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Lipid rafts play critical roles in many aspects of the influenza A virus life cycle. Cholesterol is a critical
structural component of lipid rafts, and depletion of cholesterol leads to disorganization of lipid raft microdo-
mains. In this study, we have investigated the effect of cholesterol depletion by methyl-�-cyclodextrin (M�CD)
treatment on influenza virus budding. When virus-infected Madin-Darby canine kidney cells were treated with
M�CD at the late phase of infection for a short duration, budding of virus particles, as determined by protein
analysis and electron microscopy, increased with increasing concentrations and lengths of treatment. However,
infectious virus yield varied, depending on the concentration and duration of M�CD treatment. Low concen-
trations of M�CD increased infectious virus yield throughout the treatment period, but higher concentrations
caused an initial increase of infectious virus titer followed by a decrease with a longer duration. Relative
infectivity of the released virus particles, on the other hand, decreased with increasing concentrations and
durations of M�CD treatment. Loss of infectivity of virus particles is due to multiple effects of M�CD-
mediated cholesterol depletion causing disruption of lipid rafts, changes in structural integrity of the viral
membrane, leakage of viral proteins, a nick or hole on the viral envelope, and disruption of the virus structure.
Exogenous cholesterol increased lipid raft integrity, inhibited particle release, and partially restored the
infectivity of the released virus particles. These data show that disruption of lipid rafts by cholesterol depletion
caused an enhancement of virus particle release from infected cells and a decrease in the infectivity of virus
particles.

Lipid rafts are lipid microdomains enriched in sphingolipids
and cholesterol. They contain lipids in liquid order (lo) phase
and are relatively resistant to nonionic detergent at a low
temperature (6, 7, 44). Lipid rafts have been shown to play
critical roles in many aspects of the virus life cycle, including
viral entry and fusion, viral protein transport and targeting,
and viral assembly and budding (26–28, 33, 41, 42).

Influenza A viruses are enveloped, segmented, negative-
stranded RNA viruses and bud from the plasma membrane
(more specifically, the apical plasma membrane of polarized
epithelial cells). Virus particles consist of three major subviral
components, namely, the viral envelope, the matrix protein
(M1), and the core (viral ribonucleocapsid [vRNP]). The viral
envelope surrounding the vRNP consists of a lipid bilayer
containing transmembrane proteins (HA, NA, and M2) on the
outer side and M1 on the inner side (28). Among the three
influenza viral envelope proteins, HA and NA, but not M2, use
lipid rafts as a platform for apical transport and remain asso-
ciated with lipid raft microdomains present on cellular mem-
branes (26, 27, 48). However, Schroeder et al. (43) recently
reported that M2 is a cholesterol-binding protein and pro-
posed that cholesterol association of M2 may play a critical
role in virus budding. Furthermore, in the envelope of released

virions, both HA and NA remain raft associated, whereas M2
does not associate with lipid rafts. These results indicate that
the influenza viral envelope exhibits a mosaic mixture of both
raft-associated and non-raft-associated lipid microdomains
even though the majority of lipids present in the viral envelope
are in the lo phase and the influenza virus envelope is enriched
in cholesterol-dependent detergent-insoluble lipids (39, 48).
Furthermore, protein-protein interactions may facilitate bring-
ing non-raft-associated proteins to lipid raft microdomains.
For example, interactions of influenza virus M1 with HA and
NA bring M1, a non-raft-associated protein, into lipid rafts (1).
Recently, lipid rafts have been also proposed to be involved in
transporting NP/vRNP to the apical side of polarized epithelial
cells (9). By analyzing detergent-resistant lipid complexes in
cellular membranes and viral envelopes, it has been shown that
the influenza virus envelope is enriched in cholesterol-depen-
dent detergent-insoluble lipids and that the lipids in the viral
envelope are in a highly ordered state (39). Using recombinant
influenza A virus containing mutant HA that does not associ-
ate with lipid rafts, Takeda et al. (47) observed reduced bud-
ding in cells infected with mutant virus compared to that seen
with wild-type virus. These observations suggest that influenza
viruses use lipid rafts as their budding platform. However, little
is known about the role of lipid rafts in the budding process,
specifically in bud release.

Cholesterol is a known critical structural component of lipid
rafts. Depletion of cholesterol leads to disorganization of lipid
raft microdomains and dissociation of proteins bound to the
lipid rafts (15, 16, 40, 48). In this study, we have investigated
the effect of cholesterol depletion, which leads to disruption of
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lipid raft microdomains, on influenza virus budding. Since de-
pletion of cholesterol by inhibition of cholesterol biosynthesis
by use of drugs like lovastatin or squalestatin requires a longer
time of incubation and therefore could affect other steps in
virus life cycle, including viral protein transport (9, 20, 36),
those drugs could not be used to examine the effect of choles-
terol depletion on budding and virus release. On the other
hand, cholesterol-binding agents such as digitonin, saponin,
filipin, nystatin, or methyl-�-cyclodextrin (M�CD) can remove
cholesterol and cause disruption of lipid rafts within a short
period of time. However, unlike other cholesterol-binding
agents that become incorporated into membranes, M�CD is a
strictly surface-acting agent and can selectively and rapidly
remove cholesterol from the plasma membrane in preference
to other membrane lipids and has been widely used in studying
the effects of cholesterol depletion and lipid raft disassembly
(2, 13, 17, 18, 21–23, 29, 32, 35). We therefore chose M�CD
as a cholesterol-depleting agent and treated virus-infected
Madin-Darby canine kidney (MDCK) cells with M�CD for
short durations at the late phase of infection to avoid the effect
of lipid raft disruption on protein transport (9, 20, 36) and virus
assembly (24, 39, 47, 48). The results show that depletion of
cholesterol from virus-infected cells by M�CD treatment fa-
cilitated bud completion and increased virus particle release.
However, depletion of cholesterol from virus particles by
M�CD treatment caused disruption of lipid rafts on viral mem-
branes, loss of infectivity of virus particles, nicks or holes on
the viral envelope and disruption of particle structure, and
release of viral proteins. Finally, we show that incubation of
cells with exogenous cholesterol can restore lipid raft integrity
and inhibit virus particle release.

MATERIALS AND METHODS

Cell lines, viruses, and plaque assay. MDCK cells were maintained in mini-
mum essential medium (Invitrogen, Rockville, MD), and influenza virus (A/
WSN/33, H1N1) stock was prepared in MDCK cells as described previously (4).
Assays for PFU were described earlier (4).

[3H]-cholesterol labeling of cells and extraction with cyclodextrins (CDs).
MDCK cells were grown on 24-well plates for 20 h, labeled with 5 �Ci/ml
[1�,2�-3H]-cholesterol (Sigma, St. Louis, MO) in virus growth medium (VGM;
minimum essential medium containing 0.2% bovine serum albumin, 4% basal
medium Eagle vitamins, 10 mM HEPES [pH 7.2], 0.155% NaHCO3, 0.0015%
DEAE-dextran, 100-U/ml penicillin G, 100-�g/ml streptomycin) for 18 h, and
treated with different concentrations of M�CD or H�CD [(2-hydroxypropyl)-�-
CD] or H�CD [(2-hydroxypropyl)-�-CD] (Sigma) in VGM. Levels of 3H-cho-
lesterol released to the media and 3H-cholesterol remaining in cells (unreleased)
were assayed by liquid scintillation counting (8). Percentages of 3H-cholesterol
released were calculated by the following equation: 100 � (released fraction)/
(released fraction � unreleased fraction).

Release of infectious virus particles from virus-infected cells after M�CD
treatment. MDCK cell monolayers (35 mm dish, 2 � 106 cells) were infected with
influenza virus at a multiplicity of infection (MOI) of 3 and treated with 10
mU/ml of bacterial neuraminidase (NA) (Calbiochem, San Diego, CA) in VGM
from 10 to 12 h p.i. to remove virus particles attached to the cell surface (4); they
were washed five times with PBS� (PBS supplemented with 0 � 5 mM MgCl2 and
1 mM CaCl2) and once with VGM. The cells were then mock treated or treated
with different concentrations of M�CD in 1.5 ml of VGM for various lengths of
time, and infectious virus particles released into the medium were quantified by
PFU assay.

Analysis of 35S-labeled virus particles released from infected cells. MDCK
cells infected with virus at an MOI of 3 were labeled with 35S-protein labeling mix
(Perkin-Elmer Life Sciences, Boston, MA) for 8 h (4 to 12 h p.i.) and treated with
bacterial NA from 10 to 12 h p.i. At 12 h p.i., the infected cells were washed six
times and either mock treated or treated with different concentrations of M�CD,
H�CD, or H�CD in 1.5 ml of VGM. Media were harvested at indicated times,

cell debris was removed by microcentrifuge (16,000 � g, 10 min at 4°C), and virus
particles were concentrated and purified by ultracentrifugation (Beckman SW
50.1Ti rotor, 35,000 rpm, 2.5 h) through a 25% sucrose cushion (4). Viral
proteins in the pellet were analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and autoradiographed. Radioactive protein
bands were detected by storage phosphorimaging with a PhosphorImager (Ty-
phoon 9410) and quantified using ImageQuant software (Amersham Bio-
sciences, Piscataway, NJ). To examine the release of virus particles from M�CD-
treated cells but without M�CD in the medium, the infected cells were labeled
with 35S-protein labeling mix (4 h p.i. to 11 h 15 min p.i.) and treated with
bacterial NA (10 h p.i. to 11 h 15 min p.i.); at 11 h 15 min p.i., they were treated
with different concentrations of M�CD along with bacterial NA in 1.5 ml of
VGM for 45 min. At 12 h p.i., the cells were washed as before and incubated in
1.5 ml of VGM without M�CD. After 45 min of incubation, cell culture super-
natants were harvested; released infectious viruses were quantified by PFU assay;
and total particle release was assayed by protein analysis as mentioned above.

M�CD treatment of virus particles. MDCK cells infected with virus at an MOI
of 3 were metabolically labeled with 35S-protein labeling mix for 8 h (4 to 12 h
p.i.), and released virions were purified (4) and resuspended in VGM. 35S-
labeled virus particles were either mock treated or treated with different con-
centrations of M�CD or H�CD for various lengths of time at 37°C; aliquots were
diluted in ice-cold virus dilution buffer (VDB, phosphate-buffered saline [PBS]
supplemented with 0.5 mM MgCl2, 1.0 mM CaCl2, 50 �g of DEAE-dextran/ml,
and 0.2% bovine serum albumin) for PFU assay. Other aliquots were diluted
with ice-cold TNE buffer (10 mM Tris-HCl [pH 7.4], 100 mM NaCl, and 1.0 mM
EDTA) and were pelleted again by a second ultracentrifugation (Beckman SW
50.1Ti rotor, 4°C, 40,000 rpm, 2.5 h). The pellets and the supernatants were
immunoprecipitated with the respective antibodies, analyzed by SDS-PAGE, and
quantified.

Assay for TX-100 insolubility. At 12 h p.i. 35S-labeled virus-infected MDCK
cells were mock treated or treated with different concentration of M�CD or
cholesterol-M�CD for 45 min. For some experiments, cells were treated first
with 20 mM M�CD at 11 h 15 min p.i. for 45 min and then further mock treated
or treated with cholesterol (0.62 mg/ml)-M�CD (10 mM). To evaluate the Triton
X-100 (TX-100) insolubility of cell surface proteins, cells were biotinylated and
then extracted with 1% TX-100 (Roche, Mannheim, Germany) in TNE buffer on
ice for 10 min as described previously (4, 5). Both TX-100-soluble and -insoluble
fractions were immunoprecipitated with specific antibodies. Biotinylated cell
surface HA and NA were isolated by a second precipitation with streptavidin,
analyzed by SDS-PAGE, autoradiographed, and quantified.

To determine the TX-100 insolubility of different proteins in the virus parti-
cles, 0.1% TX-100 (instead of 1.0% as used for treating infected cells) was used,
since it was shown earlier that the TX-100 resistance of different proteins in virus
particles was much lower than that of proteins present in cellular membranes (4,
5, 48). Virus particles released from M�CD-treated cells either with or without
M�CD in medium were purified by ultracentrifugation through a sucrose cush-
ion. Purified virions were extracted with 0.1% TX-100 (200 �l final volume in
TNE buffer) on ice for 10 min, diluted to 5 ml ice-cold TNE buffer, and ultra-
centrifuged (Beckman SW 50.1Ti rotor, 4°C, 40,000 rpm, 2.5 h) (4). TX-100-
soluble and -insoluble proteins were immunoprecipitated using the respective
antibodies, analyzed by SDS-PAGE, and autoradiographed or quantified.

Treatment with exogenous cholesterol. In these experiments, water-soluble
cholesterol (Sigma; 45 mg cholesterol complexed with 955 mg of M�CD [for-
mula weight, 1320]) was used. To prepare different concentrations of cholesterol
combined with a fixed concentration (10 mM) of M�CD, a cholesterol solution
(0.62 mg/ml) containing 10 mM M�CD in VGM was mixed with various amounts
of 10 mM M�CD alone in VGM. At 12 h p.i.; 35S-labeled virus-infected cells
were mock treated or treated with various concentrations of cholesterol contain-
ing M�CD in 1.5 ml of VGM for 45 min. Released virus particles were quantified
by both PFU assay and protein analysis as described above. To replenish cho-
lesterol in cholesterol-depleted cells, 35S-labeled cells were treated (at 11 h 15
min p.i.) with 20 mM M�CD along with bacterial NA in 1.5 ml of VGM for 45
min. At 12 h p.i., the cells were further incubated with (or without) 0.62 mg/ml
cholesterol containing 10 mM M�CD in 1.5 ml of VGM for 45 min. The released
virus particles were quantified by both PFU assay and protein analysis.

Cellular cholesterol content measurement. Cellular cholesterol content was
measured using an Amplex Red cholesterol assay kit (Invitrogen) according to
manufacturer protocols and as described elsewhere (11). Briefly, mock- or
M�CD- or cholesterol-M�CD-treated MDCK cells (35 mm dish, 2 � 106 cells)
were harvested in 75 �l of PBS, lysed by three cycles of freezing and thawing, and
extracted with 400 �l of chloroform-methanol (2:1). After 10 min of microcen-
trifugation, the bottom (chloroform) layer was collected and 200 �l aliquots were
evaporated in a vacuum. The sample was dissolved in 25 �l of 2-propanol
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containing 10% TX-100, and a 0.8 �l sample was assayed with an Amplex Red
cholesterol assay kit using a 96-well plate. All reactions were performed in
duplicate.

Negative-stain EM. Electron microscopy (EM) was performed essentially as
described elsewhere (19). Purified virions in PBS were mixed with latex beads
(polystyrene; Sigma) that had an average diameter of 1.0 �m and were absorbed
onto carbon-coated copper grids for 5 min. Grids were negatively stained with
2% phosphotungstic acid (pH 6.6) and examined with a JEOL JEM-100CX
electron microscope (JEOL Ltd., Tokyo, Japan). For quantification, random
fields were photographed at a magnification of �19,000, and a portion of that
field was further photographed at a magnification of �72,000 to study virus
morphology.

To examine the effect of M�CD or H�CD treatment on virus morphology,
purified virions were treated with different concentrations of drugs and examined
(magnification of �36,000) as described above.

Thin-section electron microscopy. Cells (grown on polycarbonate filter) in-
fected with virus at an MOI of 3 were treated with bacterial NA (10 to 12 h p.i.)
and, at 12 h p.i., were mock treated or treated with 30 mM M�CD for 45 min.
These cells were then cross-linked in 2% glutaraldehyde (EM grade) in PBS�

and postfixed with 1% osmium tetraoxide in PBS�. Filters were dehydrated, cut
out from filter units, and embedded in Epon. Ultra-thin (60 nm) sections were
stained with uranyl acetate and lead citrate and then examined with a JEOL
JEM-100CX electron microscope (4).

RESULTS

Removal of cholesterol from MDCK cells by M�CD treat-
ment. To determine the effect of M�CD on the removal of
cholesterol, 3H-cholesterol-labeled MDCK cells were treated
with different concentrations of M�CD for various lengths of
time, and the amounts of 3H-cholesterol released in the media
and remaining in cells (unreleased) were assayed as described
in Materials and Methods. The results (Fig. 1) showed that
increasing amounts of cholesterol were released into the me-
dium with increasing concentrations and longer treatment of
M�CD. Fifty percent of the cholesterol was released after 45
min of treatment with 30 mM M�CD (Fig. 1). Similar reduc-
tions of cellular cholesterol content were observed when
total cholesterol was measured using a cholesterol assay kit
(data not shown). Cell viability, integrity, and morphology
and total cell numbers remained essentially unaffected when
MDCK cells were treated with 30 mM M�CD for a maxi-
mum duration of 45 min. These results are consistent with
previous observations of the effects of M�CD in MDCK
cells (8, 9, 12, 25, 34, 38).

Cholesterol depletion in virus-infected MDCK cells by
M�CD treatment caused enhancement of virus budding. To
investigate the effect of cholesterol depletion by M�CD treat-
ment on influenza virus budding, virus-infected MDCK cells at
the late phase of infection (12 h postinfection [p.i.]) were
treated with different concentrations of M�CD for various
lengths of time, and amounts of infectious virus released into
the medium were quantified by PFU assay. The results (Fig.
2A) show that the PFU titer of the released virus particles
varied depending on the concentration and duration of M�CD
treatment. Treatment with 10 mM M�CD caused an increase
in the yield of infectious virus titer throughout the duration (45
min) of treatment. However, higher concentrations of M�CD

FIG. 1. Cholesterol release from MDCK cells resulting from
M�CD treatment. Error bars, standard deviations (SD) (n � 4).

FIG. 2. Effect of M�CD treatment on virus budding. (A) PFU
titers of viruses released from virus-infected (MOI of 3) MDCK cells
after M�CD treatment (at 12 h p.i.). (B) 35S-labeled virus particles
released from M�CD-treated (at 12 h p.i.) cells were purified, and viral
proteins were separated in SDS-PAGE. M1/HA ratios are shown at
the bottom of the panel. (C and D) Intensities of the HA (C) and NP
(D) protein bands shown in panel B are plotted in arbitrary units
against durations (in minutes) of M�CD treatment. Error bars in
panels A, C, and D, SD (n � 5).
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caused an initial increase followed by a decrease in PFU titers
with longer duration of treatment (Fig. 2A).

Since cholesterol depletion from virions was shown to re-
duce significantly the infectivity of influenza A viruses (46, 47)
as well as of human immunodeficiency virus type 1 (HIV-1)
and simian immunodeficiency virus (SIV) (14), it is possible
that released virus particles became inactivated because of the
continued presence of M�CD in the medium and that PFU
titers may not have reflected total virus particle release. We
therefore examined the amounts of particle released after
M�CD treatment by protein analysis of 35S-labeled released
virus particles. The results (Fig. 2B) show that the particle
release increased with increasing concentration and length of
M�CD treatment as measured by HA and NP band intensity.
Quantification of either HA (Fig. 2C) or NP (Fig. 2D) showed
that particle release continued to increase with increasing con-
centrations and durations of M�CD treatment. It should be
noted that NA, which migrates as a diffuse band of low inten-
sity, comigrates with NP. It should be further noted that in the
absence of exogenous proteases like trypsin, less than 10% of
HA in released virus particles become cleaved. Therefore, we
routinely quantified only the uncleaved HA (HA0) (this will be
referred to as HA throughout the article). However, the
amounts of M1 in the released virus particles varied and the
ratio of M1/HA decreased in released virus particles with in-
creasing concentrations and durations of M�CD treatment
(Fig. 2B). Essentially, results were similar when ratios of
M1/NP were determined (data not shown). The reason for the
decreased M1/HA (or M1/NP) ratios in released virus particles
is discussed later. Overall, the data presented in Fig. 2 show
that based on the analysis of HA and NP levels, budding of

virus particles increased with increasing concentrations and
durations of M�CD treatment, although the titer of infectious
viruses decreased with prolonged treatment at higher concen-
trations of M�CD.

Effect of M�CD on the infectivity of virus particles. Since
infectious virus titers decreased for cells treated with higher
concentrations and longer durations of M�CD, we examined
the effect of the presence of M�CD on the infectivity of cell-
free virus particles. The results (Fig. 3) show that M�CD
treatment significantly reduced virus infectivity (more than 2
logs after 45 min treatment with 30 mM M�CD), indicating
that the reduction of PFU titers at higher concentrations with
longer treatment of M�CD (Fig. 2A) was at least partly be-
cause of the loss of infectivity of the released virus particles in
the continued presence of M�CD in the medium. Further-
more, it has been reported that cholesterol depletion caused
permeabilization of virions and release of viral proteins from
HIV-1 and SIV particles (14). Therefore, we examined
whether M�CD treatment caused release of viral proteins
from influenza virus particles. The results (Table 1) show that
unlike mock-treated (0 mM) virus sample results, increasing
amounts of HA, NA, NP, and M1 were released from virus
particles upon treatment with increasing concentrations of
M�CD. M1 was released most (Table 1), which was the likely
cause for lower M1/HA (or M1/NP) ratios in virus particles
released from M�CD-treated cells (Fig. 2B). Furthermore, it

FIG. 3. Effect of M�CD treatment on infectivity of virus particles.
Error bars, SD (n � 4).

FIG. 4. Increased release of virus particles from M�CD-treated
cells by negative stain EM. Virus particles released from mock- or
M�CD-treated (for 45 min at 12 h p.i.) virus-infected (MOI of 3)
MDCK cells were purified and examined by negative-stain EM. A
portion of a representative micrograph is shown on the left (magnifi-
cation, �19,000). The rectangle on the left is magnified (�72,000) on
the right. � or �, beads; single arrowheads, normal virus particles;
double arrowheads, disrupted virus particles.

TABLE 1. Proteins released from virus particles after
M�CD treatmenta

M�CD
concn (mM)

Mean (SD) % of proteins released

HA NA NP M1

0 5.1 (0.4) 5.7 (0.4) 3.7 (0.3) 4.5 (0.3)
10 11.8 (0.6) 12.1 (0.8) 29.3 (1.7) 53.7 (3.8)
20 13.7 (0.4) 14.2 (0.6) 33.5 (1.6) 55.1 (3.2)
30 20.7 (1.2) 19.5 (1.0) 36.7 (2.3) 56.3 (3.7)

a 35S-labeled virus particles were either mock treated (0 mM M�CD) or
treated with the indicated concentrations of M�CD at 37oC for 30 min, and viral
proteins released and remaining in the virions were separated by ultracentrifu-
gation. Data are presented as mean (SD) (n � 3).
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should be noted that the amount of virus particles released
after M�CD treatment was probably higher than that observed
by viral protein analysis of the released particles (Fig. 2B, C,
and D) because even HA and NP were also partially released
from virus particles after M�CD treatment (Table 1).

Therefore, we used another independent method, that is,
negative-stain EM, to quantify particle release and examine
the morphology of released particles. EM micrograph assays of
virus particles collected after 10 mM M�CD treatment (45
min) showed an increased release of virus particles (Fig. 4).
The EM micrographs also show that the majority of particles
released from cells even after treatment with low concentra-
tions (10 mM) of M�CD exhibited partially disrupted mor-
phology (Fig. 4); such disruption was severe at higher concen-
trations (30 mM) of M�CD (data not shown). Quantification
of the virus particles in those micrographs showed (Table 2)
that after treatment of virus-infected cells with 10 mM M�CD
for 45 min, virus particle release was significantly higher than
that estimated by protein analysis (12.6-fold by EM versus
7.5-fold by protein analysis; Table 2 and 3).

Data presented in Fig. 2, 3, and 4 indicate that the lower
infectivity of the virus particles released from M�CD-treated
cells was at least partly caused by the continued presence of
M�CD in the medium during drug treatment. Therefore, we
examined the release of virus particles from M�CD-treated
cells without M�CD in the medium. The results (Table 3) show
that increased particle release from M�CD-treated cells con-
tinued even when M�CD was absent in the medium, albeit at
a lower rate than that seen during M�CD treatment. The
relative infectivity of the released particles, on the other hand,
was higher when M�CD was absent in the medium (Table 3),
although the relative infectivity of these virus particles still did
not reach the same level (1.0) as that seen with the mock-

treated cells. These results indicate that particles released from
cholesterol-depleted cells also had reduced infectivity.

Cholesterol depletion by M�CD treatment caused disrup-
tion of lipid rafts. Depletion of cholesterol is expected to
disrupt lipid raft microdomains, which can be distinguished
from intact lipid rafts by a decrease in TX-100 insolubility of
raft-associated proteins. Therefore, we examined the effect of
cholesterol depletion on TX-100 insolubility of viral proteins in
infected cells as well as in released virions. The results (Table
4) show that in cells treated with 10 mM, 20 mM, and 30 mM
M�CD for 45 min, the levels of TX-100 insolubility of cell
surface HA were reduced to 42%, 33%, and 27%, respectively,
compared with the 61% insoluble HA seen in mock-treated
cells. Similarly, the TX-100 insolubility of cell surface NA was
also reduced (Table 4). These data indicate that cholesterol
depletion by M�CD treatment caused disruption of lipid rafts.
On the other hand, cholesterol depletion did not significantly
affect the TX-100 insolubility of NP and M1 in infected cells. It
is known that the TX-100 insolubility of NP is due to its
interaction with actin cytoskeletons. Similarly, the TX-100
insolubility of M1 in infected cells is mostly due to its in-
teraction with actin via vRNP (3) and a relatively small
fraction of M1 becomes raft associated due to its interaction
with HA and NA (1).

To determine whether M�CD treatment of infected cells
also affected lipid rafts of released virus particles, the TX-100
insolubility of different viral proteins in virions collected after
45 min of treatment with different concentrations of M�CD
was determined as described in Materials and Methods. The
results (Table 4) show that HA, NA, and M1 were highly
TX-100 soluble in the virions collected from virus-infected
M�CD-treated cells. Because NP inside the virus particles
remained as a vRNP complex (3), its TX-100 insolubility was

TABLE 2. Increased release of virus particles from M�CD-treated cells as determined by electron microscopya

M�CD
concn (mM)

No. of fields
used

Mean (SD) no. of
virus particles

per field

Mean (SD) no.
of beads
per field

Mean (SD) no. of
virus particles per

bead

Relative increase
of virus particle

release

0 37 4.4 (0.9) 5.1 (1.0) 0.9 (0.2) 1
10 31 55.2 (9.3) 4.9 (1.1) 11.2 (2.7) 12.6

a Virus particles released from mock-treated or 10 mM M�CD-treated (at 12 h p.i. for 45 min) cells were examined by negative-stain EM, and identifiable virus
particles as well as beads from electron micrographs (magnification, �19,000) were counted. The results were obtained from three independent experiments with
duplicate grids.

TABLE 3. Release of virus particles from M�CD-treated cells with or without M�CD in the medium

M�CD
concn (mM)

Mean (SD) value in the absence of M�CD in the medium (n � 4)a Mean (SD) value in the presence of M�CD in the medium (n � 5)b

Relative PFU
titer

Relative particle
release Relative infectivity M1/HA

ratio
Relative PFU

titer
Relative particle

release Relative infectivity M1/HA
ratio

0 100c 100 1.0 2.2 (0.13) 100d 100 1.0 2.2 (0.1)
10 330 (15) 611 (21) 0.54 (0.04) 1.5 (0.12) 195 (13) 750 (17) 0.26 (0.02) 1.2 (0.05)
20 332 (13) 955 (33) 0.35 (0.03) 1.0 (0.08) 134 (8) 1460 (64) 0.09 (0.01) 0.4 (0.02)
30 202 (12) 1130 (47) 0.18 (0.05) 0.8 (0.07) 66 (6) 2310 (87) 0.029 (0.002) 0.1 (0.01)

a At 11 h 15 min p.i., 35S-labeled virus-infected cells were treated with different concentrations of M�CD for 45 min. At 12 h p.i., cells were washed six times and
incubated in VGM without M�CD. After 45 min of incubation, released infectious viruses were quantified by PFU assay and total particle release was assayed by protein
analysis. Relative values of PFU titer and relative particle release as a measure of HA protein band intensities were calculated as a percentage of the values obtained
with mock-treated (0 mM) cells. Values of relative infectivity of virus particles were calculated as follows: �(relative PFU titer)/(relative particle release)	.

b Data were taken from the results of the experiment represented in Fig. 2.
c �6.54 (0.5)	 � 107 PFU/ml.
d �6.84 (0.4)	 � 107 PFU/ml.
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not markedly affected by M�CD treatment. On the other hand,
our data indicate that the TX-100 insolubility of M1 in virus
particles depended on its association with HA and NA. In any
case, the TX-100 insolubility of NP and M1 does not have
much relevance to the interpretation of data presented here
since those are not lipid raft-associated proteins.

Because M�CD was also present in the medium, it was not
clear whether the increased TX-100 solubility of HA and NA
in virions resulted from cholesterol depletion of the budding
cellular membrane or cholesterol depletion of the virions after
their release into the medium or both. Therefore, we analyzed
the TX-100 insolubility of the proteins in virions that were
collected from M�CD-treated cells without M�CD in the me-
dium. The results (Table 4) show that the TX-100 insolubility
of HA and NA was significantly higher in particles collected in
the absence of M�CD in the medium compared to that of the
virus particles collected with M�CD in the medium. The total
cholesterol content of the cells as well as the TX-100 insolu-
bility of surface HA and NA did not change significantly (see
Table 7) after 45 min incubation of cholesterol-depleted cells
in VGM, indicating that any endogenous synthesis of choles-
terol within this short time (45 min) was not responsible for the
increased TX-100 insolubility of HA and NA in virions re-
leased during a drug-free chase of cholesterol-depleted cells
(i.e., virions collected without M�CD in the medium). Rather,
these data support the idea that the increased TX-100 solubil-
ity of proteins in the virions collected with M�CD in the

medium (Table 4) was partly caused by the effect of M�CD on
released virus particles.

Effect of exogenous cholesterol on particle release and lipid
raft integrity. To determine whether the effects of the drug
(M�CD) were due solely to cholesterol depletion, we exam-
ined the effect of exogenous cholesterol on virus release during
M�CD treatment of infected cells. Accordingly, 35S-labeled
virus-infected cells were treated at 12 h p.i. with different
concentrations of cholesterol in the presence of 10 mM M�CD
and virus release was examined by PFU assay (for infectious
particles) as well as by protein analysis of released labeled virus
particles. The results show (Table 5) that exogenous choles-
terol inhibited the enhanced release of virus particles in an
essentially dose-dependent manner and that 0.62 mg/ml of
cholesterol containing 10 mM M�CD inhibited virus release by
more than 2 logs compared to mock-treated cell results. Fur-
thermore, cholesterol-M�CD caused a significant increase in
the relative infectivity of released virus particles compared to
that seen when cells were treated with M�CD only, indicating
that exogenous cholesterol could partially restore the infectiv-
ity of released virus particles. We further investigated whether
exogenous cholesterol can inhibit virus release from choles-
terol-depleted cells. Accordingly, 35S-labeled virus-infected
cells were treated with 20 mM M�CD for 45 min. Cells were
then washed and further treated with cholesterol (0.62 mg/ml)-
M�CD (10 mM) or mock treated (no cholesterol, no M�CD)
for 45 min. Virus release was examined by PFU assay as well as
by protein analysis. The results (Table 6) show that the exog-
enous cholesterol also inhibited the release of virus particles
from cholesterol-depleted cells. These results show that the
increased release of virus particles after M�CD treatment (Fig.
2) was due to cholesterol depletion.

The above-described results show that lipid raft disruption
by M�CD-mediated cholesterol depletion caused an increased
release of virus particles. On the other hand, exogenous cho-
lesterol inhibited virus release from cholesterol-depleted cells,
which suggests reestablishment of lipid raft integrity. There-
fore, we examined the effect of exogenous cholesterol on the
TX-100 insolubility of cell surface HA and NA. The results
show that after incubation with cholesterol (0.62 mg/ml)-
M�CD (10 mM) for 45 min, the TX-100 insolubility of cell

TABLE 4. TX-100 insolubility of viral proteins in M�CD-treated
virus-infected cells and in released virionsa

Protein and
M�CD

concn (mM)

Mean (SD) % of TX-100-insoluble proteins

Infected
cells

Released virions collected:

With M�CD
in medium

Without M�CD
in medium

HA
0 61 (3) 91 (4)
10 42 (3) 56 (3) NDb

20 33 (2) 32 (2) 76 (3)
30 27 (2) 21 (2) 63 (3)

NA
0 54 (3) 85 (5)
10 50 (4) 40 (3) ND
20 37 (3) 32 (3) 68 (4)
30 28 (2) 16 (2) 49 (3)

NP
0 35 (2) 94 (4)
10 30 (3) 81 (5) ND
20 28 (2) 79 (3) 84 (4)
30 24 (2) 75 (4) 80 (3)

M1
0 55 (3) 89 (3)
10 55 (3) 41 (3) ND
20 53 (2) 25 (2) 82 (3)
30 53 (4) 17 (2) 76 (4)

a TX-100 insolubility of proteins (HA and NA surface proteins) in virus-
infected M�CD-treated (for 45 min at 12 h p.i.) MDCK cells as well as in
released virions with or without M�CD in the medium (as described in Table 3)
was assayed as described in Materials and Methods. Values are presented as
percentages of TX-100-insoluble proteins (n � 4).

b ND, not done.

TABLE 5. Inhibition of virus release by endogenous cholesterola

Cholesterol
(mg/ml)

M�CD
concn (mM)

Mean (SD)
relative PFU

titer

Mean (SD)
relative
particle
release

Mean (SD)
relative

infectivity

0 0 100b 100 1
0 10 219 (8) 847 (21) 0.26 (0.02)
0.2 10 227 (8) 367 (7) 0.62 (0.03)
0.3 10 71 (0.5) 123 (3) 0.58 (0.05)
0.4 10 21 (0.2) 24 (1.2) 0.87 (0.07)
0.5 10 1.6 (0.13) 2.1 (0.17) 0.76 (0.06)
0.62 10 0.4 (0.03) 0.6 (0.1) 0.67 (0.07)

a At 12 h p.i., 35S-labeled virus-infected cells were mock treated or treated with
VGM containing different concentrations of cholesterol along with 10 mM
M�CD for 45 min. Released infectious viruses were quantified by PFU assay,
and total particle release was assayed by protein analysis. Values for relative
PFU titer and relative particle release (HA protein band intensity) are pre-
sented (n � 3).

b �6.78 (0.27)	 � 107 PFU/ml.
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surface HA and NA increased and was even higher than that
seen with the mock-treated cells (Table 7). Since exogenous
cholesterol caused higher TX-100 insolubility of cell surface
HA and NA compared to mock-treated cell results (Table 7)
and reduced virus budding lower than that of mock-treated
cells (Tables 5), we determined the total cholesterol content of
the cells after treatment with exogenous cholesterol. The re-
sults show that after treatment with 20 mM M�CD for 45 min,
the total cholesterol content was reduced to 55.9% relative to
mock-treated cell levels, which is similar to the results pre-
sented in Fig. 1. After incubation of these cholesterol-depleted
cells with cholesterol (0.62 mg/ml)-M�CD (10 mM) for 45 min,
the total cholesterol content was increased to 293%. On the
other hand, when cells were chased for 45 min without choles-
terol-M�CD, the total cholesterol content (57.7%) did not
change significantly compared to that of cells without chase
(55.9%; Table 7). These results indicate that the higher cho-
lesterol content of the cells after incubation with exogenous
cholesterol was responsible for the higher TX-100 insolubility
of cell surface HA and NA as well as the reduced release of
virus particles.

Effect of H�CD and H�CD on virus budding. To examine
whether the enhanced release of virus particles was mainly
caused by cholesterol depletion rather than by other effects

caused by the presence of cyclodextrin, we used H�CD, which
releases cholesterol from cells but with lower efficiency than
M�CD (2, 30), and H�CD, which does not release cholesterol
from cells in significant amounts (31). The results (Table 8)
show that H�CD treatment increased the release of virus par-
ticles, although less efficiently than M�CD treatment. Also, the
relative infectivity of virus particles released from H�CD-
treated cells was higher that that seen with M�CD-treated cells
(Table 8). On the other hand, H�CD treatment did not signif-
icantly affect either the PFU titer or virus particle release
compared to mock-treated cell results. As expected, H�CD (2,
30) was also less efficient than M�CD in removing cholesterol
from cells and H�CD (31) did not cause any significant release
of cholesterol from MDCK cells (Table 8). These results sup-
port the idea that the increased release of virus particles from
M�CD-treated cells and the reduced infectivity of virus parti-
cles were caused by cholesterol depletion rather than other
effects from CD.

Virus budding from M�CD-treated cells by thin-section
electron microscopy. Since the budding process and release of
virus particles involve the fusion of apposing cellular and viral
membranes, disruption of lipid raft microdomains may affect
virus morphology. Previously it was reported that M�CD treat-
ment does not grossly affect virion morphology (46). However,
as mentioned earlier, particles released from cells after expo-
sure to a low concentration (10 mM) of M�CD treatment
exhibited partially disrupted morphology (Fig. 4); such disrup-
tion was severe at higher concentrations (30 mM) of M�CD
(data not shown). This can result either from defective budding
or disruption of virus particles after release from the infected
cells in the continued presence of M�CD in the medium or
both. We therefore investigated virus budding in the presence
of M�CD by thin-section EM. A representative EM micro-
graph (Fig. 5) shows that M�CD treatment did not affect the
overall spherical morphology of the cell surface-attached virus
particles. Furthermore, it should be noted that fewer virus

TABLE 6. Inhibition of virus release from cholesterol-depleted
cells by endogenous cholesterola

Initial M�CD
concn (mM)

Cholesterol (mg/ml)/
M�CD(mM)

Mean (SD)
relative PFU

titer

Mean (SD)
relative particle

release

0 0/0 100b 100
20 0/0 327 (18) 946 (36)
20 0.62/10 10.8 (1) 48.2 (3.2)

a At 11 h 15 min p.i., 35S-labeled virus-infected cells were treated with 20 mM
M�CD for 45 min; cells were then washed and further treated with cholesterol/
M�CD or mock treated for 45 min. Relative PFU titer and relative particle (HA
protein band intensities) release values are presented as mean (SD) (n � 3).

b (6.48 
 0.23) � 107 PFU/ml.

TABLE 7. Cholesterol content and TX-100 insolubility of cell-
surface HA and NA in cholesterol/M�CD-treated cellsa

Initial M�CD
concn (mM)

Cholesterol (mg/ml)/
M�CD(mM)

Mean (SD) %
TX-100-insoluble

protein

Mean
(SD)

relative
cholesterol
content of
the cellsHA NA

0 No chaseb NDc ND 100
0 0/0 60 (3) 55 (3) 98.7 (5)
0 0.62/10 72 (4) 71 (4) 313 (19)
20 No chaseb 34 (3) 38 (3) 55.9 (3)
20 0/0 35 (3) 40 (3) 57.7 (4)
20 0.62/10 78 (4) 75 (5) 293 (21)

a 35S-labeled virus-infected (for TX-100 insolubility assay) or nonlabeled un-
infected (for cholesterol assay) cells were mock treated (0 mM) or treated with
M�CD (20 mM) at 11 h 15 min p.i. for 45 min. Cells were then further incubated
for 45 min with or without cholesterol/M�CD in the medium. TX-100 insolubility
of cell surface HA and NA and total cholesterol content of cells were assayed as
described in Materials and Methods. Percentages are presented as mean (SD)
(n � 3).

b After treatment with M�CD, cells were assayed for TX-100 insolubility and
cholesterol content without further chase.

c ND, not done.

TABLE 8. Release of virus particles from H�CD-, H�CD-, and
M�CD-treated infected cellsa

Drug treatment
and concn

(mM)

Mean (SD)
relative

PFU titer

Mean (SD)
relative
particle
release

Mean (SD)
relative

infectivity

Mean (SD) %
cholesterol

release

Mock 100b 100 1.0 0.5 (0.1)
H�CD

10 113 (4) 120 (5) 0.94 (0.05) 17.0 (1.3)
20 190 (6) 230 (10) 0.82 (0.05) 22.5 (1.3)
30 290 (7) 417 (17) 0.69 (0.07) 27.4 (1.7)

H�CD
10 96 (3) 98 (4) 0.98 (0.07) 1.5 (0.1)
20 97 (2) 98 (4) 0.99 (0.06) 2.9 (0.1)
30 110 (4) 112 (5) 0.98 (0.08) 3.8 (0.3)

M�CD
10 223 (5) 742 (21) 0.3 (0.023) 30.2 (2.3)
20 137 (4) 1443 (37) 0.09 (0.002) 38.8 (2.1)
30 62 (4) 2287 (54) 0.027 (0.002) 49.8 (3.0)

a 35S-labeled virus-infected (for virus release assay) or 3H-cholesterol-labeled
uninfected (for cholesterol release assay) cells were mock treated or treated with
M�CD at 12 h p.i. for 45 min. Relative PFU titer, relative particle (HA protein
band intensities) release, and amounts of cholesterol released after H�CD or
H�CD or M�CD treatment are presented as mean (SD) (n � 4).

b �6.87 (0.3)	 � 107 PFU/ml.
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particles are present at the cell surface of cholesterol-depleted
cells (Fig. 5), as expected, because the majority of particles
would be released from M�CD-treated cells. These results
indicate that disruption of virus particles likely occurred after
release of virus particles in the medium containing M�CD.

Therefore, we examined the effect of M�CD or H�CD
treatment on cell-free virus particles by negative-stain EM.
The results (Fig. 6) show that upon treatment with 10 mM
M�CD for 30 min, a significant fraction of particles exhibited
a nick or hole on the envelope. These findings were similar to
those reported for HIV-1 and SIV (14). With higher concen-
trations of M�CD, a larger fraction of particles exhibited dis-
ruption of viral envelopes (Fig. 6). However, H�CD treatment
had less effect on virus particle structures. After 30 mM H�CD
treatment only a small fraction of particles showed a possible
nick or hole on the envelope (Fig. 6). It should also be noted
that treatment with 10 mM, 20 mM, and 30 mM M�CD for 30
min reduced virus infectivity levels to about 7.1%, 1.4%, and
0.5%, respectively (Fig. 3), whereas treatment with 30 mM
H�CD reduced virus infectivity to only about 31% (data not
shown).

DISCUSSION

In the present study, we examined the effect of lipid raft
disruption on the budding of influenza A virus in MDCK cells.
The results show that lipid raft disruption by M�CD-mediated
cholesterol depletion of virus-infected cells increased the re-
lease of virus particles and that disassembly of lipid rafts on the
virus envelope affected integrity of viral membrane, caused
leakage of viral proteins, produced nicks or holes in and dis-
ruption of the viral envelope, and adversely affected virus in-
fectivity.

Increased release of virus particles in virus-infected cells
upon disruption of lipid rafts by cholesterol depletion was a
surprising observation, because lipid rafts have been impli-
cated in virus assembly and budding (23, 24, 32, 35, 39, 47, 48).
Increased release of virus particles was evident in the results of
three independent assays: (i) higher PFU titers as determined
by PFU assay, (ii) increased particle release as determined by

protein analysis, and (iii) increased numbers of virus particles
as determined by negative-stain EM. Increases in the yield of
infectious virus titers were particularly evident in 10 mM
M�CD throughout the treatment time (45 min). On the other
hand, higher concentrations of M�CD caused an initial in-
crease followed by a decrease in PFU titers with longer dura-
tion of treatment (Fig. 2A). However, increased particle re-
lease continued essentially in a dose-dependent manner
throughout the duration (45 min) of treatment (Fig. 2B).
Moreover, EM analysis confirmed the authenticity of released
virus particles and showed even higher levels of particle release
after M�CD treatment than that observed by protein analysis
of released particles (Table 2 and 3). However, the relative
infectivity of the released particles decreased at all concentra-
tions of M�CD. Higher concentrations and longer durations of
M�CD treatment caused greater decreases in the relative in-
fectivity of released particles, suggesting the detrimental effect
of M�CD on the infectivity of released virus particles (Table
3). Reductions in relative infectivity occurred partly because
the particles released from cholesterol-depleted cells had re-
duced infectivity and partly because the infectivity of released
virions decreased in the continued presence of M�CD in the
medium (Table 3). The likely reason for the reduced infectivity
of virus particles released from cholesterol-depleted cells in
the absence of M�CD in the medium was the low cholesterol
content of released virus particles. Cholesterol depletion from
influenza virus envelopes has been shown to reduce infectivity
(46, 47) and is discussed below. Reduced infectivity of New-
castle disease virus particles (23) and Sendai virus particles

FIG. 6. Negative-stain electron microscopy of M�CD- or H�CD-
treated virus particles. Virus particles were mock treated or treated
with M�CD or H�CD for 30 min and were examined (photographed
at �36,000 magnification) by negative-stain EM. Single arrowheads,
normal virus particles; double arrowheads, nicked or disrupted virus
particles.

FIG. 5. Thin-section EM of budding virus particles in (A) mock-
treated and (B) M�CD-treated (30 mM, 45 min) MDCK cells. Cell
profiles were randomly selected and photographed at a magnification
of �19,000. single arrowheads, virus particles; double arrowheads, villi.
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(13) released from cholesterol-depleted cells has been re-
ported.

In this study, we have shown that depletion of cholesterol
from the viral envelope resulting from M�CD treatment
caused decreases in virus infectivity. Similar effects of choles-
terol depletion on influenza virus (46, 47) and HIV-I and SIV
(14) were also reported earlier. However, the cause of the
reduction in infectivity after cholesterol depletion remains un-
clear. One study showed that cholesterol depletion from the
influenza viral envelope reduced levels of low pH-induced fu-
sion at the plasma membrane (46), whereas another study
found that fusion of M�CD-treated influenza viruses remained
essentially unaffected (47). The present report supports the
idea that the loss of integrity of viral membranes caused by
cholesterol depletion and lipid raft disruption (Table 4) led to
leakage of viral proteins (Table 1). Permeabilization of virion
envelope and release of viral proteins after cholesterol deple-
tion were also reported for HIV-1 and SIV (14). Furthermore,
the present study showed that cholesterol depletion by M�CD
caused disruption of viral structures, including nicks or holes,
even at a lower concentration (10 mM) of M�CD. Therefore,
release of viral proteins and disruption of particle structures
are likely to be the major factors contributing to the loss of
infectivity of influenza virus particles after cholesterol deple-
tion. However, cholesterol depletion of viral membranes may
also affect other steps in infection cycle, including fusion and
uncoating.

It is unlikely that the enhanced release of virus particles
from M�CD-treated cells reported here was caused by the
effects of CD other than cholesterol depletion. First, H�CD,
which is also known to release cholesterol, although less effi-
ciently than M�CD, also enhanced virus release, and the de-
gree of increased virus release as well as the decrease in the
relative infectivity of released virions correlated to their ability
to release cholesterol. Similarly, H�CD, another derivative of
CD which is not known to release cholesterol significantly, did
not alter either particle release or infectivity of released virions
significantly. Second, increased release of virus particles cor-
related with lipid raft disruption as measured by the TX-100
insolubility of cell surface HA and NA. Finally, and most
importantly, the presence of exogenous cholesterol was shown
to reverse the effect of M�CD. Exogenous cholesterol in-
creased the TX-100 insolubility of HA and NA and reduced
the release of virus particles to a level below even that seen
with mock-treated cells and partially restored the infectivity of
the released virus particles. Taken together these data indicate
that the increased release and decreased infectivity of virus
particles from M�CD-treated cells (Table 3) were caused by
cholesterol depletion and loss of lipid raft integrity.

Data presented in this study demonstrate that disruption of
lipid rafts by cholesterol depletion caused an increase in the
release of virus particles with reduced infectivity. This obser-
vation apparently contradicts the results reported with respect
to HIV-1 (32) and Moloney murine leukemia virus (35) par-
ticle production from M�CD-treated cells. However, in those
studies, conditions for M�CD treatment were different. For
example, labeling of cells after cholesterol depletion (32, 35)
could affect protein transport and interactions among and as-
sembly of viral components as well as initiation of bud forma-
tion and not just bud release. On the other hand, increased

particle release with reduced infectivity from M�CD-treated
cells was observed for Newcastle disease virus (23). However,
the lower infectivity of released virions was not directly related
to their reduced cholesterol content but rather to abnormal
morphogenesis of particles released from cholesterol-depleted
cells (23). Similarly, based on the M protein content of re-
leased virions, increased particle release from M�CD-treated
cells was observed for Sendai virus (13). Also, it is mentioned
that particle release was increased after M�CD treatment of
HeLa cells expressing vesicular stomatitis virus M protein (32).

Cytoskeleton disruption has been shown to affect the mor-
phology and release of influenza virus particles (37, 45). The
cortical cytoskeleton is a meshwork of actin underlying the
plasma membrane. Rearrangement of the cortical actin cy-
toskeleton by cholesterol depletion has been demonstrated
using different cell lines (10, 12). Furthermore, it was shown
that cortical actin rearrangements by actin-disrupting drugs
such as jasplakinolide also caused reorganization of lipid raft
microdomains and increased infectious virus yield two- to
threefold depending on the drug concentration (45). However,
in these experiments, drug treatments were carried out
throughout the infection (long treatment) and the amounts of
total particle release were not quantified. Therefore, pertur-
bation in actin cytoskeleton dynamics due to cholesterol de-
pletion might have contributed to the enhanced release of virus
particles described in the present report. Further experiments
are in progress to determine the role of lipid raft disruption in
the rearrangement of cortical actin network and their role in
the bud pinching-off process.

Bud completion and the pinching-off process require fusion
of apposing plasma membranes and viral membranes, leading
to fission of virus bud and bud release. It is possible that
different viruses may use different mechanisms for pinching off
of virus buds, because different host proteins may be involved
in this process. For example, Ono and Freed (32) observed that
although wild-type HIV-1 containing PTAP late domain ex-
hibited a decrease in particle production after M�CD treat-
ment, PTAP minus (HIV mutant with substitutions in the
PTAP sequence [32]) HIV-1 mutant- and vesicular stomatitis
virus-M-mediated particle production increased after similar
M�CD treatment. It also is possible that lipid rafts may have
two opposite effects in the influenza A virus budding process.
Initially, lipid rafts may facilitate bud formation by bringing
viral components to and concentrating the components at the
budding site, causing asymmetry in the membrane bilayers and
favoring membrane bending and bud initiation (28). However,
at the final stage of bud completion, lipid rafts may slow down
and regulate bud closure. This idea is supported by the obser-
vation that exogenous cholesterol increased the TX-100 insol-
ubility of raft-associated proteins (Table 7) and inhibited virus
release (Table 5 and 6) as well. The mosaic nature of the viral
membrane containing both raft-associated and non-raft-asso-
ciated lipid microdomains may have different functions in the
virus budding process involving bud initiation and bud closure
(43). Disruption of lipid rafts at the final stage may facilitate
fission and bud completion and, thereby, cause an increase in
virus release.
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