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Many plasma membrane-resident molecules cluster with other
molecules to collaborate in a variety of biological events. We
herein report a sensitive and simple method to identify compo-
nents of cell surface molecular clusters in living cells. This method
includes a recently established reaction, called the enzyme-
mediated activation of radical source (EMARS), to label molecules
within a limited distance (~200-300 nm) from the probed molecule
on which HRP is set. Because the size of this active area is close to
that of the reported membrane clusters, it is suggested that the
labeled molecules cluster with the probed molecule in the same
membrane domain. A combination of the EMARS reaction and
antibody array analysis demonstrated that many kinds of receptor
tyrosine kinases (RTKs) formed clusters with 1 integrin in HeLa S3
cells. A similar antibody array analysis after the EMARS reaction
with three HRP-labeled antibodies against growth factor receptors
showed the patterns of biotinylated RTKs to be substantially
different from each other. These results suggest that different
types of cell surface molecular clusters can thus be distinguished
using the EMARS reaction. Therefore, the present "biochemical
visualization’’ method is expected to be a powerful tool to eluci-
date molecular clustering on the cell surface of living cells in
various contexts.
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he biological events through the plasma membranes, such as

signal transmission, cell adhesion, and trafficking require the
interactions between receptors, adhesion molecules, and signal-
ing proteins. Recent studies have accumulated a line of evidence
in which the functional components are distributed nonrandomly
on the plasma membrane and exist as clusters in the nanometer-
scale domains (1). These membrane domains are formed by the
clustering of particular membrane lipids and proteins and display
a dynamic property of association and dissociation between
interacting molecules that occurs continuously (2). It is therefore
essential to identify what functional molecules cocluster in the
native membrane, and how they collaborate to create their
biological output.

Among the many types of membrane domains proposed, the
“lipid rafts” that are enriched in cholesterol, sphingolipid,
GPI-anchored proteins, and the Src kinase family members have
so far been most intensively investigated (3-5). It has been
assumed that the lipid raft fractions are extracted from the rest
of the plasma membrane based on the fact that the membrane
domains are resistant to nonionic detergents, whereas the fluid
membrane dissolves (6). However, the isolated materials are a
mixture of heterogeneous microdomains that could include
artificial products extracted during the process of homogeniza-
tion with detergents. Therefore, it is impossible to identify what
molecules cocluster in the same microdomain under the physi-
ological conditions by means of the detergent-resistant mem-
brane fractionation.
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Fig. 1. Schematic diagram of the in vivo EMARS analysis. Living cells were
treated with HRP-conjugated cognitive molecules, and subsequently treated
with aryl azide-biotin. After the EMARS reaction, the membrane proteins
were solubilized and the biotinylated molecules were identified by using an
antibody array etc.

Until now, four analytical strategies have been developed to
analyze molecular clustering on the cell surface. The first is
coimmunoprecipitation, which is usually used to show direct
interactions between molecules. However, this method is unable
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Fig. 2. The biotinylation of coclustered molecules with the probed molecule by the EMARS reaction. (A) The immunoelectron microscopic observation of
biotinylated molecules and the probed molecule after the in vitro EMARS reaction. The EMARS reaction was performed in the presence (HRP+) or absence (HRP—)
of HRP-conjugated anti-mouse IgG antibody on mouse serum-coated nickel grids. The biotinylated molecules were detected with 5-nm gold colloid-conjugated
streptavidin (arrows) and the probed molecule, IgG was detected with 20-nm gold colloid-conjugated anti-mouse 1gG antibody. (B) A quantitative analysis of
the distance between the 5- and 20-nm gold particles (<400 nm) in the indicated samples. Forty-six and 41 20-nm particles were surveyed in HRP+ and HRP—
samples, respectively. (C) The association of the biotinylated molecules with the probed molecule in a confocal laser scan microscopic observation. After the in
vivo EMARS reaction in the HelLa S3 cells as described in the Materials and Methods, the probed molecule, B1-integrin was stained with Alexa488-conjugated
anti-mouse 1gG antibody (green), and the biotinylated molecules were detected with Alexa546-conjugated streptavidin (red). A merged image of both signals
are shown in the image of “merge.” (D) The x-z scan images sectioned at the two indicated lines (sec.1 and sec. 2) in the ““merge’’ image of D. The white line

in each image indicates the basal surface.

to guarantee that such clustering occurs actually in vivo, and
experimental artifacts often take place. The second is a cross-
linking analysis, including photoaffinity labeling, by which asso-
ciated molecules are covalently bound to each other with the aid
of chemical cross-linkers (7-9). In fact, the identification of
molecular interaction has been successfully demonstrated by
photoaffinity labeling (10). Yet, the fixed length and shape of the
cross-linkers tends to be a bottleneck associated with this
method. Only the closely adhered molecules can be cross-linked,
and therefore not all of the clustered molecules can be cross-
linked. The third method is morphological visualization with
fluorescence microscopy at 200- to 300-nm resolution or electron
microscopy at 2- to 10-nm resolution. Furthermore, recent
sophisticated technology allows us to visualize the real-time
movement of a single molecule and the direct assembly of
different molecules under living conditions (11-18). However,
all of the target molecules need to be known before conducting
such experiments. The fourth is the photoinactivation analysis,
such as chromophore-assisted laser inactivation (CALI) and
fluorophore-assisted light inactivation (FALI), in which the
hydroxy radical and singlet oxygen that are produced by targeted
irradiation to a chromophore- and fluorophore-tagged mole-
cule, respectively, inactivate the target molecules and their
assembled molecules in living cells (19, 20). However, there is no
way to identify such inactivated molecules.

Experimental evidence suggesting the biological functions of
clustered molecules is insufficient until actual coclustering is
demonstrated in living cells. We herein report a widely appli-
cable strategy that makes it possible to visualize cell surface
molecular clustering under physiological conditions.

Results and Discussion

Enzyme-Mediated Activation of Radical Sources (EMARS). In the
course of an affinity-labeling experiment of biomolecules, we
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found an anomalous reaction that converts an aryl azide-biotin
reagent to active radical species without light irradiation but with
HRP [supporting information (SI) Fig. S1A4]. To characterize
this reaction, an in vitro assay was performed by using a 96-well
microtiter plate that had been precoated with mouse serum
containing IgG (Fig. S1B). A significant biotinylation was ob-
served when an HRP-conjugated anti-mouse IgG antibody was
used as a probe, whereas the unlabeled antibody, FITC-
conjugated antibody, or HRP-conjugated anti-rabbit IgG anti-
body did not induce this reaction (Fig. S24). To investigate
whether this reaction is mediated by radical formation, an
electron spin resonance (ESR) analysis was carried out by using
5,5-dimethyl-1-pyrroline-N-oxide as a spin trap. As shown in Fig.
S2B, three specific signal peaks (333, 335, and 336.5 mT) of an
adduct were observed only when both HRP and aryl azide-biotin
were added. A radical scavenger, ascorbic acid, abolished the
signals. These results indicate that radical species are generated
from aryl azide-biotin in combination of HRP. Therefore, we
named this reaction EMARS (enzyme-mediated activation of
radical source). The aryl azide-biotin has two potential radical
precursor groups, hydroxyphenyl (hydroxy radical) and aryl
azide (aryl nitrene radical) group. The aryl nitrene radical
possibly contributed to this EMARS reaction, because it did
occur in the absence of peroxide and when using another aryl
azide-biotin analog, which has no hydroxyphenyl group (data not
shown).

Molecular Clustering Analysis Using the EMARS Reaction. Once rad-
ical species are generated, the formed radicals are supposed to
be short-lived and reach within a limited area before decay. In
fact, the hydroxy radical worked in the circle area with a
half-maximal radius of 1.5 nm in a CALI analysis (21). Singlet
oxygen affected within the range of 10-50 nm in a FALI analysis

Kotani et al.
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Fig.3. Detection of known molecular assemblies on the plasma membranes by the EMARS reaction. (A) The biotinylation of EGFR by the EMARS reaction using
anti-B1 integrin as a probe. Hela S3 cells were successively subjected to the EMARS reaction using TS2/16 and HRP-conjugated second antibody, immunopre-
cipitated with an anti-EGFR antibody, 6% gel SDS/PAGE under a reducing condition, blotted to a PVDF membrane, and then stained for biotinylated proteins
with an ABCkit (Left). After stripping, the membrane was restained with the indicated antibodies [EGFR (Center) and 1 integrin (Right)]. The open triangle (Left)
indicates the band of biotinylated EGFR. The closed triangles (Left) indicate the bands of putative clustered molecules of 81 integrin. The arrow indicates the
band of biotinylated 81 integrin. The upper band of EGFR (Center) is the complex-type N-glycosylated form (mainly located in the cell surface), and the lower
is the high-mannose (hybrid)-type N-glycosylated form. Note that only the upper band was biotinylated (Left). (B) The streptoavidin precipitation assay of the
EMARS products. The EMARS reaction was performed by using TS2/16 mouse monoclonal antibody and HRP-conjugated anti-mouse or anti-rabbit (negative
control) IgG, and then applied to streptoavidin Sepharose. The precipitated samples were subsequently applied to Western blot analysis by using an anti-EGFR
antibody. The open triangle indicates the bands of biotinylated EGFR. (C) The biotinylation of the T cell receptor (TCRapB) by the EMARS reaction using the
HRP-conjugated anti-CD3e antibody, 500A2, as a probe. The 2C cells expressing clonotypic TCRaB were successively subjected to the EMARS reaction using
HRP-conjugated anti-CD3e antibody, immunoprecipitated with a mixture of anti-TCRaB and anti-CD3e monoclonal antibody, 8% gel SDS/PAGE under
nonreducing conditions, blotted to a PVDF membrane, and stained for biotinylated proteins with an ABC kit (Left). After stripping, the membrane was restained
with the anti- TCRaf antibodies (Right). The open triangle indicates the band of biotinylated TCRap. Asterisks indicate unknown bands derived from cellular
component or used antibody. (D) HLA class | as a nonclustered molecule with integrin. For expression control, all cell-surface molecules were labeled by UV
irradiation in the presence of arylazide-biotin as described in Materials and Methods. Samples of the EMARS reaction with [anti-81 integrin (+)] or without
[anti-B1 integrin (—)] TS2/16 antibody and the UV irradiation (ArB+UV) were applied to the streptoavidin-Sepharose. The precipitated samples were subjected

to Western blot analysis by using anti-EGFR and anti-HLA class | antibodies.

(20,22, 23). Therefore, we hypothesized that the reactive radicals
generated by the EMARS reaction might attack the molecules
located within a limited distance from HRP set on a given
molecule on the cell surface (probed molecule) and label the
coclustered molecules with the probed molecule (Fig. 1).

To address this hypothesis, the range of biotinylation around
the probed molecule was assessed by means of immunoelectron
microscopy. When the in vitro EMARS reaction was carried out
using HRP-conjugated anti-mouse IgG antibody on a mouse
serum-coated nickel grid, a substantial number of biotinylated
molecules (5-nm gold particles) were observed around the
probed molecule, IgG (20-nm gold particles) (Fig. 24, HRP+).
In contrast, very few 5-nm particles were seen around the 20-nm
particles in the negative control experiment (Fig. 24, HRP—). A
quantitative analysis revealed that 67 5-nm particles were seen
within 400 nm of the 20-nm particles in the HRP+ sample when
46 20-nm particles were surveyed (Fig. 2B). However, only three
particles were detected within 400 nm of 41 20-nm particles in the
HRP-— sample. In the HRP+ sample, 76% of the 5-nm particles
that existed within 400 nm of the 20-nm particles were within 200
nm, 94% of them were within 300 nm. These results indicate that
the molecules located within 200-300 nm around the probed
molecule are most likely labeled by the EMARS reaction. The
sizes of the membrane domains have been assessed in various
living cells using other techniques, including FRET and a
single-particle tracking analysis: 4-nm to micrometer scale (1),
325-370 nm (24), 500—700 nm (25), and 600—800 nm (26). Taken
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together, the EMARS reaction can therefore be used to identify
coclustering molecules in such membrane domains.

To verify this possibility, we tested the issue of whether the
EMARS reaction is applicable to living cells. First, the associ-
ation of the biotinylated molecules with the probed molecule was
investigated by means of confocal laser scan microscopy. The
HeLa S3 cells were stained with Alexa546-conjugated strepta-
vidin after an anti-B1 integrin antibody, TS2/16-dependent
EMARS reaction. As a result, the signals of biotinylation were
observed on the cell surface, after merging with a portion of S1
integrin signals (Fig. 2C). Furthermore, the x-z scanning of these
samples in a higher magnification field revealed that biotinyla-
tion predominantly occurs at a particular site of the B1 integrin
assembly, which is located on the basal surface of the cell (Fig.
2D). These results suggest that biotinylated molecules by the
EMARS reaction are associated with the probed molecule.
Second, the range of biotinylation around the probed molecule
was assessed in living cells by means of immunoelectron micros-
copy (Fig. S34). As shown in Fig. S3B, the EMARS reaction is
most likely to label molecules located within 200-300 nm around
the probed molecule in accordance with the findings of the in
vitro EMARS reaction.

The EMARS Reaction Can Detect Known Molecular Assemblies. To
validate the present method biochemically, two well known
molecular assemblies on the plasma membranes were subjected
to the EMARS reaction. One is the cluster of the epidermal
growth factor receptor (EGFR) and integrin in the cell growth

PNAS | May 27,2008 | vol.105 | no.21 | 7407
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process, and the other is the T cell receptor (TCR) complex in
the immune system. EGFR has been reported to associate and
cross-talk with an integrin in a signal transduction system
(27-29). Therefore, we examined whether EGFR could be
labeled or not in our method when an anti-B1 integrin antibody
was used as a probe. The cell membranes were solubilized after
the EMARS reaction, and the lysate was immunoprecipitated
with anti-EGFR antibody and then subjected to Western blot
analysis to detect biotinylation (Fig. 34). However, the biotin-
ylated proteins that were isolated from the lysate with strepta-
vidin-Sepharose were subjected to Western blot analysis by using
an anti-EGFR antibody (Fig. 3B). Both experiments verified that
EGFR was certainly biotinylated (open triangles in Fig. 3 4 and
B). Upon the immunoprecipitation with the anti-EGFR anti-
body, EGFR was coprecipitated with putative clustered mole-
cules that were also biotinylated (closed triangles in Fig. 34).

The TCRafB complex in mature T cells is accompanied by
some immunity-related molecules, such as CD3, and it also plays
an important role in the immune reaction of T cells (30). We
therefore tried to elucidate whether the TCRaf is biotinylated
by the EMARS reaction using an HRP-conjugated anti-CD3e
monoclonal antibody, S00A2 (31), which binds to the extracel-
lular domain of CD3e. By the EMARS reaction using HRP-
500A2 antibody and a monoclonal T cell line, 2C (32), which has
a clonotypic TCRapB, the TCRaf was certainly biotinylated
(open triangles in Fig. 3C).

To address the question of whether irrelevant cell-surface
molecules are labeled under the same conditions of an integrin
partner analysis as the labeled EGFR, we examined the bioti-
nylation of the HLA class I and EGFR after the EMARS
reaction using TS2/16 as a probe (Fig. 3D). The cells were also
UV-irradiated in the presence of arylazide-biotin to label all
cell-surface proteins nonspecifically (ArB+UV). As shown in
Fig. 3D, EGFR was biotinylated both by the EMARS reaction
[anti-B1 integrin (+)] and UV irradiation (ArB+UV). In con-
trast, HLA was biotinylated not by the EMARS reaction [anti-31
integrin (+)] but by UV irradiation (ArB+UV). These obser-
vations indicate that HLA class I is excluded from the 81 integrin
cluster even though it is an abundant cell-surface protein. These
results support the validity of the EMARS method for identi-
fying clustered molecules on the living cell surface.

The EMARS Reaction Can Distinguish Different Types of Molecular
Clusters. When HeLa S3 cells underwent the EMARS reaction
using the anti-B1 integrin antibody TS2/16 as a probe, a number
of biotinylated bands were detected (Fig. S44), thus indicating
that many kinds of molecules cocluster with 81 integrin under
physiological conditions. To study the functions of the g1
integrin cluster, identification of the coclustered molecules is
required. To this end, we used an antibody array analysis in
combination with the EMARS reaction, taking account of its
high sensitivity and usefulness. After the EMARS reaction, the
membrane proteins were solubilized and subjected to a com-
mercially available anti-RTK antibody array. When anti-g1
integrin antibody was used as a probe of the EMARS reaction,
many kinds of RTKSs were biotinylated [Fig. 44, anti-B1 integrin
(+)]. The relative signal intensity of each spot is summarized in
Table S1. Among the RTKs examined, two RTKs, EGFR and
hepatocyte growth factor receptor, were found to be highly
expressed in HeLa S3 cells by nonspecific biotinylation using
arylazide-biotin and high levels of HRP solution or UV-
irradiation (Fig. 44, ArB+HRP or ArB+UV). These results
suggest that many kinds of RTKs actually cluster with 1 integrin
in living cells, but the probability of such coclustering is quite
different among RTKs, irrespective of their expression levels.
Moreover, we investigated the coclustered molecules in regard
to three growth factor receptors through the same approach. The
cell lysates after the EMARS reaction using anti-EGFR, insulin-
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Fig. 4. Biochemical visualization of coclustering between the cell surface
molecules. (A and B) The biotinylated RTKs resulting from the EMARS reaction
using TS2/16 anti-B1 integrin antibody (A) and anti-EGFR, IGF1R, and EphA2
antibodies (B) as a probe. The antibody array used in this study has 94 spots
that contain antibodies against 42 kinds of RTKs (see Table S1) and control
molecules with duplicates. After the EMARS reaction of the HeLa S3 cells using
each antibody and HRP-conjugated second antibody [each antibody (+)],
samples (TS2/16: 5 ug, anti-EGFR, IGF1R, and EphA2 antibody: 10 g of total
lysate proteins each) were reacted with an antibody array membrane. The
control experiments were carried out without TS2/16 antibody [A, anti-B1
integrin antibody (—): 5 ng). The cell lysates after all cell-surface molecules
labeling by a high dose of HRP and UV irradiation (see S/ Materials and
Methods) were also reacted with the antibody (A, ArB+HRP: 30 ug, ArB+UV:
20 pg).

like growth factor-I receptor (IGF1R), and EphA2 receptor
antibody were subjected to the RTKs antibody array in the same
way as the anti-B1 integrin antibody TS2/16 (Fig. 4B). The
patterns of the biotinylation signals of the RTKs on the array
were substantially different from each other. The pattern of 1
integrin cluster was similar to that of the EGFR cluster but
different from that of the IGF1R or EphA2 cluster. In contrast,
the pattern of IGF1R was similar to that of the EphA2 cluster.
These results suggest that different types of cell surface molec-
ular clusters can be thus distinguished using the EMARS
reaction.

The EMARS Reaction Reveals Alterations in Molecular Clustering. The
EMARS reaction was used to investigate the effect of cellular
conditions on molecular clustering. To place HeLa S3 cells into
suspension, mild trypsinization (0.1% trypsin for 1 min) was
carried out. After trypsinization, a part of the cells were applied
to flow cytometry to confirm the retained binding of the TS2/16
antibody (Fig. S4B Left). The TS2/16-mediated EMARS reac-
tion was carried out for the remaining cells and attached cells
(without trypsinization). As a result, the biotinylated molecules
dramatically decreased in the trypsinized cells compared with
the nontreated cells in a blotting analysis (Fig. S4B Right). Mild

Kotani et al.
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trypsinization may give rise to the dispersion of the coclustered
molecules from the integrins. In addition, the EMARS products
of the trypsinized cells were subjected to the RTKs antibody
array. Although biotinylation was reduced in several receptors
compared with the attached cells, the reduction was not so
dramatic in contrast to that in the blotting analysis (Fig. S4C).
Some receptors are partially dispersed from integrin clusters
under mild trypsinization, whereas some are not influenced.
These results suggest that some receptors are constitutively
associated with integrin whereas other receptors are temporally
associated with it.

The EMARS Reaction Is a Powerful Tool for a Wide Range of Research.
Finally, we performed the EMARS reaction using a different
type of probe. The EMARS reaction using an HRP-conjugated
cholera toxin B subunit (CTxB) probe, which binds to ganglio-
side GM1, was performed. Although many molecules were
biotinylated (Fig. S54), only two RTKs, EGFR and EphA2, were
biotinylated in the antibody array (Fig. S5B, CTxB-HRP).

The current study is the first comprehensive approach to
identify the components in the cell surface clusters under
physiological conditions. The advantages of this approach are as
follows: (i) easy, high throughput, and without the need for
special equipment; (if) applicable to systematic approaches such
as proteomic analyses; and (iif) applicable to studies on not only
proteins but also carbohydrate chains and membrane lipids. The
present “biochemical visualization” although the EMARS re-
action is therefore expected to become a powerful tool for a wide
range of research concerning molecular clusters on the cell
surface in living cells. Obtaining further comprehensive knowl-
edge of the molecular interaction networks on the cell surface
remains a challenge for the future.

Materials and Methods

For additional materials and procedures, see S/ Materials and Methods.

1. Jacobson K, Mouritsen OG, Anderson RG (2007) Lipid rafts: at a crossroad between cell
biology and physics. Nat Cell Biol 9:7-14.

2. Vereb G, et al. (2003) Dynamic, yet structured: The cell membrane three decades after
the Singer-Nicolson model. Proc Nat/ Acad Sci USA 100:8053-8058.

3. Brown DA, London E (1998) Functions of lipid rafts in biological membranes. Annu Rev
Cell Dev Biol 14:111-136.

4. Douglass AD, Vale RD (2005) Single-molecule microscopy reveals plasma membrane
microdomains created by protein-protein networks that exclude or trap signaling
molecules in T cells. Cell 121:937-950.

5. Simons K, lkonen E (1997) Functional rafts in cell membranes. Nature 387:569-572.

6. Brown DA, Rose JK (1992) Sorting of GPl-anchored proteins to glycolipid-enriched
membrane subdomains during transport to the apical cell surface. Cell 68:533-544.

7. Fancy DA (2000) Elucidation of protein-protein interactions using chemical cross-
linking or label transfer techniques. Curr Opin Chem Biol 4:28-33.

8. Brunner J (1993) New photolabeling and crosslinking methods. Annu Rev Biochem
62:483-514.

9. Peters K, Richards F (1977) Chemical cross-linking: reagents and problems in studies of
membrane structure. Annu Rev Biochem 46:523-551.

10. Thiele C, Hannah MJ, Fahrenholz F, Huttner WB (2000) Cholesterol binds to synapto-
physin and is required for biogenesis of synaptic vesicles. Nat Cell Biol 2:42-49.

11. Schutz G, Kada G, Pastushenko V, Schindler H (2000) Properties of lipid microdomains in
a muscle cell membrane visualized by single molecule microscopy. EMBO J 19:892-901.

12. SakoY, MinoghchiS, Yanagida T (2000) Single-molecule imaging of EGFR signalling on
the surface of living cells. Nat Cell Biol 2:168-172.

13. lino R, Koyama |, Kusumi A (2001) Single molecule imaging of green fluorescent
proteins in living cells: E-cadherin forms oligomers on the free cell surface. Biophys J
80:2667-2677.

14. Kusumi A, Sako Y, Yamamoto M (1993) Confined lateral diffusion of membrane
receptors as studied by single particle tracking (nanovid microscopy). Effects of calci-
um-induced differentiation in cultured epithelial cells. Biophys J 65:2021-2040.

15. Anderson C, Georgiou G, Morrison |, Stevenson G, Cherry R (1992) Tracking of cell
surface receptors by fluorescence digital imaging microscopy using a charge-coupled
device camera. Low-density lipoprotein and influenza virus receptor mobility at 4
degrees C. J Cell Sci 101 (Pt 2):415-425.

16. Simson R, Sheets E, Jacobson K (1995) Detection of temporary lateral confinement of
membrane proteins using single-particle tracking analysis. Biophys J 69:989-993.

17. Varma R, Mayor S (1998) GPl-anchored proteins are organized in submicron domains
at the cell surface. Nature 394:798-801.

Kotani et al.

The cultured cells were cooled at 4°C for 20 min, washed once with PBS, and
then treated with 8 ug/ml of anti-B1 integrin monoclonal antibody TS2/16, 8
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