Sequestration of GPI-Anchored Proteins in
Caveolae Triggered by Cross-Linking
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Glycosyl-phosphatidylinositol (GPl)-anchored proteins have been reported to reside in
clusters collected over small membrane invaginations called caveolae. The detection of
different GPIl-anchored proteins with fluorescently labeled monoclonal antibodies showed
that these proteins are not constitutively concentrated in caveolae; they enter these
structures independently after cross-linking with polyclonal secondary antibodies. Analysis
of the cell surface distribution of the GPl-anchored folate receptor by electron microscopy
confirms these observations. Thus, multimerization of GPl-anchored proteins regulates
their sequestration in caveolae, but in the absence of agents that promote clustering they

are diffusely distributed over the plasma membrane.

A diverse set of eukaryotic proteins in-
cluding cell surface receptors, enzymes,
and adhesion molecules have a lipid mod-
ification involving the replacement of a
carboxyl-terminal peptide sequence with a
GPI moiety that serves as a membrane
anchor (1). Proteins anchored by GPI
have been reported to be clustered at the
cell surface, and a significant fraction of
the clusters are localized to 60-nm mem-
brane invaginations called caveolae that
have been implicated in the transport of
folate and other small molecules (potocy-
tosis) and in intracellular signaling pro-
cesses (2).

In previous studies, the localization of
GPI-anchored proteins was determined
with unlabeled primary polyclonal or
monoclonal antibodies (mAbs) followed by
labeled polyclonal secondary antibodies. To
observe the native distribution of a GPI-
anchored protein, the folate receptor, we
directly conjugated the fluorophore Cy3 to
amAb (MOv19) (3) to the folate receptor.
- When G3G2 cells (3T3-L1 cells transfected
with folate receptor) (4) were incubated
with Cy3-labeled MOv19 (Cy3-MOv19) at
37°C for 8 min, the fluorescence was dif-
fusely distributed over the cell surface (Fig.
1A). After the addition of an unlabeled
polyclonal immunoglobulin G (IgG) anti-
body against the mAb, the fluorescence
rapidly redistributed to a punctate pattern
(Fig. 1B) that resembled the previously
reported distributions of the GPI-anchored
folate receptor (5, 6).

This redistribution was not specific for
transfected folate receptors in 3T3-L1 cells:
Similar results were obtained for endoge-
nous folate receptors in MA104 cells la-
beled with MOv19 and fixed before the
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immunoelectron microscopic detection of
the mAb (Fig. 1C and Table 1). Treatment
with secondary antibodies before fixation
caused >90% of the immunolabeled folate
receptors to redistribute into clusters (Fig.
1D and Table 1). As in previous studies,
the clusters are often seen adjacent to in-
vaginations (5, 6). Quantitative analyses of
the surface distribution of folate receptors
(Table 1) show that there is no significant
concentration of folate receptors in caveo-
lae. However, after cross-linking there is a
substantial enrichment of the antibody-
induced clusters in caveolae. This enrich-
ment is similar to previously reported values

of clustered populations (5, 6). We con-
clude that GPI-anchored folate receptors
are not concentrated in caveolae to any
significant extent in the absence of clus-
tering agents.

The diffuse fluorescence of the Cy3-
MOv19-labeled folate receptor was inde-
pendent of the presence of folate because it
was also observed in G3G2 and MA104 cells
that had been grown in folate-deficient me-
dium for 5 days and incubated in the pres-
ence (5 to 30 min at 37°C) or absence of 20
uM folic acid (MOv19 has no effect on the
binding of folate to its receptor nor on the
uptake of folic acid by the cell). In addition
to the folate receptor in 3T3-L1, MA104,
and CaCo-2 cells (Fig. 2A), two other
GPl-anchored proteins, decay accelerating
factor (DAF) and Thy-1, detected by stain-
ing with fluorescently labeled mAbs, were
also diffusely distributed on the surface of
human umbilical vein endothelial cells
(HUVECS) and 3T3-L1 cells, respectively
(Fig. 2, B and C). The slight granularity
detectable at the cell surface is probably due
to the presence of GPl-anchored proteins on
microvilli at the cell surface. As with the
folate receptor (Figs. 1, B and D, and 2E),
the addition of unlabeled polyclonal second-
ary IgG antibody caused the redistribution of
Thy-1 and DAF into punctate foci (Fig. 2, F
and G).

The diffuse distribution of folate recep-

Fig. 1. Antibody-induced redistribution of folate receptor in living cells. (A and B) Cells of the 3T3-L1
line transfected with folate receptor (G3G2 cells) were incubated with Cy3-labeled mAb (10 ng/mi) to
folate receptor (Cy3-MOv19) for 8 min at 37°C and rinsed three times in HF-BSA (24). The cells were
then imaged (A) before and (B) 12 min after the addition of unlabeled polyclonal goat IgG against
mouse mAD (final concentration of 20 pg/ml) to the cells as described (24) (scale bar, 10 pm). In
control cells incubated for 12 min without the addition of polyclonal IgG, the fluorescence remained
diffuse, as in (A). (C and D) Cells of the MA104 line (25) were incubated with Cy3-MOv19 (2 pg/ml)
for 1 hour at 4°C, rinsed, and incubated for an additional 10 min at 37°C. The cells were then fixed with
3% paraformaldehyde and 0.5% glutaraldehyde for 30 min at room temperature (C) before or (D) after
labeling with rabbit polyclonal serum against mouse IgG (20 p.g/mi) followed by gold (10 nm)-labeled
goat anti-rabbit IgG (2 pg/ml) and processed for electron microscopy (25). Arrows and arrowheads
indicate structures identified as caveolae and coated pits, respectively (scale bar = 200 nm).
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tor, DAF, and Thy-1 labeled with their
respective fluorescent mAbs could be con-
verted to a clustered distribution even if
cells had been fixed for 20 min at 23°C in
3% paraformaldehyde before the addition of
a cross-linking polyclonal secondary anti-
body or when fixed before being labeled
with fluorescent mAbs followed by incuba-

tion with unlabeled secondary antibodies
(Fig. 2, D and H). The ability of GPI-
anchored proteins to redistribute after fixa-

Fig 2. Surface distribu-
tion of GPl-anchored
proteins. (A and E)
Cells of the CaCo-2 line
and (B and F) HUVECS
stained with fluores-
cently labeled mouse
monoclonal IgGs to the
folate receptor and
DAF, respectively (26).
(C, D, G, and H) Cells
of the 3T3-L1 line were
stained with fluoresce-
in-labeled rat mAb to
Thy-1.2 [fluoroscein
isothiocyanate  (FITC)
rat anti-Thy-1]. The
cells were imaged (24),
either (A to D) directly
or (E to H) after treat-
ment with appropriate
polyclonal secondary
antibodies to induce
cross-linking of the pri-
mary antibody. In (D)
and (H), 3T3-L1 cells
were fixed for 20 min at
room temperature with
3% paraformaldehyde,
before staining with
FITC anti-Thy-1. The
occasional bright spots
observed in panels A
and B are probably due
to the presence of mi-
crovilli on the surfaces
of these cells (scale
bar, 10 pm).

Table 1. Quantitative analyses of the distribution of folate receptors on
MA104 cells. Cells were processed for electron microscopy as described
in Fig. 1. Fifty- to sixty-nanometer sections were used for quantitative

tion in paraformaldehyde presumably ac-
counts for the previously reported immu-
nolocalizations of these proteins in tight
clusters (5, 6). This redistribution was pre-
vented by fixing for longer periods (>1
hour) or by the use of 0.3 to 0.5% glutar-
aldehyde along with 3% paraformaldehyde
(Fig. 1, C and D). Because several specific
mAbs bound to different GPI-anchored
proteins showed a diffuse distribution, it is
unlikely that the antibody treatments are
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artificially causing the dispersion of the
GPl-anchored proteins. Furthermore, the
diffuse distribution seen in cells fixed with
glutaraldehyde before the addition of a sec-
ond antibody supports the conclusion that
sequestration in caveolae requires antibody-
induced cross-linking.

Multiple GPl-anchored proteins have
been localized to a single caveola (5, 6).
However, the cross-linking of a single GPI-
anchored protein was not sufficient to co-
cluster other GPI-anchored proteins. In the
absence of a secondary antibody, the folate
receptor and Thy-1 were diffusely distribut-
ed over the cell surface (Figs. 1A and 2, A
and C). The addition of a cross-linking
polyclonal secondary IgG specific for the
mouse mAb (that is, the anti-folate recep-
tor mAb) redistributed the folate receptor
fluorescence into punctate foci, whereas the
diffuse nature of the Thy-1 distribution was
unaltered (Fig. 3, A and B). Similarly, the
diffuse distribution of the folate receptor
was unaltered if Thy-1 was clustered with a
polyclonal secondary IgG against rat mono-
clonal to Thy-1. The sequential addition of
cross-linking polyclonal IgG specific for the
rat monoclonal IgG to cells treated as
shown in Fig. 3, A and B, caused the Thy-1
fluorescence to redistribute into punctate
foci (Fig. 3, C and D). The observation
that cross-linking of one GPI-anchored pro-
tein is not sufficient to cause others to
cocluster with it shows that GPl-anchored
proteins are independently recruited into
punctate foci. This observation also sug-
gests that there is no significant association
among multiple GPI-anchored proteins.

A significant fraction of the Thy-1 clus-
ters colocalized with the previously formed
folate receptor clusters (Fig. 3, C and D).
Similar coclustering of DAF and folate re-
ceptors was observed in CaCo-2 cells after
the cross-linking of the DAF molecules
with appropriate polyclonal secondary anti-
bodies (Fig. 4, A to C). The extent of
colocalization of folate receptor clusters
with DAF, apparent from the large number
of yellow foci seen in Fig. 4C, was quanti-
fied by digital image processing (7). About
75% of folate receptor clusters contained

analyses. The analysis of negatives (x20,000 magnification) was carried
out with a x10 ocular lens. More than 50 negatives of randomly selected
fields were analyzed for each condition in each experiment (27).

Percent gold Percent gold

Experi- Membrane Number Nur:fber Number Perﬁ?&;g?:]d particles associated particles associated
ment length of coated of gold cIE:t ors (num- with caveolae with coated pits
(condition) (rm) caveolae its particles ber of clusters) (relative (relative
P concentration) concentration)
1 (pre-fix) 256 49 49 576 9.9 (13) 2.6 (0.9) 7.1 (1.5)
2 (pre-fix) 228 37 40 522 2.9 (4) 52 (2.1) 59 (1.4)
1 (post-fix) 250 35 32 478 90.4 (46) 23.6 (11.3) 38(1.2
2 (post-fix) 218 52 44 747 96.4 (58) 25.4 (7.1) 4.2(0.8)
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detectable DAF, and ~50% of DAF clus-
ters colocalized with folate receptor clus-
ters. These are well above random values
for colocalization (7). A similar analysis
(average values from five fields) of the
coclustering of Thy-1 and folate receptors
on G3G2 cells showed that ~35% of the
folate receptor clusters contained detect-
able Thy-1 (random colocalization value of
~12%) and ~55% of Thy-1 clusters con-
tained detectable folate receptor (random
colocalization value of ~10%). Thus, al-
though GPI-anchored protein monomers

Fig. 3. Independent
clustering of Thy-1 and
folate receptor on the
surface of G3G2 cells.
Cells were stained with
(A and C) FITC—rat anti-
Thy-1 and (B and D)
Cy3 mouse monoclonal
IgG to folate receptor,
Cy3-MOv19, as de-
scribed (24). The cells
were then either incu-
bated with (A and B)
polyclonal goat anti-
mouse IgG (10 pg/ml)
alone or (C and D) poly-
clonal anti-mouse IgG
(10 ng/ml) followed by
polyclonal goat anti-rat
IgG (25 pg/ml) as de-
scribed in the legend of
Fig. 2. Images corre-

do not associate with each other, they do
cocluster when cross-linked.

Caveolin, a 22-kD integral membrane
protein, has been localized to the cytoplas-
mic surface of caveolae, indicating that it is
a component of the caveolae membrane
coat (8). There is significant colocalization
of the folate receptor clusters with caveolin
(Fig. 4, D to F). Quantitative analysis by
digital image processing showed that ~50%
of the folate receptor clusters colocalized
with caveolin-labeled foci (random colocal-
ization value of ~21%), while >65% of the

sponding to (A and C) fluorescein and (Band D) Cya fluorescence were collected from the same
field with imaging equipment for dual-label fluorescence microscopy as described (13) (scale

bar, 10 pm).

Fig. 4. Coclustering of GPl-anchored proteins
and association with caveolae. (A to C) Cells of
the CaCo-2 line were incubated with polyclonal
rabbit anti-folate receptor IgG (15 pg/ml) and
FITC-labeled mouse anti-DAF followed by rhoda-
mine-conjugated anti-rabbit IgG (25 ng/ml) and
unlabeled polyclonal goat anti-mouse IgG and
imaged as described (26). The green color in (A)
represents DAF fluorescence, while red color in
(B) represents folate receptor fluorescence. (C)
The images from (A) and (B) were processed to
identify punctate foci (13), which were then sub-
stituted with a single intensity value. The two
processed images (red and green) were super-
imposed and photographed directly from the
monitor. This procedure allows easy visualization
of the colocalization of folate receptor and DAF in
CaCo-2 cells; yellow foci represent colocalized
clusters. (D to F) Cells of the CaCo-2 line were
treated with polyclonal rabbit anti-folate receptor
1gG followed by fluorescein-conjugated goat anti-
rabbit IgG as described above and fixed for 45
min at room temperature. The cells were then
stained for caveolin and visualized with rhoda-
mine-conjugated anti-mouse IgG as described
(8), except that all the incubations were carried

out at room temperature. (F) Images in (D) and (E) were digitally
processed to allow the easy visualization of colocalization as described
above. Yellow foci in panel F show colocalization of the folate receptor
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with caveolin. PI-PLC treatment before fixation and caveolin staining
removed the folate-receptor signal, but the caveolin fluorescent pattern
was unaffected (scale bar, 15 pm).

caveolin-labeled foci contained folate re-
ceptors (random colocalization value of
~27%). The extent of the colocalization of
folate receptor clusters with the caveolin
staining pattern determined by fluorescence
microscopy was higher than the percentage
of clusters observed over caveolae by elec-
tron microscopy (Table 1). We attribute
this difference to the lower resolution of
optical microscopy and the possibility that
caveolae in thin sections adjacent to clus-
ters of colloidal gold would not have been
detected in our electron microscopic anal-
ysis. The association of these clusters with
caveolae appears to be specific, because it is
dependent on the integrity of the caveolae
and procedures that disrupt caveolae such
as treatment with cholesterol-binding drugs
(filipin and nystatin) or cholesterol deple-
tion from the plasma membrane prevent
the clustering of cross-linked folate recep-
tors (9). An increase in the cholesterol to
phospholipid ratio by procedures described
previously (10), however, did not alter the
diffuse distribution of GPIl-anchored pro-
teins in G3G2 cells as detected by fluores-
cently labeled primary mAbs.

Folate transport by potocytosis would re-
quire a high concentration of folate bound to
receptors in caveolae (2, 11). However, our
data show that folate receptors on the sur-
face of cells are diffusely distributed, inde-
pendently of the presence of folate, arguing
strongly against the potocytosis model of
folate uptake. The observation that GPI-
anchored folate receptors are detected in
coated pits at densities consistent with ran-
dom association (Table 1) strongly suggests




that the major pathway of internalization of
the folate receptor is by way of bulk mem-
brane endocytosis (12, 13) mediated by
clathrin-dependent and independent path-
ways (14), similar to the pathway of other
GPl-anchored proteins (15, 16). Previous
reports that GPI-anchored proteins are ex-
cluded from coated pits (16, 17) may be
explained by the ability of GPI-anchored
proteins to redistribute to caveolae artifactu-
ally during the process of immunolocaliza-
tion, thereby apparently depleting coated
pits of GPI-anchored proteins.

Many cytoplasmically oriented signaling
molecules, including heterotrimeric guano-
sine triphosphatases (GTPases), small
GTPases, nonreceptor-type protein-tyro-

sine kinases and calcium channels and-

pumps, have been localized to caveolae. In
addition, GPI-anchored proteins have been
found in aggregates derived with Triton
X-100, associated with non-receptor tyro-
sine kinases and other signaling molecules
(18). The GPl-anchoring of several pro-
teins has been shown to be important for
intracellular signaling, and in most cases
cross-linking of the protein is a prerequisite
for their signaling function (19). Our data
suggest that cross-linking the diffusely dis-
tributed GPI-anchored proteins could bring
these proteins into caveolae in which they
would interact with signal-generating pro-
teins. The physiological activators of clus-
tering GPl-anchored proteins are not
known, and as with receptor-activated ty-
rosine kinases [such as epidermal growth
factor receptor (20)], cross-linking may be
the means to activate signaling.

Recently, caveolin has been localized to
the cytoplasmic surface of the trans-Golgi
network (TGN) and secretory vesicles
(21). Selective domain formation and ag-
gregation in the TGN have been implicated
in the polarized sorting of proteins to the
apical surface (22) or the sorting of proteins
to secretory granules (23). Thus, the pref-
erential localization of cross-linked GPI-
anchored proteins to caveolin-coated areas
of membranes may lead to the formation of
GPI-rich domains leading to their observed
polarized distribution, regulated sorting, or
both. The ability to modulate the extent of
oligomerization of GPl-anchored proteins
in caveolin-coated areas of the cell may be
important -for the selective trafficking of
GPI-anchored proteins.
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The fluorescent labeling of mAbs and labeling of
cells on cover-slip dishes were carried out as
described in previous reports [(13), and refer-
ences therein]. Cells of the G3G2 line were grown
on cover slip dishes in Dulbeco’s minimal essen-
tial medium (DMEN) containing 10% calf serum
and Geneticin (500 ng/ml) [DMEM-FBS (fetal bo-
vine serum); Gibco-BRL]. The cells were pre-
incubated in. Hepes-buffered F-12 medium con-
taining 0.2% bovine serum albumin (HF-BSA) at
37°C for 10 min before incubation with primary
antibodies at 10 wg/ml and 37°C for 8 min, and
rinsed in warm HF-BSA. The living cells were
maintained at 34°C on the microscope stage with
the use of a stage warmer. Fluorescence micros-
copy and digital image collection were performed
with a Leitz Diavert (Wetzlar, Germany) fluores-
cence microscope with a Photometrics cooled
charge-coupled device camera. The images were
directly photographed from the monitor. To con-
firm that the fluorescence was specific to GPI-
anchored forms of the proteins in question, phos-
phatidylinositol-specific phospholipase (PI-PLC,
from Bacillus thuringiensis) digestion (10 U/ml, 1
hour at 23°C) was performed on cells stained with
fluorescently labeled antibodies. Under these
conditions, PI-PLC released almost all the fluores-
cence from the cells.
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25. Cells of the MA104 strain were maintained in
folate-deficient DMEM-FBS and plated on cov-
erslip dishes 5 days before the experiment. All
incubations on fixed cells were carried out at
room temperature. For the electron microscopic
studies, the labeling of live cells with secondary
antibodies and gold-labeled antibodies was car-
ried out at 4°C, and after the rinsing of unbound
antibodies, the cells were incubated an addition-
al 10 min at 37°C. The cells were then processed
for electron microscopy as described previously
(5). Species-specific polyclonal IgGs to primary
antibodies were obtained from Pierce Chemical
(Rockford, IL). Affinity-purified rabbit polyclonal
IgG for folate receptor was obtained as de-
scribed previously (5). Gold-conjugated anti-
bodies were obtained from EY Laboratories (San
Mateo, CA).

26. Cells of the CaCo-2 line were maintained in
DMEM-FBS and plated on cover-slip dishes 3 to
5 days before the experiment. HUVECS were
isolated as described [A. J. Huang et al., J. Cell
Biol. 120, 1371 (1993)] and maintained in
DMEM-FBS. The cells were pre-incubated in
HF-BSA at 0°C for 10.min before incubation with
primary antibodies at 10 to 15 pg/ml for 45 min
at 0°C, rinsed in HF-BSA, and incubated for an
additional 45 min at 0°C in the presence or
absence of appropriate secondary antibody at
10 to 30 pg/ml. In each case, all the fluores-
cence associated with the cells could be re-
leased by the treatment of the cells with PI-PLC
at 10 units/ml for 1 hour at room temperature.
Mouse mADb to DAF (1A10) [M. Davitz et al., J.
Exp. Med. 163, 1150 (1986)] was from the author
of the preceding work. Rat mAb to Thy-1.2 was
purchased from Gibco-BRL.

27. Pre-fix and post-fix refer to the fixation routine
used for the detection of the primary antibody as
described in Fig. 1, C and D, respectively.
Non-specific binding of gold particles to MA104
cells was determined for the two conditions
described in Fig. 1, C to E, with an isotype-
matched IgG (MOPC-21, Sigma) as the primary
antibody. Less than 0.02 gold particle per mi-
crometer was detected in either case. A cluster
was defined to contain more than three gold
particles separated by less than 50 nm from the
nearest neighbor. Gold particles (or clusters)
less than 50 nm from the edge of caveolae or
coated pits were considered to be associated
with them. To be consistent with previous elec-
tron microscopic analyses, we have used similar
criteria as previously described (5, 6). Of the 17
clusters obtained in the two pre-fix cases, only
one was found associated with a caveola. The
relative concentration is the ratio of the observed
gold particle density in caveolae or coated pits
to the expected gold particle density over these
structures. The expected gold particle density
over caveolae or coated pits is the product of the
gold particle density per unit length and the total
length of membrane associated with these struc-
tures. The average membrane length associated
with caveolae and coated pits was 0.15 wm and
0.25 um, respectively. .
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