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Vaccinia virus infects a wide variety of mammalian cells from different hosts, but the mechanism of virus
entry is not clearly defined. The mature intracellular vaccinia virus contains several envelope proteins medi-
ating virion adsorption to cell surface glycosaminoglycans; however, it is not known how the bound virions
initiate virion penetration into cells. For this study, we investigated the importance of plasma membrane lipid
rafts in the mature intracellular vaccinia virus infection process by using biochemical and fluorescence
imaging techniques. A raft-disrupting drug, methyl--cyclodextrin, inhibited vaccinia virus uncoating without
affecting virion attachment, indicating that cholesterol-containing lipid rafts are essential for virion penetra-
tion into mammalian cells. To provide direct evidence of a virus and lipid raft association, we isolated
detergent-insoluble glycolipid-enriched membranes from cells immediately after virus infection and demon-
strated that several viral envelope proteins, A14, A17L, and D8L, were present in the cell membrane lipid raft
fractions, whereas the envelope H3L protein was not. Such an association did not occur after virions attached
to cells at 4°C and was only observed when virion penetration occurred at 37°C. Immunofluorescence micros-
copy also revealed that cell surface staining of viral envelope proteins was colocalized with GM1, a lipid raft
marker on the plasma membrane, consistent with biochemical analyses. Finally, mutant viruses lacking the
H3L, DSL, or A27L protein remained associated with lipid rafts, indicating that the initial attachment of

vaccinia virions through glycosaminoglycans is not required for lipid raft formation.

Virus entry is the first encounter between viruses and host
cells. Viruses bind to specific receptors and coreceptors on the
plasma membranes of cells to initiate molecular changes that
are necessary for cell penetration. Investigations of virus entry
into cells are important, not only for understanding the mo-
lecular basis of host cell susceptibility, but also for dissecting
intracellular early signaling induced by virus infections.

Vaccinia virus is the prototype of the Orthopoxvirus genus of
the Poxviridae family and infects many cell lines and animals
(23). Vaccinia virus produces multiple forms of infectious par-
ticles, including intracellular mature virus (IMV), intracellular
enveloped virus, cell-associated enveloped virus, and extracel-
lular enveloped virus (EEV) (53). The IMV membrane struc-
ture is different from that of intracellular enveloped virus,
which again is different from those of cell-associated enveloped
virus and EEV (84). IMV and EEV were shown to enter cells
through different mechanisms (77, 83). The entry of IMV is
signaling dependent, but that of EEV is not (44). On the other
hand, all forms of vaccinia virus use an A28L-dependent mech-
anism for cell penetration (72).

IMV represents the majority of infectious progeny produced
in cells and contains more than 10 viral envelope proteins on
its membrane (38). Previous studies have shown that IMV
attaches to cells through binding to cell surface glycosamino-
glycans (13). Viral envelope H3L and A27L proteins bind to
heparan sulfates, whereas the DSL protein binds to chon-
droitin sulfates (33, 34, 43). In addition, a monoclonal antibody
(MAD) recognizing the L1R protein blocked IMV entry at the
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postbinding step, suggesting that the L1R protein plays a role
in virus penetration (35, 87). Recently, the A28L protein was
shown to be essential for vaccinia virus penetration into mam-
malian cells (71, 72). Although no cellular coreceptor has been
identified for vaccinia virus, some data have suggested that
cell-bound IMYV initiates membrane fusion to deliver viral
cores into cells, while other studies have indicated that there is
a membrane-shedding mechanism for viral core translocation
across the plasma membrane (1, 11, 19, 44, 78, 83). In addition,
IMV entry has been shown to trigger cell signaling pathways
that involve Rac, MEK, extracellular signal-regulated kinase
(ERK), protein kinase A (PKA), and PKC activation, but the
molecular mechanism of this activation is currently unknown
(18, 41, 44).

The lipid raft hypothesis proposes that cell membranes are
organized into distinct cholesterol-rich microdomains that are
important for signal transduction, protein sorting, and mem-
brane transport (9, 37, 75, 76). Caveolae, which are specialized
lipid raft domains, are plasma membrane invaginations that
are abundant in many cell types. Caveolin is the major struc-
tural protein of caveolae and is required for invaginated
caveola formation.

Recently, lipid rafts on the plasma membrane have been
shown to be the portal of entry for many pathogens, including
viruses and bacteria (5, 12, 20, 74). In addition, lipid rafts are
also involved in cell surface receptor-mediated activation,
which requires the aggregation of membrane receptor and
adaptor molecules to transmit membrane-proximal signaling
into cells (17, 48, 54, 55, 61). Since lipid rafts are rich in
sphingolipid and cholesterol, they are more resistant to deter-
gent extraction, which is usually the method of choice to phys-
ically separate lipid rafts from other membrane components
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(30). Methyl-B-cyclodextrin (mBCD) is a derivative of a cyclic
oligomer of glucose with a lipophilic property (60). mBCD is
known to extract cholesterol out of membranes, disrupt lipid
raft formation on cells, and consequently block biological pro-
cesses that depend on lipid rafts. For this study, we investigated
the importance of lipid rafts on the plasma membrane for
vaccinia virus IMV entry into mammalian cells by using both
biochemical and immunofluorescence analyses. Furthermore,
since lipid rafts may serve as a platform for membrane protein
aggregation, we also investigated the distribution of viral en-
velope proteins in the membrane during and immediately after
IMV entry.

MATERIALS AND METHODS

Cells, viruses, and reagents. BSC40 cells were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM)-10% fetal calf serum. HeLa cells were main-
tained in DMEM-10% fetal bovine serum. HT-29 cells were obtained from the
American Type Culture Collection and were cultured in McCoy’s SA medium—
10% fetal bovine serum. L, gro2C, and sog9 cells were obtained from F. Tufaro
(3, 28). A wild-type vaccinia virus (WR strain; WT VV) was used for this study.
vMI360, which expresses lacZ from a viral early promoter, was obtained from B.
Moss (16). A D8L ™ mutant virus (v-BssHII) was obtained from E. G. Niles (56).
A recombinant vaccinia virus, WR32-7/Ind14K (IA27L), expressing the A27L
protein under IPTG (isopropyl-B-p-thiogalactopyranoside) regulation, was ob-
tained from G. L. Smith (66). Rabbit anti-vaccinia IMV (anti-VV), anti-DSL,
and anti-H3L sera have been described previously (13, 34, 43). Rabbit anti-L1R
and anti-A4L sera were raised against a recombinant L1R protein purified from
bacteria. The mouse MADb clone 2D5 recognizing the L1R protein was obtained
from Y. Ichihashi (36). Rabbit anti-A14L and anti-A17L-N" sera were obtained
from J. Krijnse Locker (69, 86). A mouse anti-human transferrin receptor (TfR)
MADb was purchased from Zymed Laboratories, Inc. A rabbit anti-caveolin Ab
was purchased from BD Transduction Laboratories Inc. A tetramethylrhodam-
ine-conjugated goat anti-rabbit Ab was purchased from Molecular Probes Inc. A
Cy5-conjugated goat anti-mouse Ab was purchased from Jackson ImmunoRe-
search Laboratories, Inc. The cholera toxin B subunit conjugated with horserad-
ish peroxidase or fluorescein isothiocyanate (CTB-HRP and CTB-FITC, respec-
tively), mBCD, and water-soluble cholesterol were purchased from Sigma Inc.

Cholesterol depletion and virus entry assays. (i) Cellular cholesterol content
measurement. To determine if cholesterol depletion reduces the cellular choles-
terol content, we first washed BSC40 cells twice with phosphate-buffered saline
(PBS) and then incubated them at 37°C for 1 h with different concentrations of
mBCD in DMEM. After two washes with PBS, one set of BSC40 cells were
harvested for cholesterol measurement assays with an Amplex Red cholesterol
assay kit (Molecular Probes) as described by the manufacturer. In brief, HeLa
cells (4 X 10° cells/80 wl of PBS) were lysed by three cycles of freeze-thawing
followed by ultrasonication (three bursts of 20 s each at room temperature).
Cholesterol was extracted from the cell lysate by the addition of chloroform (200
wl) and methanol (200 wl) to the sonicated lysate (50 pl). The bottom (chloro-
form) layer was collected and evaporated under a vacuum. The residual choles-
terol was dissolved in ethanol (50 wl) and assayed with an Amplex Red choles-
terol assay kit (Molecular Probes). For determinations of the percentage of
remaining cholesterol after mpBCD treatment, the measured fluorescence of
treated cells was obtained from a standard curve and divided by the total fluo-
rescence of untreated cells, and the number obtained was multiplied by 100.

(ii) mBCD blocking of vaccinia virus entry. To determine if mBCD reduces
vaccinia virus infectivity, we infected BSC40 cells with vMJ360 as described
above and cultured them in complete medium for 3 h, fixed them with 0.5%
glutaraldehyde, and measured the B-galactosidase (B-Gal) activity expressed
from a viral early promoter by X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galacto-
pyranoside) staining as described previously (13). These cells were randomly
chosen by microscopy for photography, and the percentage of blue cells was
averaged by counting both blue and white cells in at least three photos. The
percentage of infection was defined as the percentage of blue cells within the
total cell population. When other cell lines such as L and gro2C were tested for
virus infection, a multiplicity of infection (MOTI) of 5 PFU per cell was also used;
however, in the case of sog9 cells, an MOI of 20 PFU per cell was used to ensure
that >99% of the cells became infected.

(iii) mBCD blocking of IMV attachment. To determine whether cholesterol
depletion affects vaccinia virus IMV attachment to cells, we pretreated BSC40
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cells with 10 mM mBCD at 37°C for 1 h, washed them twice with PBS, and
subsequently infected them with vaccinia virus at an MOI of 5 PFU per cell at
4°C for 30 min. After washing, the cells were immediately harvested and the
amounts of bound virions were determined by plaque assays on BSC40 cells as
described previously (34). Alternatively, the infected cells were fixed and bound
virion particles were counted after staining with anti-LIR and anti-A4L antibod-
ies by confocal microscopy as described below (83).

(iv) mBCD blocking after virus entry. To determine whether the depletion of
cholesterol after virus entry affects viral early gene expression, we infected
BSC40 cells with vMJ360 at an MOI of 10 PFU per cell for 30 min at 37°C. After
infection, the cells were treated with citrate buffer (40 mM citric acid, 10 mM
KCl, 135 mM NaCl, pH 3.0) for exactly 1 min to inactivate bound but unpen-
etrated virions as described previously (31). After washing, virus-infected cells
were incubated with DMEM containing 10 mM mBCD at 37°C for 1 h, washed
with PBS, and harvested at 3 h postinfection (p.i.) for use in a B-Gal activity assay
using o-nitrophenyl-B-p-galactopyranoside as described previously (29).

(v) mBCD toxicity. To determine the toxicity of mBCD, we treated BSC40 cells
with various concentrations of mBCD or mock infected the cells. Mock-infected
cells were harvested at the same time as the virus-infected cells mentioned above
and were stained with trypan blue for cell viability determinations. We used 10
mM mBCD on BSC40 cells for most of the experiments, except for the detergent-
resistant membrane isolation experiment, for which we used 5 mM mBCD. Ten
millimolar mBCD was also used to treat HeLa, L, gro2C, sog9, and HT-29 cells
with little toxicity, consistent with previous reports (73).

(vi) Cholesterol replenist t. For cholesterol replenishment experiments,
we followed established protocols as previously described (63). In brief, BSC40
cells were treated with DMEM alone or DMEM containing 10 mM mBCD at
37°C for 1 h. The cells were washed and incubated with DMEM alone or DMEM
that was reconstituted with water-soluble cholesterol (400 pwg/ml) for another 1 h.
The cells were washed again with PBS, infected with vMJ360, and fixed at 3 h p.i.
for use in B-Gal assays as described previously (29).

Virion attachment and penetration assays using confocal microscopy. Mea-
surements of cell surface-attached virions and uncoated cores within cells were
performed as previously described (72, 83). In brief, HeLa cells were seeded on
coverslips at 7 X 10% per well in 12-well plates. Prior to infection, these cells were
mock treated, treated with mBCD, or treated with mBCD with cholesterol
replenishment as described above. These cells were subsequently infected with
vaccinia virus at an MOI of 10 PFU per cell at 4°C for 60 min, washed three times
with PBS, and either fixed or incubated at 37°C for 2 h in the presence of
cycloheximide (300 pg/ml). The cells were fixed with 4% paraformaldehyde for
5 min at 4°C, followed by incubation for 15 min at room temperature. The cells
were then permeabilized in 0.2% saponin-PBS and stained with rabbit anti-A4
serum and a mouse anti-L1R (2D5) antibody, followed by FITC-conjugated goat
anti-rabbit and Cy5-conjugated goat anti-mouse antibodies, respectively. DNA
was visualized by staining with 4',6’-diamidino-2-phenylindole dihydrochloride
(DAPI; Molecular Probes) (1 wg/ml) in mounting solution. Cell images were
collected by confocal laser scanning microscopy with an LSM 5 PASCAL micro-
scope (Carl Zeiss, Gottingen, Germany) using a 63X objective lense. The num-
bers of fluorescently stained particles were counted from multiple photos, and
the average numbers of surface-bound virions and uncoated cores per cell were
determined.

Isolation of low-density detergent-insoluble membrane fractions on flotation
gradients. Low-density detergent-insoluble membrane microdomains were iso-
lated as described previously, with some modifications (11, 63). HeLa cells (8 X
10°) were mock infected or infected with VV at an MOI of 25 PFU per cell for
1 h at 4°C, washed twice with ice-cold PBS to remove unbound virions, and
incubated with prewarmed serum-free medium at 37°C. At the indicated time
points (0, 15, 30, and 60 min), the cells were scraped with a rubber policeman into
ice-cold PBS and pelleted by centrifugation at 200 X g for 3 min at 4°C. The cells
were washed with ice-cold PBS and pelleted again. The cell pellet was lysed with
0.3 ml of ice-cold TNE buffer (25 mM Tris [pH 7.5], 150 mM NaCl, 5 mM
EDTA) containing 1% Triton X-100 (Merck), 1 mM NaF, and a cocktail of
protease inhibitors (Roche). The cells were further incubated at 4°C for 30 min
with gentle agitation, and then the cell lysates were centrifuged for 10 min at
3,000 rpm at 4°C in an Eppendorf 5415C centrifuge to remove nuclei and
insoluble materials. The precleared supernatants were mixed with equal volumes
of 80% (wt/vol) sucrose in TNE buffer and then placed in the bottoms of
ultracentrifuge tubes. A discontinuous sucrose gradient was formed by overlaying
the homogenates sequentially with 2.1 ml of 30% and 1.3 ml of 5% sucrose in
TNE buffer. These mixtures were centrifuged for 18 h at 48,000 rpm at 4°C in an
SW60 rotor (Beckman). After centrifugation, the Triton X-100-insoluble, low-
density material containing lipid rafts was visible as an opaque band migrating at
the boundary between the 5 and 30% sucrose solutions. The gradient fractions
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were collected from the top, and a total of 11 fractions (0.36 ml/fraction) were
collected and stored at —80°C.

Immunoblot and dot blot analyses. For analyses of the distribution of proteins
in the fractions obtained from Triton X-100 flotation experiments, aliquots of 10
pl of each sucrose gradient fraction were mixed with sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, and the proteins
were resolved by SDS-12% PAGE under denaturing conditions, followed by
immunoblotting. In some experiments, the low-density fractions (fractions 4 and
5) from the sucrose gradient were pooled, precipitated with 10% trichloroacetic
acid, and solubilized in gel sample buffer prior to separation by SDS-12%
PAGE. After transfer, the membranes were blocked with 0.2% I-Block (Applied
Biosystems, Inc.) in PBS plus 0.05% Tween 20 at room temperature for 1 h and
then incubated with individual primary Abs (anti-caveolin [1:1,000], anti-trans-
ferrin receptor [1:1,000], anti-VV [1:1,000], anti-H3L [1:1,000], anti-L1R
[1:1,000], anti-A17L-N" [1:1,000], anti-DSL [1:1,000], and anti-A14L [1:1,000]) at
room temperature for 12 h. The membranes were washed and then incubated
with secondary antibodies coupled to alkaline phosphatase. The blots were de-
veloped with the substrate CDP-Star (Applied Biosystems, Inc.) as described by
the manufacturer and then were exposed to film.

For detection of the ganglioside GM1, dot blot analyses were performed as
described previously (6). In brief, 50-pl fractions collected from the sucrose
gradient were applied to a nitrocellulose membrane in a manifold dot blot
apparatus under suction. The membrane was blocked with PBS containing 0.2%
I-Block (Applied Biosystems, Inc.) and 0.05% Tween 20 and then incubated with
CTB-HRP (0.5 pg/ml) for 30 min. After washing, the fractions containing GM1
were detected by enhanced chemiluminescence (ECL; Amersham) and exposed
to an autoradiogram.

Copatching analyses by confocal immunofluorescence microscopy. Copatch-
ing analyses of membrane proteins with antibodies were performed as previously
described (30, 46). HeLa cells were seeded on round coverslips in 12-well plates.
The next day, cells were infected with vaccinia virus at an MOI of 50 PFU per cell
in DMEM for 1 h, washed, and transferred to 12°C for patching of lipid rafts. The
cells were incubated at 12°C for 1 h with a primary Ab (anti-VV [1:500] or
anti-hTfR MAD [1:100]) and CTB-FITC (10 pg/ml) (Sigma Chemical Co.).
Subsequently, tetramethylrhodamine-conjugated goat anti-rabbit immunoglobu-
lin G (IgG) (1:500) or CyS-conjugated goat anti-mouse IgG (1:500) (1.5 mg/ml;
Jackson ImmunoResearch Laboratories, Inc.) was added to cells for 30 min. The
cells were then fixed for 5 min with 3.7% paraformaldehyde in PBS on ice
followed by methanol for 10 min at —20°C, mounted in Vectashield medium
(Vector Laboratories, Burlingame, Calif.), and visualized by confocal laser scan-
ning microscopy with an LSM 5 PASCAL instrument (Carl Zeiss) using a 63X
objective lenses and accompanying software.

RESULTS

A raft-disrupting agent, m3CD, inhibits vaccinia virus en-
try. Lipid rafts form microdomains on the plasma membranes
of cells and can be disrupted by mpCD, which sequesters
cholesterol away from the plasma membrane (60). To test
whether mBCD affects vaccinia virus entry, we pretreated
BSC40 cells with mBCD for 60 min and infected them with
vMI360, which expresses the lacZ gene under the control of an
early viral promoter. At 3 h p.i., the cells were fixed and stained
for B-Gal expression. As shown in Fig. 1A, the infectivity of
vaccinia virus for BSC40 cells was inhibited by mBCD in a
dosage-dependent manner, with 50% inhibition at a 2 mM
concentration. More than 90% inhibition was achieved with 10
mM mBCD. The reduction in virus infection was not due to
any toxic effect of mBCD on BSC40 cells since cell viability was
barely affected by mBCD treatment (Fig. 1A). Indeed, a 10
mM mBCD treatment effectively reduced the level of cellular
cholesterol by 90% compared to the level found in untreated
cells (Fig. 1B). To determine that the inhibition of virus infec-
tivity was not due to any nonspecific effect of mpCD, we
replenished the cholesterol in the culture medium after mgCD
treatment and monitored the recovery of virus infectivity (Fig.
1C). The addition of cholesterol successfully reversed the in-
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hibitory effect of mBCD on vaccinia virus infection, confirming
that the inhibition by the drug was due to its specific seques-
tering of cholesterol.

In all of our experiments, mBCD was used to pretreat cells
and was washed off prior to virus infections. In order to ascer-
tain that the inhibition of virus infection was not due to the
inactivation of vaccinia IMV virions per se by mBCD, we col-
lected the washing medium from pretreated cells and incu-
bated it with purified IMV virions at 37°C for 60 min. We
found no loss of virion infectivity due to residual mpCD re-
maining in the washing medium (data not shown). Therefore,
our results indicated that cholesterol in plasma membrane
microdomains is important for vaccinia virus infection.

To determine if cholesterol extraction specifically affects
vaccinia virus entry, we treated cells with mBCD either before
or after virus infection and monitored viral early gene expres-
sion at 3 h p.i. (Fig. 1D). The results showed that, in contrast
to the inhibition caused by cells pretreated with mBCD prior to
virus infection (Fig. 1D, mBCD+VYV), cholesterol extraction
from the cell membrane after vaccinia virus infection did not
affect viral early gene expression (Fig. 1D, VV+mBCD), indi-
cating that mBCD blocks vaccinia virus at the entry step. To
determine whether mBCD reduces vaccinia virion adsorption
to BSC40 cells, we measured the amount of virion binding to
mock-treated or mBCD-treated cells (Fig. 1E). The amounts
of bound IMV virions on both types of cells were comparable,
indicating that cholesterol extraction affects IMV entry at a
postbinding step.

To provide direct evidence that mBCD affects virus pene-
tration into cells, we used confocal microscopy with antibodies
recognizing the envelope L1R and core A4L proteins to dif-
ferentiate the surface-bound IMV particles from the pene-
trated cores inside cells as described previously (Fig. 2) (44, 72,
83). The amounts of bound virions and uncoated cores in cells
were also quantitated, and these results are shown in Table 1.
As expected, IMV binding to BSC40 cells at 4°C was detected
with anti-L1R (19 = 9 particles/cell) but not anti-A4L antibod-
ies since no virion uncoating occurred at 4°C (Fig. 2A). When
the temperature was shifted to 37°C, virion penetration oc-
curred, resulting in the detection of uncoated viral cores with
anti-A4L antibodies (20 = 10 particles/cell) (Fig. 2B). When
cells were pretreated with mBCD, the amount of virions bind-
ing to cells remained comparable at 4°C (20 =+ 5 particles/cell),
again confirming that mpCD does not reduce virion attach-
ment to cells (Fig. 2C). However, uncoated cores were hardly
detected in the drug-treated cells at 37°C (0.2 = 0.4 particles/
cell), demonstrating that mBCD blocks the virion penetration
step (Fig. 2D). The addition of cholesterol did not change
virion binding at 4°C (19 * 6 particles/cell) but successfully
reversed the inhibitory effect of mpBCD on virus uncoating (16
+ 8 particles/cell) (Fig. 2F), demonstrating that mpCD inhi-
bition of virus penetration was due to its specific sequestering
of cholesterol.

Distribution of vaccinia virus envelope proteins on lipid raft
microdomains during virus entry. Experimental data with
chemical inhibitors such as mpCD are highly suggestive but,
nevertheless, are an indirect approach for associating lipid
rafts with virus entry. To provide direct evidence for a virion
association with lipid rafts during virus entry, we infected cells
with vaccinia virus at 4°C for 60 min so that virions attached to
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FIG. 1. (A) Vaccinia virus IMV infection is blocked by mpCD. BSC40 cells were pretreated with 0, 2.5, 5, or 10 mM mBCD, subsequently
infected with vMJ360, a WT VV expressing lacZ from a viral early promoter, at an MOI of 10 PFU per cell, and fixed at 3 h p.i. The
beta-galactosidase activity was then determined (filled circles) as described in Materials and Methods (29). In parallel, BSC40 cells were pretreated
with various concentrations of mBCD as described above and harvested at the same time as the infected cells, and cell viability was determined
by the exclusion of trypan blue dye staining (open squares). (B) Cholesterol levels in cells treated with mpBCD. BSC40 cells were treated with
various concentrations of mBCD as described above and harvested for cholesterol measurement assays with an Amplex Red cholesterol assay kit
(Molecular Probes) as described by the manufacturer. (C) Replenishment of cholesterol rescues viral infection. BSC40 cells were treated with
control DMEM and infected with vMJ360 (VV), treated with DMEM plus 10 mM mBCD and infected with vMJ360 (mBCD+VYV), or treated with
DMEM plus 10 mM mBCD, replenished with cholesterol (400 wg/ml), and infected with vMJ360 (mBCD+VV+Cho) as described in Materials
and Methods. The cells were fixed at 3 h p.i. for B-Gal assays. (D) Depletion of cholesterol after virus entry does not affect vaccinia virus early
gene expression. BSC40 cells were either treated with medium alone and infected with vMJ360 (VV), pretreated with 10 mM mBCD and
subsequently infected with vMJ360 (mBCD+VV), or infected with vMJ360 and subsequently treated with mBCD (VV+mBCD) as described in
Materials and Methods. The infected cells were harvested at 3 h p.i. for B-Gal activity assays. (E) Cholesterol depletion does not affect vaccinia
virus IMV attachment to cells. BSC40 cells were mock treated or treated with 10 mM mBCD and subsequently infected with WT VV at an MOI
of 5 PFU per cell at 4°C for 1 h. After being washed, the cells were immediately harvested and the amounts of bound virions were determined

by plaque assays on BSC40 cells as previously described (13).

the cells without penetration. The cells were washed and sub-
sequently shifted to 37°C to initiate membrane fusion and
virion penetration. Cell lysates were harvested 0, 15, 30, and 60
min after the temperature shift, and sphingolipid-rich deter-
gent-resistant membranes were isolated by sucrose sedimenta-
tion as described in Materials and Methods (Fig. 3). It is well
documented that during centrifugation lipid rafts float up to
less dense sucrose fractions, as evidenced by the presence of
the ganglioside GM1 in fractions 4 and 5 (Fig. 3A) (52). Frac-
tions 4 and 5 were therefore pooled as the raft samples. The
bottom fraction 11, which contained the soluble cell lysates,
was collected as a nonraft control. The samples were separated
by SDS-12% PAGE and analyzed by immunoblot analyses
(Fig. 3B). In agreement with all previous reports regarding
lipid raft isolation, the raft-associated marker caveolin was
detected in pooled fractions 4 and 5 while the nonraft marker
transferrin receptor was present in fraction 11 (27). Anti-VV
antibodies detected few background bands for mock-infected
cells. Interestingly, we did not observe any specific viral protein
that was present in the raft fractions from cells that were
infected with vaccinia virus at 4°C only, indicating that virion
attachment to cells per se does not lead to the viral protein

association with lipid rafts. Fifteen minutes after the temper-
ature shift to 37°C, a weak band of 6 to 16 kDa appeared in the
raft fraction, and the intensity of this viral protein became
prominent 30 and 60 min after the shift to 37°C. Additional
minor bands also appeared at the 30- and 60-min time points
(Fig. 3B). A purified IMV virion control did not give any
signal, confirming that the viral bands observed in raft fractions
were not contaminants from comigrating virions. These results
thus demonstrated that viral proteins begin associating with
lipid rafts during penetration at 37°C. More importantly, since
the association of viral proteins with lipid rafts is time and
temperature dependent, the results argued against such an
association being an artifact occurring post-cell lysis. Although
the anti-VV antiserum recognized other cellular and viral pro-
teins in the nonraft fractions, the patterns were different from
those observed for the raft fractions.

In order to identify which envelope proteins are associated
with lipid rafts, we performed immunoblot analyses with lipid
raft fractions, using antibodies that are reactive to individual
viral envelope proteins (Fig. 4A). For raft fractions collected
from cells infected with WT VV as described for Fig. 3, a
moderate staining of the A14L protein was present in lipid
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FIG. 2. mBCD blocks vaccinia virus entry at the penetration step.
HeLa cells were mock treated (A and B), treated with mBCD (C and
D), or treated with mBCD and replenished with cholesterol (E and F)
as described above. The cells were subsequently infected with vaccinia
virus at an MOI of 10 PFU per cell at 4°C for 60 min, washed three
times with PBS, and immediately fixed (A, C, and E) or incubated at
37°C for 2 h in the presence of cycloheximide (300 wg/ml) (B, D, and
F). The cells were fixed and doubly stained with rabbit anti-A4 serum
and a mouse anti-L1R (2D5) MAD, followed by FITC-conjugated goat
anti-rabbit (green) and Cy5-conjugated goat anti-mouse (red) antibod-
ies, respectively. DNA (blue) was visualized by staining with DAPI
(Molecular Probes) (1 wg/ml) in mounting solution (72, 83). Cell
images were collected as a series of optical sections and then recon-
structed as a maximum-intensity projection by confocal laser scanning
microscopy with an LSM 5 PASCAL instrument (Carl Zeiss).

rafts as early as 15 min after the shift to 37°C. The amount of
raft-associated A14L protein increased significantly 30 and 60
min after the temperature shift. In addition, the amounts of
raft-associated A17L and DSL proteins were also increased at
the 30- and 60-min time points. In contrast, the H3L protein
was not detected in the lipid raft fractions at any time point.
Finally, the amount of LIR protein in rafts was minimal but
instead increased in the nonraft fraction 30 and 60 min after
the shift to 37°C. Antibodies against the vaccinia virus A27L
protein did not detect any signal in both raft and nonraft
fractions (data not shown). Finally, since the A14L protein is
the most abundant raft-associated protein, it was easy to test
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TABLE 1. Quantitation of virus entering assay

Amt of virus at*:
Virus and treatment

4°C 37°C

\'A% 19 £ 9(0) 21 +9(20 = 10)

VV plus mBCD 20 =5(0) 19 £6(02*=04)

VV plus mBCD 19 £ 6 (0) 24 =10 (16 = 8)
plus cholesterol

“ Data show the numbers of Cy5-labeled anti-L1R staining particles per cell,
with numbers of FITC-labeled anti-A4L staining particles per cell given in
parentheses.

whether mBCD treatment blocked the viral protein association
with lipid raft fractions (Fig. 4B). We found that the level of
raft-associated A14L protein was greatly reduced in cells that
were pretreated with mBCD, indicating that the viral protein
association with lipid rafts is regulated by the cholesterol level
in cells.

Immunofluorescence detection of viral protein-containing
lipid rafts on cell surfaces. To visualize viral proteins associ-
ated with lipid rafts on the plasma membrane during virus
penetration, we performed confocal immunofluorescence mi-
croscopy with HeLa cells. Although lipid raft microdomains
were difficult to visualize, this problem was overcome by using
antibodies to cross-link raft-associated molecules so that rafts
could be detected as fluorescent patches on cell surfaces (27,
30, 55). We therefore infected cells with WT VV and added
anti-VV antibodies to show patches of rafts immediately after
infection as described in Materials and Methods. As shown in
Fig. 4C, patches of viral protein-associated rafts were observed
on the surfaces of HeLa cells infected with WT VV. The
staining of viral proteins was specific since mock-infected cells
did not show any fluorescence (data not shown). Furthermore,
the preincubation of HeLa cells with mBCD significantly re-
duced the extent of patch formation, resulting in dispersed
speckles on virus-infected HeLa cells, indicating that the flu-
orescent patches were formed by mpCD-sensitive rafts.

Because the size and extent of patch formation varied
among cells, in order to demonstrate that the patchy staining
on these cells indeed represented lipid rafts, we stained the
lipid raft marker GM1 on plasma membranes with cholera
toxin as described previously (30, 52, 55). Indeed, viral patch-
ing signals on HeLa cells infected with WT VV were prefer-
entially colocalized with GM1 staining and not with transferrin
receptor, a nonraft marker (Fig. 5A). Furthermore, to confirm
that we were not biased toward a particular optical plane for
confocal imaging acquisition, we collected z-series images from
multiple optical sections of these cells (Fig. 5B and C). The
colocalization of viral proteins with GM1 was present in all
sections throughout the cells, including the apical surface (Fig.
5B), whereas little colocalization of viral proteins with trans-
ferrin receptor was observed in all sections (Fig. 5C).

Vaccinia virus association with lipid rafts does not require
H3L, A27L, or D8L protein, cell surface glycosaminoglycans,
or caveolin. Vaccinia virus contains three glycosaminoglycan
(GAG)-binding proteins, namely, H3L, A27L, and DSL (4, 13,
14, 34). Since certain cell surface proteoglycans have been
reported to migrate into membrane rafts when bound by large,
multivalent ligands, we wondered whether these GAG-binding
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FIG. 3. Vaccinia virus proteins associate with lipid raft fractions during virion penetration. (A) HeLa cells were mock infected or infected with
WT VV at an MOI of 25 PFU per cell for 1 h at 4°C, washed, and incubated at 37°C. At the indicated time points (0, 15, 30, and 60 min), cells
were harvested and detergent-extracted lysates were prepared. Each cell lysate as well as the detergent-extracted purified vaccinia virus IMV (VV)
(10° PFU) was placed on top of a sucrose gradient and centrifuged, and 11 fractions were collected from the top to the bottom of the gradient.
Aliquots in each fraction were applied to a manifold dot blot apparatus. The fractions containing GM1 were identified by binding to CTB-HRP
and were detected by ECL (Amersham) as described previously (6). (B) Immunoblot analyses of raft and nonraft fractions. The lipid raft fractions
(4 and 5) and nonraft fractions (11) isolated from infected cells and equivalent fractions (4 and 5) isolated from control IMV shown in panel A
were separated by SDS-12% PAGE and transferred to membranes for immunoblot analyses with Abs against transferrin receptor (TfR), caveolin
(Cav), or VV. Arrowheads mark raft-associated viral proteins.

proteins of IMV have an additional role in lipid raft association envelope proteins, i.e., DSL™, H3L™, and A27L™~ mutants, by
during virus penetration (25, 81). We therefore tested the immunofluorescence microscopy analysis (Fig. 6). The an-
association of viral proteins with lipid rafts in cells infected ti-VV antiserum detected viral patches colocalized with GM1
with mutant viruses devoid of each of the three GAG-binding staining on HeLa cells infected with WT VV or the mutant

A. B.

Raft (4-5) Non-raft (11) Raft (4-5)
M 0 15 30° 60' VW M 0’15 30’60’ VV Medium mBCD
M 0 30 0 30
A14L -
—
A17L | . _p— “ C
' Medium + mBCD
o[ v |
H3L | ' |I ' o By

FIG. 4. (A) Identification of viral envelope proteins in lipid rafts. Results are shown for immunoblot analyses of raft (4 and 5) and nonraft (11)
fractions isolated from infected HeLa cells as well as equivalent fractions (4 and 5) isolated from control IMV as described in the legend to Fig.
3. These fractions were separated by SDS-12% PAGE and transferred to membranes for immunoblot analyses with various Abs against the A14L,
A17L, DSL, H3L, and L1R proteins as described in Materials and Methods. (B) A14L protein in raft fractions is sensitive to mpCD treatment.
HelLa cells were pretreated with DMEM only (medium) or DMEM containing mBCD prior to infection with WT VV at 4°C as described in the
legend to Fig. 3, cell lysates were collected at 0 and 30 min after a temperature shift to 37°C, and raft fractions were collected for immunoblot
analyses with anti-A14L antibodies. (C) Reduction of lipid raft patch formation on plasma membrane by mBCD. HeLa cells were pretreated with
DMEM only (medium) or DMEM containing mBCD (+mBCD) and subsequently infected with WT VV at an MOI of 50 PFU per cell in DMEM,
washed, and transferred to 12°C for patch formation of lipid rafts by an anti-VV Ab as described in Materials and Methods (30, 46). Samples were
fixed, and images were collected by confocal laser scanning microscopy (excitation, 543 nm; emission, 570 nm) (Carl Zeiss).
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A.
Anti-VV

merge

FIG. 5. Viral proteins colocalize with lipid rafts on the plasma membrane. (A) HeLa cells were infected with WT VV at an MOI of 50 PFU
per cell and prepared for copatching analyses as described in Materials and Methods. The anti-VV Ab was detected with a rhodamine-conjugated
anti-rabbit Ab (red). An anti-TfR MAb and cell surface GM1 were detected with a FITC-conjugated anti-mouse secondary Ab or FITC-CTB
(green), respectively. Cells were fixed and visualized by LSM 510 confocal laser scanning microscopy (Carl Zeiss). The stained images were merged
to show the colocalization of anti-VV and GM1. (B) Copatching analysis of HeLa cells infected with WT VV as described for panel A with an
anti-VV Ab (red) and CTB-FITC (green). A z-series of 1-wm-thick optical sections through the entire thickness of the cell was obtained by the
use of a 63X objective on a confocal microscope. Only merged stained images are shown here. (C) Copatching analysis of HeLa cells infected with
WT VV as described for panel B with an anti-VV Ab (red) and anti-TfR (green). A z-series of 1-pm-thick optical sections through the entire
thickness of the cell was obtained by the use of a 63X objective on a confocal microscope. Only the merged stained images are shown here.
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WT-D8L" VV

WT-H3L™ VV

FIG. 6. Copatching analyses of HeLa cells infected with mutant vaccinia viruses defective in expression of the DSL, H3L, or A27L protein by
use of an anti-VV Ab (red) and CTB-FITC (green) as described in the legend to Fig. SA.

viruses, demonstrating that none of these GAG-binding enve- entry (Fig. 7A and B). Parental mouse L cells express both hepa-
lope proteins is required for virus targeting to lipid rafts. ran sulfates and chondroitin sulfates; gro2C cells are derived from

We also used GAG-deficient cell lines to clarify the role of L cells and express only chondroitin sulfates (3, 28). sog9 cells are
cell surface GAGs in lipid raft formation during vaccinia virus subsequently derived from gro2C cells and express neither hepa-
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FIG. 7. mBCD blocks WT VV infection in GAG-deficient and caveo-
lin-deficient cells. (A) L, gro2c, and sog9 cells were infected with WT VV
at an MOI of 10 at 4°C for 30 min, washed, and then harvested. The
amounts of bound IMV were determined by plaque assays with BSC40
cells. (B) Cells were treated with medium alone (—mBCD) or medium
containing 10 mM mBCD (+mBCD) and subsequently infected with
vMIJ360 at an MOI of 5 PFU per cell (for L and gro2 cells) or 20 PFU per
cell (for sog9 cells). The cells were fixed at 2 h p.i. and stained with X-Gal,
and the numbers of blue cells were counted. The percentage of infected
cells = 100 X [(number of blue cells)/(number of blue cells + number of
white cells)]. (C) Immunoblots of HeLa and HT-29 cell lysates with
anti-transferrin or anti-caveolin Ab. (D) HeLa and HT-29 cells were
treated with medium alone (—mBCD) or medium containing 10 mM
mBCD (+mBCD) and subsequently infected with vMJ360 at an MOI of
10 PFU per cell. Viral early gene expression was determined by a p-Gal
staining assay as described for panel B.

ran sulfates nor chondroitin sulfates (3, 28). The binding of WT
VV to L and gro2C cells was comparable, whereas the amount of
virions bound to sog9 cells was significantly reduced, confirming
that cell surface GAGs are important for the virion attachment
step (Fig. 6A). However, despite its low binding efficiency, pene-
tration of the bound IMV into sog9 cells remained sensitive to
mBCD, indicating that IMV attachment to cell surface GAGs is
independent of lipid raft formation (Fig. 6B).

Finally, lipid rafts on the plasma membrane contain caveo-
lin, which was shown to be essential for caveola-mediated en-
docytosis (40, 58, 59). We obtained a cell line, HT-29, which is
defective for caveolin expression and consequently unable to
form caveolae (Fig. 7C) (79). When HT-29 cells were infected
with WT VV in the presence of mpCD, virus entry into the
cells was inhibited (Fig. 7D). We therefore concluded that lipid
raft formation remains critical for vaccinia virus entry while
being independent of GAG attachment and caveola formation.

DISCUSSION

Lipid rafts exist on the plasma membrane and in intracellu-
lar organelles and are different in their composition, physical
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properties, and biological functions (9, 12, 26, 37). This study
has established that vaccinia virus IMV associates with lipid
rafts on plasma membranes during and immediately after virus
penetration. Firstly, we showed that mBCD inhibited choles-
terol-mediated virus penetration into cells without interfer-
ence with virion attachment on cell surfaces. Secondly, we
showed by the use of biochemical fractionation that the A14L,
A17L, and DSL viral envelope proteins were partitioned in
lipid rafts during virus penetration and, at least for the A14L
protein, that such an association requires cholesterol. Thirdly,
the copatching of viral proteins with GM1, but not transferrin
receptor, on the cell surface was demonstrated by confocal
microscopy. Using a combination of these approaches, we con-
cluded that vaccinia virus IMV utilizes cholesterol-containing
lipid rafts on plasma membranes for virion penetration into
cells.

Lipid rafts are rich in cholesterol, whose intercalation into
membrane lipid rafts generates high-curvature membrane
structures (21). The extraction of cholesterol by mBCD inhibits
the entry of many viruses, including human immunodeficiency
virus (HIV), poliovirus, Ebola virus, herpesvirus, influenza vi-
rus, and rotavirus (5, 6, 15, 62, 70, 80). The drug may block
virus entry by eliminating a membrane distortion that other-
wise facilitates efficient membrane fusion or caveola-mediated
endocytosis. However, vesicular stomatitis virus entry is not
affected by mBCD treatment, indicating that the inhibitory
effect of mBCD is not simply due to a drastic alteration in the
cell membrane (6, 15).

Regarding the role of lipid rafts in vaccinia virus penetra-
tion, we believe that lipid rafts facilitate membrane fusion
rather than caveola-mediated endocytosis for vaccinia virus
IMV based on the following rationale. First of all, previous
data showed that the vaccinia virus IMV envelope fuses with
cell membranes during vaccinia virus entry into cells (19).
Meanwhile, the average size of caveolae on the plasma mem-
brane is 50 to 100 nm, which is large enough for the endocy-
tosis of echovirus and simian virus 40 virus but possibly too
small for vaccinia virus IMV (47, 57, 59). Moreover, cell fusion
from within and from without was blocked by mBCD, support-
ing the hypothesis that lipid rafts are critical for membrane
fusion (data not shown). Finally, HT-29 cells, a cell line ex-
pressing no caveolin, are readily infected by vaccinia virus,
indicating that vaccinia virus entry does not require caveolin-
1-mediated caveola formation. Although other less defined
processes such as macropinocytosis cannot be ruled out, our
data are most consistent with the conclusion that lipid rafts
create a platform to facilitate vaccinia virus fusion with cells.
Our data also revealed that although cell surface GAGs are
important for the recruitment of abundant IMV virions for cell
attachment, they are not essential for subsequent lipid raft
association, indicating that additional viral proteins and cell
interactions regulate such an association.

In this study, we identified several envelope proteins, i.e., the
Al14L, A17L, and D8L proteins, which are present in lipid rafts
during virus penetration. The A14L and A17L proteins were
more exclusively found in lipid rafts, whereas the DSL protein
was present in both raft and nonraft fractions. One may pos-
tulate that some of these proteins are involved in virus pene-
tration whereas others may associate with rafts as a conse-
quence of viral and cellular membrane fusion. In the case of
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the latter, they might participate in lipid raft stabilization to
augment subsequent signaling events. It was somewhat unex-
pected that the L1R protein was more present in nonraft
fractions since a role in virion penetration has been postulated
for this protein based on neutralizing Ab experiments in the
literature (35, 36, 87). It will be interesting to find out whether
the vaccinia virus A28L protein, whose presence on IMV is
essential for virion penetration, is associated or not associated
with rafts (71, 72). We suspect that there are other unidentified
viral and/or cellular proteins present in the isolated lipid rafts,
although the actual numbers of these proteins are difficult to
obtain due to the lack of specific Abs to recognize individual
proteins in immunoblot analyses. For example, if vaccinia virus
IMV binds to a coreceptor for cell entry, it is possible that such
a molecule would be present in lipid rafts, as reported for the
coxsackievirus and adenovirus receptor for coxsackievirus B,
CXCR4 for HIV, and CAT1 for murine leukemia virus (2, 45,
55). How to identify these raft-associated proteins without bias
becomes increasingly important. To solve the limitation of Abs
and to facilitate novel protein identification, we are currently
developing a proteomic approach to determine lipid raft-asso-
ciated viral and cellular proteins by mass spectrometry (24).

The structural requirements for proteins targeting lipid rafts
are not immediately evident from the literature. Our data
showed that the distribution of the A14L and A17L proteins in
membranes is more raft specific than that of the D8L protein.
The difference may be due to technical reasons, such as the
detergent concentration, that dissociate weaker lipid-protein
interactions. While we do not know its underlying mechanism,
this heterogeneous nature of viral protein distribution in rafts
appears more common than we expected since a recent study
with pseudorabies virus also showed a similar situation, i.e.,
more gB in rafts, gE in both raft and nonraft fractions, and gC
and gD mainly in nonraft fractions (22).

The topology of some vaccinia virus proteins is known but
does not necessarily explain their preference for raft associa-
tion. For example, both the DSL and H3L proteins are type 1
integral membrane proteins of IMV; however, only the former
was detected in lipid rafts. This finding is similar to that from
a recent study of herpes simplex virus gB and gC, two heparan
sulfate-binding virion proteins, in which only gB was retained
in lipid rafts during herpes simplex virus entry (6). The A17L
protein contains two transmembrane regions, with the N ter-
minus exposed on the surfaces of IMV particles and the C
terminus embedded in the viral membranes (7, 39, 86). The
A14L protein also spans the membrane twice, but the protein
is embedded within the virion inner membranes and is not
accessible to protease digestion (69). None of these viral pro-
teins contain homologous motifs to explain their association
with lipid rafts. It is likely that some of the proteins may be
associated with lipid rafts due to the aggregation of protein
complexes through protein-protein interactions, but how this is
achieved is not known. So far, only an interaction between the
A14L and A17L proteins has been reported, and no informa-
tion regarding the D8L protein forming a complex with an-
other protein has been reported (67).

Lipid modification of the A14L protein may be an interest-
ing and relevant subject to explore with regards to raft associ-
ation. Previous studies revealed that the Al4L protein was
labeled with [?H]myristic acid in virus-infected cells, although
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the precise residue of myristoylation has not been published
(67). Myristoylated proteins are commonly associated with di-
verse membranes, and the targeting specificity and membrane
affinity of a myristoylated protein might also be enhanced by
other factors, such as a nearby palmitoylation site, transmem-
brane region, or protein-protein interaction (49, 88). The in-
volvement of myristoyl anchors in virus entry has been inves-
tigated (49). Myristoylation of the hepatitis B virus large S
antigen is required for virus infectivity in vitro (10). Myristoyl-
ation of the reovirus wl structural protein is important for
insertion into the host cell membrane (42). Myristoylation of
the A14L protein may not be the only signal for raft targeting,
as another myristoylated envelope protein, L1R, was not pref-
erentially found in rafts. Whether myristoylation, along with
other structural features, serves as a target signal to anchor the
A14L protein to lipid rafts on the plasma membrane remains
to be determined. Finally, the raft association of viral envelope
proteins may occur indirectly through receptor-protein aggre-
gation in response to phosphorylation regulation. Viral A14L
and A17L proteins both contain residues that may be phos-
phorylated in vivo, and the effect of phosphorylation on their
association with rafts will be investigated in the future (8, 50,
67, 68, 82).

Although vaccinia virus IMV binding requires cell surface
GAG:s, this study showed that virion fusion and penetration
into cells require cholesterol-containing lipid rafts. However,
the significance of lipid rafts goes beyond their being treated
simply as biochemical constituents of the plasma membrane.
Lipid rafts are important because they also serve as signal-
sensing centers for cells when they are activated by ligand-
receptor interactions or chemical treatment or challenged by
pathogen invasion (40). The initiation and propagation of sig-
naling in immune cells occur in lipid rafts (32, 85). Ganglio-
sides in lipid rafts bind to growth factor receptors to mediate
mitogenic signaling (51). To this end, it is interesting that
previous work has indicated that the binding of vaccinia virus
IMV to CHO cells is sufficient to trigger apoptotic signaling
(64). The dissection of lipid raft components will provide a
molecular basis to investigate IMV-induced apoptotic signal-
ing. Furthermore, lipid rafts may provide the physical means to
converge kinase signaling and cytoskeleton rearrangements
that are necessary for core transport inside cells. It remains to
be determined whether Rac activation and PKA/PKC signaling
are induced upon lipid raft formation (18, 41, 44). In the
future, it will be interesting to isolate biochemical complexes
from lipid rafts and to analyze virus-induced clustering of sig-
naling molecules through lipid raft formation.
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