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ABSTRACT The mechanism by which cross-linked glycosylphosphatidylinositol (GPI)-anchored proteins are immobilized
has been a mystery because both the binding to a transmembrane protein and attachment to a rigid cytoskeleton are needed.
Using laser tweezers surface scanning resistance (SSR) technology, we obtained physical evidence for cross-linked GPI-
anchored protein, Qa-2, binding to a transmembrane protein and for diffusion to discrete cytoskeleton attachment sites. At
low levels of cross-linking of Qa-2 molecules, the resistance to lateral movement was that expected of monomeric
lipid-anchored proteins, and no specific binding to cytoskeleton-attached structures was observed. When aggregates of the
GPI-anchored protein, Qa-2, were scanned across plasma membranes, the background resistance was much higher than
expected for a GPI-anchored protein alone and submicron domains of even higher resistance were observed (designated as
elastic or non-elastic barriers) at a density of 82 (61 elastic and 21 small non-elastic barriers) per 100 �m2. Elastic barriers
involved weak but specific bonds to the actin cytoskeleton (broken by forces of 2 or 4 pN and were removed by cytochalasin
D). Small non-elastic barriers (50–100 nm) depended upon membrane cholesterol and were closely correlated with caveolae
density. Thus, cross-linked GPI-anchored proteins can diffuse through the membrane in complex with a transmembrane
protein and bind weakly to discrete cytoskeleton attachment sites either associated with flexible actin networks or sphin-
golipid-cholesterol rich microdomains in live cell membranes. Our SSR measurements provide the first description of the
physical characteristics of the interactions between rafts and stable membrane structures.

INTRODUCTION

Cell plasma membranes are compartmentalized into do-
mains where components are concentrated for signaling,
transport, or other functions (Sheetz, 1993; Kusumi et al.,
1999; Edidin, 1997; Jacobson and Dietrich, 1999). In recent
years, sphingolipid-cholesterol microdomains, called “lipid
rafts,” have been identified as the platforms of a number of
signaling events (Simons and Ikonen, 1997; Stauffer and
Meyer, 1997; Brown, 1998). Glycosylphosphatidylinositol
(GPI)-anchored proteins, which are enriched in detergent-
insoluble complexes in cold Triton X-100, are postulated to
be raft components, and the lipid rafts are believed to recruit
components of caveolae (Simons and Ikonen, 1997). Fluo-
rescence resonance energy transfer (FRET) microscopy has
shown that the liganded folate receptor (a GPI-anchored
protein) is organized in submicron domains upon overex-
pression in CHO cell membranes (Varma and Mayor,
1998). Evidence for the existence of rafts in vivo was also
obtained by chemical cross-linking of GPI-anchored pro-
teins (Friedrichson and Kurzchalia, 1998). High-resolution
single particle tracking methodology has revealed evidence
for raft-associated single molecules of GPI-anchored pro-
teins that have restricted diffusion on BHK-21 cell mem-
branes (Pralle et al., 2000). Another method for visualizing
the microdomains was antibody cross-linking, which pro-

duced extensive protein aggregation and colocalization of
many GPI-anchored proteins (Harder et al., 1998). Both
ligand binding and cross-linking could cause the GPI-an-
chored proteins to bind to components in existing rafts
(caveolae) (Lisanti et al., 1999) or to form new rafts (Harder
et al., 1998; Harder and Simons, 1999) and trigger signal
transduction (Hahn and Soloski, 1989; Stefanova et al.,
1991; Solomon et al., 1996; Murray and Robbins, 1998).
However, in all of these phenomena it is not known how the
aggregation and/or liganding of GPI-anchored proteins
leads to association with caveolae or to downstream signal-
ing. In the case of integrins and cadherins, ligand binding to
cross-linked transmembrane proteins results in rapid, re-
versible immobilization by attachment to the cytoskeleton
(Kusumi et al., 1999; Felsenfeld et al., 1996; Choquet et al.,
1997). This is consistent with a rapid induction event lead-
ing to cytoskeletal linkage, which is necessary because
ligands for integrins and cadherins are often fixed to exter-
nal matrix or cell sites. In a similar way ligand-induced
cross-linking of receptors is thought to recruit downstream
effectors in the signaling pathways. In the case of GPI-
anchored proteins, there is a problem of how outer leaflet
proteins can transduce signals to the inner leaflet. Several
hypotheses, including interaction of GPI-anchored proteins
with transmembrane proteins, coupling of cholesterol-rich
domains between the outer and inner bilayer leaflets (Baga-
tolli and Gratton, 2000; Korlach et al., 1999), and interac-
tion of alkyl chains of the outer and inner leaflets, have been
proposed (Brown, 1998). Physical measurements of mem-
brane protein movements should be performed because they
can define many of the steps following aggregation that lead
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to signaling, caveolae binding, and lateral complex forma-
tion.
Previous studies of plasma membrane lipids on the outer

leaflet have shown that they are freely diffusing with high-
diffusion coefficients. GPI-anchored proteins have a wider
range of diffusion coefficients and often show considerable
decrease in diffusion coefficient upon cross-linking (Suzuki
et al., 2000). Recent studies showed that cross-linked GPI-
anchored proteins can be moved over many microns on a
cell surface with surface-scanning resistance (SSR) technol-
ogy (Suzuki et al., 2000). In those studies, the resistance to
movement was nearly 10-fold higher than expected from
tracking individual molecule movements by single particle
tracking (SPT), and barriers to lateral movement were ob-
served (Suzuki et al., 2000). One explanation is the creation
of larger domains by aggregation. Sphingolipid-cholesterol
lipid microdomains in artificial membranes have a high
viscosity (Ferraretto et al., 1997; Ge et al., 1999) and
antibody-induced aggregation of domains could produce
domain fusion. Neither increased resistance nor the barriers,
however, could result simply from the interaction of the
beads with free-floating external microdomains because the
resistance to lateral movement in membranes is only weakly
dependent on the size of the domain being moved (Sattman
and Delbruck, 1975; Kucik et al., 1999). It is likely that
extensive clustering of GPI-anchored proteins recruits trans-
membrane components that bind to actin (Harder and Si-
mons, 1999) or caveolae. Because caveolin-1 associates
with the F-actin cross-linking protein, filamin (Stahlhut and
van Deurs, 2000), caveolae are linked to the actin cytoskel-
eton as well.
In this study, to elucidate the physical interaction be-

tween raft components and cell membrane structures, we
performed SSR measurements of cross-linked GPI-an-
chored protein, major histocompatibility complex (MHC)
class I molecule Qa-2 on HEPA-OVA cell membranes. We
found stationary binding sites for cross-linked Qa-2 in the
cell membranes that are stable for several seconds and are
cholesterol-dependent.

MATERIALS AND METHODS

Cell culture, cholesterol removal,
and labeling with fluorescein-
dipalmitoylphosphatidylethanolamine (Fl-DPPE)

HEPA-OVA mouse hepatoma cells expressing the Qa-2 protein were
kindly provided by Dr. M. Edidin. HEPA-OVA cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco Laboratories, Inc.,
Grand Island, NY) containing 10% fetal calf serum (Gibco) and 300 �g/ml
G-418 (Sigma, St. Louis, MO). After coating the growth well with 0.01%
poly-L-lysine for 15 min, cells are seeded in the well (4 � 103/well) and
grown for 18–30 h before each experiment. To label HEPA-OVA cells
with Fl-DPPE (Molecular Probes, Eugene, OR), cells were incubated with
1 �g/ml Fl-DPPE in serum-free DMEM for 10 min at 37°C and washed
with fresh DMEM. To remove cholesterol, cells were incubated in DMEM
containing lipoprotein-deficient fetal bovine serum and methyl-�-cyclo-

dextrin (2 mM) at 37°C for 60 min. Lipoprotein was removed from serum
according to Schneider et al. (1985). After washing with DMEM contain-
ing lipoprotein deficient serum, cells were used for scanning experiments.

Immunofluorescence staining of caveolae

For immunostaining experiments, cells were washed with phosphate buff-
ered saline (PBS) three times and fixed with PBS containing 3% parafor-
maldehyde for 45 min at room temperature. After rinsing with PBS, cells
were treated with 25 mM NH4Cl in PBS for 10 min and 0.1% Triton X-100
for 10 min to permeabilize the cell membrane. After washing the cells four
times for 10 min each, the cells were incubated with PBS containing 2%
BSA and 5 �g/ml anti-caveolin antibody (Transduction Laboratories, Lex-
ington, KY) for 45 min. After washing three times, the cells were incubated
with PBS containing 2% BSA and 5 �g/ml fluorescein, anti-rabbit IgG
antibody (Sigma) for 60 min. After a final washing, the cells were viewed
in a Zeiss Axioscope and images were recorded with a cooled CCD camera
(Photometrics).

Bead preparation

Beads coated with 10 �g/ml or 2 �g/ml monoclonal antibodies were
prepared as described before (Suzuki et al., 2000). Qa-2 antibody was a
gracious gift from Dr. Edidin and anti-fluorescein antibody was from
Molecular Probes; 0.73-�m diameter beads were used for all studies.

Microscope and laser tweezers manipulation

The cell sample was mounted on a piezoelectric stage fixed on top of a
three-plate stage of the microscope (Axiovert 100s, Carl Zeiss,
Oberkochen, Germany) and was illuminated by a 100 W halogen lamp.
The laser trap consisted of a beam from an 11 W TEM00 near-infrared
Nd-YAG (wavelength� 1064 nm) laser (model 116F; Quantronics Lasers,
Hauppauge, NY). To attach the antibody-coated bead onto the cell mem-
brane, the bead was trapped (trap stiffness was 0.08 pN/nm), then lowered
and held on the cell membrane for 4 s. The bright-field image was divided
to the quadrant detector (90%) and to the camera (10%). To detect and
record the position signal a 12-bit A to D computer digitizer was used. The
computer was programmed to display a trace of the vertical and horizontal
position of the bead detected with a quadrant detector while the data were
being collected. To scan the bead across the cell surface a D to A computer
board was used to send voltage signals to control the position of the
piezoelectric stage via a high-voltage amplifier (Wye Creek Instruments,
Fredericksburg, MD).

RESULTS

Extent of cross-linking

When beads coated with an antibody to a GPI-anchored
protein, MHC class I molecule Qa-2, were scanned across
the membrane surface, they encountered barriers that in-
creased the force on the beads severalfold above back-
ground before the bead broke the bond and moved forward
(Fig. 1). This was not a result of the bead being bound at the
cell surface because the density of barriers was at a back-
ground level when anti-fluorescein antibody beads bound to
fluorescein phosphatidylethanolamine were scanned across
the membrane. Because the level of binding of both anti-
Qa-2 and anti-fluorescein beads was the same, we believe
that the number of molecules bound was similar. The num-

2182 Suzuki and Sheetz

Biophysical Journal 81(4) 2181–2189



ber of antibody molecules in the bead-membrane contact
area (diameter � 220 nm, observed by scanning electron
microscopy) was estimated to be 50 (Suzuki et al., 2000);
therefore, the bead was most likely cross-linking multiple
Qa-2 molecules. Assuming the linkages between the antigen
and antibody followed a Poisson distribution and antibodies
are randomly arrayed on the bead surface, the beads should
bind at most 10 to 20 Qa-2 molecules. Thus, under the
conditions used for these experiments, we suggest that the
antibody beads were connected to small aggregates of Qa-2
molecules.

Definition of barriers and distribution

To characterize larger regions of cell surfaces, we examined
the pattern of resistance with two-dimensional surface scans

and found two distinct types of resistance features that
exceeded three times the background level of resistance (the
definition of barriers) (Suzuki et al., 2000). If the force
increased gradually and recovered rapidly giving an asym-
metric force-distance plot, the barrier was categorized as
elastic (Fig. 2 c). If the force increased and decreased
similarly with scan distance (the maximum force was close
to the center of the barrier), the barrier was categorized as
non-elastic (Fig. 2 c) (Suzuki et al., 2000). The size of the
non-elastic barrier was not significantly dependent on the
scanning speed, indicating that the size of non-elastic barrier
is measurable by this method. The addition of cytochalasin
D to alter the organization of the actin cytoskeleton de-
creased the density of elastic barriers to control (BSA-
coated) bead levels (from 64/100 �m2 of membrane area to
16/100 �m2), indicating that elastic barriers are generated
by the interaction between the diffusants and actin cytoskel-

FIGURE 1 The force observed with repeated one-dimensional scans of a
laser-trapped bead coated with Qa-2 antibody on HEPA-OVA cell mem-
brane is plotted versus position. The piezoelectric stage was moved for-
ward, backward, forward again, and backward again in one dimension at
1.0 �m/s. The position of the 0.73-�m bead attached to the membrane by
the Qa-2 antibody was detected by the quadrant detector at a sampling
frequency of 300 points/�m. The data were filtered using a 7-point median
filter. Reproducibility of displacement was observed. In the diagram at the
top, four short vertical lines coming from the bead indicate the antibody
links, and four long lines coming off the bead represent optical tweezers.
The direction of the bead movement is opposite to that of the drag force,
as shown.

FIGURE 2 Two-dimensional scan of a laser-trapped bead coated with
Qa-2 antibody on the cell membrane. Ten scans were made (five forward
and five backward, with each scan separated by 130 nm laterally) using a
Qa-2 antibody-coated bead at 1.0 �m/s. It took �30 s to scan the bead
across �2 �m2 of a membrane region (a), and right after the first scan was
completed, the second scan (b) was started. Two types of barriers, non-
elastic (white square), and elastic ones (red square) were observed. Even
if the size of barriers was small, these were distinguishable. The bead
position was detected with the quadrant detector at a sampling frequency of
300 points/�m. (c) Force-distance plot of the second scan lane (arrow in
a). The red arrow indicates elastic barrier and black arrows mark non-
elastic barriers.
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etons. The larger non-elastic barriers (300–500 nm) were
observed at a similar density with anti-Qa-2 and control
(BSA-coated) beads (Suzuki et al., 2000), indicating that
they represented nonspecific interactions and consequently
were not analyzed further. The small non-elastic barriers
(50–100 nm) were commonly observed with anti-Qa-2
beads (20.5/100 �m2), but seldom with control or anti-
fluorescein antibody beads on fluorescein-PE doped cells.
Thus, two types of barriers (elastic and small non-elastic)
are specific for cross-linked Qa-2. From earlier studies of
the erythrocyte membrane, we postulated that membrane
glycoproteins were corralled by cytoskeletal protein barriers
(Sheetz, 1993) and it is possible that the barriers observed in
our present study could form the corrals or constitute mi-
crodomains. However, the distribution of barriers was dis-
continuous (Fig. 2 a). Inelastic barriers were only 0.1–0.2
�m maximally in size, and even the larger elastic barriers
were seldom seen in adjacent scans. The density of the
barriers (�1/�m2 on average) was also insufficient to sig-
nificantly restrict the lateral mobility of the membrane gly-
coproteins over a large fraction of the cell surface.

Positioning and dynamics of barriers

If the barriers are consistently observed in the same position
on the cell, they could represent specific cytoskeleton sites
of interaction. When beads were scanned repeatedly over
the same region at 2-s intervals (scans were made at 1 �m/s
for 2 �m), there was 80% correspondence (n � 60) of both
small non-elastic barriers (Fig. 1) and elastic barriers (not
shown). Barrier stability was dependent on the actin cy-
toskeleton because cytochalasin D treatment significantly
decreased the correspondence of non-elastic barriers to 45%
(n � 40). Furthermore, barrier stability was very time-
dependent and the barrier correspondence decreased dra-
matically after 30 s. Two-dimensional scans required 30 s to
accumulate and we often found a dramatic change in the
pattern of barriers (see Fig. 2, a and b). Correspondence of
each barrier location between two successive two-dimen-
sional scans was 9% (n � 67). This low correspondence
could be explained by either movement of the barriers or
dynamics of barriers (see Fig. 2, a and b). These results
indicate that the barriers represent sites on the cytoskeleton
and have a longer lifetime than a few seconds, but shorter
than a minute.

The force needed to break elastic barriers
is quantal

If the barriers represent specific binding sites, then we might
expect to find that a quantal force is needed to break the
bond. When the forces needed to break through barriers
were plotted as histogram plots, peaks were observed in the
plot for elastic, but not non-elastic, barriers (Fig. 3, a–d). At

a low density of the Qa-2 antibodies on the beads (one-fifth
of the normal density), peaks in the histogram were ob-
served at 1.6 and 3.6 pN (Fig. 3 c), whereas at the normal
antibody density, peaks were observed at 1.8, 3.4, and 8.0
pN (Fig. 3 a). With 10 �g/ml fluorescein antibody-coated
beads attached to cross-linked Fl-DPPE molecules, elastic
barriers were at the background level (6.6 barriers/100 �m2,
total scan area was 106.7 �m2), indicating that the elastic
barriers were produced by unique characteristics of the
interaction between stable cytoskeletal structures and small

FIGURE 3 Histogram of barrier stiffness. The number of elastic barriers
that released at a given force is plotted versus the force for a 0.73-�m bead
coated with the normal concentration of Qa-2 antibody (10 �g/ml) either
before (total scan area was 269.1 �m2) (a) or after cholesterol depletion
with 2 mM methyl-�-cyclodextrin for 60 min at 37°C (total scan area was
141.7 �m2) (e), or coated with a low antibody concentration (2 �g/ml)
(total scan area, 105.2 �m2) (c). The number of non-elastic barriers that
released at a given force with Qa-2 antibody (10 �g/ml) coated bead either
before (b) or after cholesterol depletion (f), or with a low concentration (2
�g/ml) antibody-coated bead (d) were categorized by a force acting on the
bead. Histograms of the elastic barrier stiffness were fit to a sum of two (c,
e) or three (a) Gaussian distributions (lines). The peak, mean, and standard
deviation of Gaussian functions were fit. No parameter was forced on
another. The positions of the mean (arrows) of each Gaussian component
are indicated. Multiple correlation coefficients, R, of the fitting are 0.973
(a), 0.999 (c), and 0.982 (e).
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Qa-2 molecule aggregates. Thus, a specific bond(s) is
formed that can be broken by �2 pN/bond. Such a force is
too large to be a fence effect (Sako et al., 1998; Sako and
Kusumi, 1995). The spring constant of the elastic barriers,
8.4 pN/�m (median value, total number of the observed
elastic barriers was 165), provides further evidence for a
specific binding to the cytoskeleton. This is much larger
than that of nonspecific cytoskeletal fence effects (�3 pN/
�m) (Sako et al., 1998), but very similar to that observed for
direct linkages between integral membrane proteins and the
cytoskeleton (tether effect, �8 pN/�m) (Sako et al., 1998).
Cytochalasin D treatment did not significantly alter the
spring constant of the remaining elastic barriers (median
value � 9.1 pN/�m, n � 16), which is also similar to
observations of the tether effect. Because the elastic spring
constant was not affected by cytochalasin D and was similar
between different systems, we suggest that it may represent
the elasticity of a membrane-attached cytoskeletal complex.
Therefore, our results are consistent with the idea that
clustering of GPI-anchored proteins results in association
with transmembrane proteins, which interact with a mem-
brane-associated complex linked to the actin cytoskeleton,
as previously shown in a uPAR-integrin system by bio-
chemical methods (Xue et al., 1994). Although the nature of
the transmembrane coupling protein cannot be specified in
this study, the observation of discrete forces needed to break
the linkages with the cytoskeleton is novel and indicates that
specific bonds are formed. Furthermore, the density of the
cytoskeleton binding sites is 64/100 �m2 or on the order of
1000–2000/cell.

Small non-elastic barriers are produced by
unique characteristics of cross-linked
GPI-anchored Qa-2

Non-elastic barriers do not show any characteristic peaks of
force in the histogram plots either at high anti-Qa-2 anti-
body density (Fig. 3 b) or low (Fig. 3 d). At the low
antibody density on beads or with beads attached to cross-
linked Fl-DPPE molecules, non-elastic barriers were
scarcely observed (the number of small barriers (� 100 nm)
per 100 �m2 was 2.9 for less cross-linked Qa-2 molecules
[total scan area 105.2 �m2] and 5.8 for cross-linked Fl-
DPPE molecules [total scan area 106.7 �m2], while there
were 20.5 for cross-linked Qa-2 molecules [total scan area
269.1 �m2] and 4.6 for control [total scan area 172.1 �m2]),
indicating that the small non-elastic barriers were produced
by unique characteristics of the interaction between stable
membrane structures and aggregates of GPI-anchored pro-
teins. The force needed to break through the small (�100
nm) non-elastic barriers was 2.2 � 0.9 pN (n � 55) on
average (see Discussion). The more continuous nature of the
histogram plots for the small non-elastic barriers is consis-
tent with a bonding interaction that consists of many weak

interactions, which is different from the case of the elastic
barriers.

The density of small non-elastic barriers is
dependent on the concentration of cholesterol

Small non-elastic barriers are potentially related to sphin-
golipid-cholesterol-rich microdomains, including caveo-
lae and lipid rafts. Therefore, we tested whether the
density of barriers was correlated with the density of the
microdomains and whether they were cholesterol-depen-
dent. However, we cannot quantify the density of the
microdomains, and instead counted the density of caveo-
lae as an index of the density of the microdomains.
Caveolae were visualized by immunostaining in the same
region that was scanned by SSR. Bead scans were ran-
domly performed over 2 �m2 areas within the 100 �m2

area of a cell membrane shown by the square in Fig. 4.
On average, we found 20.5 non-elastic barriers per 100
�m2 (Fig. 5 a, total scan area was 269.1 �m2), whereas
the number of caveolae was 32 � 13/100 �m2 (quanti-
tation of distinct fluorescent punctate spots from Fig. 4 a
and other cells [n � 18]). Upon cholesterol depletion of
the cell plasma membranes with methyl-�-cyclodextrin
(Harder et al., 1998), the number of the punctate spots
was markedly decreased to 10 � 4 [n � 19] (Fig. 4 b).
The number of the small non-elastic barriers was also
drastically decreased to about one-third after cholesterol
depletion (Fig. 5 b, total scan area was 141.7 �m2). When
Fl-DPPE-bound beads were scanned (area is not shown,
but the number of immunostained caveolae was similar),
the small barriers were only observed at control levels
(Fig. 5 c, total scan area was 106.7 �m2). If the bead was
not coated with antibody and not attached, but held in
contact with the cell membrane, barriers were seldom
observed (Fig. 5 d, total scan area was 172.1 �m2) and
cholesterol depletion did not alter the pattern (data not
shown), which indicates that the effect of morphology on
the appearance of the barrier can be neglected. These
results strongly suggest that the small non-elastic barriers
represent the interaction of slightly cross-linked GPI-
anchored proteins with sphingolipid-cholesterol-rich mi-
crodomains. However, cholesterol depletion only re-
duced the elastic barriers to �70% of normal level. The
force needed to break through elastic barriers was still
�2 pN in the histogram plots (Fig. 3 e). Thus, cholesterol
depletion caused only minor changes to the characteris-
tics of the elastic barrier to aggregated Qa-2. Cytochala-
sin D treatment also reduced the number of the small
(�100 nm) non-elastic barriers to 48% (9.9 small non-
elastic barriers/100 �m2) of the normal level. This result
suggests that the small non-elastic barriers are linked to
actin cytoskeleton.
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DISCUSSION

Two-dimensional scanning of the cross-linked GPI-an-
chored protein, Qa-2, provided quantification of the
strength, nature, and distribution of cytoskeleton-associated
binding sites. There were two types of interactions between
small aggregates of Qa-2 molecules and membrane-associ-

ated cytoskeleton sites identified as elastic or non-elastic
barriers (Fig. 6). In the case of elastic barriers, discrete
protein-protein bonds appear to form between transmem-
brane proteins in the Qa-2 aggregates and sites attached to
elastic actin filament networks. Displacement of the bound
Qa-2 aggregates stretches the actin filament networks, re-
sulting in a gradual rise in resistive force until the bond is
disrupted and the resistive force drops to bilayer levels. In
the case of non-elastic barriers, the cross-linked Qa-2 mol-
ecules bound to rigid sphingolipid-cholesterol-rich mi-
crodomains with a continuous range of interaction forces.
Both types of barriers could be repeatedly measured in
successive line scans of the same region separated by 2 s,
but in the 30 s between successive two-dimensional scans,
many of the features disappeared or moved. These findings
indicate that cross-linking of GPI-anchored Qa-2 will result
in binding to transmembrane proteins and the aggregates
can diffuse to binding sites linked to an actin cytoskeleton
network or to sites of sphingolipid-cholesterol-rich mi-
crodomains. A major advantage of the two-dimensional
scans of the surface was that the structure of the barriers was
defined. Not only the stiffness of the barriers, but also the
two-dimensional sizes of the barriers were determined.
In all cases, the barriers to lateral movement did not

define large domains or corrals, such as was postulated for
erythrocyte membranes from fluorescence recovery after
photobleaching (FRAP) (reviewed in Sheetz, 1993; Kusumi
et al., 1999; Edidin, 1997) and SPT studies (Saxton, 1990).
Discrete sites of attachment were observed for all of the
barriers, with only a small fraction extending into three
adjacent scan lanes. Previous studies of lateral movements
of particles in one dimension (Sako and Kusumi, 1995) have
observed barriers that are beneath the level of Brownian
forces on 0.7 �m beads used in this study (Brownian forces
are �0.2 pN at the millisecond time scale). We could not
observe cytoskeletal fences to lateral movement if they only
produced very small force barriers to movement, nor would
we expect to see low forces developed by lipid domains that
were postulated to confine membrane protein diffusion
(Bussell et al., 1995; Sheets et al., 1997; Simson et al.,
1998).
The barriers that are observed by SSR of cross-linked

Qa-2 molecules rather represent discrete binding sites. In
the case of the elastic barriers, there are 1000–2000 sites per
cell (assuming an average cell surface area of 1500–3000
�m2). If we assume that the cross-linked Qa-2 aggregates
diffuse to the sites, then they only need to diffuse 0.65 �m,
which should take less than two minutes at the observed
diffusion rate for the aggregates. The binding sites for the
elastic barriers have a relatively low binding affinity, be-
cause the force needed to pull the aggregates off of the sites
is only �2 pN (reviewed in Carrion-Vazquez et al., 2000
and Khan and Sheetz, 1997). However, if larger aggregates
of Qa-2 formed several bonds, they would dramatically
increase the avidity of the binding to the cytoskeleton.

FIGURE 4 Immunofluorescence staining of caveolin. HEPA-OVA cells
were fixed and immunostained for caveolin either before (a), or after
cholesterol depletion with 2 mM methyl-�-cyclodextrin for 60 min at 37°C
(b) as described in Methods. The number of caveolae per 100 �m2 of
membrane was determined from the number of sites with fluorescence
staining intensity greater than a threshold level (see the area expanded from
small white box in the main figure). In the example shown, the threshold
is four contiguous green pixels. In (a) there are 39 areas of 0.2–0.5 �m2

with sufficient fluorescence intensity, whereas in (b) there are only 11.
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Because there is a dramatic shift in the force histogram plots
to higher forces with higher antibody density on the beads,
it is likely that larger aggregates are very strongly bound.
An actin cytoskeletal network appears to anchor the bind-

ing sites to the cell cytoskeleton, as evidenced by the
elasticity of the barriers and the dependence on cytochalasin
D. The much higher rigidity of the non-elastic barriers (�40
pN/�m) provides a dramatic contrast to the elastic barriers
and suggests that the elastic barriers might be associated
with a more dynamic portion of the cytoskeleton. Barrier
reproducibility in repeated scans was decreased twofold for
the elastic barriers by the depletion of cholesterol. Thus, we
suggest that the elastic barriers represent binding of cross-
linked Qa-2 aggregates to dynamic elements of the actin
cytoskeleton that may be part of the general mechanism of
clearance of cross-linked proteins from the cell surface.

Cholesterol dependence of the small non-elastic barriers
indicates that they may involve sphingolipid-cholesterol-
rich microdomains. Estimates of the size of microdomains
range from a small number of molecules (Kenworthy et al.,
2000) to 70 nm (Varma and Mayor, 1998) and the lifetimes
range from subseconds to minutes (Pralle et al., 2000;
Schutz et al., 2000). The density of the non-elastic barrier
sites (�0.2/�m2 in the presence and 0.06 in the absence of
cholesterol) corresponds closely to that of the caveolae in
the same cell regions, both in the presence and absence of
cholesterol. Diffusion of an aggregate to the caveolae would
take roughly threefold longer than for diffusion to the elastic
barrier sites. The range of forces required to break through
the non-elastic barriers is indicative of multiple weak inter-
actions. Although it is not known if caveolae are rigidly
restrained by the cytoskeleton, there are many potential

FIGURE 5 Histogram plots of non-elastic barrier sizes. Scans were performed at 1.0 �m/s with Qa-2 antibody-coated beads bound to intact HEPA-OVA
cell membranes (total scan area was 269.1 �m2) (a), attached to cholesterol-depleted cell membranes (total scan area was 141.7 �m2) (b). Alternatively,
scans were performed using an anti-fluorescein antibody-coated bead (total scan area was 106.7 �m2) (c) and using a bead that is not coated with antibody,
thereby not attached to the cell membrane, but contacts the membrane (total scan area was 172.1 �m2) (d). The size was evaluated in terms of the scan
direction and its perpendicular direction.
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cytoskeleton binding proteins that could strengthen the link-
age to the cytoskeleton (Stahlhut and van Deurs, 2000).
Although the evidence is indirect, we suggest that the non-
elastic barriers are related to the caveolae.
Two major pathways are activated in the cellular re-

sponses to GPI-anchored protein cross-linking or ligand
binding: signaling and clearance. A variety of cell signal
pathways are activated by cross-linking or ligand binding to
GPI-anchored proteins, and many of those have been linked
to caveolae (Hahn and Soloski, 1989; Stefanova et al., 1991;
Solomon et al., 1996; Murray and Robbins, 1998; Parton et
al., 1994). It is possible that the non-elastic barriers repre-
sent the binding of the cross-linked GPI-anchored proteins
to the caveolae and the initiation of signaling. The clearance
pathway is generally activated in cells when large aggre-
gates of membrane proteins are formed. Likewise, cross-
linking of GPI-anchored proteins leads to immobilization
and further aggregation resulting in endocytosis (Parton et
al., 1994; Verkade et al., 2000). Because the bead binding
initiates the aggregation of only 15–25 Qa-2 molecules, we
expect to be monitoring the early steps in the signaling or
clearance pathways. It is clear that aggregation does not
block diffusion nor does it seem to initiate cytoskeletal
assembly on the aggregates. The change in diffusion coef-
ficient caused by aggregation at the bead is stable for the
time of the experiments. Once aggregates form, they can
diffuse to binding sites that are predominantly elastic bar-
riers in these hepatoma cells, but caveolae could predomi-
nate in other cell systems. The extent of aggregation deter-
mines the lifetime of the bond to elastic barriers, and

possibly to non-elastic barriers as well. Barrier sites are very
dynamic and the dynamics may be affected by binding of
aggregates. Thus, at the cellular level the SSR measure-
ments of GPI-anchored protein movements provide a
clearer picture of the molecular events that could precede
signaling and clearance.
In summary, SSR technology has provided the first mo-

lecular-level characterization of the binding sites of cross-
linked GPI-anchored Qa-2 molecules on a live cell mem-
brane, their size, elasticity, density, and dynamics. From the
molecular details, it seems that aggregation of Qa-2 mole-
cules recruits an additional transmembrane protein and the
complex then diffuses to either elastic or non-elastic binding
sites. Once bound to the different sites the cross-linked
proteins could participate in signaling or cell clearance
pathways.
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