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Abstract. 

 

Transport from the TGN to the basolateral 
surface involves a rab/

 

N

 

-ethylmaleimide–sensitive fu-
sion protein (NSF)/soluble NSF attachment protein 
(SNAP)/SNAP receptor (SNARE) mechanism. Apical 
transport instead is thought to be mediated by deter-
gent-insoluble sphingolipid–cholesterol rafts. By reduc-
ing the cholesterol level of living cells by 60–70% with 
lovastatin and methyl-

 

b

 

-cyclodextrin, we show that the 
TGN-to-surface transport of the apical marker protein 
influenza virus hemagglutinin was slowed down, 
whereas the transport of the basolateral marker vesicu-
lar stomatitis virus glycoprotein as well as the ER-to-Golgi 

transport of both membrane proteins was not affected. 
Reduction of transport of hemagglutinin was accompa-
nied by increased solubility in the detergent Triton 
X-100 and by significant missorting of hemagglutinin to 
the basolateral membrane. In addition, depletion of 
cellular cholesterol by lovastatin and methyl-

 

b

 

-cyclo-
dextrin led to missorting of the apical secretory glyco-
protein gp-80, suggesting that gp-80 uses a raft-depen-
dent mechanism for apical sorting. Our data provide for 
the first time direct evidence for the functional signifi-
cance of cholesterol in the sorting of apical membrane 
proteins as well as of apically secreted glycoproteins.

 

E

 

pithelial

 

 cells have to deliver newly synthesized
proteins to the apical and basolateral plasma mem-
brane domains of the polarized cell surface. Most

of the studies analyzing how this polarized surface delivery
is accomplished have been carried out in MDCK cells.
Sorting takes place in the TGN and at least two vesicular
carriers exist for apical and basolateral delivery (Lafont et
al., 1994; Pimplikar and Simons, 1994; Ikonen et al., 1995).
Recent data indicate that also nonpolarized cell lines, such
as BHK, CHO, GH3 (a rat anterior pituitary line), or
mouse 3T3 fibroblasts use apical and basolateral cognate
routes to deliver proteins from the TGN to the cell surface
and that the same signals that operate in epithelial sorting
probably also function in fibroblasts (Müsch et al., 1996;
Yoshimori et al., 1996).

Basolateral sorting signals have a cytoplasmic disposi-
tion and can be grouped in two classes, one with signals re-
lated to clathrin-coated pit localization motifs, and one
with unrelated motifs (Mellman, 1996). Apical sorting sig-
nals are of at least two types. Glycosyl-phosphatidylinosi-
tol (GPI)

 

1

 

-anchored proteins use their GPI anchors as

sorting determinants (Brown et al., 1989; Lisanti et al.,
1989). Another sorting signal is constituted by the man-
nose-rich core part of 

 

N

 

-glycans. This signal is used by api-
cal secretory proteins, and probably by apical transmem-
brane proteins as well (Scheiffele et al., 1995). Apical
sorting information may also reside in the transmembrane
domains of some apical proteins (Kundu et al., 1996), fa-
voring partitioning into sphingolipid- and cholesterol-rich
domains in a similar manner as GPI anchors do. The ma-
chinery decoding these different sorting signals in the
TGN has been poorly characterized. The basolateral route
uses the rab/

 

N

 

-ethylmaleimide–sensitive fusion protein
(NSF)/soluble NSF attachment protein (SNAP)/SNAP re-
ceptor (SNARE) mechanism for delivery, whereas the
apical pathway seems to involve a new mechanism (Ikonen
et al., 1995) using sphingolipid–cholesterol rafts, which
contain apical cargo and several proteins (VIP21/caveolin-1
[Dupree et al., 1993], VIP36 [Fiedler et al., 1994], VIP17/
MAL [Zacchetti et al., 1995], and annexin XIIIb [Fiedler
et al., 1995]) with potential function in apical sorting and
delivery.

Our working hypothesis for apical targeting postulates
the formation of sphingolipid–cholesterol rafts within the
exoplasmic leaflet of the Golgi membrane (Simons and
van Meer, 1988). According to the model proposed (for
review see Simons and Ikonen, 1997) rafts are closely
packed domains assembled within the fluid bilayer. They
are formed by sphingolipids associating laterally with each
other. The carbohydrate head groups occupy larger areas
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than their mostly saturated hydrocarbon chains, and
the voids that would tend to form underneath the bulky
head groups are filled with cholesterol molecules. More-
over, cholesterol is also present in the cytoplasmic leaflet
(Schroeder et al., 1991), where it too could function as a
spacer to fill voids created by the long sphingolipid fatty
acid chains interdigitating with the cytoplasmic leaflet
(Morrow et al., 1995; but see also Boggs and Koshy, 1994).
These sphingolipid–cholesterol rafts, which can be iso-
lated as detergent-insoluble, glycolipid-enriched complexes
(DIGs) using Triton X-100 at 4

 

8

 

C, are thought to act in the
TGN as sorting platforms for inclusion of protein cargo
destined for delivery to the apical membrane. GPI-anchored
proteins (Brown and Rose, 1992; Rodgers et al., 1994;
Scheiffele et al., 1997), apical transmembrane proteins
(Skibbens et al., 1989; Fiedler et al., 1993; Danielsen, 1995;
Scheiffele et al., 1997), and also doubly acylated tyrosine
kinases of the Src family (Resh, 1994; Rodgers et al., 1994;
Casey, 1995; Scheiffele et al., 1997) associate with rafts.
Several studies have demonstrated that this association is
because of cooperative interactions between sphingolip-
ids, cholesterol, and proteins.

If rafts indeed do represent the units for apical TGN-
to-surface transport, then inhibiting the synthesis of or
segregating cholesterol or sphingolipids would be expected
to affect both detergent insolubility and transport of raft-
associated proteins. These predictions, as far as they have
been studied, are at least partially fulfilled for GPI-anchored
proteins. Blocking the synthesis of cholesterol and depri-
vation of sphingolipids reduced the amount of detergent-
insoluble human placental alkaline phosphatase (PLAP)
(Hanada et al., 1995). Extraction of cellular cholesterol
with cyclodextrin (Scheiffele et al., 1997) or depletion of
cholesterol by saponin (Cerneus et al., 1993) rendered
PLAP completely soluble in Triton X-100. Deprivation of
cellular cholesterol also inhibited the formation of the
prion protein PrP

 

sc

 

 (Taraboulos et al., 1995), and it was
shown that the GPI anchor directed subcellular traffick-
ing and controlled conversion into the scrapie isoform
(Taraboulos et al., 1995; Kaneko et al., 1997). A reduction
of the cellular cholesterol level in MDCK cells decreased
the detergent-insolubility of gD1-DAF without affecting
its steady state cell surface distribution (Hannan and Edi-
din, 1996). Recently, the association of the apical trans-
membrane protein influenza virus hemagglutinin (HA)
with rafts also has been shown to critically depend on cho-
lesterol, as judged by the increased Triton X-100 solubility
of HA after cyclodextrin treatment (Scheiffele et al., 1997).

Methods commonly used to alter cholesterol levels within
living cells include lipid-free lipoprotein–mediated cellular
lipid efflux (for review see Oram and Yokoyama, 1996).
However, they cannot be used to specifically alter choles-
terol levels because phospholipids are also removed. 

 

b

 

-Cyclo-
dextrins have been shown to selectively and rapidly extract
cholesterol from the plasma membrane, in preference to
other membrane lipids (Ohtani et al., 1989; Kilsdonk et al.,
1995; Neufeld et al., 1996). Another strategy is to inhibit
cholesterol biosynthesis. Most of these inhibitors, such as
lovastatin (Alberts et al., 1980), compactin (Endo et al., 1976),
SR-12813 (Berkhout et al., 1996), 25-hydroxycholesterol
(Kandutsch and Chen, 1974), and 7-ketocholesterol (Brown
and Goldstein, 1974), are directed against 3-hydroxy-3-meth-

ylglutaryl coenzyme A reductase. Alternatively, cells have
also been grown in the presence of delipidated serum.

In this paper we have examined the role of cholesterol
in the trafficking of apical and basolateral transmembrane
proteins as well as of gp-80, the major apically secreted
glycoprotein of MDCK cells. Since long-term growth of
cells in the absence of low density lipoprotein (LDL) as
the principal source of cholesterol may allow them to com-
pensate for reduced cholesterol levels by changes in lipid
desaturase activity and membrane lipid composition (Leikin
and Brenner, 1988; Lutton, 1991; Muriana et al., 1992), we
have tried to remove cholesterol as acutely as possible. As
markers for the apical and for the basolateral pathways we
have used influenza virus HA and vesicular stomatitis vi-
rus glycoprotein (VSV G), respectively. We show that by
using lovastatin and methyl-

 

b

 

-cyclodextrin cholesterol lev-
els can be lowered by 60–70% without significantly affect-
ing cell viability. In cells treated this way, TGN-to-apical
surface transport of HA was markedly reduced. On the
contrary, neither TGN-to-surface transport of VSV G, nor
ER-to-Golgi transport of both markers were affected.
Moreover, in MDCK cells there was substantial missorting
of HA as well as of gp-80 to the basolateral surface. These
data provide the first concrete evidence for the functional
significance of sphingolipid–cholesterol rafts in membrane
trafficking.

 

Materials and Methods

 

Materials

 

Media and reagents for cell culture were purchased from GIBCO BRL
(Eggestein, Germany). Lovastatin was provided by R. Luedecke (MSD
Sharp & Dohme, Haar, Germany), and was prepared as a 20-mM stock
solution as described (Fenton et al., 1992). 

 

N

 

-tosyl-

 

l

 

-phenylalanine chlo-
romethyl ketone (TPCK)-treated trypsin and soybean trypsin inhibitor
were obtained from Worthington Biochemical Corp. (Freehold, NJ); en-
doglycosidase H from Boehringer Mannheim GmbH (Mannheim, Ger-
many); proteinase inhibitors, methyl-

 

b

 

-cyclodextrin, mevalonate, and filipin
from Sigma Chemical Co. (Deisenhofen, Germany); protein A–Sepharose
CL-4B from Pharmacia Biotech Sevrage (Uppsala, Sweden); NP-40 from
Fluka AG (Buchs, Switzerland); SDS from BioRad Laboratories, GmbH
(München, Germany); delipidated FCS from PAA Laboratories (Linz,
Austria); [

 

35

 

S]methionine and [1a, 2a(

 

N

 

)-

 

3

 

H]cholesterol from Amersham
Buchler GmbH (Braunschweig, Germany). Antibodies used were an af-
finity-purified polyclonal antibody raised against the luminal domain of
VSV G (Pfeiffer et al., 1985), a polyclonal antibody against gp-80 (Urban
et al., 1987), and monoclonal antibodies against a 58-kD basolateral pro-
tein (Balcarova-Ständer et al., 1984), and lactate dehydrogenase (Sigma).

 

Virus Preparation

 

Stocks of influenza virus N, whose HA is not cleaved by proteases of the
host cell, and of phenotypically mixed VSV were prepared as described
before (Matlin and Simons, 1983; Bennett et al., 1988).

 

Cell Culture and Treatment with Lovastatin

 

BHK 21 cells (1.2 

 

3 

 

10

 

5

 

 cells) were cultured in BHK medium (Glasgow
MEM supplemented with 5% FCS, 10% phosphate tryptose broth, 10 mM
Hepes, pH 7.3, 2 mM glutamine, 100 units/ml penicillin, and 100 

 

m

 

g/ml
streptomycin) on 11-mm-diam coverslips in 24-multi-well plates (NUNC,
Roskilde, Denmark) for 48 h in the presence or absence of 4 

 

m

 

M lovasta-
tin and 0.25 mM mevalonate (lovastatin/mevalonate).

MDCK strain II cells (1:80 of the cells from one confluent 75-cm

 

2

 

 flask
per filter) were grown on 12-mm-diam, 0.4-

 

m

 

m pore–size Transwell poly-
carbonate filters (Costar Corp., Cambridge, MA), as previously described
(Pimplikar et al., 1994). 24 h after plating fresh MDCK medium (Earle’s
MEM supplemented with 10% FCS, 10 mM Hepes, pH 7.3, 2 mM
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glutamine, 100 units/ml penicillin, and 100 

 

m

 

g/ml streptomycin) was
added. 24 h later fresh medium (750 

 

m

 

l apically, 1,500 

 

m

 

l basolaterally)
containing or not lovastatin/mevalonate was added, and the cells were al-
lowed to grow for further 48 h in this medium.

 

Viral Infection and Extraction
with Methyl-

 

b

 

-Cyclodextrin

 

BHK cells were infected for 1 h at 37

 

8

 

C with the viruses in infection me-
dium (Earle’s MEM supplemented with 50 mM Hepes, pH 7.3, 2 mM
glutamine, 100 units/ml penicillin, and 100 

 

m

 

g/ml streptomycin) in the
presence or absence of lovastatin/mevalonate. Then the medium was aspi-
rated, fresh infection medium containing or not lovastatin/mevalonate was
added, and the cells were incubated for 2.5 h at 37

 

8

 

C. Thereafter, the cells
grown and infected in the presence of lovastatin/mevalonate were treated
for 30 min at 37

 

8

 

C with 1 ml 10 mM methyl-

 

b

 

-cyclodextrin in infection me-
dium. The cells then were carefully washed twice with labeling medium
(Earle’s MEM without methionine and with low bicarbonate [0.35 g/l],
supplemented with 50 mM Hepes, pH 7.3, 2 mM glutamine), and subse-
quently used for the transport assays (see below).

MDCK cells were infected for 1 h at 37

 

8

 

C with the viruses in infection
medium in the presence or absence of lovastatin/mevalonate. After aspi-
ration of the medium, fresh infection medium containing or not lovastatin/
mevalonate was added, and the cells were incubated for 2 h at 37

 

8

 

C.
Thereafter the cells grown and infected in the presence of lovastatin/me-
valonate were treated for 60 min at 37

 

8

 

C with 10 mM methyl-

 

b

 

-cyclodex-
trin in infection medium (750 

 

m

 

l apically, 1,500 

 

m

 

l basolaterally). The cells
were washed twice with PBS

 

1

 

 (PBS containing 0.9 mM CaCl

 

2

 

 and 0.5 mM
MgCl

 

2

 

), and then were used for the transport assays (see below).
All subsequent steps were done in the absence of lovastatin/meva-

lonate. Metabolic labeling in cells treated with lovastatin/mevalonate and
cyclodextrin was generally decreased by 

 

z

 

10–20%.

 

Metabolic Labeling and ER-to-Golgi Transport

 

BHK cells were labeled in a water bath for 5 min at 37

 

8

 

C with 23 

 

m

 

Ci
[

 

35

 

S]methionine in 200 

 

m

 

l labeling medium. The pulse was terminated by
adding chase medium (labeling medium containing 20 

 

m

 

g/ml cyclohexi-
mide and 150 

 

m

 

g/ml methionine), and the cells were incubated for 

 

<

 

40
min at 37

 

8

 

C. They then were lysed in 120 

 

m

 

l of lysis buffer (PBS containing
2% NP-40 and 0.2% SDS) supplemented with a protease inhibitor cock-
tail (CLAP; 25 

 

m

 

g/ml each of chymostatin, leupeptin, antipain, and pep-
statin A), and insoluble material was removed by centrifugation.

MDCK cells were labeled from the basolateral side for 8 min at 37

 

8

 

C
with 15 

 

m

 

Ci [

 

35

 

S]methionine in 25 

 

m

 

l labeling medium as described
(Lafont et al., 1995). The filters then were transferred into new dishes con-
taining chase medium and incubated at 37

 

8

 

C for up to 30 min. The cells
were lysed in 120 

 

m

 

l of lysis buffer and insoluble material was removed by
centrifugation.

20 

 

m

 

l of the cell lysate then was treated with endoglycosidase H accord-
ing to the manufacturer’s instructions, and then was analyzed by SDS-
PAGE on 7.5% polyacrylamide gels (Laemmli, 1970). Radioactivity in the
individual bands was determined using a PhosphorImager (Molecular Dy-
namics, Sunnyvale, CA), and the percentage of HA and VSV G reaching
the Golgi was calculated: percent endo H–resistant 

 

5 

 

endo H–resistant
form/[endo H–resistant form 

 

1

 

 endo H–sensitive form] 

 

3 

 

100.

 

Metabolic Labeling and TGN-to-Surface Transport

 

BHK cells were labeled for 5 min, chased for 3 min at 37

 

8

 

C, and then fur-
ther incubated for 75 min at 19.5

 

8

 

C to block the viral glycoproteins in the
TGN. The cells were then incubated for up to 30 min at 37

 

8

 

C. To detect
surface arrival of HA, trypsin cleavage was used (Matlin and Simons,
1983; Yoshimori et al., 1996). The amount of VSV G transported was de-
termined by surface immunoprecipitation using an affinity-purified poly-
clonal antibody against the exoplasmic portion of VSV G (Pfeiffer et al.,
1985), essentially as previously described for Semliki Forest virus glyco-
protein E1 

 

1 

 

E2 (Yoshimori et al., 1996).
Virus-infected MDCK cells were labeled for 8 min at 37

 

8

 

C, and incu-
bated for 75 min at 19.5

 

8

 

C in chase medium. The cells were then shifted
for up to 30 min to 37

 

8

 

C. Surface arrival of HA and VSV G were detected
by trypsin cleavage and surface immunoprecipitation, respectively, as de-
scribed (Lafont et al., 1995).

 

Aliquots were analyzed by SDS-PAGE on 10% polyacrylamide gels
(Laemmli, 1970), and radioactivity in the individual bands was determined
using a PhosphorImager. The amount of HA transported was calculated:
transport index (%) 

 

5 

 

2 

 

3 

 

HA2/[HA 

 

1

 

 (2 

 

3 

 

HA2)] 

 

3 

 

100 (Matlin and Si-
mons, 1983). VSV G reaching the surface was calculated: transport index
(normalized arbitrary units) 

 

5 

 

surface-immunoprecipitated VSV G/total
VSV G.

To analyze gp-80 secretion, noninfected MDCK cells were labeled for
15 min at 37

 

8

 

C with 83 

 

m

 

Ci [

 

35

 

S]methionine, chased for 5 min at 37

 

8

 

C, and
further incubated for 75 min at 19.5

 

8

 

C. Then the cells were shifted for up
to 40 min to 37

 

8

 

C, and then apically and basolaterally secreted, as well as
intracellularly retained gp-80 was recovered by immunoprecipitation and
analyzed by SDS-PAGE under nonreducing conditions. The amount of
gp-80 secreted apically was calculated: gp-80 apically secreted (%) 

 

5 

 

gp-80
in apical medium/[gp-80 in apical medium 

 

1

 

 gp-80 in basolateral medium

 

1

 

 intracellular gp-80] 

 

3 

 

100. The amount of gp-80 secreted basolaterally
was calculated accordingly.

 

Triton X-100 Insolubility of Influenza Virus HA

 

Triton X-100 extractions were performed as described (Brown and Rose,
1992; Fiedler et al., 1993). BHK and MDCK cells grown in the presence of
lovastatin/mevalonate were infected with influenza N virus, treated with
10 mM methyl-

 

b

 

-cyclodextrin, and pulse labeled as described above. Af-
ter a chase at 37

 

8

 

C the cells were extracted on ice for 30 min with 1% (wt/
vol) Triton X-100 in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM
EDTA, 2 mM DTT, CLAP (BHK cells, 100 

 

m

 

l; MDCK cells, 300 

 

m

 

l), fol-
lowed by centrifugation for 30 min at 120,000 

 

g

 

. Triton X-100–soluble and
–insoluble fractions were separated on 7.5% polyacrylamide gels (Laem-
mli, 1970), and analyzed using a PhosphorImager. The amount of deter-
gent-insoluble, complex-glycosylated HA was calculated: percent Triton
X-100–insoluble HA 

 

5 

 

detergent-insoluble HA/[detergent-insoluble HA 

 

1

 

detergent-soluble HA] 

 

3 

 

100.

 

[

 

3

 

H]Cholesterol Labeling of Cells and Extraction with 
Methyl-

 

b

 

-Cyclodextrin

 

BHK cells were plated in BHK medium on coverslips in the presence or
absence of lovastatin/mevalonate as described above. 24 h after plating,
the cells were washed by dipping twice in PBS

 

1

 

 and transferred into a
new 24-multiwell plate with 400 

 

m

 

l cholesterol-labeling medium (Earle’s
MEM supplemented with 2.5% delipidated FCS, 10 mM Hepes, pH 7.3,
2 mM glutamine, 100 units/ml penicillin, and 100 

 

m

 

g/ml streptomycin) con-
taining 2.5 

 

m

 

Ci [

 

3

 

H]cholesterol in the presence or absence of lovastatin/
mevalonate. After an incubation for 8 h at 37

 

8

 

C, the cells were washed
twice with PBS

 

1

 

, and cholesterol-labeling medium with or without lova-
statin/mevalonate was added. Radiolabeled cholesterol was allowed to
equilibrate with the cellular cholesterol pools for 20 h at 37

 

8

 

C (Debry et al.,
1997). The cells were then treated for 30 min at 37

 

8

 

C with 1 ml 10 mM methyl-

 

b

 

-cyclodextrin in infection medium. The medium was removed, the cells
were washed once with PBS

 

1

 

, and then lysed in 200 

 

m

 

l lysis buffer. After
a short centrifugation to remove insoluble material, the [

 

3

 

H]cholesterol
released into the medium and remaining in the cells was determined by
liquid scintillation counting (model LS6000SC; Beckman Instruments,
Fullerton, CA).

MDCK cells were grown on filters and treated with lovastatin/meva-
lonate as described above. 48 h after plating the cells were washed twice
with PBS

 

1

 

, and cholesterol-labeling medium (750 

 

m

 

l apically, 1,500 

 

m

 

l ba-
solaterally) containing 3.3 

 

m

 

Ci [

 

3

 

H]cholesterol per filter in the presence or
absence of lovastatin/mevalonate was added. After an incubation for 8 h
at 37

 

8

 

C, the cells were washed twice with PBS

 

1

 

, and incubated in choles-
terol labeling medium with or without lovastatin/mevalonate for an addi-
tional 20 h. The cells were then treated for 60 min at 37

 

8

 

C with 10 mM
methyl-

 

b

 

-cyclodextrin in infection medium (750 

 

m

 

l apically, 1,500 

 

m

 

l baso-
laterally). [

 

3

 

H]Cholesterol released into the apical and basolateral me-
dium and remaining in the cells was determined as described for BHK
cells.

 

Fluorimetric Cholesterol Determination
Filter-grown MDCK cells were grown and treated with lovastatin/meva-
lonate and methyl-b-cyclodextrin as described above. Lipids were ex-
tracted from the cell lysates using chloroform/methanol (Bligh and Dyer,
1959). Free cholesterol was determined by a cholesterol oxidase/peroxi-
dase based assay (Gamble et al., 1978).
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Western Blot Analysis
BHK cells were grown and treated with lovastatin/mevalonate and methyl-
b-cyclodextrin as described above. Aliquots of cell lysates were separated
on a 10% polyacrylamide gel (Laemmli, 1970), and proteins were transferred
to a nitrocellulose membrane. After staining with Ponceau red the blot was
probed with antibodies directed against the cytosolic marker lactase dehy-
drogenase, and visualized using an HRP-conjugated secondary antibody and
enhanced chemiluminescence detection kit (Amersham International).

Confocal Immunofluorescence
Filter-grown MDCK cells were grown and treated with lovastatin/meva-
lonate and methyl-b-cyclodextrin as described above. Immunofluores-
cence using the monoclonal antibody 6.23.3 against a basolateral 58-kD
protein was performed as described (Fiedler et al., 1995), omitting the de-
naturation step with guanidine. Images were taken with an inverted confocal
laser scanning microscope (LSM-410; Carl Zeiss, Oberkochen, Germany).

Filipin Staining of BHK Cells
BHK cells (0.2 3 105 cells) were grown and treated with lovastatin/meva-
lonate and methyl-b-cyclodextrin as described above. They were fixed for 30
min on ice with 4% paraformaldehyde, and then stained for 15 min at room
temperature with 400 ml of a 125 mg/ml filipin solution in PBS. After washing
twice with PBS for 15 min each, the cells were mounted in PBS/50% glyc-
erol. Digital images were taken using a Zeiss Axioskop microscope equipped
with a 3-chip color camera (Photonic Sciences, Millham, UK).

Results
Our aim was to specifically disrupt rafts in living cells by
depleting cholesterol. We were looking for methods that
would rapidly and efficiently remove cholesterol without
affecting cell polarity and ER-to-Golgi transport. For this
purpose, we have followed two strategies. First, we inhib-
ited de novo synthesis of cholesterol in the ER by lovasta-
tin in the presence of small amounts of mevalonate to allow
the synthesis of nonsterol products from mevalonate (Brown
and Goldstein, 1980). Second, we rapidly extracted choles-
terol from the plasma membrane using methyl-b-cyclodex-
trin, a compound shown to selectively extract cholesterol
from the plasma membrane of a number of cells (Ohtani
et al., 1989; Kilsdonk et al., 1995; Neufeld et al., 1996).

Depletion of Cholesterol

The concentration of lovastatin and methyl-b-cyclodextrin
used was critical. Treatment for 48 h with 4 mM lovastatin
and 0.25 mM mevalonate (subsequently referred to as lov-
astatin/mevalonate) in medium containing FCS proved to
be optimal. Under these conditions the cells showed a normal
growth rate. Extraction with 10 mM methyl-b-cyclodextrin
was done immediately before pulse labeling. In samples
treated this way there was no detachment of BHK cells
from the glass coverslips. BHK and MDCK cells treated for
30 and 60 min, respectively, displayed more dramatic effects
than shorter treatments (data not shown). Since there is a
substantial amount of cholesterol in intracellular membranes
and because cholesterol is continuously cycling between
the plasma membrane and the ER, this suggests that at least
a partial depletion of the intracellular stores was important.

Although treatment with lovastatin for 48 h alone re-
duced cholesterol levels by only 10%, this treatment sig-
nificantly increased the effect of methyl-b-cyclodextrin on
TGN-to-surface transport of HA (see below).

We have tried to further reduce cellular cholesterol lev-
els by growing cells in the presence of delipidated serum

or in hormone-supplemented, serum-free medium (Taub
et al., 1979). However, BHK cells treated for 2 d with lov-
astatin/mevalonate in the presence of delipidated serum
were growing more slowly and were easily detached by
methyl-b-cyclodextrin. Moreover, there was a general re-
duction seen in biosynthetic trafficking (although to a lower
extent) even in control cells not treated with methyl-b-cyclo-
dextrin, suggesting that delipidation had removed essential
components from the serum.

Thus a combination of a treatment with lovastatin/me-
valonate for 48 h before infection and an extraction with
methyl-b-cyclodextrin immediately before pulse labeling
proved to be optimal. All the results presented below were
obtained with cells treated in this way.

Methyl-b-Cyclodextrin Efficiently Removes 
Cholesterol from the Plasma Membrane

We have monitored the extent of cholesterol extraction in
two ways. First, we determined the amount of cholesterol
being removed from the cells. In preliminary experiments,
we have used a cholesterol oxidase/peroxidase-based as-
say (Gamble et al., 1978), which would allow a direct mea-
surement of the quantity of cholesterol being extracted.
However, methyl-b-cyclodextrin interfered with the fluo-
rimetric determination, even when the lipid extraction
protocol was changed (Kilsdonk et al., 1995). Therefore
we have used a more indirect way by preloading the cells
with [3H]cholesterol. After an equilibration with the non-
radioactive cellular cholesterol pool, cholesterol extrac-
tion was followed by the release of [3H]cholesterol into the
medium. BHK cells treated with lovastatin/mevalonate
and extracted for 30 min with 10 mM methyl-b-cyclodex-
trin lost z60% of their [3H]cholesterol, whereas cells incu-
bated in medium lost essentially no cholesterol (Fig. 1 A).
Filter-grown MDCK cells treated for 60 min lost 70% of
their [3H]cholesterol (Fig. 1 B), a fourth of it being recov-
ered in the apical medium (data not shown). Although
shorter extraction times removed similar amounts of cho-
lesterol (Rietveld, A., and K. Simons, unpublished re-
sults), effects on TGN-to-surface transport of influenza vi-
rus HA (see below) were more pronounced after a more
extensive treatment, suggesting that a partial depletion of
cholesterol from intracellular membranes was important.

Second, we used filipin, a fluorescent polyene antibiotic
that forms complexes with cholesterol (Miller, 1984; Yea-
gle, 1985; see also Neufeld et al., 1996). When BHK cells
were fixed and incubated with filipin, prominent labeling
of the plasma membrane and of vesicular structures con-
centrated in the perinuclear region was observed (Fig. 2 A).
After treatment with lovastatin/mevalonate and extraction
for 30 min with methyl-b-cyclodextrin, followed by an in-
cubation for 75 min at 19.58C, plasma membrane staining
was essentially gone (Fig. 2 B). The intracellular staining
was less affected, although the signal also became weaker
(note that the image in Fig. 2 B was acquired using 20 inte-
gration frames, whereas for Fig. 2 A only 5 integration
frames were used). Treatment with lovastatin/mevalonate
alone had no effect on filipin staining (data not shown).

Depletion of Cholesterol Leaves the Cells Intact

Treatment of erythrocytes with b-cyclodextrin not only
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led to an efficient removal of cholesterol, but also to a sig-
nificant extraction of proteins and eventually to hemolysis
(Ohtani et al., 1989). Using the conditions described above
we first verified that cells treated this way were left intact
and that MDCK cells grown on filters were still properly
polarized.

BHK cells were treated with lovastatin/mevalonate and
methyl-b-cyclodextrin, lysed, and then analyzed by SDS-
PAGE and Western blotting. The protein pattern and the
total amount of protein did not change as compared with
untreated control cells. Moreover there was no difference
in the amount of lactate dehydrogenase, a cytosolic marker
protein, indicating that no cell lysis had occurred (data not
shown).

Filter-grown MDCK cells were treated with lovastatin/
mevalonate and methyl-b-cyclodextrin or were left un-
treated, and the transepithelial resistance was measured.
Although there was an overall variation of the transepi-
thelial resistance between individual experiments, no sig-
nificant differences between cholesterol-depleted and con-
trol cells were detected. In a representative experiment
the transepithelial resistances measured were 83.7 6 11.5
Vcm2 and 82.2 6 10.7 Vcm2, respectively (three filters for
each condition). In addition, by using immunofluores-
cence we have looked at the distribution of a 58-kD baso-
lateral protein (Balcarova-Ständer et al., 1984) in choles-
terol-depleted, filter-grown MDCK cells. Fig. 2 clearly
shows that the lateral distribution of the 58-kD protein did
not change after cholesterol extraction (Fig. 2 D) as com-
pared with the control cells (Fig. 2 C). Our conclusion that
cholesterol extraction did not lead to opening up of the
junctional complexes was further strengthened by the ob-
servation that trypsin added basolaterally did not leak to
the apical side (see below).

Removal of Cholesterol Does Not Affect
ER-to-Golgi Transport

As association of HA with rafts occurs only in the Golgi
complex (Skibbens et al., 1989; Kurzchalia et al., 1992;
Fiedler et al., 1993), no effect on ER-to-Golgi transport of
HA was expected to occur after cholesterol depletion.
Consistent with this hypothesis, ER-to-Golgi transport of

HA, as well as of the basolateral marker VSV G was not
affected by cholesterol extraction, as monitored by the ac-
quirement of resistance to endoglycosidase H digestion.
This was the case for BHK (Fig. 3, A and B) and for filter-
grown MDCK (Fig. 3, C and D) cells.

Thus although cholesterol continuously cycles between
the plasma membrane and the ER and although cholesterol

Figure 1. Treatment of BHK
and MDCK cells with methyl-
b-cyclodextrin leads to effi-
cient removal of cellular cho-
lesterol. BHK cells (A) and
filter-grown MDCK cells (B)
were labeled with [3H]cho-
lesterol in the absence (2) or
presence (1) of lovastatin/
mevalonate, and radiolabeled
cholesterol was allowed to
equilibrate with the nonra-
dioactive pool of cholesterol.

The cells then were treated for 30 min (BHK) or 60 min (MDCK)
at 378C with 10 mM methyl-b-cyclodextrin in infection medium
(1) or with infection medium only (2). Radioactivity released
into the medium and remaining in the cells was determined. Data
were obtained from two independent experiments with samples
done in duplicate.

Figure 2. Treatment of BHK cells and of filter-grown MDCK
cells with methyl-b-cyclodextrin. BHK cells were left untreated
(A), or were grown in the presence of lovastatin/mevalonate and
then treated for 30 min at 378C with 10 mM methyl-b-cyclodex-
trin (B) as detailed in Materials and Methods, and then were
stained with filipin. Digital images were acquired using 5 (A) and
20 (B) integration frames, respectively. Filter-grown MDCK cells
were left untreated (C), or were grown in the presence of lovasta-
tin/mevalonate and then treated for 60 min at 378C with 10 mM
methyl-b-cyclodextrin (D) as detailed in Materials and Methods.
X–Z confocal views of cells labeled with a monoclonal antibody
directed against a basolateral 58-kD protein. Bars, 10 mm.
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biosynthesis takes place in the ER, from where it probably
uses the same vesicular carriers as HA and VSV G to reach
the Golgi complex (for review see Liscum and Underwood,
1995), removal of 60–70% of total cellular cholesterol did
not interfere with ER-to-Golgi transport of either marker.

Removal of Cholesterol Affects TGN-to-Surface 
Transport of Influenza Virus HA, but Not of VSV G

Next we looked at the TGN-to-surface transport of HA
and VSV G. We (Yoshimori et al., 1996) and others
(Müsch et al., 1996) have recently shown that nonpolar-
ized cells, such as BHK cells, also use apical and basolat-
eral cognate routes to deliver proteins from the TGN to
the plasma membrane. After treatment of BHK cells with
lovastatin/mevalonate and methyl-b-cyclodextrin, there
was a dramatic decrease in surface arrival of HA, whereas
arrival of VSV G was not affected at all. Representative
examples for TGN-to-surface transport assays of HA and
VSV G are shown in Fig. 4, A and B, respectively. 15 min
after release from the TGN block, the surface arrival of
HA was reduced by z60% as compared with untreated
control cells, and there was little variation from experi-
ment to experiment (Fig. 4 C; mean of four experiments).
After 30 min of transport however, there was less overall
inhibition of transport and the variability became much
larger. Under the same conditions VSV G transport was
not affected at any time (Fig. 4 D).

Subsequently, we have looked at the TGN-to-surface
transport in fully polarized MDCK cells. As in BHK cells,
cholesterol depletion led to a marked decrease in arrival
of HA on the apical plasma membrane (Fig. 5 A), whereas
transport of VSV G to the basolateral surface was barely

affected (Fig. 5, B and D). HA transport was inhibited by
z60% after 15 min, and 40% after 30 min of transport as
compared with untreated control cells (Fig. 5 C; mean of
five experiments). Remarkably, the experimental varia-
tion for 30 min of transport was much smaller than was ob-
served in BHK cells (Fig. 4 C).

Attempts to replete cholesterol by adding it back as a cho-
lesterol–cyclodextrin complex was not interpretable because
also control cells to which no cholesterol was added cor-
rected their apical HA delivery over time (data not shown).

Removal of Cholesterol from MDCK Cells Leads to 
Partial Missorting of Influenza Virus HA

As there was clearly a reduction of transport of HA to the
apical surface, we wondered whether the remaining HA
had been retained in the Golgi, or possibly had been mis-
sorted to the basolateral side. Therefore we have looked at
the appearance of HA on the basolateral membrane of fil-
ter-grown MDCK cells. As expected (Rodriguez-Boulan

Figure 3. Removal of cholesterol does not affect ER-to-Golgi
transport. BHK cells (A and B) and filter-grown MDCK cells (C
and D) were treated with lovastatin/mevalonate and methyl-b-cyclo-
dextrin as detailed in Materials and Methods. After pulse label-
ing with [35S]methionine, viral proteins (A and C, HA; B and D,
VSV G) were chased for different times at 378C. Arrival in the
Golgi complex was monitored by acquirement of resistance to en-
doglycosidase H digestion. j, untreated control cells; h, cells
treated with lovastatin/mevalonate and methyl-b-cyclodextrin.

Figure 4. Removal of cholesterol from BHK cells affects TGN-
to-surface transport of influenza virus HA, but not of VSV G. (A
and B) Representative example of a TGN-to-surface transport.
BHK cells were treated with lovastatin/mevalonate and methyl-
b-cyclodextrin as detailed in Materials and Methods. After pulse
labeling with [35S]methionine and a TGN block at 19.58C, viral
proteins (A, HA; B, VSV G) were chased to the cell surface for
different times at 378C. Arrival on the surface was detected by
trypsin treatment (HA) or by surface immunoprecipitation (VSV
G), respectively. j, untreated control cells; h, cells treated with
lovastatin/mevalonate and methyl-b-cyclodextrin. (C and D) Av-
eraged data of four independent experiments. Relative transport
indices for HA (C) and VSV G (D) after 15 and 30 min of incuba-
tion at 378C were calculated from four experiments. Transport in
cells treated with lovastatin/mevalonate and methyl-b-cyclodex-
trin was expressed relative to the transport in untreated control
cells at the respective time.

 on A
ugust 11, 2017

jcb.rupress.org
D

ow
nloaded from

 

http://jcb.rupress.org/


Keller and Simons Disruption of Sphingolipid–Cholesterol Rafts 1363

and Pendergast, 1980; Fuller et al., 1985), barely any HA
was cleaved into HA1 and HA2 when trypsin was added
to the basolateral medium of untreated control cells (Fig. 6
A). In cholesterol-depleted cells there was little HA de-
tectable on the basolateral side after 15 min of release
from the TGN block. However, after 30 min of transport a
significant amount of HA had appeared on the basolateral
membrane (Fig. 6 B).

The detection of HA on the basolateral surface could be
artifactual, being caused by trypsin added basolaterally
leaking to the apical side. However, this is unlikely since
cyclodextrin treatment did not lead to an apparent change
in transepithelial resistance (see above). Moreover, soy-
bean trypsin inhibitor was always present on the apical
side. Nevertheless we did a control experiment where, af-
ter 30 min of transport, trypsin was added to the apical
side only, or to the basolateral side only, or to both sides at
the same time. In lovastatin/mevalonate and methyl-b-cyclo-
dextrin treated cells, 31% of the total amount of HA was
cleaved when trypsin was added apically, 21% were cleaved
when trypsin was added basolaterally, and 50% were
cleaved when trypsin was added from both sides. In un-

treated control cells 63% of the total amount of HA was
cleaved from the apical side whereas only z1% was acces-
sible to trypsin on the basolateral side. These data clearly
show that the junctional complexes were left intact, still
functioning as a fence for molecules of at least the size of
trypsin. In addition they show that whereas overall surface
arrival of HA was only slightly reduced (53 vs. 64%) in
cholesterol-depleted cells, 40% of surface HA (or 21% of
total cellular HA) was missorted to the basolateral mem-
brane after 30 min of transport.

Removal of Cholesterol Renders Influenza Virus HA 
Triton X-100 Soluble

Would a reduction of apical transport by depletion of cho-
lesterol be accompanied by a dissociation of HA from sphin-
golipid–cholesterol rafts? Triton X-100 insolubility at 48C
has been extensively used to monitor the association of
GPI-anchored proteins and of some transmembrane pro-
teins with rafts (for review see Simons and Ikonen, 1997),
and it has been shown that partitioning of newly synthe-
sized HA into detergent-insoluble, glycolipid-enriched com-
plexes (DIGs) occurs only after delivery to the late Golgi
complex (Skibbens et al., 1989; Kurzchalia et al., 1992;
Fiedler et al., 1993). Like BHK cells transiently transfected
with HA (Scheiffele et al., 1997), treatment of virally infected
BHK as well as MDCK cells with lovastatin/mevalonate
and methyl-b-cyclodextrin rendered complex glycosylated
HA dramatically less Triton X-100 insoluble (Fig. 7). Thus,
as judged by the increased Triton X-100 solubility of HA,
there was indeed a disruption of the interaction of HA
with rafts.

Removal of Cholesterol Leads to Missorting of gp-80

Finally, we wondered whether depletion of cholesterol
would also affect the polarized secretion of the apical
secretory glycoprotein gp-80. As inhibition of N-glycosyla-

Figure 5. Removal of cholesterol from MDCK cells affects
TGN–apical surface transport of influenza virus HA, but not ba-
solateral VSV G transport. (A and B) Representative example of
a TGN-to-surface transport. Filter-grown MDCK cells were
treated with lovastatin/mevalonate and methyl-b-cyclodextrin as
detailed in Materials and Methods. After pulse labeling with
[35S]methionine and a TGN block at 19.58C, viral proteins (A,
HA; B, VSV G) were chased to the cell surface for different times
at 378C. Arrival of HA on the apical surface was detected by
trypsin treatment. Basolateral arrival of VSV G was detected by
surface immunoprecipitation. j, untreated control cells; h, cells
treated with lovastatin/mevalonate and methyl-b-cyclodextrin.
(C and D) Averaged data of five independent experiments (see
Fig. 4).

Figure 6. Removal of choles-
terol from MDCK cells leads
to partial missorting of influ-
enza virus HA. Filter-grown
MDCK cells were treated
with lovastatin/mevalonate
and methyl-b-cyclodextrin as
detailed in Materials and
Methods. After pulse label-
ing with [35S]methionine and
a TGN block at 19.58C, HA
was chased to the cell surface
for different times at 378C.
Arrival on the apical or baso-
lateral membrane, respectively,
was detected by trypsin treat-
ment. (A) untreated control
cells; (B) cells treated with
lovastatin/mevalonate and
methyl-b-cyclodextrin. HA1
and HA2 are the products
generated from HA by trypsin
cleavage. The duration of
transport (in minutes) is indi-
cated above the lanes.
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tion by tunicamycin leads to randomized secretion from
MDCK cells (Urban et al., 1987), the carbohydrate moiety
may be recognized by a lectin-like sorting receptor, possi-
bly raft-associated VIP36 (Fiedler et al., 1994), which
would concentrate the protein in apical carrier vesicles.

In untreated control cells, newly synthesized gp-80 was
preferentially secreted apically (Fig. 8 A). In MDCK cells
treated with lovastatin/mevalonate and methyl-b-cyclo-
dextrin gp-80 secretion into the apical medium decreased
and basolateral secretion increased, thus inverting the po-
larity of secretion (Fig. 8 B).

Importantly, the observed missorting cannot be due to
diffusion of gp-80 from the apical into the basolateral me-
dium caused by the opening up of the junctional com-
plexes, since there was no change in transepithelial resis-
tance after cholesterol depletion (see above). Moreover
we have shown that the comparatively small molecule
trypsin did not leak into the other compartment under
these conditions (see above).

Taken together, these data indicate that removal of 60–
70% of total cellular cholesterol leads to a disruption of
the interaction of HA with rafts and causes a dramatic re-
duction of transport of HA to the apical surface in MDCK
cells. Furthermore there is a substantial amount of HA as
well as of gp-80 being missorted to the basolateral surface.
The basolateral marker protein VSV G is not affected un-
der the same conditions.

Discussion
Our data provide direct evidence for the functional signifi-
cance of cholesterol as a component of sphingolipid–cho-
lesterol rafts in membrane trafficking. They clearly dem-
onstrate that reducing the cholesterol level of living cells
leads to a slowing down of TGN-to-surface transport of in-
fluenza virus HA, whereas transport of the basolateral
marker VSV G is not affected. Reduction of transport of
HA is accompanied by an increased solubility in the deter-
gent Triton X-100. Cholesterol depletion specifically af-

fects HA-containing TGN-derived transport vesicles, but
has no effect on ER-to-Golgi transport of HA, demon-
strating that rafts become important only in the Golgi
complex. Moreover, reduction of the cellular cholesterol
level also leads to basolateral secretion of the apical secre-
tory glycoprotein gp-80.

To find optimal conditions to remove cholesterol from
cells, we performed an extensive series of pharmacological
studies. The difficulty was to establish the window in
which enough cholesterol had been depleted to see the re-
sulting effects without affecting the viability of the cells. If
too much cholesterol was removed from the cells the cellular
machinery responsible for biosynthetic transport stopped
functioning. Therefore we had to leave 30–40% of the cel-
lular cholesterol, and this level of cholesterol allowed some
apical transport to occur. We combined two different ways
to rapidly and efficiently remove cholesterol, i.e., inhibit-
ing the new synthesis of cholesterol by lovastatin and ex-
traction of cholesterol from the plasma membrane with
methyl-b-cyclodextrin. Extraction of mouse L cells and
Fu5AH cells with 100 mM 2-hydroxypropyl-b-cyclodex-
trin revealed a rapidly extractable (t1/2 5 19–20 s) and a
slowly extractable pool (t1/2 5 15–28 min) of cellular cho-
lesterol, both of which are thought to reside in the plasma
membrane (Yancey et al., 1996). Cholesterol continuously
cycles between the plasma membrane and the ER, such
that there is always a substantial amount of cholesterol in
intracellular membranes (for review see Liscum and Un-
derwood, 1995). Since treatment with methyl-b-cyclodex-
trin for longer times displayed more dramatic effects on
TGN-to-surface transport of HA, and since filipin staining
suggested that at least a partial removal of intracellular
cholesterol had occurred, it seems likely that surface as
well as intracellular cholesterol pools needed to be depleted
to get maximal effects.

Lovastatin treatment alone reduced cellular cholesterol
levels by only 10%. Nevertheless, lovastatin treatment for
48 h significantly increased the effect of methyl-b-cyclo-

Figure 7. Treatment of BHK
and MDCK cells with methyl-
b-cyclodextrin leads to in-
creased Triton X-100 solubil-
ity of influenza virus HA.
BHK cells (A) and filter-
grown MDCK cells (B) were
treated with lovastatin/meva-
lonate and methyl-b-cyclo-
dextrin as detailed in Materi-
als and Methods. The cells
then were extracted on ice
with 1% Triton X-100, fol-
lowed by centrifugation at
120,000 g to obtain deter-
gent-soluble and -insoluble
fractions. j, untreated con-
trol cells; h, cells treated
with lovastatin/mevalonate
and methyl-b-cyclodextrin.

Figure 8. Removal of choles-
terol from MDCK cells leads
to missorting of gp-80. Filter-
grown MDCK cells were
treated with lovastatin/meva-
lonate and methyl-b-cyclo-
dextrin as detailed in Materi-
als and Methods. After pulse
labeling for 15 min with
[35S]methionine and a TGN
block at 19.58C, gp-80 was al-
lowed to be secreted for 20
and 40 min at 378C, and was
recovered from apical and
basolateral media, as well as
from the cells by immuno-
precipitation. The immuno-
precipitates were analyzed
by nonreducing SDS-PAGE,
followed by quantitation
with a PhosphorImager. (A)

Untreated control cells. (B) Cells treated with lovastatin/mevalonate
and methyl-b-cyclodextrin. j, gp-80 secreted apically; h, gp-80,
secreted basolaterally.

 on A
ugust 11, 2017

jcb.rupress.org
D

ow
nloaded from

 

http://jcb.rupress.org/


Keller and Simons Disruption of Sphingolipid–Cholesterol Rafts 1365

dextrin on TGN-to-surface transport of HA. It’s possible
that lovastatin had altered the intracellular distribution of
cholesterol, possibly reducing the amount in the Golgi
complex. This would be in agreement with data showing
that cholesterol deprivation affected the fluorescence
properties of C6-NBD-ceramide in the Golgi apparatus of
living cells (Martin et al., 1993). The overall Golgi structure
however seemed to be unchanged after treatment with
lovastatin/mevalonate and methyl-b-cyclodextrin, as judged
by the fluorescence pattern obtained from green fluores-
cent protein fused to VSV G (Keller, P., and J. White, un-
published results).

Depletion of cholesterol not only leads to reduced
TGN-to-surface transport of HA but also to a substantial
amount of missorting in MDCK cells. Similarly, expres-
sion of HA at very high levels often leads to the appear-
ance of HA on the basolateral side (Matlin and Simons,
1984). Is this caused by mistargeting of apical transport
vesicles to the basolateral side or rather by HA molecules
being incorporated into basolateral vesicles? There is no
direct answer to this question, however, considering how
clathrin-coated pits exclude or include proteins may be
helpful.

GPI-anchored Thy-1 and HA are associated with rafts
and are efficiently excluded from coated pits (Bretscher et al.,
1980; Roth et al., 1986). Based on these observations, it
was suggested that coated pits would act as molecular fil-
ters, selecting some proteins for entry and excluding oth-
ers (Bretscher et al., 1980). Several HA mutants with cyto-
plasmic domains into which internalization signals have
been introduced are known to be endocytosed (Roth et al.,
1986; Lazarovits and Roth, 1988; Zwart et al., 1996). Re-
cently a HA mutant has been described in which four
amino acids at the exoplasmic boundary of the transmem-
brane domain had been changed to alanines. Although
this mutant did not contain any cytoplasmic internaliza-
tion signal, it was internalized at a rate close to the consti-
tutive uptake of membrane lipid by coated pits in fibro-
blasts (Lazarovits et al., 1996). Interestingly, this mutant
was also no longer raft associated since it was fully soluble
in Triton X-100 at 48C (Scheiffele et al., 1997). Thus, disso-
ciation from rafts allowed this molecule to enter clathrin-
coated pits even in the absence of a distinct coated pit lo-
calization signal. It is therefore possible that HA similarly
has the potential to enter basolateral transport vesicles
once it is no longer associated with rafts, i.e., after deple-
tion of cholesterol. It would thus travel as a “stowaway” in
basolateral vesicles to the cell surface.

Another explanation for how missorting could occur
comes from the finding that missorting after cholesterol
depletion is also observed for the apical secretory glyco-
protein gp-80. Since gp-80 cannot directly interact with
raft lipids, we believe that the association of gp-80 with
rafts is mediated by a lectin-like sorting receptor, possibly
VIP36 (Fiedler et al., 1994). Cholesterol depletion proba-
bly would break the interactions of this receptor with rafts,
and therefore would indirectly also affect sorting of gp-80.
Our observations are in contrast to a recent report sug-
gesting that sorting of gp-80 was a raft-independent pro-
cess (Graichen et al., 1996). This conclusion was drawn
from the fact that gp-80 could not be detected in the deter-
gent-insoluble pellet after extraction with Triton X-100 at

pH 7.5. Data from our laboratory however indicate that
gp-80 is found in the CHAPS-insoluble complex after ex-
traction at pH 6.2, approximately the pH of the TGN
(Scheiffele, P., and K. Simons, unpublished results).

Thus the observed missorting of HA and gp-80 could be
caused by cholesterol depletion leading to missorting of
the apical sorting receptor, which then would direct apical
glycoproteins basolaterally.

Depletion of cholesterol from MDCK cells did not cause
missorting of the GPI-anchored protein gD1-DAF (Han-
nan and Edidin, 1996). In this study, however, cholesterol
levels were reduced by only 25% after 3 d of low density li-
poprotein (LDL) deprivation, as compared with 60–70%
using the short-term treatment with methyl-b-cyclodextrin
as described in our report. We have attempted to look at
the transport of PLAP in MDCK cells. Although proper
quantitation of TGN-to-surface transport in pulse-chase
experiments was not possible because of a low signal-
to-noise ratio, there was clear missorting of PLAP to the
basolateral surface after 40 min of transport (data not
shown). From these studies it is clear that only extensive
depletion of cholesterol allows normally raft-associated
proteins to be distributed basolaterally.

The association of proteins to rafts is due to cooperative
interactions between proteins, cholesterol and sphingolip-
ids. Therefore several groups have attempted to study the
role of sphingolipids in vesicular transport. Inhibition of
sphingolipid synthesis by the fungal metabolite fumonisin
caused partial missorting of the GPI-linked protein GP-2
in MDCK cells (Mays et al., 1995). Since ceramide can also
act as a second messenger (Hannun, 1994), it is difficult to
differentiate the effects of inhibition of sphingolipid syn-
thesis on raft function and on signaling. Interestingly, an-
other inhibitor of sphingolipid synthesis, 1-phenyl-2-(dec-
anoyl-amino)-3-morpholino-1-propanol (PDMP), caused a
reduction of transport of VSV G throughout the whole
biosynthetic pathway (Rosenwald et al., 1992). PDMP re-
tarded transport immediately after addition and therefore
cannot represent effects caused by changes in the mass of
cellular sphingolipids. PDMP however is known to increase
levels of N,N-dimethylsphingosine (Felding-Habermann
et al., 1990; Igarashi et al., 1990), an inhibitor of protein ki-
nase C (Hakomori, 1990), and therefore may exert its ef-
fect on vesicular transport by altering protein kinase C
metabolism. Indeed it has recently been shown that N,N-
dimethylsphingosine potently inhibited the release of
post-Golgi vesicles from purified Golgi fractions of VSV
G–infected MDCK cells (Simon et al., 1996). We also have
attempted to deplete sphingolipids by using either CHO-
SPB1 cells, a temperature-sensitive mutant of sphingolipid
biosynthesis (Hanada et al., 1990), or by treatment of
BHK cells with fumonisin. The data we have obtained for
transport of HA and VSV G were more consistent with an
effect of sphingolipid depletion on second messengers
(Keller, P., and K. Simons, unpublished results). Thus it is
likely that these means to inhibit sphingolipid synthesis ex-
ert their effects by both altering raft function and second
messenger pathways.

In this paper we have provided concrete evidence for
the functional significance of rafts in membrane traffick-
ing. We postulate that one of the main roles of cholesterol
in mammalian cells is to function as a co-organizer of sphin-
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golipid–cholesterol domains. A challenge for the future
will now be to integrate the lipid organization of mem-
branes into the rapidly progressing research on protein in-
volvement in membrane structure and function.

We thank H. Virta and K. Ekroos for technical assistance; S. Lecat and D.
Zacchetti for help with the confocal microscope; A. Soleiman for help
during the initial screening of extraction conditions, C. Koch-Brandt for
providing the gp-80 antibody, and R. Luedecke from MSD Sharp &
Dohme for the gift of lovastatin. T. Harder, E. Ikonen, A. Rietveld, P.
Scheiffele, and M. Zerial are acknowledged for critical comments on the
manuscript. 

This work was supported by a Training and Mobility of Researchers
grant of the European Community (83EU-044159, to P. Keller), the
Roche Research Foundation and by a grant from the Deutsche Fors-
chungsgemeinschaft (SFB 352).

Received for publication 24 September 1997 and in revised form 15 Janu-
ary 1998.

References

Alberts, A.W., J. Chen, G. Kuron, V. Hunt, J. Huff, C. Hoffman, J. Rothrock,
M. Lopez, H. Joshua, E. Harris, et al. 1980. Mevinolin: a highly potent com-
petitive inhibitor of hydroxymethylglutaryl-coenzyme A reductase and a
cholesterol-lowering agent. Proc. Natl. Acad. Sci. USA. 77:3957–3961.

Balcarova-Ständer, J., S.E. Pfeiffer, S.D. Fuller, and K. Simons. 1984. Develop-
ment of cell surface polarity in the epithelial Madin-Darby canine kidney
(MDCK) cell line. EMBO (Eur. Mol. Biol. Organ.) J. 3:2687–2694.

Bennett, M.K., A. Wandinger-Ness, and K. Simons. 1988. Release of putative
exocytic transport vesicles from perforated MDCK cells. EMBO (Eur. Mol.
Biol. Organ.) J. 7:4075–4085.

Berkhout, T.A., H.M. Simon, D.D. Patel, C. Bentzen, E. Niesor, B. Jackson,
and K.E. Suckling. 1996. The novel cholesterol-lowering drug SR-12813 in-
hibits cholesterol synthesis via an increased degradation of 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase. J. Biol. Chem. 271:14376–14382.

Bligh, E.G., and W.J. Dyer. 1959. A rapid method of total lipid extraction and
purification. Can. J. Biochem. 37:911–917.

Boggs, J.M., and K.M. Koshy. 1994. Do the long fatty acid chains of sphingolip-
ids interdigitate across the center of a bilayer of shorter chain symmetric
phospholipids? Biochim. Biophys. Acta. 1189:233–241.

Bretscher, M.S., J.N. Thomson, and B.M.F. Pearse. 1980. Coated pits act as mo-
lecular filters. Proc. Natl. Acad. Sci. USA. 77:4156–4159.

Brown, D.A., and J.K. Rose. 1992. Sorting of GPI-anchored proteins to gly-
colipid-enriched membrane subdomains during transport to the apical cell
surface. Cell. 68:533–544.

Brown, M.S., and J.L. Goldstein. 1974. Suppression of 3-hydroxy-3-methylglu-
taryl coenzyme A reductase activity and inhibition of growth of human fi-
broblasts by 7-Ketocholesterol. J. Biol. Chem. 249:7306–7314.

Brown, M.S., and J.L. Goldstein. 1980. Multivalent feedback regulation of
HMG CoA reductase, a control mechanism coordinating isoprenoid synthe-
sis and cell growth. J. Lipid Res. 21:505–517.

Brown, D.A., B. Crise, and J.K. Rose. 1989. Mechanism of membrane anchor-
ing affects polarized expression of two proteins in MDCK cells. Science. 245:
1499–1501.

Casey, P.J. 1995. Protein lipidation in cell signaling. Science. 268:221–224.
Cerneus, D.P., E. Ueffing, G. Posthuma, G.J. Strous, and A. van der Ende.

1993. Detergent insolubility of alkaline phophatase during biosynthetic
transport and endocytosis: role of cholesterol. J. Biol. Chem. 268:3150–3155.

Danielsen, E.M. 1995. Involvement of detergent-insoluble complexes in the in-
tracellular transport of intestinal brush border enzymes. Biochemistry. 34:
1596–1605.

Debry, P., E.A. Nash, D.W. Neklason, and J.E. Metherall. 1997. Pole of multi-
drug resistance P-glycoproteins in cholesterol esterification. J. Biol. Chem.
272:1026–1031.

Dupree, P., R.G. Parton, G. Raposo, T.V. Kurzchalia, and K. Simons. 1993. Ca-
veolae and sorting in the trans-Golgi network of epithelial cells. EMBO
(Eur. Mol. Biol. Organ.) J. 12:1597–1605.

Endo, A., M. Kuroda, and K. Tanzawa. 1976. Competitive inhibition of 3-hydroxy-
3-methylglutaryl coenzyme A reductase by ML-236A and ML-236B fungal
metabolites, having hypocholesterolemic activity. FEBS (Fed. Eur. Bio-
chem. Soc.) Lett. 72:323–326.

Felding-Habermann, B., Y. Igarashi, B.A. Fenderson, L.S. Park, N.S. Radin, J.
Inokuchi, G. Strassmann, K. Handa, and S. Hakomori. 1990. A ceramide an-
alogue inhibits T cell proliferative response through inhibition of glycosphin-
golipid synthesis and enhancement of N,N-dimethylsphingosine synthesis.
Biochemistry. 29:6314–6322.

Fenton, R.G., H. Kung, D.L. Longo, and M.R. Smith. 1992. Regulation of intra-
cellular actin polymerization by prenylated cellular proteins. J. Cell Biol.
117:347–356.

Fiedler, K., T. Kobayashi, T.V. Kurzchalia, and K. Simons. 1993. Glycosphin-
golipid-enriched, detergent-insoluble complexes in protein sorting in epithe-
lial cells. Biochemistry. 32:6365–6373.

Fiedler, K., R.G. Parton, R. Kellner, T. Etzold, and K. Simons. 1994. VIP36, a
novel component of glycolipid rafts and exocytic carrier vesicles in epithelial
cells. EMBO (Eur. Mol. Biol. Organ.) J. 13:1729–1740.

Fiedler, K., F. Lafont, R.G. Parton, and K. Simons. 1995. Annexin XIIIb:
Anovel epithelial specific annexin is implicated in vesicular traffic to the api-
cal plasma membrane. J. Cell Biol. 128:1043–1053.

Fuller, S.D., C.H. von Bonsdorff, and K. Simons. 1985. Cell surface influenza
haemagglutinin can mediate infection by other animal viruses. EMBO (Eur.
Mol. Biol. Organ.) J. 4:2475–2485.

Gamble, W., M. Vaughan, H.S. Kruth, and J. Avigan. 1978. Procedure for de-
termination of free and total cholesterol in micro- or nanogram amounts
suitable for studies with cultured cells. J. Lipid Res. 19:1068–1070.

Graichen, R., A. Lösch, D. Appel, and C. Koch-Brandt. 1996. Glycolipid-inde-
pendent sorting of a secretory glycoprotein to the apical surface of polarized
epithelial cells. J. Biol. Chem. 271:15854–15857.

Hakomori, S. 1990. Bifunctional role of glycosphingolipids: modulators for
transmembrane signaling and mediators for cellular interactions. J. Biol.
Chem. 265:18713–18716.

Hanada, K., M. Nishijima, and Y. Akamatsu. 1990. A temperature-sensitive
mammalian cell mutant with thermolabile serine palmitoyltransferase for
the sphingolipid biosynthesis. J. Biol. Chem. 265:22137–22142.

Hanada, K., M. Nishijima, Y. Akamatsu, and R.E. Pagano. 1995. Both sphin-
golipids and cholesterol participate in the detergent insolubility of alkaline
phosphatase, a glycosylphosphatidylinositol-anchored protein, in mamma-
lian membranes. J. Biol. Chem. 270:6254–6260.

Hannan, L.A., and M. Edidin. 1996. Traffic, polarity, and detergent solubility of
a glycosylphosphatidyl-anchored protein after LDL-deprivation of MDCK
cells. J. Cell Biol. 133:1265–1276.

Hannun, Y.A. 1994. The sphingomyelin cycle and the second messenger func-
tion of ceramide. J. Biol. Chem. 269:3125–3128.

Igarashi, Y., K. Kitamura, T. Toyokuni, B. Dean, B. Fenderson, T. Ogawa, and
S. Hakomori. 1990. A specific enhancing effect of N,N-dimethylsphingosine
on epidermal growth factor receptor autophosphorylation: demonstration of
its endogenous occurrence (and the virtual absence of unsubstituted sphin-
gosine) in human epidermoid carcinoma A431 cells. J. Biol. Chem. 265:
5385–5389.

Ikonen, E., M. Tagaya, O. Ullrich, C. Montecucco, and K. Simons. 1995. Differ-
ent requirements for NSF, SNAP, and Rab proteins in apical and basolateral
transport in MDCK cells. Cell. 81:571–580.

Kandutsch, A.A., and H.W. Chen. 1974. Inhibition of sterol synthesis in cul-
tured mouse cells by cholesterol derivatives oxygenated in the side chain. J.
Biol. Chem. 249:6057–6061.

Kaneko, K., M. Vey, M. Scott, S. Pilkuhn, F.E. Cohen, and S.B. Prusiner. 1997.
COOH-terminal sequence of the cellular prion protein directs subcellular
trafficking and controls conversion into the scrapie isoform. Proc. Natl.
Acad. Sci. USA. 94:2333–2338.

Kilsdonk, E.P.C., P.G. Yancey, G.W. Stoudt, F.W. Bangerter, W.J. Johnson,
M.C. Phillips, and G.H. Rothblat. 1995. Cellular cholesterol efflux mediated
by cyclodextrins. J. Biol. Chem. 270:17250–17256.

Kundu, A., R.T. Avalos, C.M. Sanderson, and D.P. Nayak. 1996. Transmem-
brane domain of influenza virus neuraminidase, a type II protein, possesses
an apical sorting signal in polarized MDCK cells. J. Virol. 70:6508–6515.

Kurzchalia, T.V., P. Dupree, R.G. Parton, R. Kellner, H. Virta, M. Lehnert,
and K. Simons. 1992. VIP21, a 21-kD membrane protein is an integral com-
ponent of trans-Golgi-network-derived transport vesicles. J. Cell Biol. 118:
1003–1014.

Laemmli, U.K. 1970. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature. 227:680–685.

Lafont, F., J.K. Burkhardt, and K. Simons. 1994. Involvement of microtubule
motors in basolateral and apical transport in kidney cells. Nature. 372:801–803.

Lafont, F., K. Simons, and E. Ikonen. 1995. Dissecting the molecular mecha-
nisms of polarized membrane traffic: reconstitution of three transport steps
in epithelial cells using streptolysin-O permeabilization. Cold Spring Harbor
Symp. Quant. Biol. 60:753–762.

Lazarovits, J., and M. Roth. 1988. A single amino acid change in the cytoplas-
mic domain allows the influenza virus haemagglutinin to be endocytosed
through coated pits. Cell. 53:743–752.

Lazarovits, J., H.Y. Naim, A.C. Rodriguez, R.-H. Wang, E. Fire, C. Bird, Y.I.
Henis, and M.G. Roth. 1996. Endocytosis of chimeric influenza virus hemag-
glutinin proteins that lack a cytoplasmic recognition feature for coated pits.
J. Cell Biol. 134:339–348.

Leikin, A.I., and R.R. Brenner. 1988. In vivo cholesterol removal from liver mi-
crosomes induces changes in fatty acid desaturase activities. Biochim. Bio-
phys. Acta. 963:311–319.

Lisanti, M.P., I.W. Caras, M.A. Davitz, and E. Rodriguez-Boulan. 1989. A gly-
cophospholipid membrane anchor acts as an apical targeting signal in polar-
ized epithelial cells. J. Cell Biol. 109:2145–2156.

Liscum, L., and K.W. Underwood. 1995. Intracellular cholesterol transport and
compartmentation. J. Biol. Chem. 270:15443–15446.

Lutton, C. 1991. Dietary cholesterol, membrane cholesterol and cholesterol
synthesis. Biochimie. 73:1327–1334.

Martin, O.C., M.E. Comly, E.J. Blanchette-Mackie, P.G. Pentchev, and R.E.

 on A
ugust 11, 2017

jcb.rupress.org
D

ow
nloaded from

 

http://jcb.rupress.org/


Keller and Simons Disruption of Sphingolipid–Cholesterol Rafts 1367

Pagano. 1993. Cholesterol deprivation affects the fluorescence properties of
a ceramide analog at the Golgi apparatus of living cells. Proc. Natl. Acad.
Sci. USA. 90:2661–2665.

Matlin, K.S., and K. Simons. 1983. Reduced temperature prevents transfer of a
membrane glycoprotein to the cell surface but does not prevent terminal gly-
cosylation. Cell. 34:233–243.

Matlin, K.S., and K. Simons. 1984. Sorting of an apical plasma membrane glyco-
protein occurs before it reaches the cell surface in cultured epithelial cells. J.
Cell Biol. 99:2131–2139.

Mays, R.W., K.A. Siemers, B.A. Fritz, A.W. Lowe, G. van Meer, and W.J. Nel-
son. 1995. Hierarchy of mechanisms involved in generating Na/K-ATPase
polarity in MDCK epithelial cells. J. Cell Biol. 130:1105–1115.

Mellman, I. 1996. Endocytosis and molecular sorting. Annu. Rev. Cell Dev.
Biol. 12:575–625.

Miller, R.G. 1984. The use and abuse of filipin to localize cholesterol in mem-
branes. Cell Biol. Int. Rep. 9:519–535.

Morrow, M.R., D. Singh, D. Lu, and C.W.M. Grant. 1995. Glycosphingolipid
fatty acid arrangement in phospholipid bilayers: cholesterol effects. Biophys.
J. 68:179–186.

Muriana, F.J.G., C.M. Vasquez, and V. Ruiz-Guiterrez. 1992. Fatty acid com-
position and properties of rats fed diets encriched with cholesterol. J. Bio-
chem. 112:562–567.

Müsch, A., H. Xu, D. Shields, and E. Rodriguez-Boulan. 1996. Transport of ve-
sicular stomatitis virus to the cell surface is signal mediated in polarized and
nonpolarized cells. J. Cell Biol. 133:543–558.

Neufeld, E.B., A.M. Cooney, J. Pitha, E.A. Dawidowicz, N.K. Dwyer, P.G.
Pentchev, and E.J. Blanchette-Mackie. 1996. Intracellular trafficking of cho-
lesterol monitored with a cyclodextrin. J. Biol. Chem. 271:21604–21613.

Ohtani, Y., T. Irie, K. Uekama, K. Fukunaga, and J. Pitha. 1989. Differential ef-
fects of a-, b- and g-cyclodextrins on human erythrocytes. Eur. J. Biochem.
186:17–22.

Oram, J.F., and S. Yokoyama. 1996. Apolipoprotein-mediated removal of cel-
lular cholesterol and phospholipids. J. Lipid Res. 37:2473–2491.

Pfeiffer, S., S.D. Fuller, and K. Simons. 1985. Intracellular sorting and basolat-
eral appearance of the G protein of vesicular stomatitis virus in MDCK cells.
J. Cell Biol. 101:470–476.

Pimplikar, S.W., and K. Simons. 1994. Activators of protein kinase A stimulate
apical but not basolateral transport in epithelial Madin-Darby canine kidney
cells. J. Biol. Chem. 269:19054–19059.

Pimplikar, S.W., E. Ikonen, and K. Simons. 1994. Basolateral protein transport
in streptolysin O-permeabilized MDCK cells. J. Cell Biol. 125:1025–1035.

Resh, M.D. 1994. The fats of the matter. Cell. 76:411–413.
Rodgers, W., B. Crise, and J.K. Rose. 1994. Signals determining protein ty-

rosine kinase and glycosyl-phosphatidyl-anchored protein targeting to a gly-
colipid-enriched membrane fraction. Mol. Cell. Biol. 14:5384–5391.

Rodriguez-Boulan, E., and M. Pendergast. 1980. Polarized distribution of viral
envelope proteins in the plasma membrane of infected epithelial cells. Cell.
20:45–54.

Rosenwald, A.G., C.E. Machamer, and R.E. Pagano. 1992. Effects of sphin-
golipid synthesis inhibitor on membrane transport through the secretory
pathway. Biochemistry. 31:3581–3590.

Roth, M.G., C. Doyle, J. Sambrook, and M.-J. Gething. 1986. Heterologous
transmembrane and cytoplasmic domains direct functional chimeric influ-
enza virus hemagglutinins into the endocytic pathway. J. Cell Biol. 102:1271–
1283.

Scheiffele, P., J. Peränen, and K. Simons. 1995. N-glycans as apical sorting sig-
nals in epithelial cells. Nature. 378:96–98.

Scheiffele, P., M.G. Roth, and K. Simons. 1997. Interaction of influenza virus
hemagglutinin with sphingolipid-cholesterol membrane domains via its
transmembrane domain. EMBO (Eur. Mol. Biol. Organ.) J. 16:5501–5508.

Schroeder, F., J.R. Jefferson, A.B. Kier, J. Knittel, T.J. Scallen, W.G. Wood,
and I. Habala. 1991. Membrane cholesterol dynamics: cholesterol domains
and kinetic pools. Proc. Soc. Exp. Biol. Med. 196:235–252.

Simon, J.-P., I.E. Ivanov, B. Shopsin, D. Hersh, M. Adesnik, and D.D. Sabatini.
1996. The in vitro generation of post-Golgi vesicles carrying viral envelope
glycoproteins requires an ARF-like GTP-binding protein and a protein ki-
nase C associated with the Golgi apparatus. J. Biol. Chem. 271:16952–16961.

Simons, K., and G. van Meer. 1988. Lipid sorting in epithelial cells. Biochemis-
try. 27:6197–6202.

Simons, K., and E. Ikonen. 1997. Functional rafts in cell membranes. Nature.
387:569–572.

Skibbens, J.E., M.G. Roth, and K.S. Matlin. 1989. Differential extractability of
influenza virus hemagglutinin during intracellular transport in polarized epi-
thelial cells and nonpolar fibroblasts. J. Cell Biol. 108:821–832.

Taraboulos, A., M. Scott, A. Semenow, D. Avraham, L. Laszlo, and S.B.
Prusiner. 1995. Cholesterol depletion and modification of COOH-terminal
targeting sequence of the prion protein inhibit formation of the scrapie iso-
form. J. Cell Biol. 129:121–132.

Taub, M., L. Chuman, M.H. Saier, Jr., and G. Sato. 1979. Growth of Madin-
Darby canine kidney epithelial cell (MDCK) line in hormone-supple-
mented, serum-free medium. Proc. Natl. Acad. Sci. USA. 76:3338–3342.

Urban, J., K. Parczyk, A. Leutz, M. Kayne, and C. Kondor-Koch. 1987. Consti-
tutive apical secretion of an 80-kD sulfated glycoprotein complex in the po-
larized epithelial Madin-Darby canine kidney cell line. J. Cell Biol. 105:
2735–2743.

Yancey, P.G., W.V. Rodrigueza, E.P.C. Kilsdonk, G.W. Stoudt, W.J. Johnson,
M.C. Phillips, and G.H. Rothblat. 1996. Cellular cholesterol efflux mediated
by cyclodextrins: demonstration of kinetic pools and mechanism of efflux. J.
Biol. Chem. 271:16026–16034.

Yeagle, P.L. 1985. Cholesterol and the cell membrane. Biochim. Biophys. Acta.
822:267–287.

Yoshimori, T., P. Keller, M.G. Roth, and K. Simons. 1996. Different biosyn-
thetic transport routes to the plasma membrane in BHK and CHO cells. J.
Cell Biol. 133:247–256.

Zacchetti, D., J. Peränen, M. Murata, K. Fiedler, and K. Simons. 1995. VIP17-
MAL, a proteolipid in apical transport vesicles. FEBS (Fed. Eur. Biochem.
Soc.) Lett. 465–469.

Zwart, D.E., C.B. Brewer, J. Lazarovits, Y.I. Henis, and M.G. Roth. 1996. Deg-
radation of mutant influenza virus hemagglutinins is influenced by cytoplas-
mic sequences independent of internalization signals. J. Biol. Chem. 271:
907–917.

 on A
ugust 11, 2017

jcb.rupress.org
D

ow
nloaded from

 

http://jcb.rupress.org/

