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There is increasing evidence that sphingolipid- and cholesterol-rich
microdomains (rafts) exist in the plasma membrane. Specific pro-
teins assemble in these membrane domains and play a role in signal
transduction and many other cellular events. Cholesterol depletion
causes disassembly of the raft-associated proteins, suggesting an
essential role of cholesterol in the structural maintenance and
function of rafts. However, no tool has been available for the
detection and monitoring of raft cholesterol in living cells. Here we
show that a protease-nicked and biotinylated derivative (BCu) of
perfringolysin O (u-toxin) binds selectively to cholesterol-rich mi-
crodomains of intact cells, the domains that fulfill the criteria of
rafts. We fractionated the homogenates of nontreated and Triton
X-100-treated platelets after incubation with BCu on a sucrose
gradient. BCu was predominantly localized in the floating low-
density fractions (FLDF) where cholesterol, sphingomyelin, and Src
family kinases are enriched. Immunoelectron microscopy demon-
strated that BCu binds to a subpopulation of vesicles in FLDF.
Depletion of 35% cholesterol from platelets with cyclodextrin,
which accompanied 76% reduction in cholesterol from FLDF, al-
most completely abolished BCu binding to FLDF. The staining
patterns of BCu and filipin in human epidermoid carcinoma A431
cells with and without cholesterol depletion suggest that BCu
binds to specific membrane domains on the cell surface, whereas
filipin binding is indiscriminate to cell cholesterol. Furthermore,
BCu binding does not cause any damage to cell membranes,
indicating that BCu is a useful probe for the detection of membrane
rafts in living cells.

Accumulating studies suggest that in eukaryotic cells mem-
brane proteins are compartmentalized into dynamic mi-

crodomains [also known as rafts or detergent-resistant mem-
branes (DRMs); refs. 1–6]. These domains are enriched in
cholesterol and sphingolipids and contain glycosylphosphatidy-
linositol-anchored and acylated proteins (2, 3, 6–9). Cholesterol
plays an important role in maintaining membrane rafts in a
separate phase from the rest of the bilayer, a state similar to the
liquid-ordered phase (lo) described in model membranes (1–4,
10). Changes in cholesterol content affect the localization of
proteins associated in rafts (9, 10), and thus affect the raft
function. To understand the role of rafts in various cellular
functions, identification and analysis of the molecular organiza-
tion of cholesterol in rafts are essential. Cholesterol-binding
toxin would be a useful tool for such a purpose (11).

u-Toxin (perfringolysin O), a thiol-activated cytolysin pro-
duced by Clostridium perfringens, binds to membrane cholesterol
(11–18), and then forms oligomeric pores causing membrane
damage (18, 19). The C-terminal amino acid residues are
essential for its activity (15, 18). The three-dimensional structure
of u-toxin has been shown recently (19). The digested u-toxin
with subtilisin Carlsberg protease (Cu) is a complex of 38- and
15-KDa fragments and loses the capacity of oligomerization,
resulting in no hemolytic activity below 20°C (12, 13). Biotin-
ylated Cu (BCu) (11) has the same binding affinity to membrane
cholesterol as wild-type u-toxin and Cu. BCu possesses no
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Fig. 1. Characteristics of BCu binding to intact cells. (a) BCu binding depends
on cholesterol contents in cell membranes. Cholesterol was depleted from
platelets with 5, 10, and 20 mM 2OHpbCD. The amount of BCu bound to the
platelets was quantified by flow-cytometric analysis (Inset) using fluorescein–
avidin and plotted against cholesterol content. The values are expressed as
percentage of nontreated control. Cholesterol in untreated platelets was 33
mol% of total lipids. (b) BCu bound to cells was retained in the Tx-insoluble
fraction. After incubation with BCu, platelets, erythrocytes, MOLT-4, and A431
cells were extracted with 1% Tx (4°C or 37°C) or 60 mM octyl glucoside (OGD)
(4°C) and the insoluble fraction was separated by centrifugation at 15,000 3
g. The distribution of BCu in insoluble pellet and soluble fractions were
determined. T, total; P, pellet; S, soluble fractions.
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hemolytic activity even at 37 °C and has been used as a probe to
evaluate the effects of cellular events on the topology and
distribution of cholesterol (11, 16, 17). By using artificial mem-
branes we have demonstrated that u-toxin and its derivatives
selectively bind to cholesterol in cholesterol-rich membranes (14,
20). Based on this we hypothesized that the u-toxin and its
derivatives could bind to cholesterol-rich microdomains of intact
cells. In this report we characterized BCu binding to intact cells
biochemically and immunocytochemically and demonstrate se-
lective binding of BCu to cholesterol-rich microdomains (rafts)
of intact cells. We also compared BCu binding with known
cholesterol binding probe filipin with and without cholesterol
depletion in human A431 cells.

Materials and Methods
Materials. Anti-Lck, Anti-Lyn, and Anti-Fyn were purchased
from Santa Cruz Biotechnology. Anti-c-Src was obtained from
Upstate Biotechnology (Lake Placid, NY). Anti-u-toxin anti-
body was prepared as described (15). Cyclodextrins were ob-
tained from Sigma and filipin from Polysciences. A bicinchoninic
acid protein assay kit was purchased from Pierce. Enhanced
chemiluminescence (ECL) was procured from Amersham
Pharmacia.

Preparation of u-Toxin and Its Derivatives. u-Toxin was overex-
pressed in Escherichia coli and purified from the periplasmic
fractions as described (15). A nicked u-toxin (Cu) was obtained
by using subtilisin Carlsberg digestion (12) and BCu was pre-
pared as described (11).

Cells and Cholesterol Depletion. Four different types of cells were
used to check BCu binding. Blood was collected from healthy

volunteers who had not taken any drugs for 2 weeks. Platelets
were isolated from fresh blood, anticoagulated with 0.1 volume
of 3.8% tri-sodium citrate, and washed twice with Hepes–
Tyrode’s buffer (pH 6.7) supplemented with 0.5 unitsyml
apyrase and 0.35% BSA (21). The platelets were resuspended in
Hepes–Tyrode’s buffer (pH 7.4) at a concentration of 109

cellsyml. Human erythrocytes were washed four times with PBS
(pH 7.4) before use. MOLT-4 cells established from T lympho-
cytes (22) and human epidermal carcinoma A431 cells (23) were
maintained in DMEM supplemented with 10% FBS and washed
with PBS before use. To deplete membrane cholesterol platelets
were incubated with various concentrations of either methyl-b-
cyclodextrin (MbCD) or 2-hydroxypropyl-b-cyclodextrin
(2OHpbCD) in Hepes–Tyrode’s buffer (pH 7.4) at 37°C for 30
min and washed twice with PBS.

BCu Binding and Detergent Extraction. Cells were incubated with
BCu (5–10 mgyml) in PBS containing 1 mgyml BSA (the
concentration of BCu to cholesterol was kept constant in all four
cell types) at 25°C for 20 min, and washed twice with the same
volume of PBS to remove unbound BCu. In some cases the
amount of BCu bound to intact cells were quantified by EPICS
(Hialeah, FL) Elite flow cytometer after labeling with fluores-
cein–avidin as described (11).

After incubation with BCu platelets, erythrocytes and
MOLT-4 cells were brought to 4°C and then suspended in
Mes-buffered saline (pH 6.5) containing detergent (1% Triton
X-100, Tx, or 60 mM octyl glucoside), 10 mM EGTA and
protease inhibitors. In the case of A431 cells, the cells were first
scraped, suspended in Mes-buffered saline, spun down, and then
treated with detergents as above. After incubating for 20 min at
4°C or 37°C the detergent-insoluble pellet was collected by
centrifugation at 15,000 3 g for 15 min.

Fig. 2. BCu is enriched in FLDF. BCu-bound platelets were treated with (1Tx) or without Tx (-Tx), sonicated, subjected to a sucrose gradient centrifugation, and
fractionated from the top (fractions 1–11 and pellet, fraction 12). The distribution of BCu (a, 1Tx and -Tx), cholesterol (c, open bars, 1Tx and -Tx), and total protein
(c, closed circles, 1Tx and -Tx) in the gradient fractions was analyzed. In parallel experiments the distribution of sphingomyelin (SM) (b, 1Tx and -Tx) and
tyrosine-kinases (e, 1Tx) was determined. (d) The Tx-insoluble pellet obtained at 4°C by centrifugation at 15,000 3 g was subjected to density gradient
fractionation and the cholesterol content in each fraction was determined. T, total platelets. On BCu binding a shift in the distribution patterns of lipids and
proteins was observed from fractions 2–4 to fractions 3–5 (1Tx). Because Tx in bottom fractions (7–12) interferes with the separation of lipids on TLC plates, the
distribution pattern of sphingomyelin in these fractions was not shown (b, 1Tx).
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Sucrose Gradient Fractionation. After BCu binding platelets were
treated or untreated with Triton X-100 (Tx) and sonicated for 20
sec pulses (two and six times, respectively) by using a tip-type
sonicator. Both homogenates were adjusted to 40% sucrose
(wtyvol), overlaid with 2.4 ml of 36% sucrose and 1.2 ml of 5%
sucrose in Mes-buffered saline (pH 6.5), centrifuged at 45,000
rpm (250,000 3 g) for 18 h at 4°C in a SW55 rotor, and
fractionated from the top (0.4 ml each, a total of 11 fractions).
The pellet was suspended in 0.4 ml of Mes-buffered saline (pH
6.5), sonicated, and designated as 12th fraction. To aliquots of
each fraction of the gradient SDS sample buffer containing
2-mercaptoethanol was added. The samples were stored at
220°C until use.

Biochemical Assays, PAGE, and Immunoblotting. Proteins in the
gradient fractions were analyzed by using a bicinchoninic acid
protein assay kit. Cholesterol was quantified enzymatically by
using cholesterol oxidase (24). Lipids were extracted in chloro-
formymethanol and separated on TLC plates by using two
solvent systems, and detected as described (11). Equal volumes
of each gradient fraction were used for detecting distribution of
BCu, sphingomyelin, and cholesterol. BCu was detected by
immunoblotting using anti-u-toxin antibody after SDSyPAGE.
To detect raft-associated kinases in the gradient fractions, equal

amounts of protein were loaded on 12% polyacrylamide gels and
subjected to electrophoresis and immunoblotting.

Electron Microscopy. After BCu binding, the platelets and eryth-
rocytes were fixed in a mixture of 2% paraformaldehyde and
0.2% glutaraldehyde. Cells were infiltrated in 2.3 M sucrose and
frozen in liquid nitrogen. Bound BCu was monitored on ultrathin
cryosections after immunolabeling with a rabbit polyclonal
anti-biotin antibody and 10 nm protein-A gold (25). After BCu
binding, raft membranes were collected from floating low-
density fractions (FLDF), rinsed, and sedimented at 200,000 3
g, and the pellets then resuspended in PBS. FLDF were adsorbed
to grids, fixed in 1% glutaraldehyde in PBS, and immunolabeled
with anti-biotin and 10 nm protein-A gold. Alternatively, low-
density membrane rafts were first isolated from washed platelets,
adsorbed to grids, and incubated with BCu at 4°C followed
by fixation and immunolabeling as described (26). Sections and
raft membranes were analyzed in a JEOL 1200CX electron
microscope.

Fluorescence Labeling. Human A431 cells cultured in DMEM
containing 10% FBS were incubated in a serum-free medium for
2 h to eliminate the effects of serum cholesterol. The cells were
incubated with or without 5 mM 2OHpbCD at 37°C for 15 min.

Fig. 3. IEM detection of cholesterol on erythrocytes, resting platelets, and isolated low-density membranes. (a and b) IEM detection of cell surface cholesterol
of erythrocytes (a) and platelets (b). Washed cells were incubated with BCu. Ultrathin cryosections were immunolabeled with anti-biotin and 10 nm protein-A
gold. (c and d) Low-density membranes isolated from platelets by sucrose gradient centrifugation after BCu binding. BCu was immunolabeled with anti-biotin
and 10 nm protein-A gold. High labeling is observed on a subpopulation of FLDF (c), and is completely abolished after depletion of membrane cholesterol with
MbCD (d). (e) Low-density membranes were first isolated and then incubated with BCu, followed by immunolabeling. A larger number of these membranes
('30%) bound the toxin as compared with the isolation after BCu binding. (Bars: a and b, 200 nm; c–e, 250 nm.)
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The later steps were performed at room temperature. After
washing with PBS, the cells were fixed in 4% formaldehyde for
30 min, extensively washed, and incubated either with BCu (10
mgyml in PBSyBSA) or filipin (65 mgyml in PBSyBSA) for 30
min. After washing with PBS, the BCu-treated cells were incu-
bated with cy3-avidin (1 mgyml in PBSyBSA) for 30 min. The
cells were then washed with PBS, and fluorescence was detected
with a Zeiss Axiophoto microscope. Incubation of fixed cells
with cy3-avidin alone without BCu treatment did not show
labeling.

Results and Discussion
To check whether BCu binding depends on the cholesterol
content of intact cell membranes we depleted cholesterol from
platelets with cyclodextrins and then performed the BCu binding
experiments. Our flow cytometric data (Fig. 1a) indicate that
BCu binds only to cholesterol-rich membranes. Cholesterol
depletion by one third, which corresponds to a decrease from 33
to 24 mol% of cholesterol in platelets, almost completely abol-
ished BCu binding. This indicates that there is a threshold
concentration of membrane cholesterol for toxin binding in
intact cells, which is consistent with our previous observations
with liposomes (14, 20). Cholesterol depletion from erythrocytes
also gave similar results (data not shown). As cholesterol is
enriched in rafts, we assumed that BCu might bind selectively to
rafts and carried out further studies.

Membrane rafts are isolated as Tx-insoluble fractions at 4°C,
partly extracted in Tx at 37°C and completely extracted in 60 mM
octyl glucoside even at 4°C (4, 27, 28). Our results show that BCu
that had bound to different cell types was retained in Tx-
insoluble fraction at 4°C, partly extracted at 37°C, and com-
pletely extracted in octyl glucoside (Fig. 1b). These results show
that BCu binds to membrane regions that fulfill the raft criteria
of detergent solubilization, suggesting a preferential binding of
BCu to membrane rafts.

Using a sucrose density gradient, we next isolated the deter-
gent-insoluble complexes that float at low density due to their
high lipid content (2, 27). We used platelets for this study as they
contain specific marker proteins in membrane rafts. In agree-
ment with previous reports (21, 28, 29), tyrosine kinases such as
c-Src, Fyn, Lck (Fig. 2e), and Lyn (not shown in the figure) are
enriched in FLDF. Cholesterol is enriched (36% of total) in
FLDF at the interface of 5–36% sucrose (Fig. 2c, fractions 3–5).
Sphingomyelin is also enriched in FLDF (Fig. 2b), confirming
the FLDF as rafts.

When BCu-bound platelets were treated with Tx at 4°C and
fractionated on a sucrose gradient, BCu was predominantly
distributed in FLDF at the interface of 5–36% sucrose (Fig. 2a,
Tx-treated, fractions 3–5). Selective binding of BCu to isolated
membranes in FLDF was also demonstrated by IEM (Fig. 3 c and
e). Although more than 60% of cholesterol is distributed in the
bottom fractions (Fig. 2c, fractions 8–11), very little binding of
BCu to cholesterol is observed in these fractions, suggesting that
BCu binds to a selective population of cholesterol.

To exclude the possibility of potential detergent-induced
artifacts, modification of rafts, andyor redistribution of BCu
during extraction (1), we also isolated rafts without detergent
treatment. After incubation with BCu, the platelets were soni-
cated vigorously and floated into a sucrose gradient. Again BCu
distribution is enriched in FLDF (Fig. 2a, -Tx, fractions 4–6).
The FLDF obtained without Tx detergent extraction were also
enriched in cholesterol and sphingomyelin (Fig. 2 c and b). To
exclude the possibility that free BCu was liberated by sonication
or with time, as a result of equilibration, had contaminated the
FLDF, we carried out sucrose gradient sedimentation with free
BCu placed at the bottom of the centrifuge tube. BCu was
detected only in bottom fractions and not in FLDF (data not
shown). BCu detected in fractions 10 and 11 (Fig. 2a) probably
represents a toxin that is liberated because of extensive sonica-
tion. To analyze whether the Tx-insoluble material is exclusively
enriched in FLDF, the pellet obtained after extraction with Tx

Fig. 4. Cholesterol depletion with 2OHpbCD completely reduces BCu binding to FLDF. Platelets were incubated with 20 mM 2OHpbCD or buffer alone,
followed by incubation with BCu. Cell homogenates were fractionated into a sucrose gradient and analyzed as in Fig. 2. (a) BCu binding to cholesterol-depleted
(20 mM) and control (0 mM) platelets (Tx-treated). (b) Sphingomyelin distribution in cholesterol-depleted platelets treated with (1Tx) or without Tx (-Tx). (c)
Cholesterol distribution in 2OHpbCD-treated (closed circles) or untreated (open circles) samples (1Tx). (d) The distribution of tyrosine-kinases in FLDF and bottom
fractions (1Tx) of 2OHpbCD-treated (20mM CD) and untreated (0mM CD) platelets. T, total platelets. Distribution of sphingomyelin and membrane proteins was
determined in platelets that were not incubated with BCu as detailed in Fig. 2’s legend.
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at 4°C was mildly sonicated and fractionated on a sucrose
gradient. Fig. 2d shows that more than 86% of cholesterol was
distributed in FLDF (fractions 3–5), indicating that the Tx-
insoluble material is enriched in FLDF in terms of cholesterol
distribution. We therefore suggest that BCu recovered in the
Tx-insoluble fractions of erythrocytes, MOLT-4, and A431 cells
(Fig. 1b) represents the portion bound to rafts. This is confirmed
by our observations with erythrocytes, where BCu distributed
predominantly in FLDF (data not shown) when the isolated
Tx-insoluble pellet of BCu-bound erythrocytes (Fig. 1b, pellet at
4°C) was fractionated on the sucrose density gradient.

When cell surface cholesterol was monitored by immunoelec-
tron microscopy (IEM), BCu binding was readily detected on the
cell surface of both erythrocytes and platelets (Fig. 3 a and b).
In particular, on platelets the labeling was often preferentially
concentrated in small cellular processes, suggesting formation of
pseudopodia.

To analyze whether high cholesterol enrichment in rafts is
required for BCu binding, we depleted cholesterol from platelets
and studied the profiles of BCu binding. We used both MbCD
and 2OHpbCD (30). They selectively encapsulate membrane
cholesterol (30) and do not deplete lipids other than cholesterol

at the concentrations used (data not shown). The light-scattering
band that appears at the interface of 5–36% sucrose was
considerably reduced after cholesterol depletion, probably be-
cause of disruption of the clustered raft-associated molecules (8,
9). A one-third cholesterol depletion obtained by treating plate-
lets with 20 mM 2OHpbCD resulted in more than 90% reduction
of BCu binding (Fig. 4a, lane T). This was supported by our flow
cytometric data (Fig. 1a). BCu binding disappeared almost
completely from FLDF after cholesterol depletion (Fig. 4a).
Accordingly, the immunogold labeling was completely absent on
isolated raft membranes (Fig. 3d). The cholesterol reduction was
much more from FLDF (by 76%) than in bottom fractions (by
32%) (Fig. 4c), which is consistent with other reports (10). The
higher depletion of cholesterol in FLDF would affect the mol %
of cholesterol to greater extent, resulting in the complete
disappearance of BCu binding.

The distribution of c-Src in FLDF is also reduced (Fig. 4d),
suggesting close association of this kinase with raft cholesterol
directly or indirectly. On the other hand sphingomyelin and
tyrosine kinases of Fyn, Lck, and Lyn are still enriched in
cholesterol-depleted FLDF (Fig. 4 b and d). This suggests that
some signaling molecules may be associated to form sphingolipid
core-clusters without cholesterol (31). This is supported by our
IEM observations showing high cholesterol content in only a
subpopulation of the membranes floating at low density (Fig.
3c). Anti-CD36 antibodies bound to a majority of the isolated
raft membranes (data not shown), indicating that most of the
membranes obtained in FLDF are in the right-side-out position.
The population of BCu-unlabeled membranes therefore may
represent the sphingomyelin-enriched plasma membrane mi-
crodomains andyor lipid-enriched raft membranes from intra-
cellular origin. To test the latter we incubated isolated low-
density membranes with BCu after sucrose gradient
fractionation, and monitored the binding of BCu by IEM.
Although more vesicles were labeled by BCu in these prepara-
tions (Fig. 3e), a large population of membranes still remained
devoid of label, suggesting that a heterogeneous population of
membrane microdomains indeed exists.

Filipin has been used to study cholesterol distribution in
membranes of fixed cells (32, 33). We used A431 cells to compare
the labeling of BCu to that of filipin. Although both the probes
bind to cholesterol, filipin binds to membrane cholesterol indis-
criminately—not only to plasma membranes, but also to intra-
cellular membrane (Fig. 5c). On the other hand, BCu binds only
to plasma membrane cholesterol, because it does not perme-
abilize cells (Fig. 5a). Furthermore, in A431 cells the bound BCu
is retained in Triton-insoluble fractions (Fig. 1b), suggesting
selective binding of BCu to membrane microdomains. The
reduction of cholesterol by 30% using 2OHpbCD completely
abolished BCu binding (Fig. 5b) while retaining significant filipin
labeling (Fig. 5d). This difference in staining patterns clearly
demonstrates distinct specificity of BCu binding to cholesterol-
rich membrane domains from indiscriminate binding of filipin to
cell cholesterol. The critical reduction of cholesterol from the
membrane microdomains as observed in platelets would be the
cause for complete reduction of BCu labeling in A431 cells on
cholesterol depletion, because BCu binds to cholesterol in
cholesterol-rich artificial membranes (14, 20). These results
further indicate the selectivity of BCu binding to membrane
microdomains of intact cells. Moreover, BCu does not damage
the cell membrane. On the other hand, filipin binding affects
membrane integrity as it sequesters membrane cholesterol re-
sulting in permeabilization of cells. Thus, BCu is a powerful tool
for detecting and monitoring rafts in living cells.

To determine whether binding of BCu affects platelet func-
tion, we examined the platelet aggregation activity in the pres-
ence or absence of BCu. BCu caused neither platelet aggregation
by itself, nor any significant change in the thrombin-induced

Fig. 5. Labeling of A431 cells with BCu or filipin. Monolayer A431 cells were
incubated with serum-free DMEM for 2 h, fixed, and then incubated with
either BCu or filipin. BCu-treated cells were then incubated with cy3-avidin.
(a–d) Binding of BCu (a and b) or filipin (c and d) to 2OHpbCD-treated cells (b
and d) or untreated controls (a and c). Depletion of cholesterol completely
abolished BCu binding, whereas filipin binding was retained significantly.
(Left) Phase contrast; (Right) fluorescence staining.
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aggregation (data not shown). Fivaz et al. (5) proposed that
toxins interacting with raft components would be interesting
tools for studying rafts. BCu binds preferentially to rafts without
membrane damage. It therefore has much potential in elucidat-
ing not only the cholesterol integrity in rafts, but also the role of
cholesterol in raft functioning. Selective binding of BCu to a
cholesterol-rich subpopulation of raft membranes (Fig. 3 c and
e) can be used as a tool to isolate raft vesicles, and can help to
identify the molecules present in these microdomains. Further-
more, because cholesterol depletion from platelets causes re-
duced BCu binding (Fig. 1a) and impaired aggregation (unpub-
lished results), binding of BCu might be useful for monitoring the
functional status of membrane rafts in these cells.

Rafts of plasma membranes have great functional significance
in biological processes, including signal transduction, endocyto-
sis, transcytosis, cholesterol transport, and bacterial and viral
internalization (1–3, 28). Rafts are also involved in several

diseases—such as prion diseases, Alzheimer’s disease, and can-
cer (3, 34). The selectivity of BCu for rafts may help elucidate the
functional role of rafts in many cellular events and aid in
understanding the function of these microdomains in health and
disease. Because BCu binds to living cells without membrane
damage (11, 16), f luorescent-BCu will also be a useful tool for
monitoring raft dynamics in living cells. In this respect, moni-
toring cholesterol movement by single particle tracking experi-
ments using BCu would be promising.
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