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Abstract. GPI-linked protein molecules become
Triton-insoluble during polarized sorting to the apical
cell surface of epithelial cells. These insoluble com-
plexes, enriched in cholesterol, glycolipids, and GPI-
linked proteins, have been isolated by flotation on su-
crose density gradients and are thought to contain the
putative GPI-sorting machinery. As the cellular origin
and molecular protein components of this complex re-
main unknown, we have begun to characterize these
low-density insoluble complexes isolated from MDCK
cells. We find that these complexes, which represent
0.4-08% of the plasma membrane, ultrastructurally
resemble caveolae and are over 150-fold enriched in a
model GPI-anchored protein and caveolin, a caveolar
marker protein. However, they exclude many other
plasma membrane associated molecules and organelle-
specific marker enzymes, suggesting that they repre-
sent microdomains of the plasma membrane. In addi-
tion to caveolin, these insoluble complexes contain a

subset of hydrophobic plasma membrane proteins and
cytoplasmically-oriented signaling molecules, includ-
ing: (@) GTP-binding proteins—both small and hetero-
trimeric; (b) annexin II—an apical calcium-regulated
phospholipid binding protein with a demonstrated role
in exocytic fusion events; (c) c-Yes—an apically local-
ized member of the Src family of non-receptor type
protein-tyrosine kinases; and (d) an unidentified
serine-kinase activity. As we demonstrate that caveolin
is both a transmembrane molecule and a major
phospho-acceptor component of these complexes, we
propose that caveolin could function as a transmem-
brane adaptor molecule that couples luminal GPI-
linked proteins with cytoplasmically oriented signaling
molecules during GPI-membrane trafficking or GPI-
mediated signal transduction events. In addition, our
results have implications for understanding v-Src trans-
formation and the actions of cholera and pertussis
toxins on hetero-trimeric G proteins.

membrane proteins contain a COOH-terminal glyco-

lipid, glycosyl-phosphatidylinositol (GPI),! as their
sole mechanism of attachment (Cross, 1990; Ferguson,
1991; Low, 1989). After transfer of GPI to protein in the lu-
men of the ER, the attached protein is transported to the cell
surface and undergoes cholesterol-dependent clustering in
microinvaginations, known as plasmalemmal vesicles or
caveolae (Anderson et al., 1992; Rothberg et al., 1990,
1992; Simonescu et al., 1975).

Caveolin, originally identified as a major phosphoprotein
in v-Src transformed cells (Glenney, 1989; Glenney and
Zokas, 1989), appears to contribute to the characteristic stri-
ated cytoplasmic coat of caveolae (Rothberg et al., 1992).

IN lieu of a transmembrane peptide anchor, many plasma
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Cloning and analysis of the caveolin cDNA predicts an un-
usual 30-40 amino acid membrane-spanning region (Glen-
ney, 1992; Glenney and Soppet, 1992; Kurzchalia et al.,
1992). It has been proposed that this hydrophobic region
could form a hairpin structure within the membrane bilayer,
allowing both the NH,- and COOH-terminal domains of
caveolin to remain entirely cytoplasmic. Immuno-localiza-
tion studies reveal caveolin is present in cell surface caveo-
lae, and intracellularly at the level of the TGN (Kurzchalia
etal., 1992). As caveolin is present in roughly equal quanti-
ties in apically and basolaterally destined transport vesicles,
caveolin may shuttle between the two epithelial surface do-
mains and the TGN (Kurzchalia et al., 1992; Wandinger-
Ness et al., 1990). In addition to caveolin, glycolipids, the
plasma membrane Ca?**-ATPase and a cell surface IP;
receptor are clustered in caveolae (Montesano et al., 1982;
Fujimoto, 1993; Fujimoto et al., 1993), suggesting that mul-
tiple factors (cholesterol, glycolipids, and Ca?*) are in-
volved in GPI-protein clustering.

Clues to the possible function of caveolar localization
come from the study of GPI-linked proteins in T cells and
polarized epithelial cells. In T cells, cross-linking of GPI-
linked proteins with specific antibodies leads to proliferation
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(Robinson et al., 1989; Su et al., 1991) and tyrosine phos-
phorylation. Phosphorylation apparently derives from a
physical association between cell surface GPI-linked pro-
teins ‘and cytoplasmically oriented nonreceptor type pro-
tein-tyrosine kinases (NRPTKSs), including Lck or Fyn
(Stefanova et al., 1991; Thomas and Samelson, 1992). As
both classes of molecules do not span the membrane, it has
been postulated that a transmembrane adaptor molecule that
recognizes both GPI and NRPTKs would be needed to cou-
ple them physically.

In polarized epithelial cells, GPI-linked proteins are selec-
tively transported to the apical surface and excluded from the
basolateral domain (Lisanti et al., 1988, 1990b), with GPI
acting as a dominant signal for apical transport (Brown et al.,
1989; Lisanti et al., 1989). Apical recognition of GPI may
occur intracellularly, via the TGN, (Le Bivic et al., 1990;
Lisanti et al., 1990a) or at the level of the basolateral mem-
brane (Gilbert et al., 1991; Schell et al., 1992). The latter
route involves basolateral endocytosis and basolateral-to-
apical transcytosis of GPI-linked proteins. As glycolipids are
apically sorted in epithelial cells, it was postulated that GPI-
linked proteins are sorted via co-clustering with glycolipids
(Lisanti and Rodriguez-Boulan, 1990). However, as glyco-
lipids and GPI-linked proteins do not span the membrane,
we have more recently postulated the existence of a trans-
membrane adaptor molecule that recognizes GPI and trans-
mits addressing signals to the cytoplasm (Hannan et al.,
1993; Lisanti and Rodriguez-Boulan, 1992).

In support of both models, GPI-linked proteins become
resistant to Triton X-100 solubilization (Hooper and Turner,
1988), during apical transport (Brown and Rose, 1992). In-
solubility begins at the level of the Golgi complex and is
thought to reflect a physical association between GPI-linked
proteins and the putative apical sorting machinery. GPI-
anchored proteins are also Triton insoluble in non-epithelial
cells, indicating the generality of this phenomenon (Hoessli
et al., 1985).

These low-density, Triton-insoluble complexes have been
isolated from MDCK cells by flotation on sucrose density
gradients and are selectively depleted of phospholipids, but
are enriched in cholesterol, sphingomyelin and glycolipids
and contain GPI-linked proteins (Brown and Rose, 1992).
The insolubility of these complexes in Triton X-100 has been
attributed to their high sphingolipid content as sphingolipids
are Triton insoluble (Hagmann and Fishman, 1982; Streuli
et al., 1981; Yu et al., 1973). In addition, these complexes
are devoid of many well-known polarized transmembrane
antigens (reviewed in Rodriguez-Boulan and Powell, 1992;
Garcia et al., 1993). Although the lipid composition of these
complexes has been studied in detail, nothing is known of
their cellular origin or non-GPI-linked molecular protein
components.

We report here that these complexes represent caveolae-
enriched plasma membrane domains and contain a subset of
hydrophobic membrane proteins and cytoplasmically oriented
signalling molecules. The implications of our findings are
discussed in relation to models of GPI trafficking and signal
transduction.

Materials and Methods

Materials
Sulfo-NHS derivatives were from Pierce (Rockford, IL). Anti-caveolin IgG
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(mAb clone 2234) was as described (Glenney, 1989; Glenney and Zokas.
1989). Sources of commercially available antibodies were as follows: HSV
gD-1 (Dakopatts, Denmark); c-Src, Fyn (Oncogene Sciences, Manhasset,
NY); c-Yes (Cambridge Research Biochemicals, Chershire, UK); annexins,
PLC-, Ras-GAP, ezrin (Biodesign International, Kennebunkport, ME) and
anti-phosphotyrosine, PY-20 (Zymed, S. San Francisco, CA). A second
specific antibody to c-Yes was as described (Zhao et al., 1990). Antibodies
to human c-Yes were generated against antigens containing the unique
NH;-terminal region of c-Yes, and they do not cross-react with other
NRPTKs (Cambridge Research Biochemicals; (Zhao et al., 1990)). Avid-
AL was from UniSyn Technologies.

Cell Culture

MDCK cells were grown for 2-3 d at high density in 150 mm dishes in
DME supplemented with antibiotics and 10% FBS (Rodriguez-Boulan,
1983b). For separate access to apical or basolateral membrane domains,
MDCK cells were seeded at confluent levels on 24.5-mm tissue culture in-
serts (Transwells, Costar, Inc., Cambridge, MA) and harvested after 5 d.
gD-1-DAF expressing MDCK cells were derived and cultured as described
(Lisanti et al., 1989). Rat-1 cells were grown in DME supplemented with
antibiotics, glutamine and 10% FBS, while FRT cells were grown in Ham's
F12-Coon's modified media supplemented with antibiotics, glutamine, and
5% FBS.

Steady-state Metabolic Labeling

Cells were incubated 16-20 h in 10 mis of Hepes-buffered DME containing
1/10 the normal concentration of methionine and cysteine, supplemented
with 10% dialyzed FBS, 0.2% BSA, glutamine, antibiotics, and 100 uCi/ml
Expre’3§%*S-label (Dupont/NEN). Metabolically labeled proteins were de-
tected after SDS-PAGE by fluorography with sodium salicylate (Chamber-
lain, 1979).

Surface Labeling

Plasma membrane proteins were surface labeled with the biotinylating re-
agent, sulfo-NHS-biotin, as described (Lisanti et al., 1988; Sargiacomo et
al., 1989). After 10% SDS-PAGE and transfer to nitrocellulose, bio-
tinylated proteins were detected by blotting with iodinated streptavidin and
autoradiography. Cells were also surface labeled with a radio-iodinatable
probe, sulfo-SHPP, analogous to sulfo-NHS biotin (Thompson et al.,
1987). To calculate fold-enrichments in low-density complexes relative to
total cell lysates, proteins recovered by immunoprecipitation were ex-
pressed as specific activities (cpm/pug total protein).

For domain-selective labeling, sulfo-NHS-biotin was added only to the
apical or basolateral compartment of the filter chamber. Filters were excised
from the chamber before lysis and immunoprecipitation, as described previ-
ously (Lisanti et al., 1988; Sargiacomo et al., 1989). This procedure
efficiently labels the basolateral surface of filter grown cells, as evidenced
by the following observations: (a) basolateral biotinylation occurs all the
way up the level of the tight junction (Sargiacomo et al., 1989); (b) the
polarity of numerous apical and basolateral markers has been estimated
using this procedure and the results agree with those obtained from im-
munogold labeling (Sargiacomo et al., 1989; Le Bivic et al., 1990); and
(¢) cell surface proteins expressed in filter-grown non-polarized epithelial
cells are equally and efficiently labeled from both the upper (apical) and
lower (basolateral) compartments of the filter chamber (Lisanti et al.,
1989).

Isolation of Low-density, Triton-insoluble Complexes

Low-density, Triton-insoluble complexes were prepared by our modifica-
tion of a published protocol (Brown and Rose, 1992). Briefly, MDCK cell
monolayers, grown to confluence on 150 mm dishes (5.9 x 10 cells), are
extracted with 2 ml Mes-buffered saline (MBS; 25 mM Mes, pH 6.5,
0.15 M NaCl) containing 1% Triton X-100, and 1 mM PMSF. After collec-
tion, the extract is homogenized with 10 strokes of a Dounce homogenizer,
adjusted to 40% sucrose, and placed at the bottom of an ultracentrifuge
tube. A 5-30% linear sucrose gradient is formed above the lysate (in MBS,
lacking Triton X-100) and centrifuged at 39,000 rpms for 16-22 h at 4°C
in a rotor (SW41; Beckman Instruments, Palo Alto, CA). The opaque band
(migrating at ~10-20% sucrose) is harvested, diluted with MBS and
pelleted in the microfuge. Pellets are snap frozen in liquid nitrogen and
stored frozen at —80°C. A 150 mm dish of MDCK cells representing 9~11
mg protein, yielded 4-6 ug of low-density, Triton-insoluble complexes, i.e.,
~005% of the initial homogenate. Triton-extraction solubilized ~85% of
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the protein (8.5 mg) the majority of which remained in the 40% sucrose
layer, while ~1.5 mg formed an insoluble pellet below the 40% sucrose.

Organelle-specific membrane marker assays were performed by Jolanta
Vidugiriene in the laboratory of Anant K. Menon (The Rockefeller Univer-
sity, New York) as described (Brada and Dubach, 1984; Vidugiriene and
Menon, 1993). These assays systems were not affected by the presence or
absence of 1% Triton X-100 in the initial homogenate. An ER membrane
marker protein (nAb RFD6; Dako Corp., Carpenteria, CA) was also ex-
cluded from these complexes as determined by blotting (not shown).

When filter-grown MDCK cells were used to prepare these complexes
(from two 6-well Transwells per gradient), one 100 mm dish of unlabeled
MDCK cells was added as a carrier to facilitate efficient recovery of the
complexes.

Detection of Endogenous GPI-anchored proteins

Triton-insoluble complexes were solubilized in TBS containing 1% Triton
X-114 plus protease inhibitors (Lisanti et al., 19905; Lisanti et al., 1988),
followed by incubation at 37°C for 20 min. This condition effectively solubi-
lizes GPI-linked proteins, as described previously (Brown and Rose, 1992).
After solubilization, extracts were partitioned into detergent-rich and
detergent-poor fractions by temperature-induced phase separation. GPI-
linked proteins were detected by treatment with PI-specific phospholipase
C (6-8 U/ml; from Bacillus thuringiensis) which releases them from the
detergent into the aqueous phase. Our assay conditions were optimized
using two exogenous GPI-anchored proteins expressed in MDCK cells and
quantitatively convert these over-expressed proteins to soluble forms as as-
sayed by immunoprecipitation of fractions before and after PI-PLC treat-
ment (Lisanti et al., 1991g,b).

Immunoprecipitation of Triton-insoluble complexes

Triton-insoluble complexes were solubilized for 45 min on ice with 1 ml
of TBS (10 mM Tris, pH 80, 0.15 M NaCl) containing 1% Triton X-100,
60 mM octyl-glucoside, and 1 mM PMSE After pre-clearing with protein
A-Sepharose, samples were immunoprecipitated with a 1:150 dilution anti-
gD-1 or a 1:400 dilution of anti-caveolin pre-bound to protein A-Sepharose.
Rabbit anti-mouse IgG was used at a dilution of 1:100 pre-coupled to pro-
tein A-Sepharose to facilitate immunoprecipitation of mouse antibodies.
For calculating fold enrichments, primary anti-bodies were pre-complexed
to protein A-Sepharose as described above, however, they were used at a
dilution of 1:100 to ensure optimal conditions for immunoprecipitation.

Electron Microscopy

Low-angle Rotary Shadowing. Triton-insoluble complexes (5 ug) were in-
cubated for 30 min at 4°C in 200 ul MBS containing 60 mM octyl-
glucoside. Samples were sandwiched between two I-cm pieces of freshly
cleaved mica. Mica sheets were then separated and placed on the stage of
a Denton S02A vacuum evaporator and dried for 15-20 min at ~1075 torr.
Samples were shadowed with ~50 cm of platinum-paladium wire wrapped
ten times around a tungsten wire at an angle of 4° while rotating at 50-60
rpms, and then coated with carbon at an angle of 90°. Replicas were re-
moved from the mica by floating onto water, and picked up on uncoated 400-
mesh copper grids. Micrographs of random fields were made at 80 KV with
an electron microscope (1200 CX; JEOL USA, Peabody, MA).

Transmission. Pellets were fixed with 2.5% glutaraldehyde in 0.1 M Na
cacodylate buffer (pH 7.2) for an hour on ice. Samples were then rinsed in
10% sucrose in 0.1 M Na cacodylate buffer, postfixed with 1% OsO4 in
cacodylate buffer and en bloc stained with 1% aqueous uranyl acetate. Sam-
ples were dehydrated in graded ethanol and embedded in polyBed 812
(Polysciences Inc., Warrington, PA). Thin sections were cut on a Ultracut
E (Reichert JUNG, Vienna), stained with uranyl acetate and lead citrate,
and examined under the Philips 410 TEM.

Detection of GTP-binding Proteins

GTP-binding proteins were detected by affinity labeling using an oxidation-
reduction scheme that covalently couples radio-labeled GTP to the invariant
lysine residue within the GTP-binding consensus sequence, NKXD (Low
et al., 1992; Peter et al., 1992). Briefly, Triton-insoluble complexes were
solubilized for 30 min on ice in MBS containing 60 mM octyl-glucoside.
After solubilization, 5 uCi of [a-32P} GTP was added and incubated for 10
min at 37°C. After binding, oxidation of protein bound nucleotides was ini-
tiated by addition of 4 mM NalO (1 min at 37°C), followed by reduction
with 80 mM NaCNBHj5 (1 min at 37°C), and final treatment with 100 mM
NaBH, (1 h at 4°C). Control samples were preincubated with 1 mM cold
GTP for 30 min on ice before addition of radio-labeled GTP. Samples not
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preincubated with cold GTP were adjusted to 1 mM cold GTP before analy-
sis by SDS-PAGE.

The « subunits of heterotrimeric G proteins were detected by immuno-
blotting with specific rabbit polyclonal antibodies (kind gift of Dr. Allen
Spiegel, National Institutes of Health, Bethesda, MD; Schenker et al.,
1991). Antibody specificities were as follows: QL (G, q/l1); AS/7
(Gait, i2); RM/10 (Gas); GO/6 (Goo); and EC/2 (Gai). As both Geir and
Gao are not expressed in renal or intestinal epithelial cells (Ercolani et al.,
1990; Berghe et al., 1991), antibody AS/7 is specific for G, in these cell
types.

Immunoblotting

Triton-insoluble complexes (~20 xg) were solubilized in 150 ul sample
buffer and separated by a preparative mini gel (10% SDS-PAGE). After
transfer to nitrocellulose, sheets were longitudinally cut into 3 mm strips
and transferred to multi-well trays for incubation with a variety of different
primary antibodies. Bound primary antibodies were visualized with the ap-
propriate alkaline-phosphatase conjugated secondary antibody. Incubation
conditions were as described by the manufacturer (Promega Biotec, Madi-
son, WI), except we supplemented our blocking solution with 1% non-fat
dry milk (Carnation). Candidate antibodies were initially screened with to-
tal cell lysates to ensure that they reacted with a band of the appropriate
molecular weight in MDCK cells. Total cell lysates were prepared by scrap-
ping a 100 mm dish of confluent MDCK cells into 300 ul of sample buffer.
Half of this solution was loaded per preparative mini gel and samples were
treated as described above.

Immunofluorescence Microscopy

MDCK cells grown on glass coverslips were washed with PBS* and sub-
jected to methanol-acetone fixation (5 min methanol, 1 min acetone) at
—20°C. After fixation, washes, and antibody incubations were done in
PBS* containing 0.2% BSA. Bound primary antibodies were visualized
with the appropriate rhodamine-conjugated secondary antibody at a dilution
of 1:200 (Cappel Laboratories, Malvern, PA).

In Vitro Kinase Reactions

Triton-insoluble complexes (5 ug) or immunoprecipitates were resuspended
in 20 pl of kinase reaction buffer (20 mM Hepes, pH 7.4, 5 mM MgCl,,
1 mM MnCl) and the reaction initiated by addition of 10 uCi [y-32P]ATP
(2 pl). After incubation for 10 min at 25°C with intermittent mixing, the
reaction was stopped by addition of 20 x| 2x Laemmli sample buffer and
boiling for 2 min. In certain experiments, samples were pre-incubated for
30 min on ice with genistein at a concentration of 10 or 100 M (in kinase
reaction buffer). A 20 mg/ml stock of genistein was prepared in DMSO and
stored frozen at —20°C.

Immunoprecipitation of Phosphorylated Proteins

After in vitro phosphorylation of Triton-insoluble complexes with
[y-*2P]ATP, samples were immunoprecipitated with anti-phosphotyrosine
antibodies or antibodies to NRPTKs and their substrates. Samples were
diluted to 1 ml with lysis buffer containing 10 mM Tris, pH 7.5, 5 mM
EDTA, 50 mM NaCl, 30 mM sodium pyrophosphate, 50 mM NaF, 100 uM
Na3;VOy, 1% Triton, and 60 mM octyl-glucoside and extracted for 30 min
on ice before preclearing and immunoprecipitation. Phosphotyrosyl-
proteins were eluted from the anti-phosphotyrosine antibody by incubation
with 50 mM phenyl-phosphate, dissolved in the above buffer containing
phosphatase inhibitors (Zachary et al., 1991).

Phospho-amino Acid Analysis

In vitro phosphorylated proteins were separated by SDS-PAGE and local-
ized by autoradiography. The 6-kD phosphoprotein, caveolin, and two
phosphoprotein bands corresponding to the c-Yes protein were excised from
the gel, digested with trypsin, and subjected to acid hydrolysis (6 N HCI
at 100°C for 2 h). Hydrolysates were analyzed by one-dimensional elec-
trophoresis in pH 1.9 buffer for 1 h and 45 min (Boyle et al., 1991; Luo
et al., 1990).

Northern Blot Analysis of Caveolin Expression

Confluent monolayers from three 150 mm dishes were harvested by tryp-
sinization and used to prepare mRNA via oligo (dT)-cellulose affinity chro-
matography (type III; Collaborative Biomedical Products, Bedford, MA).
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mRNA (5-10 ug) was separated on formaldehyde-agarose (0.8%) gels,
blotted on GeneScreen Plus membranes, UV cross-linked, and probed with
the 32P-labeled MDCK caveolin cDNA by standard procedures (Sambrook
et al., 1989). Hybridization was carried out for 40 h at 60°C. Blots were
washed sequentially with 2Xx SSC (10 min at room temperature), 2X
$SC/1% SDS (30 min; 60°C), and 0.1x SSC/0.1% SDS (30 min at 68°C).

The full-length canine caveolin cDNA was cloned by PCR amplification
of an MDCK cDNA library (gift of G. Apodacca and K. Mostov, University
of California, San Francisco) using primers to the known sequence (Kurz-
chalia et al., 1992). PCR products of the expected size (0.6 kb) were gel
purified, cloned into pBluescript I KS+ and subjected to double-stranded
sequencing in both directions using Sequenase 2.0.

Results

Origin and Molecular Protein Composition of MDCK
Triton-insoluble Complexes

Clustering and immobility of cell surface GPI-linked pro-
teins is dramatically affected by extracellular pH (Hannan et
al., 1993). To evaluate whether low pH stabilized low-
density Triton-insoluble complexes, we prepared these com-
plexes from MDCK cells using slightly acidic (pH 6.5) or
slightly alkaline (pH 7.5) homogenization conditions. As a
marker for recovery of these complexes, we used a recom-
binant GPI-linked protein (gD-1-DAF). Our results indicate
that preparation at acidic pH increases the recovery of gD-1-
DAF in Triton-insoluble complexes by 3-5-fold (Fig. 1 A).
As other investigators have used slightly alkaline homogeni-
zation conditions (Brown and Rose, 1992), this critical
modification should greatly facilitate the preparation of these
complexes and the characterization of their protein compo-
nents. Acidic pH may act to stabilize the complex, by
mimicking the micro-environment of the TGN (Anderson
and Pathak, 1985)—the putative sorting site of GPI-linked
proteins,

As GPlI-anchored proteins become insoluble at the level of
the early Golgi complex, isolated Triton-insoluble com-
plexes may represent Golgi or post-Golgi-derived membra-
nous compartments, i.e., trangport vesicles or elements of
the plasma membrane. To test this hypothesis, we prepared
Triton-insoluble complexes after surface labeling of MDCK
cells with the membrane impermeant probe, sulfo-NHS-
biotin (Fig. 1 B). After visualization of biotinylated proteins
by blotting with iodinated streptavidin, we find that Triton-
insoluble complexes reproducibly contain a discrete set of
cell surface proteins of 100, 95, 80, 50, 42, 40, 35, 22-24,
16, and 14 kD. To investigate if these proteins are peripheral
or integral components of the membrane, we solubilized bio-
tinylated Triton-insoluble complexes with the detergent Tri-
ton X-114 by extraction at 37°C. After temperature-induced
phase separation with Triton X-114, most biotinylated com-
ponents of the Triton-insoluble complex partitioned with the
detergent-rich phase (Fig. 1 B), consistent with the hypothe-
sis that they represent integral plasma membrane compo-
nents.

Detergent phases were next treated with PI-specific phos-
pholipase C, to determine if these hydrophobic proteins rep-
resented GPI-linked components. Such treatment releases
GPI-linked proteins to the aqueous phase, as it removes the
hydrophobic lipid moiety of the GPI anchor. Using this
strategy, we find that GPI-linked proteins represent a minor
component of these complexes relative to other hydrophobic
membrane proteins (Fig. 1 C), consistent with the idea that
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Figure 1. MDCK Triton-insoluble complexes contain cell surface
proteins. (4) Slightly acidic pH enhances the recovery of Triton-
insoluble complexes. Complexes were prepared from transfected
MDCK cells using acidic or alkaline homogenization conditions
and the recovery of gD-1-DAF (a recombinantly expressed GPI-
linked protein) determined by immunobiotting. Note that recovery
was greatly enhanced (3-5-fold) by the use of pH 6.5 buffers. (B)
Triton-insoluble complexes contain multiple hydrophobic plasma
membrane proteins. Complexes were prepared from surface bi-
otinylated MDCK cells and the protein components fractionated
using the detergent Triton X-114. After temperature-induced phase
separation, proteins were recovered from the aqueous and detergent
phases and analyzed by SDS-PAGE. Biotinylated proteins were de-
tected by blotting with ['*I]streptavidin. Most components parti-
tion with the detergent phase, indicating hydrophobicity. Two ex-
posures are shown. (C) GPIl-linked molecules represent minor
components of Triton-insoluble complexes. After fractionation
with Triton X-114, detergent phases were collected and incubated
in the absence or presence of PI-specific phospholipase C. Released
GPI-anchored proteins subsequently partition with the final aque-
ous phase. Both detergent and aqueous phase are shown. GPI-
linked proteins are released only from PI-PLC-treated samples and
represent a minor component of the total biotinylated components.
Biotinylated proteins were visualized as above. (D) Triton-insolu-
ble components derive primarily from the plasma membrane.
Complexes were prepared from MDCK cells after biotinylation in
Mes-buffered saline in the absence or presence of 0.1% Triton
X-100. In permeabilized cells, essentially the same pattern and ex-
tent of labeling is observed as compared as unpermeabilized con-
trols. An increase in certain low molecular weight proteins is ob-
served (35, 16, and 14 kD), suggesting they may be preferentially
intracellular. In the above panels (B-D), an arrow denotes the posi-
tion of a 22-24-kD cell surface protein we identified as caveolin in
Fig. 4.
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GPI-linked proteins represent the “cargo” molecules and the
other non-GPI-linked elements represent the more abundant
“sorting machinery”

We evaluated whether intracellular membrane compo-
nents contributed significantly to the composition of these
complexes (not accessible to cell surface labeling), by per-
forming the biotinylation reaction in MDCK cells permeabi-
lized with 0.1% Triton X-100 (Fig. 1 D). Under these condi-
tions, essentially the same labeling pattern and extent of
labeling is observed as compared with unpermeabilized con-
trol cells, indicating that these complexes derive predomi-
nantly from the cell surface. However, an increase in labeling
of certain low molecular weight components was observed
(35, 16, and 14 kD), suggesting that these molecules may be
located preferentially in an intracellular location.

To estimate what percentage of the cell surface these low-
density insoluble complexes represent, MDCK proteins
were surface-labeled with a radio-iodinatable probe, sulfo-
SHPP, analogous to sulfo-NHS-biotin. After labeling, com-
plexes were prepared and their recovery quantified using a
gamma counter. We find that ~0.4-0.8% of surface-labeled
proteins are recovered in these complexes, indicating that
they originate from only a small fraction of the cell surface.
In addition, the specific activity of labeled cell-surface pro-
teins in these complexes is ~/15-20 times greater than in total
cell lysates, indicating that these complexes are enriched in
a subset of plasma membrane components. Complexes were
also prepared after steady-state metabolic labeling. Al-
though low-density insoluble complexes represented only
~0.005% of the total precipitable counts, they had a specific
activity ~v5-7.5-fold higher than total cell lysates, indicating
that they were enriched in newly synthesized proteins. These
results are consistent with a role for these complexes in bio-
synthetic transport.

MDCK Triton-insoluble Complexes Behave as
Integral Membrane Proteins

To investigate further whether the components of Triton-
insoluble complexes behave as expected of integral mem-
brane proteins, we explored other conditions that might solu-
bilize these complexes. Metabolically labeled and surface
biotinylated Triton-insoluble complexes were extracted
using a variety of buffer compositions, separated into super-
natant and pellet fractions by centrifugation and analyzed by
SDS-PAGE. The results of these experiments are summa-
rized in Table I. We find that Triton-insoluble complexes are
resistant to solubilization by chelators, high salt, clathrin-
dissociation buffer, detergents such as digitonin and saponin,
and alkaline carbonate extraction. These observations in-
dependently suggest that the elements of this complex repre-
sent integral membrane components, and support our results
from Triton X-114 extraction.

We next turned to conditions known to solubilize GPI-
anchored proteins (Hooper and Turner, 1988). Extraction
with octyl-glucoside effectively solubilized both cell surface
and metabolically labeled samples (Fig. 2). In contrast,
CHAPS extraction preferentially solubilized surface compo-
nents, while sodium deoxycholate extraction preferentially
solubilized metabolically-labeled components. This selec-
tive property of CHAPS could be exploited to further dissect
the molecular components of these Triton-insoluble com-
plexes. As similar differential detergent extractability of
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Table I

Solubilization of MDCK Triton-insoluble Complexes

Conditions that do not effect solubilization
Acidic pH
Mes-buffered saline (25 mM Mes, pH 6.5, 0.15 M NaCl)
Buffer alone
Buffer plus
5 mM EDTA
1 M NaCl
Detergents
Triton X-100 (1%)
Saponin (0.5%)
Digitonin (0.5%)
Neutral pH
Clathrin dissociation buffer (0.5 M Tris, pH 7.0)
Alkaline pH
TBS (10 mM Tris, pH 8.0, 0.15 M NaCl)
Carbonate extraction (100 mM sodium carbonate, pH 11.0)

Conditions that effect solubilization

Surface biotinylated Metabolically labeled

Mes-buffered saline plus detergents

Octy! glucoside (60 mM) ++ ++
CHAPS (30 mM) ++ +
Na deoxycholate (0.1%) - ++

GPI-anchored proteins occurs in whole cells (octyl-gluco-
side > CHAPS > deoxycholate) (Hooper and Turner, 1988),
our data suggest that insolubility of GPI-linked proteins may
reflect an association with non-GPI-linked molecular com-
ponents of Triton-insoluble complexes. These non-GPI-
linked insoluble elements may represent lipids as these com-
plexes were solubilized effectively only by detergents that
resemble glycolipids (octyl-glucoside) and cholesterol
(CHAPS and deoxycholate).

Triton-insoluble Complexes Represent
Caveolin-enriched Membrane Domains

To ultrastructurally examine low-density Triton-insoluble
complexes, we used the low-angle rotary shadowing tech-
nique. Briefly, these complexes were incubated with octyl-
glucoside in pH 6.5 buffer (30 min at 4°C, without vortexing)
to partially dissociate them before layering onto mica sheets
and preparation of platinum replicas (see Materials and
Methods). These studies reveal 50-100 nm spherical com-
plexes, consisting of arrays of particles that are intercon-
nected by strands and appeared in concentric rings (Fig. 3).
Shadowing at an angle of 4° best demonstrates the presence
of the numerous particles, while shadowing at an angle of 8°
better illustrates the filamentous nature of this material. It is
unlikely that the complexes we observe represent an artifact
of octyl-glucoside incubation, as they are dispersed by vor-
texing during solubilization and are not observed when only
the detergent solution was shadowed (not shown). In addi-
tion, they are not observed in FRT cells which lack detect-
able caveolin expression (see below).

As caveolae are of a similar size to the structures we
visualized by rotary shadowing and contain a cytoplasmic
striated coat structure consisting of four or more concentric
strands of particulate material (Peters et al., 1985; Rothberg
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Figure 2. Differential solubilization of MDCK Triton-insoluble
complexes. Complexes prepared from biotinylated or metabolically
labeled MDCK cells were resuspended in 200 ul of Mes-buffered
saline containing either octyl-glucoside (60 mM), CHAPS (30
mM), or sodium deoxycholate (0.1%) (Table I). After 30 min on
ice, with intermittent vortexing, samples were centrifuged at
14,000 g for 15 min at 4°C. Proteins partitioning with the superna-
tant (S) were collected by acetone precipitation, pellets (I) were
directly dissolved in sample buffer, and both fractions analyzed by
SDS-PAGE. Extraction with octyl-glucoside best solubilizes both
surface labeled and metabolically labeled proteins. In contrast,
CHAPS preferentially solubilizes surface components. An arrow
denotes the position of a 22-24-kD protein we identified as caveolin
in Fig. 4.

et al., 1992), we suspected that these Triton-insoluble com-
plexes may represent isolated caveolae. In support of this hy-
pothesis, both caveolae (Montesano et al., 1982; Rothberg
et al., 1990) and Triton-insoluble complexes (Brown and
Rose, 1992) concentrate glycolipids, cholesterol, and GPI-
linked proteins. To test this hypothesis further, we inves-
tigated whether Triton-insoluble complexes contain a 22-kD
caveolar marker protein, namely caveolin. Blots of bio-
tinylated Triton-insoluble complexes were re-probed with
anti-caveolin IgG (Fig. 4 4). These experiments identify cav-
eolin as the major 22-24-kD cell surface component of
Triton-insoluble complexes. Similar results were obtained
when these complexes were solubilized with octyl-glucoside
and immunoprecipitated with anti-caveolin IgG (not shown).
Biotinylated caveolin represented ~10-20% of the total bio-
tinylated proteins present in this complex. In accordance
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with these observations, we find that the cell surface form
of caveolin partitions with the detergent-rich phase of Triton-
X-114 (see Fig. 1 B) and is insensitive to digestion with PI-
PLC (see Fig. 1 C). In addition, caveolin is resistant to
solubilization by all of the conditions listed in Table I and
best solubilized by octyl-glucoside and CHAPS (Fig. 2), be-
having as expected of an integral membrane protein.

To estimate whether caveolin was enriched in these com-
plexes, we surface-labeled MDCK cells with the iodinatable
probe, sulfo-SHPP. Caveolin was then immunoprecipitated
from total cell lysates and from Triton-insoluble complexes
and its relative enrichment compared (Fig. 5 A). In these
experiments, we find that caveolin represents ~0.18-0.2%
of the labeled cell surface proteins. In contrast, caveolin
represents ~15-20% of the surface proteins present in
Triton-insoluble complexes (in accordance with our esti-
mates from biotinylation). When these results are expressed
as specific activities (cpm/ug total protein), we find that cav-
eolin is dramatically enriched (~160-fold) in these com-
plexes as compared to total cell lysates. Similarly, GPI-
anchored gD-1-DAF represented 0.2 % of labeled cell surface
proteins and was ~240-fold enriched in these complexes. In
striking contrast, we find that organelle-specific marker en-
zymes are specifically excluded from these insoluble com-
plexes (Fig. 5 B). Taken together, these results are consistent
with the hypothesis that these complexes consist of caveolae-
enriched membrane domains. Similarly, previous reports in-
dicate that caveolin exists as a low-density, Triton-insoluble
complex (Glenney, 1989), however, these complexes were
not studied further.

The membrane topology of caveolin has not yet been ex-
perimentally determined. However, based on sequence anal-
ysis of the caveolin cDNA, it has been proposed that an un-
usual 30-40 amino acid hydrophobic region could form a
hairpin structure within the membrane, allowing both the
NH;- and COOH-terminal domains of caveolin to assume
an entirely cytoplasmic orientation (Kurzchalia et al., 1992).
In addition, epitope tagging of the NH, terminus of caveo-
lin reveals its cytoplasmic orientation (Kurzchalia et al.,
1992). Taken together with our data that caveolin is accessi-
ble from the cell surface, it is likely that caveolin assumes
a type II transmembrane orientation with a cytoplasmic
NH, terminus and an exoplasmic COOH terminus. In ac-
cordance with this proposed membrane topology, the puta-
tive 44 amino acid caveolin ectodomain (residues 135-178)
contains three lysine residues that would be accessible to cell
surface biotinylation.

Apical/Basolateral Distribution of MDCK
Caveolin-rich Insoluble Complexes

To determine the polarized distribution of the surface com-
ponents of Triton-insoluble complexes, we grew MDCK
cells on permeable supports that allow separate access to the
apical and basolateral domains. After apical or basolateral
biotinylation, we prepared these complexes and visualized
their biotinylated proteins by streptavidin blotting (Fig. 4 B,
left). Caveolin and other surface-labeled Triton-insoluble
components were not restricted to the apical or basolateral
surface, but were present mainly in a non-polarized or
slightly basolateral (65%) distribution. A few components
also appeared basolateral specific (70 and 40 kD), while
none were confined to the apical domain. As the sorting of
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Figure 3. Low-angle rotary shadowing of the MDCK Triton-insoluble complex. After incubation with octyl-glucoside, partially dissociated
complexes were visualized by platinum replica-rotary shadowing (see Materials and Methods). Note 50-100-nm spherical structures
reminiscent of caveolae, consisting of globular components interconnected by strands and arranged in concentric rings. The shadowing
angle and bar length are listed for each micrograph. (4) 4°, 0.1 um; (B) 4°, 005 um; (C) 8°, 0.05 um.
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Figure 4. Caveolin is a major cell surface component of Triton-in-
soluble complexes. (4) Complexes were prepared from surface-
labeled MDCK cells. After probing with ['*[]streptavidin, blots
were re-probed with anti-caveolin IgG. Bound antibodies were
visualized with alkaline phosphatase conjugated secondary anti-
bodies. (B) Filter-grown MDCK cells were apically or basolater-
ally biotinylated and used to prepare Triton-insoluble complexes.
Caveolin and other major surface-labeled components appear to be
unpolarized, while certain minor components are confined to the
basolateral (70 and 40 kD) surface (left). This is in striking contrast
to total biotinylated proteins obtained from apically or basolater-
ally labeled MDCK cells (right).

plasma membrane proteins occurs both at the level of the
TGN and the cell surface (Lisanti and Rodriguez-Boulan,
1992; Simons and Wandinger-Ness, 1990), the non-polar-
ized distribution of the Triton-insoluble complex may reflect
the existence of sorting machinery that shuttles between the
apical and basolateral domains and the TGN. These results
are consistent with the proposed transcytotic role of caveolae
in endothelial cells (Severs, 1988; Simonescu et al., 1975)
and the observation that caveolae are not confined to the api-
cal or basolateral domains of epithelial cells (Rothberg et al.,
1992; Dupree et al., 1993).

In accordance with our observations, caveolin and many
other protein components of transport vesicles are equally
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A Figure 5. Triton-insoluble
complexes represent caveolae-
enriched domains. (4) Enrich-
ment of caveolin and GPI-
anchored gD-I-DAF. MDCK
cells were surface-labeled with
the radio-iodinatable probe,
sulfo-SHPP. Caveolin and gD-
1-DAF in Triton-insoluble
complexes and total cell ly-
sates were quantitated by im-
munoprecipitation and ex-
| pressed as specific activities
(cpm/ug total protein) to cal-
culate fold enrichments. Our
results indicate that both cav-
eolin and GPI-anchored gD-1
are over 150-fold enriched in

B Triton-insoluble complexes.
In a typical experiment, we

Fold-enrichment

101 m S e recovered a total of 55000
(@ Golgi cpms in Triton-insoluble com-

O tysosomal plexes from 7.5 X 10 cpms
081|@ ER representing total cell surface
proteins (0.7-0.8%). (B) De-

0.6- pletion of organelle-specific

marker enzymes. Triton-insol-
uble complexes and total cell
lysates were assayed for com-
partment-specific membrane
markers: plasma membrane
(alkaline phosphodiesterase,
non-GPI-linked); Golgi (man-
nosidase II); lysosomal (8-
hexosaminidase); and ER
(glucosidase II). Specific ac-
tivities (enzyme U/ug total protein) were used to calculate fold en-
richments. Note that all marker enzymes were depleted from the
complexes.

0.41|

Fold-enrichment

0.21|

0.0

distributed between isolated apically and basolaterally des-
tined TGN transport vesicles, while few are apical or
basolateral specific (Kurzchalia et al., 1992; Wandinger-
Ness et al., 1990). This is in striking contrast to the polar-
ized steady-state distribution of the majority of plasma mem-
brane proteins expressed in MDCK cells, which assume an
apical or basolateral distribution (Sargiacomo et al., 1989)
(Fig. 4 B, right).

MDCK Triton-insoluble Complexes Contain Multiple
GTP-binding Proteins

As hetero-trimeric and small GTP-binding proteins are in-
volved in directing intracellular membrane traffic (Bomsel
and Mostov, 1992), we suspected that GTP-binding proteins
would be present in these Triton-insoluble complexes. To
efficiently detect GTP-binding activity, we used an oxidation
reduction scheme that covalently couples [a-2P] GTP to
the lysine residue within the GTP-binding consensus se-
quence, NKXD. An advantage of this method is that it does
not rely on the renaturation of G proteins, as in GTP-blotting
assays which preferentially detect Ras-related GTP-binding
proteins. The specificity of this labeling scheme has been ex-
tensively tested using a variety of known GTP-binding pro-
teins, both in purified form and complex mixtures (Low et
al., 1992; Peter et al., 1992).
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Figure 6. MDCK Triton-insoluble complexes contain small, large
and heterotrimeric GTP-binding proteins. (4) Affinity labeling of
GTP-binding proteins. Complexes were solubilized in Mes-
buffered saline containing octy!-glucoside and affinity labeled with
[a-?P] GTP. We detect GTP-binding proteins of 85, 46, 40-42,
38, 25, and 6 kD that are undetectable in control samples pre-
incubated with cold GTP. Two exposures are shown. (B) Detection
of the o subunits of hetero-trimeric G proteins. Complexes were
separated by preparative SDS-PAGE and transferred to nitrocellu-
lose. Blots were cut into strips and incubated with antibodies
specific for the o subunits of the different subclasses of trimeric G
proteins (see Materials and Methods). Bound antibodies were
visualized with an alkaline-phosphatase~conjugated secondary an-
tibody. Immunoreactive bands of the appropriate molecular weight
are seen by blotting with antibodies to: Ggu (42 kD); Gi; (40 kD),
G; (42 and 46 kD), and G;; (41 kD). The two G bands correspond
to alternatively spliced forms of the protein that are resolved by
SDS-PAGE. An additional band of 38 kD has been observed previ-
ously with antibodies to Gg1; (Schenker et al., 1991), and may
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Using this scheme, we identified a discrete set of GTP-
binding proteins of 85, 46, 40-42, 38, 25, and 6 kD (Fig. 6
A). We speculate that the 25-kD protein may represent a
member of the Ras-related family of small GTP-binding pro-
teins (~20~30 kD), while the 46, 40-42, and 38-kD proteins
may represent the « subunits of hetero-trimeric G proteins
(~40-50kD). In addition, as the 100-kD microtubule motor
protein dynamin (involved in membrane traffic) has recently
been identified as a GTP-binding protein (Shpetner and
Vallee, 1992), it is possible that the 85-90-kD GTP-binding
protein we detect is a candidate motor protein.

To determine whether the 38-46-kD GTP-binding pro-
teins we detect represent the « subunits of hetero-trimeric G
proteins, we screened these complexes by immunoblotting
with antibodies that distinguish between the different o
subunit sub-classes (see Materials and Methods). We find
that the « subunits of G, (42 and 46 kD), G., (40 kD), G;;
(41 kD), and Gy, (42 kD) are indeed components of these
insoluble complexes and are enriched from 25-fold in the
case of G;, to 175-fold for G;;—as compared to total cell ly-
sates (Fig. 6, B and C). As G; is confined to the basolateral
membrane, while Gj is localized to the Golgi complex, and
G, is present in apical, basolateral and Golgi locations (Er-
colani et al., 1990; Berge et al., 1991), our results suggest
that caveolin-rich insoluble complexes may represent caveo-
lae or TGN-derived vesicles that shuttle between the Golgi
complex and the two surface domains possibly along both
endocytic and exocytic routes.

Caveolin and c-Yes Are the Major Phosphoproteins of
Triton-insoluble Complexes

Two independent lines of evidence suggest that GPI-
anchored proteins may interact with NRPTKs: (a) In T cells,
cross-linking of GPI-linked proteins leads to proliferation
and tyrosine phosphorylation via endogenous members of
the Src family of NRPTKSs (Stefanova et al., 1991; Thomas
and Samelson, 1992); and (b) caveolin, was first identified
as a major v-Src substrate in Rous sarcoma virus (RSV)
transformed cells (Glenney, 1989).

In light of the above findings, we wondered whether
MDCK Triton-insoluble complexes contain NRPTKs or
their substrates. To test this hypothesis, we screened Triton-
insoluble complexes via immunoblotting. All antibodies
were first tested against MDCK extracts containing total cell
proteins to ensure that the antibodies reacted with an MDCK
cell protein of the appropriate size. Results of our antibody
screening are shown in Table II, with pertinent positive im-
munoblots illustrated in Fig. 7 A. Caveolin and an additional
v-Src substrate, i.e., annexin II (light and heavy chains), are
present in these complexes, while other annexins tested and
certain tyrosine kinase substrates (PLC-v, Ras-GAP, and ez-
rin) are excluded. Of the NRPTKs known to be expressed
in epithelial cells, only c-Yes (62 kD) is present in this com-
plex, while c-Src and Fyn were excluded. This result was

represent an uncharacterized G protein « subunit. G, is not de-
tected as its expression is restricted to brain and neuro-endocrine
tissu