, 4, 13, 17, 26, 35, 36, 41). It has been reported that particles
of human immunodeficiency virus type 1 (HIV-1) contain a
high concentration of cholesterol, sphingomyelin, and proteins
that are known to localize to lipid rafts (2, 3). Envelope (Env)
proteins of several viruses have also been reported to be asso-
ciated with lipid rafts (1, 13, 21, 26, 41). Acylation of the Env
proteins, especially palmitoylation, is thought to be important
for the targeting of the proteins into lipid raft microdomains
on the cell surface (14, 24, 29). It has been shown that removal
of the cytoplasmic tail or mutation of the three palmitoylated

cysteine residues in the transmembrane (TM) domain and the
cytoplasmic tail decreased the association of influenza virus
hemagglutinin (HA) with lipid rafts and decreased the incor-
poration of HA into virions (41). In HIV-1, the palmitoylation
of the cytoplasmic tail of Env is also critical for lipid raft
association and viral infectivity. Replacement of both cysteine
residues in the cytoplasmic tail dramatically decreased the as-
sociation of HIV-1 gp160 with lipid rafts and resulted in a
lower level of viral infectivity (26). However, acylated vesicular
stomatitis virus (VSV) G protein and Rous sarcoma virus
(RSV) Env protein were shown not to be associated with lipid
raft domains (6, 19).

The murine leukemia virus (MuLV) Env protein is synthe-
sized as a precursor protein that is processed by a cellular
protease into two subunits: the surface subunit (SU), contain-
ing the receptor binding domain, and the TM subunit, which
forms a complex with the SU protein and is involved in sub-
sequent membrane fusion (22, 23, 37). The TM subunit con-
tains three structural domains: an extracellular domain con-
taining the highly hydrophobic N-terminal fusion peptide, a
membrane-spanning region for anchorage to the cell mem-
brane, and a cytoplasmic tail (7, 34). The C-terminal 16-amino-
acid fragment, designated the R peptide, is cleaved during viral
maturation, which activates viral fusion activity and infectivity
(10, 22, 23, 39).

The Moloney MuLV (M-MuLV) Env protein is modified by
palmitoylation of Cys 597 in the TM domain (40). To investi-
gate whether the MuLV Env protein is associated with lipid
rafts and to examine the role of palmitoylation in lipid raft
association, we used a mutant MuLV in which the cysteine
residue in the TM domain of the Env protein was replaced by
a serine residue. We examined the lipid raft association, sur-
face expression, and syncytium formation activities of the wild-
type and mutant MuLV Env proteins.
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MATERIALS AND METHODS

Cells and viruses. NIH 3T3 cells and XC cells were obtained from the Amer-
ican Type Culture Collection (Rockville, Md.) and maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum
(GIBCO BRL). The cDNA of the wild-type M-MuLV and the palmitoylation-
deficient mutant MuLV genome, in which the cysteine in the TM domain of the
TM protein was replaced by a serine, were cloned into plasmid pGEM4 and were
designated pMOV and pMOVC597S, respectively. The construction of these two
plasmids has been described previously (40).

Protein expression, radioactive labeling, and immunoprecipitation. NIH 3T3
cells expressing wild-type or palmitoylation-deficient mutant Env proteins were
starved in Eagle’s medium deficient in methionine and cysteine for 45 min,
pulse-labeled with 100 �Ci of [35S]Met-Cys (Du Pont NEN) in 600 �l of Eagle’s
deficient medium for 15 min, and then chased in DMEM medium for different
times as indicated. The total supernatants were collected and incubated with lysis
buffer (150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 1% TX-100, 1% sodium
deoxycholate [pH 7.5]) plus protease inhibitor (Roche), and the cells were
biotinylated and lysed in lysis buffer and immunoprecipitated overnight with goat
anti-MuLV Env antibody and protein A-agarose beads (Pierce) at 4°C. Samples
were washed with RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA,
1% TX-100, 1% sodium deoxycholate [pH 7.5]) three times and prepared in
reducing gel-loading buffer (125 mM Tris-HCl [pH 7.5], 4% sodium dodecyl
sulfate [SDS], and 20% glycerol, plus 10% �-mercaptoethanol). Samples were
heated at 95°C for 5 min before they were loaded onto an SDS–10% polyacryl-
amide gel electrophoresis (PAGE) gel for subsequent autoradiography.

Solubilization assay. NIH 3T3 cells transfected with pMOV or pMOVC597S
were grown in 35-mm-diameter plates. After 72 h, cells were starved in Eagle’s
medium deficient in methionine and cysteine for 45 min, labeled with 100 �Ci of
[35S]Met-Cys (Du Pont NEN) in 600 �l of Eagle’s deficient medium for another
45 min, and then chased in DMEM medium with 10% fetal calf serum for 4 h.
After three washes with cold phosphate-buffered saline (PBS), cells were incu-
bated with lysis buffer {0.5% TX-100, 10 mM PIPES [piperazine-N,N�-bis(2-
ethanesulfonic acid)], 0.1 M KCl, 3 mM MgCl2, 10 mM EGTA, 0.3 M sucrose,
pH 7.5} plus protease inhibitor (Roche) in ice or at 37°C for 3 min. The soluble
and insoluble fractions were collected into 1-ml volumes of lysis buffer. The
soluble fraction was cleared by centrifugation at 400 � g for 2 min, and the
insoluble fraction was homogenized by passage through a 25-gauge needle 20
times. Both fractions were immunoprecipitated with goat anti-MuLV Env anti-
body and protein A-agarose beads (Pierce) at 4°C overnight. Samples were
washed with RIPA buffer three times and prepared in reducing gel-loading buffer
as described above. Samples were heated at 95°C for 5 min before they were
loaded onto an SDS–10% PAGE gel for subsequent autoradiography.

Sucrose gradient flotation assay. Radioactively labeled NIH 3T3 cells express-
ing wild-type or mutant MuLV Env proteins or transfected by the DNA encoding
the placental alkaline phosphatase (PLAP) protein, a raft marker protein, were
washed twice with cold PBS and incubated with TNE buffer (10 mM Tris [pH
7.4], 100 mM NaCl, 1 mM EDTA) containing 1% TX-100 in ice for 30 min as
described previously (4, 9, 29, 41). The cell lysates were then passed through a
25-gauge needle 20 times and adjusted to 40% (wt/vol) of sucrose in TNE,
layered on the bottom of an SW41 centrifuge tube, and overlaid with 30%
sucrose–TNE and 5% sucrose–TNE (wt/vol). The gradients were centrifuged at

260,000 � g at 4°C for 18 h. One-milliliter fractions were collected from the top
and subjected to immunoprecipitation with goat anti-MuLV Env antibody. Sam-
ples were analyzed with an SDS–12% PAGE gel and subsequent autoradiogra-
phy.

The distribution of the cell surface proteins was detected by a surface bioti-
nylation assay. Radiolabeled NIH 3T3 cells were washed three times with ice-
cold PBS-CM (PBS containing 0.1 mM CaCl2 and 1 mM MgCl2) and incubated
with 0.5 mg of sulfsuccinimidyl 2-(biotinamido)ethyl-1,3�-dithiopropionate
(NHS-SS-biotin; Pierce) in 1 ml of PBS-CM at 4°C for 30 min. Unreacted biotin
was quenched by the addition of fresh DMEM. Cells were incubated with TNE
buffer for 30 min in ice and then immunoprecipitated as described above. Sam-
ples were washed three times in RIPA buffer and then divided into two equal
aliquots. One aliquot was used for immunoprecipitation, and the other was
treated with 10 �l of 10% SDS and heated at 95°C for 5 min to release the Env
proteins. The dissociated proteins were then dissolved in 1 ml of lysis buffer (150
mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 1% TX-100, 1% sodium deoxycholate
[pH 7.5]) plus protease inhibitor (Roche) and incubated with 15 �l of strepta-
vidin-agarose (Pierce) for 5 h at 4°C. Biotinylated samples were washed three
times with RIPA buffer and heated at 95°C for 5 min before analysis by SDS-
PAGE.

Fusion assay of wild-type and mutant MuLV. The fusion activities of MuLV
Env proteins were determined by the following procedure. NIH 3T3 cells trans-
fected with pMOV or pMOVC597S were overlaid with XC cells, a transformed
rat cell line which has the receptors for MuLV Env proteins. Syncytium forma-
tion was observed 1 h later with a phase-contrast microscope. Syncytia were
defined as giant cells with more than four nuclei within one single membrane.
Ten fields from each sample were randomly selected, and the fusion activity was
calculated based on the average value of the ratio of the number of nuclei in
syncytia to the total number of nuclei in the same field.

RESULTS

Wild-type MuLV Env protein is resistant to TX-100 extrac-
tion. As shown in Fig. 1, we investigated an MuLV mutant in
which the palmitoylation site at Cys 597 in the TM domain of
the M-MuLV Env protein was replaced by a Ser residue
(C597S). Previous studies showed that the expression and fu-
sion activity of the mutant Env protein were not significantly
affected compared with those of the wild-type MuLV Env
protein when expressed in a vaccinia T7 transient expression
system (40).

To investigate the association of the MuLV Env protein with
lipid rafts, we first employed a solubilization assay to compare
the solubilities of the wild-type and palmitoylation-deficient
mutant MuLV Env proteins. As shown in Fig. 2, we found that
the wild-type MuLV Env protein was predominantly in the
insoluble fraction after treatment with ice-cold TX-100; about

FIG. 1. Schematic diagram of the wild-type and palmitoylation-deficient mutant MuLV Env proteins. The designation of each Env protein is
given on the left. Shaded boxes represent the extracellular domain, TM domain, cytoplasmic tail, and R peptide-coding region of the MuLV Env
protein; the cleavage site before the R peptide is indicated with an arrow. The palmitoylation site (Cys 597) and the point mutation C597S are
shown under each protein.
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80% of the total Env protein was TX-100 resistant. The Env
protein became much more soluble when extracted at 37°C,
and only about 5% of it was retained in the lipid raft fraction
(data not shown). In contrast, the Triton solubility of the Env
protein was greatly increased when the palmitoylated Cys res-
idue was replaced by a Ser residue in the TM domain of the
MuLV Env protein. Only about 20% of the mutant Env pro-
tein was associated with the insoluble fraction extracted by
TX-100 in ice. These results indicate that the wild-type MuLV
Env protein is resistant to TX-100 extraction at low tempera-
ture, while palmitoylation-deficient mutant Env is more sensi-
tive to TX-100 extraction and became solubilized even at low
temperature, suggesting the importance of palmitoylation in
determining the lipid raft association of the Env protein.

Palmitoylation is critical for lipid raft association of MuLV
Env protein. To further determine the association of the
MuLV Env protein with lipid rafts, we isolated lipid raft mi-
crodomains by using a sucrose flotation gradient assay and
compared the distributions of the wild-type and palmitoyla-
tion-deficient mutant Env proteins. As shown in Fig. 3, we
found the wild-type MuLV Env protein in the low-density
sucrose fractions after extraction with ice-cold TX-100; about
30% of the total Env protein was TX-100 resistant, which
would be expected if the protein was sorted into lipid raft

FIG. 2. Triton solubility of the wild-type and palmitoylation-defi-
cient mutant MuLV Env proteins. NIH 3T3 cells were transfected with
pMOV or pMOVC597S. After 72 h, cells were labeled with 100 �Ci of
[35S]Met-Cys and then chased for 4 h. After three washes with cold
PBS, cells were incubated with lysis buffer (0.5% TX-100, 10 mM
PIPES, 0.1 M KCl, 3 mM MgCl2, 10 mM EGTA, 0.3 M sucrose, pH
7.5) in ice for 3 min. The soluble (S) and insoluble (I) fractions were
collected into 1-ml volumes of lysis buffer. The soluble fraction was
cleared by centrifugation at 400 � g for 2 min, and the insoluble
fraction was homogenized by passage through a 25-gauge needle 20
times. Both fractions were immunoprecipitated and analyzed by SDS-
PAGE. The percentage distribution of Env protein was quantitated
using phosphorimager analysis. PRE, Env precursor protein.

FIG. 3. Lipid raft association of the MuLV Env protein. NIH 3T3 cells expressing wild-type or palmitoylation-deficient MuLV Env or
transfected with the PLAP gene were labeled with 100 �Ci of [35S]Met-Cys and then chased for 4 h. After washing with cold PBS, cells were scraped
and incubated with TNE buffer containing 1% TX-100 in ice for 30 min. The cell lysates were homogenized by passage through a 25-gauge needle
20 times before being mixed with sucrose in TNE buffer and adjusted to 40% (wt/vol) sucrose in TNE; 30% and 5% sucrose in TNE were then
overlaid on the top, and ultracentrifugation was performed at 260,000 � g for 18 h at 4°C. Twelve 1-ml fractions were immunoprecipitated and
analyzed by SDS-PAGE. The percentage of Env protein distribution was quantitated using phosphorimager analysis. PRE, Env precursor protein.
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microdomains. In contrast, the Triton solubility of the Env
protein was greatly increased when the palmitoylated Cys res-
idue was replaced by a Ser, and less than 5% of the mutant Env
protein was associated with the low-density fractions when
extracted with ice-cold TX-100. PLAP, a GPI-anchored pro-
tein which is known to be associated with lipid rafts, was used
as a marker and was found to be distributed in the low-density
fractions after treatment with ice-cold TX-100. These results
indicate that the wild-type MuLV Env protein is associated
with lipid rafts and that palmitoylation of the Env protein is a
determinant of efficient lipid raft association. The percentages
of the insoluble proteins observed by using the different pro-
cedures are similar to the results reported previously with
other viral glycoproteins (26, 41).

Both the wild-type and the mutant Env proteins became
much more TX-100 soluble when cells were treated with 10
mM methyl-�-cyclodextrin, which is known to deplete choles-
terol from the plasma membrane, or extracted with TNE buffer
containing 60 mM octyl-�-glucoside, which destroys lipid rafts.
Less than 5% of the Env protein was retained in the lipid raft
fractions, as shown in Fig. 4, suggesting that the resistance of
the MuLV Env protein to the nonionic detergent is due to its
association with lipid rafts and that the Env proteins become
soluble once the raft complexes are disrupted.

The results of a cell surface biotinylation assay followed by
the sucrose flotation gradient also supported the conclusion
that the wild-type MuLV Env protein is associated with lipid
rafts, as shown in Fig. 5. There is evidence that lipid rafts are
the sites for the assembly and budding of enveloped viruses on

the cell surface, and they may play a role in the concentration
of viral structural components during virus maturation (1, 11).

Surface expression of the wild-type and mutant MuLV Env
proteins. A pulse-chase assay was used to investigate whether
the palmitoylation mutation affects the transport and stability
of the MuLV Env protein. As shown in Fig. 6, the expression
of the MuLV Env protein in the whole-cell lysate and the
release of the SU protein in the medium were not significantly
affected by the palmitoylation mutation. However, the surface
expression level of the mutant Env was reduced dramatically,
especially after a longer chase time, indicating that the palmi-
toylation-deficient mutant Env protein is not transported as
efficiently to the cell surface or is not as stable as the wild-type
Env on the cell surface. This observation is similar to that for
the RSV envelope glycoprotein described in a recent study, in
which it was found that two palmitoylated cysteine residues in
the TM domain are required for protein stability and virus
infectivity (20), and probably explains the reduced incorpora-
tion of the palmitate-deficient MuLV Env in virus particles as
described previously (40).

Syncytium formation by the Env palmitoylation mutant. To
evaluate the effect of the palmitoylation site mutation on fu-
sion activity, we used a syncytium formation assay. NIH 3T3
cells expressing the wild-type or mutant MuLV Env proteins
were overlaid with XC cells, which contain the cell receptors
for the MuLV Env protein. As shown in Fig. 7, cells infected
with either the wild-type or the mutant MuLV had significant
syncytium formation activities; giant multinucleated cells were
formed between the effector NIH 3T3 cells expressing the

FIG. 4. Solubilization of the MuLV Env protein in the presence of methyl-�-cytodextrin or octyl-�-glucoside. Radiolabeled NIH 3T3 cells
expressing wild-type or mutant MuLV Env were treated with 10 mM methyl-�-cyclodextrin at 37°C for 1 h and then incubated with TNE–1%
TX-100 in ice for 30 min, or cells were incubated with TNE containing 60 mM octyl-�-glucoside in ice for 30 min. The cell lysates were
homogenized, and ultracentrifugation was performed at 260,000 � g for 18 h at 4°C. Twelve 1-ml fractions were immunoprecipitated and analyzed
by SDS-PAGE. PRE, Env precursor protein.
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wild-type or mutant MuLV and the target XC cells. To inves-
tigate the kinetics of syncytium formation by the wild-type and
mutant MuLVs, we overlaid the NIH 3T3 cells expressing
wild-type or mutant MuLV with XC cells and monitored syn-
cytium formation at intervals after cocultivation. As shown in
Fig. 8, syncytium formation was first observed with wild-type
MuLV at about 2 h after they were overlaid with XC cells and
reached a maximal level after 5 h. The fusion kinetics of the
MuLV mutant was somewhat slower than that of wild-type
MuLV; syncytium formation was first observed at about 3 h
after they were overlaid with the XC cells and reached a max-
imal level after 5 to 6 h. The maximal syncytium size induced
by the mutant MuLV was smaller than that induced by the
wild-type virus at the end point. These results indicate that the
palmitate-deficient Env protein retains its membrane fusion
activity. The smaller syncytia observed with the Env mutant
may be due to the reduced level of Env found on the cell
surface, as described above.

DISCUSSION

We found that the wild-type MuLV Env protein was resis-
tant to TX-100 extraction at low temperature, suggesting its
association with lipid raft microdomains. This conclusion was
further supported by results showing that treatments, using
methyl-�-cyclodextrin or octyl-�-glucoside, known to disrupt
lipid rafts caused increased solubility of MuLV Env in TX-100.
The palmitoylated cysteine residue in the TM domain of the

Env protein was found to play an important role in determin-
ing the lipid raft association of Env because the palmitoylation-
deficient mutant Env protein showed greatly decreased raft
association compared with that of the wild-type Env. We also
found that the surface expression of the palmitoylation-defi-
cient mutant Env protein was lower than that of the wild-type
Env but that it retained membrane fusion ability, indicating
that palmitoylation of the Env protein is not required for
efficient membrane fusion.

Our results with MuLV are similar to those from studies of
other enveloped viruses which appear to bud from specific lipid
raft microdomains on the infected cell surface (13, 26, 28, 41).
In contrast, the VSV glycoprotein was found to be TX-100
soluble and largely excluded from lipid rafts (8). Both VSV and
MuLV bud from the basolateral side of polarized epithelial
cells (25, 28, 33), indicating that lipid raft association does not
play an essential role in determining the site of virus budding
in polarized cells. Our previous studies of MuLV showed that
the palmitoylation mutant virus incorporated a lower level of
Env protein and had somewhat lower infectivity (40). The Gag
protein of retroviruses is important in virus assembly and is
associated with lipid rafts by itself (11). It is also thought that
the Gag protein can interact with Env through the cytoplasmic
tail of the Env protein (38). However, we found that even in
the presence of the Gag protein, the Env palmitoylation mu-
tant still showed decreased lipid raft association, which indi-
cates that the interaction of the cytoplasmic tail of the MuLV
Env protein with Gag is not adequate for efficient lipid raft

FIG. 5. Surface distribution of the MuLV Env proteins. Radiolabeled NIH 3T3 cells were incubated with 0.5 mg of NHS-SS-biotin (Pierce) in
1 ml of PBS-CM at 4°C for 30 min. Unreacted biotin was quenched by the addition of fresh DMEM. Cells were incubated with TNE buffer for
30 min in ice and then immunoprecipitated as described above.
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association. The interaction between the palmitoylated site
and the lipid bilayer seems to be critical for lipid raft associa-
tion and detergent insolubility and may affect the distribution
of Env in the plasma membrane.

In this study, we also found that the surface expression of the
palmitoylation-deficient mutant Env was significantly reduced,
especially after a 6-h chase. An apparent discrepancy between
this result and that of a previous study (40) likely resulted from
the different expression systems used in these studies. In pre-
vious studies, surface expression of Env was analyzed in a
transient vaccinia T7 expression system in HeLa T4 cells, while

in the present study, we analyzed Env expression in the context
of MuLV-infected NIH 3T3 cells. Furthermore, we observed
that the level of the TM protein of mutant MuLV in the
medium was reduced while that of the SU protein was not
significantly affected. Since the SU protein in the medium
represents both shed and virus particle-bound proteins, the
amount of the TM protein is more accurate for determining
the incorporation of Env protein into virus particles. This re-
sult is consistent with the previous observation that mutant Env
was incorporated into virions less efficiently (40). These results
indicate that the increased amount of the SU protein detected

FIG. 6. Mutant MuLV Env protein exhibits reduced surface expression. NIH 3T3 cells transfected with pMOV or pMOVC597S were pulse
labeled with 100 �Ci of [35S]Met-Cys for 15 min and then chased for 0.5, 1, 2, 3, or 6 h. At the end of the chase, the supernatants were collected
and incubated with lysis buffer, and cells were biotinylated and immunoprecipitated with antibodies against the MuLV Env protein plus protein
A-agarose beads at 4°C overnight. The samples were prepared with reducing sample buffer and analyzed with an SDS–12% PAGE gel. PRE, Env
precursor protein.

FIG. 7. Syncytium formation by the MuLV Env protein. NIH 3T3 cells transfected with pMOV (a) or pMOVC597S (b) were overlaid with XC
cells. Syncytium formation was observed 1 h later with a phase-contrast microscope. Syncytia were defined as giant cells with more than four nuclei.
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in the medium may result from increased shedding. The re-
duced level of mutant Env protein incorporation and expres-
sion on the cell surface is likely to be a result of decreased
transport to the cell surface or the decreased stability of Env
on the cell surface. Combined with the results presented in Fig.
2, this shows that mutant Env is less efficiently processed than
wild-type Env. These results indicate that palmitoylation has a
role in the surface expression of the MuLV Env protein. In a
separate assay of the surface distribution of Env, we also found
that not only is the majority of the surface-expressed mutant
Env protein soluble upon TX-100 treatment but the total
amount of it is less than that of wild-type Env. Similar results
were also observed with the RSV envelope protein, in which a
palmitoylation-deficient protein showed decreased stability on
the cell surface (20). Considering that the wild-type palmitoy-
lated RSV envelope protein is not associated with lipid rafts,
palmitoylation of the viral envelope glycoprotein seems to have
a function either in targeting the viral glycoproteins into the
cell surface raft microdomains or in stabilizing the glycoprotein
on the cell surface (6, 14, 20, 24, 29).

We found that removal of the palmitoylated site in the
MuLV Env protein did not significantly affect the syncytium
formation activity of Env; the palmitoylation-deficient Env
protein was still functional in fusion activity, although the ki-
netics of syncytium formation by the mutant Env was slower
and the size of the multinucleated cells was smaller than that
observed with the wild-type Env. Nonetheless, it is possible
that the interaction between the MuLV Env protein and its cell
receptor mCAT-1, which is highly concentrated in rafts on the
cell surface (12), could promote clustering of the Env protein,
which may play a role in initiating syncytium formation be-
tween the cells infected with the mutant MuLV and the target
XC cells. It has been reported that mutation of the three

palmitoylated cysteine residues on the TM domain and cyto-
plasmic tail of the HA protein of influenza virus strain A/Aichi/
2/68 (H3), which caused reduced association of HA with lipid
rafts, did not affect the ability of HA to form syncytia and had
no effect on the pH of the conformational change required for
fusion activity (32). In contrast, deacylation of the HA protein
of influenza virus A/USSR/77 (H1) dramatically decreased fu-
sion pore formation and syncytium formation activity (27),
indicating the different roles of acylation in different viral en-
velope proteins. Dispersion of the lipid rafts by cholesterol
depletion with methyl-�-cyclodextrin has been found to inhibit
syncytium formation induced by human T-cell leukemia virus
type 1 (18). We observed that after removal of methyl-�-cy-
clodextrin from the medium, cells expressing MuLV Env pro-
tein were still capable of inducing cell-to-cell fusion, even in
the presence of the cholesterol biosynthesis inhibitors lova-
statin and mevalonate. However, no fusion was observed when
cells were continuously exposed to methyl-�-cyclodextrin or
when the target XC cells were pretreated with cyclodextrin
(data not shown). Since lipid rafts play important roles in many
biological processes and the integrity of the cell plasma mem-
brane is required for efficient membrane fusion, disruption of
the lipid rafts may affect the distribution of other essential
components involved in membrane fusion or affect the lipid
composition of the cellular plasma membrane, which is re-
quired for fusion pore formation.
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FIG. 8. Kinetics of the fusion activities of the wild-type and mutant MuLVs. XC cells were overlaid on the NIH 3T3 cells expressing wild-type
(}) or mutant (■ ) MuLV. Syncytium formation was monitored with a phase-contrast microscope at intervals after cocultivation. Fusion activity
is designated as follows: 100% is the maximal level found for the wild-type MuLV, with more than 80% of nuclei present in syncytia, and the levels
for other samples were compared with that for the wild-type MuLV and shown as percentages of the maximal fusion activity. Error bars denote
standard deviations.
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