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Single Molecule Imaging of Green Fluorescent Proteins in Living Cells:
E-Cadherin Forms Oligomers on the Free Cell Surface
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ABSTRACT Single green fluorescent protein (GFP) molecules were successfully imaged for the first time in living cells. GFP
linked to the cytoplasmic carboxyl terminus of E-cadherin (E-cad-GFP) was expressed in mouse fibroblast L cells, and
observed using an objective-type total internal reflection fluorescence microscope. Based on the fluorescence intensity of
individual fluorescent spots, the majority of E-cad-GFP molecules on the free cell surface were found to be oligomers of
various sizes, many of them greater than dimers, suggesting that oligomerization of E-cadherin takes place before its
assembly at cell-cell adhesion sites. The translational diffusion coefficient of E-cad-GFP is reduced by a factor of 10 to 40
upon oligomerization. Because such large decreases in translational mobility cannot be explained solely by increases in
radius upon oligomerization, an oligomerization-induced trapping model is proposed in which, when oligomers are formed,
they are trapped in place due to greatly enhanced tethering and corralling effects of the membrane skeleton on oligomers
(compared with monomers). The presence of many oligomers greater than dimers on the free surface suggests that these

greater oligomers are the basic building blocks for the two-dimensional cell adhesion structures (adherens junctions).

INTRODUCTION

Technologies for observing single fluorescent molecules in
solution have recently been developed, and are becoming
very important tools in biophysics, biochemistry, and cell
biology (Nie et al., 1994; Funatsu et al., 1995; Sase et al.,
1995; Schmidt et al., 1996; Lu et al., 1998; Okada and
Hirokawa, 1999; Weiss, 1999; Sako et al., 2000; Schiitz et
al., 2000). Another new important development in biologi-
cal imaging is the specific labeling of proteins of interest in
live cells using green fluorescent protein (GFP). Because
the conjugation of GFP with a target protein is carried out at
the ¢cDNA level, and the GFP conjugate is expressed in
cultured cells by transfecting cells with the cDNA plasmid,
GFP labeling is particularly useful for the study of local-
ization and mobility of the protein in living cells.

In 1997, three groups independently succeeded in imag-
ing single GFP molecules in vitro (Pierce et al., 1997;
Dickson et al., 1997; Iwane et al., 1997). However, single
molecule GFP imaging has thus far been limited to isolated
molecules from cells and studied in vitro (Pierce et al.,
1997; Dickson et al., 1997; Iwane et al., 1997; Romberg et
al., 1998; Pierce and Vale, 1999; Kubitscheck et al., 2000).
Because the primary advantage of GFP conjugates is that
they can be genetically expressed and imaged in living cells,
extending the GFP technology to single molecule imaging
in live cells is important. We report here the first observa-
tion of individual GFP molecules in living cells. We ob-
served mutant GFP molecules linked to E-cadherin (E-cad-
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GFP), a calcium-dependent, cell-cell adhesion molecule.
Using objective-type total internal reflection fluorescence
microscopy, we were able to image individual E-cad-GFP
molecules on the ventral cell membrane in live cells. The
ventral surface (the membrane facing the coverslip rather
than the culture medium) of L cells expressing E-cad-GFP
models the basal membrane of simple epithelial cells, in
which the major pool of E-cadherin before its assembly at
the cell-cell contact sites is located.

E-cadherin is responsible for strong-type, cell-cell adhe-
sion in epithelial and several other tissues. Cadherin family
molecules carry out this function by assembling at the
cell-cell contact sites (Takeichi, 1991; Gumbiner, 1996;
Yeaman et al., 1999; Colman, 1999; Kusumi et al., 1999).
To create adhesion sufficiently strong to prevent two ad-
hered cells from being separated by forces acting from their
environment, it has been proposed that E-cadherin mole-
cules aggregate and anchor themselves to the actin filaments
(Kusumi et al., 1990; Adams and Nelson, 1998; Shapiro and
Colman, 1999; Kusumi et al., 1999; Gumbiner, 2000). The
basic functional unit of cadherin has been proposed to be a
dimer (Shapiro et al., 1995; Bricher et al., 1996; Takeda et
al., 1999), based on the interaction in the first or the first and
second homologous repeating extracellular domains of cad-
herin (Shapiro et al., 1995; Overduin et al., 1995; Nagar et
al., 1996; Tamura et al., 1998; Pertz et al., 1999), as well as
in the cytoplasmic (Ozawa and Kemler, 1998) and trans-
membrane (Huber et al., 1999) regions. In this model, an
E-cadherin dimer in a cell membrane interacts with two
dimers of an opposing cell, and by repeating such interac-
tions, a zipper-like one-dimensional assembly of cadherin
bridging the two cells is formed. However, none of these
studies addressed the formation of greater oligomers, which
may be necessary for the formation of the two-dimensional
structures of cell-cell junctions (e.g., adherens junctions).
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Adams et al. (1998), using fluorescence microscopy of
the E-cad-GFP, observed the formation of small puncta of
E-cadherin at the cell-cell contact sites during the initial
stages of cell-cell junction formation. The puncta are rela-
tively small, two-dimensional assemblies of E-cadherin
molecules (a few microns in diameter), and are likely to
consist of E-cadherin from two apposing cells. The puncta
move toward the edges of the cell-cell contact zone as the
contact zone widens by a mechanism that involves actin
filaments. Newly recruited E-cadherin molecules fill in as
the puncta move. This observation clearly shows that the
formation of E-cadherin oligomers is important for genera-
tion of adhesion at the junctions, and is a primary mecha-
nism for the formation of junctions themselves. Therefore,
the question of when, where, and how the oligomerization
of E-cadherin occurs, and how such small oligomers are
further assembled at the cell-cell contact sites, are critical
issues in understanding the formation of cell-cell adhesion
structures (Sako et al., 1998; Kusumi et al., 1999; Troy-
anovsky, 1999).

As a first step toward elucidation of these questions, we
address the problem of the oligomerization levels of E-
cadherin molecules on the free cell surface. Both in the
presence and absence of E-cadherin-based intercellular
junctions (adherens junctions), many E-cadherin molecules
are found on the free surface (i.e., outside the cell-cell
adhesion sites), where they function as a pool for the for-
mation of intercellular junctions and survey new contacts
with other cells (Sako et al., 1998; Adams et al., 1998;
Kusumi et al., 1999; Koyama et al., 1999). Because the
half-life of E-cadherin, even in the cellular junctions, is only
~5 h (Shore and Nelson, 1991), cells need a readily avail-
able pool of E-cadherin to maintain adherens junctions. In
addition, E-cadherin on the free cell surface is likely to act
as sensors of new physical contacts with other cells, sur-
veying the free cell surface.

In our previous studies using single particle tracking and
optical tweezers, we have shown that E-cadherin movement
on the free cell surface is regulated by its interaction with
the membrane skeleton. Such interaction involves tether
(Fig. 1, left) and fence (Fig. 1, right) regulation of the
membrane skeleton on E-cadherin movement (Kusumi et
al., 1993; Sako et al., 1998; Kusumi et al., 1999). Because
oligomerization of E-cadherin molecules is expected to
increase their interactions with the membrane skeleton, un-
derstanding the degree of that oligomerization is particu-
larly important for understanding the recruitment process of
E-cadherin molecules from the free cell surface to the
cell-cell junction sites.

To address this issue, we observed individual E-cad-GFP
molecules in live cells, and examined the oligomerization
levels of E-cadherin on the free cell surface. Even on the
free cell surface, E-cad-GFP molecules were found to be in
various oligomeric states, suggesting that oligomerization
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FIGURE 1 An oligomerization-induced trapping model. When oli-
gomers are formed, they would be trapped in place due to the greatly
increased effects of tethering and corralling by the membrane skeleton on
oligomers compared to those on monomers (Kusumi and Sako; 1996; Sako
et al., 1998; Kusumi et al., 1999). (Leff) Oligomers are much more likely
to be tethered to the membrane skeleton than monomers due to the
multivalency (avidity) effects on binding and dissociation. (Center) Mono-
mers would be relatively free from tethering to the membrane skeleton, and
could readily hop from one compartment of the membrane skeleton mesh
to an adjacent compartment. (Right) Oligomers are thought to hop to an
adjacent compartment much more slowly than monomers because they
have greater cytoplasmic domains.

of E-cadherin takes place before its assembly at the cell-cell
adhesion sites.

Furthermore, oligomerization of E-cad-GFP molecules
on the free cell surface was found to dramatically decrease
their translational diffusion, strongly indicating a high de-
gree of interaction with the membrane skeleton. Based on
these observations, an oligomerization-induced trapping
model is proposed, in which, in order to transmit the intra-
cellular signal at the place where the extracellular signal is
received, one of the major functions of the membrane skel-
eton mesh is to trap the receptor molecules (and the asso-
ciated downstream intracellular signaling molecules) upon
signal reception, after which oligomerization takes place

(Fig. 1).

MATERIALS AND METHODS
Plasmid construction

The DNA fragment encoding full length E-cadherin (pBATEM2; pro-
vided by Dr. Nagafuchi, Kumamoto University; Nose et al., 1988), with
the linker sequence 5'-GCTAGCATCGAATTCCCTAGAGGCGGCG-
GCGGC-3" added to the 3" end, was cloned into the bright mutant GFP
expression vector pQBI25 (Quantum, Montreal, Canada) and was fused
to the 5’ end of the GFP c¢cDNA, yielding the E-cad-GFP expression
vector (Koyama et al., 1999).

Cell culture and DNA transfection

L cells (a mouse fibroblast cell line) and Madin-Darby canine kidney
epithelial cell line (MDCKII) cells were maintained in Ham’s F12 medium
(Life Technologies, Rockville, MD) and Dulbecco’s modified Eagle’s
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medium (Life Technologies), respectively, and both were supplemented
with 10% FBS (Sigma, St. Louis, MO). These cells were transfected using
Lipofect AMINE Plus (Life Technologies) according to the manufacturer’s
recommendations. Cells stably expressing E-cad-GFP molecules were se-
lected with 0.3 mg/ml of G418, and positive clones were picked up with
micropipettes. For fluorescence microscope imaging, cells were plated on
coverslips and used 24 to 48 h later.

Single molecule imaging of E-cad-GFP

E-cad-GFP expressed on the ventral membrane of the cell (which faces the
coverslip rather than the culture medium) was observed at 25°C with an
objective-type total internal reflection fluorescence microscope (Tokunaga
et al., 1997) that was constructed on an inverted microscope (Axiovert 135,
Carl Zeiss) (Fig. 2). A 488 nm wavelength argon ion laser beam (Model
2013-75SL, Uniphase, San Jose, CA), attenuated with neutral density
filters and circularly polarized by a quarter wave plate was expanded by
two lenses (L1 and L2 in Fig. 2 4, f = 8 and 80 mm, respectively),
focussed at the back-focal plane of the objective lens with an L3 lens (Fig.
2 4; £ = 350 mm), and then steered onto the edge of a high numerical
aperture objective lens (PlanApol00X ; numerical aperture = 1.4, Olym-
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FIGURE 2 Schematic drawing of the objective-type total internal reflec-
tion fluorescence microscope used in this study. (4) Optical ray diagram.
L1 and L2, beam expander ([10X); L3, focussing lens; L4, projection lens
(4X); S, electronic shutter; ND, neutral density filter; A/4, quarter-wave
plate; FD, field diaphragm; DM, dichroic mirror; BP, bandpass filter; M,
mirror. (B) Schematic drawing around the sample chamber and the objec-
tive lens. The argon ion laser beam (488 nm) was totally internally
reflected at the coverslip-medium interface (the incident angle was set at
66°), and an evanescent field was formed (1/e penetration depth was ~100
nm).
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pus). A 495-nm dichroic mirror (Q495LP; Chroma Technology, Brattle-
boro, VT) was used. The laser beam was totally internally reflected at the
coverslip-medium interface (incident angle, 66°), and an evanescent field
(1/e penetration depth, ~100 nm) was formed on the surface of the
coverslip (Axelrod et al., 1984) (Fig. 2 B). For the measurement of the
incident angle, the coverslip used to set up the condition of total internal
reflection was replaced by a 45° dispersion prism, and the incident angle
was calculated from the angle of the laser beam emitted from the prism.
The ventral membranes were locally illuminated with this evanescent field.
The illuminated area on the coverslip was ~130 um?. The incident laser
power was set such that its power was 55 uW after passing through the
objective lens (the incident angle, 0° for the measurement of the laser
power). The stray excitation light was blocked with an interference band-
pass filter of 500 to 550 nm (HQ525/50; Chroma) placed after the dichroic
mirror. The fluorescence images were projected onto a microchannel plate
intensifier (VS4-1845; Video Scope, Sterling, VA), and the intensified
images were recorded at video rate by a silicon-intensified target tube (SIT)
camera (C2400—08; Hamamatsu Photonics, Hamamatsu, Japan) and a
digital video cassette recorder (DSR-20; Sony, Tokyo, Japan).

Fluorescence intensity measurement

Fluorescence images were digitized frame by frame with an image pro-
cessor (DVS-3000; Hamamatsu Photonics), and signal intensities of 408
nm X 408 nm areas (8-bit images in 7 X 7 pixels) containing a single spot
were measured. To alleviate the adverse effect of shading (non-uniform
sensitivity of the silicon-intensified target) of the SIT camera, only the
central quarter of the image was used. As a control for single molecule
imaging of GFP, GFP molecules extracted from E. coli transfected with
GFP expression vector were non-specifically attached to the L cell surface
from outside the cell, and to the coverslips (final concentration of GFP, 10
nM), and then imaged. Because GFP molecules attached to the coverslip
were immobile, only mobile spots were considered to be truly attached to
the L cell surface in order to convincingly identify them as such.

Analysis of E-cad-GFP movement

The trajectories of the fluorescent spots were obtained and analyzed by a
published method (Kusumi et al., 1993; Sako et al., 1998). The positions (x
and y coordinates) of each fluorescent spot were determined by an Intel
Pentium IlI-based computer operating under Windows 98, using the
method developed by Gelles et al. (1988). The accuracy of the position
determination was estimated using immobile GFP molecules attached to
the coverslip. The standard deviations of the measured coordinates were 19
nm horizontally and 21 nm vertically. The mean square displacement
(MSD) was calculated for each time interval (At) over a trajectory, and the
translational diffusion coefficient was calculated as the slope of the
MSD-At plot between 100 and 333 ms (3 to 10 video frames) by least-
square fitting (Kusumi et al., 1993). The median value of the nominal
diffusion coefficient for the immobilized single GFP on the coverslip was
3.0 X 10~* um?/s (3.0 X 10~ '? cm?%/s), which is the limit for determining
the smallest diffusion coefficient under present instrumental conditions.

The movement of each spot was classified into stationary, simple,
confined, or directed modes of diffusion (Kusumi et al., 1993). Because the
nominal diffusion coefficient for the immobilized single GFP on the
coverslip ranged between ~5 X 10™° and ~1 X 10 ~* um?%s (5 X 10~ "?
and 1 X 10~"" cm?/s), fluorescent spots that showed diffusion coefficients
smaller than 1 X 10 ~* um?/s were classified into the stationary mode.
Spots that exhibited the diffusion rates greater than 1 X 10 ~* wm?/s were
classified into simple, confined, or directed diffusion using a statistical
method developed previously (Kusumi et al., 1993). Briefly, we employed
RD(100, 30) as a parameter to describe relative deviations, where RD(N, n)
is defined as
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RD(N, n) = MSD(N, n)/ADnét,

where MSD(N, n) represents MSD determined at the time interval ndz (8t =
33 ms at video rate) from a sequence of N video frames, and 4Dnét is the
expected average value of MSD for nét s for a spot undergoing simple
Brownian diffusion with a diffusion coefficient of D in two-dimensional
space. In the case of simple diffusion, RD(N, n) averaged over a suffi-
ciently long trajectory for many particles should be 1. By simulating the
movements of particles undergoing simple Brownian diffusion using a
computer, we obtained the distribution of RD(100, 30). RD(100, 30) for
each experimental trajectory was tested to determine whether this value fell
within 2.5% from either end of the distribution of simulated particles.
When RD(100, 30) was within the middle 95% of the distribution, the
trajectory was classified into simple Brownian diffusion. When RD(100,
30) was within 2.5% from the low (high) end of the distribution of
simulation, the trajectory was classified into confined (directed) diffusion.

Immunoblot analysis

Cells were solubilized with a cell lysis buffer [ 1% SDS, 25 mM Tris-HCI,
150 mM NacCl (pH 7.0) ] supplemented with a protease inhibitor cocktail
(Roche Diagnostics, Indianapolis, IN). Samples containing 20 ug of total
protein were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to a nitrocellulose membrane. Bands of
E-cadherin and E-cad-GFP were immunostained using a rat monoclonal
anti-E-cadherin antibody ECCD-2 (a gift of hybridoma from Dr. M.
Takeichi, Kyoto University) and an ECL PLUS detection system (Amer-
sham, Buckinghamshire, United Kingdom).

RESULTS AND DISCUSSION

Characterization of E-cad-GFP expressing cells
and the instrument

L cells were transfected with an expression vector encoding
E-cad-GFP, and are called LEG cells in this report. LEG
cells expressing low levels of E-cad-GFP (observed under
an epi-fluorescence microscope) were selected and cloned
to facilitate single molecule imaging (see the next section
and Fig. 4) and to avoid associations of GFP portions of the
E-cad-GFP and non-specific interactions among E-cad-
GFPs (De Angelis et al., 1998). The expression of E-cad-
GFP was detected by Western blotting using anti-E-cad-
herin antibody (Fig. 3). Wild-type L cells do not express
detectable levels of endogenous E-cadherin, and do not
form well developed adhesion structures. LEG cells cloned

) - E-cad-GFP
, - E-cadherin

Blot: Anti-E-cadherin

FIGURE 3 Expression of E-cadherin and E-cad-GFP detected by West-
ern blotting using anti E-cadherin antibody (ECCD2). (Lanes [ and 2)
Wild-type L cells and wild-type MDCKII cells, respectively. (Lane 3) L
cells expressing low levels of E-cad-GFP (LEG cell). (Lane 4) MDCKII
cells transfected with E-cad-GFP, showing both endogenous E-cadherin
and transfected E-cad-GFP.
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as above were further selected using Western blotting, and
clones of a LEG cell expressing E-cad-GFP below 1% of
the average level of endogenous E-cadherin expressed in
MDCKII cells were used throughout the present research.
The result of Western blotting of such LEG cells is shown
in Fig. 3 (lane 3). However, even at such low levels of
E-cad-GFP expression, LEG cells exhibited calcium-depen-
dent cell-cell adhesion in a cell aggregation assay (Adams et
al., 1998; Koyama et al., 1999; data not shown), and cob-
blestone-like morphology characteristic with epithelial cells
and L cells expressing higher levels of E-cadherin (Sako et
al., 1998), as well as concentration of E-cad-GFP at the
cell-cell interfaces.

These cloned LEG cells were cultured on coverslips, and
their ventral membranes (cell surface membranes facing the
coverslip) were imaged using an objective-type total inter-
nal reflection fluorescence microscope (Fig. 4). This
method has been used for imaging single fluorescent mol-
ecules in vitro (Funatsu et al., 1995; Tokunaga et al., 1997;
Iwane et al., 1997; Pierce et al., 1997; Romberg et al., 1998;
Pierce and Vale, 1999). In the present experiments, to
enhance the fluorescence signal level, we employed a mi-
crochannel plate intensifier with a gallium-arsenide photo-

t=3s, Lcell

t=10s, L cell

Y Shutter open
t = 3 s (50% bleaching)
Vot= 1? s (80% bleaching)

Fluorescence

Intensity (%)
—

© 83

FIGURE 4 Single fluorescent-molecule imaging of E-cad-GFP on the
ventral membrane of live transfected L cells using total internal reflection
fluorescence microscopy. (4) Images of the ventral membrane of a LEG
cell (fop row) and a wild-type L cell (bottom row), acquired after 50% (left
column, t = 3 s in B) and 80% (right column, t = 10 s in B) photobleaching
of E-cad-GFP. Images were averaged over 8 video frames. Scale bar, 2
pm. (B) Typical decays of fluorescence intensity of 5.8 um X 5.8 um
(100 X 100 pixels) areas by photobleaching, measured on a LEG cell and
an L cell. Solid line, LEG cell; dashed line, wild-type L cell.
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cathode, and an SIT camera. It was necessary to use higher
intensifier gains to amplify the GFP signal than those used
for Cy3 (a synthesized dye), which, in turn, necessitated
keeping the sample environment (culture media and the
coverslips) clean and maintaining good proliferative condi-
tions for the cell (an increase in autofluorescence from the
cytoplasmic fluid and an increase in the number of vesicles
are typical with cells cultured under unfavorable condi-
tions).

Imaging of single E-cad-GFP molecules on the
cell membrane

Fig. 4 4 shows fluorescence images of the ventral surface of
the LEG and L cells. Individual fluorescent spots could not
be discerned in the images of LEG cells acquired immedi-
ately after initiation of illumination, due to the overly abun-
dant spots of E-cad-GFP present in the cell membrane
(despite the selection of low expressers). Therefore, we
observed the cells 3 and 10 s after the excitation light was
turned on, at which 50 and 80% of the E-cad-GFP, respec-
tively, were photobleached (Fig. 4 B, and it indicates GFP
does not follow single-exponential photobleaching kinet-
ics). The excitation power (~0.4 wW/um?) used here is
comparable to that for normal epi-fluorescence observation
of GFP, as judged by its photobleaching kinetics (1/e
~10 s).

Under these conditions, E-cad-GFP molecules were ob-
served as many spots with various fluorescence intensities.
This suggests that E-cad-GFP molecules form oligomers.
The expression levels of E-cad-GFP, as estimated from the
fluorescence intensity, varied among LEG cells by £~50%
of the mean level. In contrast, autofluorescence of L cells
(Fig. 4 A, bottom) was low compared with the fluorescence
intensity in LEG cells. These results are quantitatively
shown in Fig. 4 B, in which the average fluorescence
intensity in a 5.8 um X 5.8 wm image area (100 X 100
pixels) is shown as a function of time after the initiation of
illumination. The solid and dashed lines in Fig. 4 B show the
decay of fluorescence intensities by photobleaching for
LEG and L cells, respectively. Typical autofluorescence
intensity of L cells was <10% of the fluorescence intensity
of the LEG cells when compared immediately following the
initiation of the observation (see Fig. 4 B near time 0).

In order to study the variations in the fluorescence inten-
sity of each E-cad-GFP spot, we measured the fluorescence
intensity of the individual spots at the average photobleach-
ing levels of 50 and 80% (Fig. 5). First, we measured the
intensities of autofluorescence of L cells by randomly se-
lecting areas from their images. The measured intensity is
thought to be the sum of the stray excitation light, fluores-
cence from the optical system, the thermal noise of the
detector and the electronic system, and the real autofluores-
cence from the cell. Fig. 5 4 shows the distribution of the
autofluorescence intensity. Note that the mean value of the
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FIGURE 5 Distributions of fluorescence intensities of E-cad-GFP. Sig-
nal intensities of 408 nm X 408 nm areas (8-bit images in an area of 7 X
7 pixels) containing a single spot were measured. Note that the mean value
of the background intensity for the wild-type L cells (7.6 = 1.6 AU; N =
625) was always subtracted from the direct computer read-out values. (4)
Distribution of the background intensity of the wild type L cells. (B and C)
Distributions of fluorescence intensities of E-cad-GFP after 50% (B) and
80% (C) photobleaching. (D and E) Distributions of the fluorescence
intensity of GFP molecules non-specifically attached to the ventral mem-
brane of L cells (D) or coverslips (E£). The solid lines in B-E show the fits
by Gaussian functions. In D and E, the distribution was fitted with a single
Gaussian function with dispersions (o) of 13.8 and 14.3, respectively. In
B (between 0 and 70 AU of the fluorescence intensity) and C, the quadruple
and double Gaussian functions, respectively, were used for fitting by
assuming the width evaluated in D (for the peaks representing apparent
dimer and greater oligomers, the width was multiplied by the number of
monomers in an oligomer). The positions and the peakheights were ad-
justable fit parameters. Correlation coefficients of the fitting were 0.94 (B),
0.90 (C), 0.97 (D), and 0.99 (E). Filled arrowheads indicate the peak
positions (fluorescence intensities) of quantized peaks determined by the
Gaussian fitting.

autofluorescence intensity (a direct computer read-out value
of 7.6 = 1.6 arbitrary unit [AU], N = 625; the same unit
was used throughout this work) was set to zero in all the
histograms shown in Fig. 5 (7.6 was always subtracted from
the read-out values). The histograms for the fluorescence
intensity of E-cad-GFP spots show distributions of quan-
tized fluorescence intensities with a basic fluorescence in-
tensity of around 15 AU for both 50 and 80% photobleach-
ing (Figs. 5 B and C, respectively). At the level of 50%
photobleaching (Fig. 5 B), the histogram exhibits a broad
range of quantized intensities, including peaks which are 3-
and 4-fold the basic fluorescence intensities. At the level of
80% photobleaching (Fig. 5 C), only those peaks with basic
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and double intensities are apparent. These quantized distri-
butions were fitted well by multiple Gaussian functions
(solid lines in Figs. 5 B and C, see the legend for the method
of fitting), which support the quantized distributions of
fluorescence intensity of each fluorescent spot.

As a control for the imaging of individual GFP mole-
cules, we observed GFP obtained from FE. coli transfected
with a GFP expression vector. Fig. 5 D and E show the
histograms for the fluorescence intensities of GFP mole-
cules non-specifically attached to the surface of L cells
(from outside), and to the coverslips, respectively. The
mean fluorescence intensity of GFP on the ventral cell
surface was 15 AU (N = 110; Fig. 5 D). This value was
comparable to that observed for the basal peak of E-cad-
GFP molecules, indicating that the fluorescence intensity
for the basal peak of the quantized distribution corresponds
to the GFP monomer intensity. On the other hand, the mean
fluorescence intensity of single GFP molecules on the cov-
erslips (Fig. 5 E) was 19 (AU; N = 110), which is slightly
higher than that of GFP on the cell surface. Because the
intensity of the evanescent field decays exponentially as a
function of the distance from the coverslip-medium inter-
face (Axelrod et al., 1984), the higher intensity of GFP
fluorescence on the glass surface compared with that on the
cell surface is due to the distance between the GFP fluoro-
phore and the glass-buffer interface being closer.

Our evidence for imaging of individual E-cad-GFP mol-
ecules are summarized below as follows. (1) The histograms
for the fluorescence intensity of E-cad-GFP spots showed
quantized peaks (Figs. 5 B and C). (2) The fluorescence
intensity for the basal peak was comparable to that of single
GFP molecules (produced in E. coli) non-specifically at-
tached to the ventral membrane (Fig. 5 D). (3) Fluorescent
spots with intensities of the basal peak (indicated by the
single arrowhead in Fig. 6 4) showed single-step, quantized
photobleaching during observation (Fig. 6 B). (4) The flu-
orescent spots showed large intensity fluctuations, which
are consistent with the observations of single GFP mole-
cules in vitro (Fig. 6 B) (Pierce et al., 1997; Dickson et al.,
1997; Iwane et al., 1997; Pierce and Vale, 1999).

Taken together, it is concluded that GFP molecules were
individually imaged in live cells, extending single fluoro-
phore observations of GFP molecules from in vitro to in
vivo. This is important because the primary advantage of
GFP conjugates is that they can be genetically expressed in
living cells. Single GFP imaging in live cells will allow one
to study various molecules individually as they actually
function, and will open new possibilities in the study of
molecular mechanisms of cellular functions.

E-cad-GFP forms oligomers on the free cell
surface

After 50% photobleaching, many remaining spots still
showed a broad range of quantized fluorescence intensities,
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FIGURE 6 Single-step photobleaching of E-cad-GFP spots observed at
video rate. (4) An image of immobile E-cad-GFP spots with basic (single
arrowhead) and double quantized intensities (double arrowheads). Images
were averaged over 8 video frames. Dimmer spots indicated by arrows
represent diffusing spots blurred by frame averaging. Scale bar, 1 um. (B)
Typical examples of single-step photobleaching of the E-cad-GFP spots
with basic quantized intensities. Photobleaching occurred at the time indi-
cated by arrows. The average intensities of the spot and the background are
shown by dotted and dashed lines, respectively.

including that of the monomer (Fig. 5 B), indicating that
many E-cad-GFP molecules form oligomers/aggregates
greater than dimers, even when they are on the free surface,
before their assembly at the cell-cell adhesion sites. How-
ever, the sizes of most oligomers are expected to be smaller
than ~decamers, because the maximal intensity in the flu-
orescence intensity distribution at 50% bleaching (Fig. 5 B)
corresponds to heptamers (~110 AU), and because the
spots with intensities greater than that of dimers were rarely
observed after 80% photobleaching (Fig. 5 C).

The expression level of E-cad-GFP in LEG cells was
<1% of the average level of endogenous E-cadherin ex-
pressed in MDCKII cells (Fig. 3), suggesting that oligomer-
ization of E-cad-GFP was not induced by GFPs. In other
words, oligomerization of the wild-type E-cadherin is likely
to occur under physiological conditions. Given much higher
concentrations of E-cadherin in epithelial cells, there may
be only low concentrations of monomers. In fact, when
LEG cells that had higher expression levels of E-cad-GFP
were observed, the distribution of the fluorescence intensity
shifted toward higher values (data not shown). This result is
consistent with the equilibrium formation of oligomers,
which in turn suggests the presence of greater oligomers in
normal epithelial cells.
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One might think that the fluorescent spots with intensities
greater than that of monomers are simply a result of the
presence of two or more E-cad-GFP molecules that are
coincidentally near enough to each other to be within the
resolution of optical microscopy. However, we found that
many such fluorescent spots were diffusing, and that most
of those with intensities greater than that of dimers diffused
as a unit (Fig. 7), rarely breaking up into smaller spots.
These observations strongly support the assertion that the
fluorescent spots with higher intensities are due to the
presence of E-cad-GFP oligomers.

We do not think that these brighter spots represent E-cad-
GFP molecules located in the intracellular vesicles (Le et
al., 1999). These oligomers can be stained with Cy3-conju-
gated Fab fragments of an anti E-cadherin antibody added
from outside the living cells (data not shown), clearly indi-
cating that most of the E-cad-GFP is on the cell surface and
is exposed to the culture medium.

Effect of E-cad-GFP oligomerization on its
translational mobility

Fig. 7 shows an image of the E-cad-GFP fluorescence spots
with various intensities along with their trajectories for 3.3 s
(100 video frames), which were classified as exhibiting

B
Simple

Double
Simple

Double
Confined

Triple
Stationary

LS

FIGURE 7 Correlations of the fluorescence intensities of the individual
E-cad-GFP spots with their diffusion trajectories. (4) A fluorescence image
of E-cad-GFP spots, showing basic, double, or triple quantized intensities.
Scale bar, 1 um. (B) Trajectories of E-cad-GFP spots shown in 4, for 3.3 s
(100 video frames). On their right, the quantized intensity (basic, double,
triple) and the motional mode (simple, confined, stationary) of each spot
are indicated. The trajectories of (Double, Confined) and (Triple, Station-
ary) may, at a first glance, appear similar, but the diffusion rates differ by
a factor of 14 (7.2 X 1072 and 5.2 X 10~* um?/s, respectively). The
central part of the (Triple, Stationary) trajectory is dense, because of a large
decrease of the average diffusion rate, although the trajectory exhibits
occasional large movements. However, due to such apparent similarity, we
treat the trajectories classified into confined and stationary modes as a
single group in this paper. Scale bar, 250 nm.
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simple, confined, and stationary modes of diffusion. As the
fluorescence intensity increases, the trajectories tend to ex-
hibit less motion.

Fig. 8 shows the relationship between the diffusion co-
efficient and the fluorescence intensity of each spot. These
spots are classified into four distinct species having mono-
mer to tetramer fluorescence intensities as determined by
the quantized distribution of the fluorescence intensity
shown in Fig. 5 B. The boundaries between different quan-
tized intensities are indicated by dashed vertical lines in Fig.
8. Note that these quantized intensities do not directly
correlate with the oligomer size because images were taken
after 50% of E-cad-GFP had been photobleached. Never-
theless, the fluorescence intensity of each E-cad-GFP spot
tends to reflect the level of E-cad-GFP oligomerization, and
thus provides a convenient yardstick for the degree of
oligomerization. With an increase in the fluorescence inten-
sity of the E-cad-GFP spots, particularly for those with
trimer and tetramer intensities, the diffusion rates tend to
decrease.

We also examined the mode of motion for individual spots.
They were classified either into simple Brownian diffusion
(52%, filled circles in Fig. 8) or confined + stationary modes
of diffusion (48%, open circles in Fig. 8), based on the method
described previously (Kusumi et al., 1993). E-cad-GFP spots
defined to be in the stationary mode were those exhibiting
diffusion coefficients less than 1 X 102 um?/s, which is the
nominal diffusion coefficient (determined by the noise; the
median value for the stationary mode was 3.0 X 10~* um?/s)
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FIGURE 8 The diffusion coefficient plotted against the fluorescence
intensity of each spot. Each spot was classified into the simple diffusion
mode (filled circles) or the confined + stationary modes of diffusion (open
circles). The intensity of each spot was defined to be the average over the
first 8 video frames of each trajectory. Each spot was classified into four
apparent oligomerization levels (monomers to tetramers). The boundaries
between each level are shown by dashed vertical lines. Filled arrowheads
indicate the peak positions in the fluorescence intensity histogram shown in
Fig. 5 B. Open arrowheads indicate the median values of the diffusion
coefficients for each intensity (oligomerization) level.
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obtained for GFP molecules bound to the coverslip (for the
details of the definition of the stationary mode, see Materials
and Methods). None of the spots were classified into directed
diffusion mode. As can be seen in Fig. 8, the spots exhibiting
simple Brownian diffusion (closed circles) tend to have
smaller oligomeric levels and greater diffusion coefficients,
and those exhibiting confined + stationary modes (open cir-
cles) represent a greater fraction as the oligomerization level
increases and tend to have smaller diffusion coefficients. This
can be seen more clearly in Fig. 94, in which the fractions of
simple and confined + stationary modes are shown for each
oligomeric state.

The distributions of the diffusion coefficient for each
(apparent) oligomeric state are shown in Fig. 9 B, with a
classification into simple (filled bars) and confined + sta-
tionary modes (open bars). With an increase in the level of
oligomerization, the spots showing the confined + station-
ary modes increased, and at the same time those exhibiting
the simple diffusion mode decreased, consistent with the
result shown in Fig. 9 4. However, the median diffusion

A
Motional Mode
Apparent Confined Simple Number
Oligomer Size  + Stationary of Spots
Monomers [ B ] 39
Dimers [ | ] 27
Trimers [ [ | 15
Tetramers [ | ] 11
Total [ [ | 92
L | | 1 1 ]
0 20 40 60 80 100 (%)
vy Median Values Apparent
B x 10°3 um2/s Oligomer Size
40 Y 32
@ 20F va2.0 4 Monomers
2 wof il
5 27 -
N 20l yoetr Y27 7
‘g 6 ._._.—I_L__. ﬂl;ﬂ_l Dimers
40 F Y 28
0.55
B 20| é | | <4 Trimers
@ oL y
S 4ot v 0.64 R
i 23 - D:E Y 3.5 - Tetramers
* 40 0.71 v 28
20 |_|V 7 [, | Total
0

104 103 102 10

Diffusion Coefficient (umzr‘s)

FIGURE 9 (4) Fractions of E-cad-GFP classified into simple and con-
fined + stationary modes of diffusion for each (apparent) oligomer size
(monomers to tetramers). (B) Distribution of the translational diffusion
coefticient for E-cad-GFP as a function of apparent oligomerization levels
and motional modes (simple or confined + stationary). Filled bars and
open bars indicate simple diffusion and confined + stationary modes of
diffusion, respectively.
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coefficient for each diffusion mode remained similar even
when the apparent oligomerization level was different (in
extreme cases, such as the monomers exhibiting the con-
fined + stationary mode and the tetramers exhibiting the
simple mode, diffusion rates which were either a little
greater or somewhat smaller, respectively, were observed,
probably due to incomplete separation of different diffusion
modes). This result indicates that the decrease in the median
diffusion coefficient for each apparent oligomerization level
(without the distinction of motional modes, shown on the
right side in Fig. 8) with a corresponding increase in the
oligomer size reflects the shift of the populations between
the two motional modes rather than a gradual decrease of
the diffusion rate as the apparent oligomer size increases.
The median diffusion coefficient for the E-cadherin-GFP
molecules undergoing simple Brownian diffusion was 28 X
10~ um?/s, while that for those undergoing diffusion of the
confined + stationary mode was 0.71 X 107> um?/s (see
the value for Total at the bottom of Fig. 9 B), i.e., a
difference of a factor of 40.

Oligomerization-induced trapping of E-cadherin
due to the interaction with the membrane
skeleton

The above result is inconsistent with the general under-
standing of the translational diffusion rate of membrane-
constituent molecules in a pure lipid bilayer, in which
translational diffusion in two-dimensional space is rather
insensitive to the change in the size of the diffusing unit
(Saffmann and Delbriick, 1975). Formation of tetramers
from monomers (an increase in radius by a factor of 2)
would decrease the diffusion rate only by a factor of 1.1
(even for 100 mers, the diffusion rate would decrease only
by a factor of 1.4), assuming the monomer radius of the
membrane-spanning domain is 0.5 nm, a small decrease
compared with a factor of 40 decrease observed here.

The complex characteristics of E-cad-GFP diffusion can
be explained by assuming that there are interactions with the
membrane skeleton network, which has confinement
(fence) and binding (tether) effects on the movement of
E-cad-GFP (Fig. 1; Kusumi and Sako, 1996; Sako et al.,
1998; Kusumi et al., 1999). According to our previous
findings, half of the wild-type E-cadherin molecules ex-
pressed in L cells are tethered to the membrane skeleton (or
totally confined in the membrane skeleton meshes), and the
other half are, although not directly bound to, corralled by
the membrane skeleton fences (but undergoing inter-com-
partmental hop diffusion) (Sako et al., 1998). For the trans-
membrane proteins that are not directly bound to the mem-
brane skeleton, the cell membrane is compartmentalized
with regard to their lateral diffusion; they are temporarily
confined in a compartment formed by the membrane skel-
eton mesh and occasionally hop to an adjacent compart-
ment, and by repeating such confinement + hop movement,
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the transmembrane proteins undergo macroscopic diffusion
in the membrane (Sako and Kusumi, 1994, 1995; Kusumi
and Sako, 1996; Kusumi et al., 1998; Sako et al., 1998;
Tomishige et al., 1998; Tomishige and Kusumi, 1999).
When such movements were observed at a low time reso-
lution (33 ms, video rate) and a low spatial precision (19 nm
in horizontal and 21 nm in vertical directions) for short
durations (typically ~3.3 s) in single fluorophore observa-
tions, apparently simple and confined + stationary modes
of diffusion were observed, probably because monomers
and smaller oligomers were able to hop across the compart-
ment boundaries more readily than larger oligomers (al-
though individual compartments were hard to see due to the
limitations of the instrument and sample). E-cad-GFP mol-
ecules located in an area where the membrane skeleton
meshwork is less dense would collide with the membrane
skeleton less often. Therefore these proteins are likely to
exhibit a greater diffusion rate (~28 X 107> wm?/s) with
the simple diffusion mode.

Greater oligomers would have much less chance of hop-
ping to adjacent compartments, and as a result, they tend to
exhibit a confined mode (or a stationary mode when they
are trapped in a very small compartment). Furthermore,
greater oligomers are more likely to be tethered to the
membrane skeleton; their dissociation from the membrane
skeleton would be much less likely to occur as compared
with monomers because each cadherin monomer in the
oligomer must dissociate from the membrane skeleton be-
fore the oligomer itself can detach. Therefore, greater oli-
gomers are likely to show diffusion rates much lower than
those of monomers and smaller oligomers (0.71 X 1073
wm?/s, 1/40 of that for monomers and smaller oligomers).

As is seen in Fig. 8, quite a few E-cad-GFP spots with lower
fluorescence intensities exhibited smaller diffusion coefficients
than those expected for monomers and dimers. These spots
may represent greater oligomers in which all but one or two
E-cad-GFP molecules were photobleached, or E-cad-GFP
monomers or dimers that are either corralled by the dense parts
of the membrane skeleton meshwork or tethered to it.

Based on these observations and arguments, we propose
an oligomerization-induced trapping model (Fig. 1), in
which there is a strong coupling of oligomerization of
transmembrane proteins with the membrane skeleton’s cor-
ralling and tethering effects. In this model, as soon as
oligomers are formed, they would immediately be trapped
due to the greatly increased effects of the tethering and
corralling by the membrane skeleton on oligomers as com-
pared with monomers. Monomers would be relatively free
from tethering and would easily hop from one compartment
(of the membrane skeleton mesh) to an adjacent one. Teth-
ering would be greatly enhanced by the multivalency of
oligomers to the membrane skeleton (avidity effect), and
due to increased steric effect on oligomers, corralling would
also be enhanced (Sako et al., 1998; Tomishige et al., 1998;
Tomishige and Kusumi, 1999).
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Such oligomerization-induced trapping would be partic-
ularly important for signaling that involves polarized
changes of the cytoskeleton, such as cell-cell and cell-
substrate adhesion, chemotaxis, and protrusion of processes.
In these kinds of signaling, the receptor molecules memo-
rize where they received the extracellular signal. Receptor
oligomerization after signal reception is a common occur-
rence, and in the presence of the membrane skeletal fence,
these oligomers are then trapped in place. In the absence of
the membrane skeleton fence, such trapping would not
occur because translational diffusion is minimally affected
by oligomerization in the two-dimensional medium.

Such trapping may either stop or delay long-distance
diffusion, depending on the time scales of observation as
well as the level of energy barrier for inter-compartmental
hop movement. Adams et al. (1998), using fluorescence
recovery after photobleaching (FRAP) with a time scale of
minutes, found that about 90% of E-cadherin in MDCK
cells are mobile, whereas Sako et al. (1998), using single
particle tracking whose time scale was about 10 s, found
that about half of E-cadherin are mobile and the other half
are either totally trapped in or bound to a membrane skel-
eton mesh in transfected L cells. The time scale for obser-
vation here is seconds and about half of E-cad-GFP has
been classified into the stationary + confined diffusion
mode, which is consistent with the observation by Sako et
al. (1998). Taken together, these results indicate that the
molecules totally confined by the membrane skeleton cor-
rals during seconds to several tens of seconds may undergo
a micron-scale (but slow) diffusion in 5 to 10 min.

Kucik et al. (1999) reported that the mobility of con-
canavalin A receptors on the keratocyte cell surface only
weakly depends on the aggregate size (which was varied by
using particles of various sizes), which cannot apparently be
explained by the oligomerization-induced trapping model.
Because the keratocyts are very mobile cells, the interaction
between the membrane and the membrane skeleton may be
totally different from that in normal cell lines in culture. In
addition, because concanavalin A is tetravalent and binds to
glycolipids, their results cannot simply be compared to ours.

Because E-cadherin-based cell-cell adhesion requires in-
teractions with actin filaments, one of the most prominent
constituents of the membrane skeleton, the enhanced inter-
action of E-cadherin oligomers with the actin-rich mem-
brane skeleton must play an important role in the formation
of cell-cell adhesion structures.

GENERAL DISCUSSION AND CONCLUSIONS
Imaging of single GFP molecules in live cells

Single GFP molecules were imaged for the first time in
living cells. Because the main motivation for developing
and extending GFP technologies is to visualize localization
and movement of target proteins in living cells, extending
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single fluorophore imaging technologies to GFPs in live
cells is of particular importance.

Single GFP imaging in live cells has become possible by
employing an objective-type total internal reflection fluo-
rescence microscope equipped with a gallium-arsenide pho-
tocathode detector and a microchannel plate amplifier, fol-
lowed by video rate imaging with an SIT camera.
Cleanliness of the culture media and the coverslips, and
keeping the cultured cells in healthy conditions were para-
mount for this endeavor. This study has established a bench-
mark for future application of single GFP imaging in live cells.

Mechanism of cadherin assembly at the cell-cell
contact sites

Based on the single GFP imaging technique for live cells,
oligomerization levels and the movement of E-cad-GFP
were directly observed for the first time. More than 50% of
the GFP spots exhibited fluorescence intensities greater than
those for monomers, indicating that the majority of E-cad-
GFP molecules are in oligomeric complexes of sizes rang-
ing from dimers to decamers. No predominance of dimers
was detected. Strand dimers (Shapiro et al., 1995; Nagar et
al., 1996; Yap et al., 1997b; Tamura et al., 1998; Pertz et al.,
1999) may form larger oligomers on the cell surface before
forming the homophilic bond. Because the diffusion rate of
E-cad-GFP measured in the present study exhibited a sim-
ilar distribution to that found for the wild-type E-cadherin
expressed in L cells (Sako et al., 1998), we propose that the
wild-type E-cadherin molecules form oligomers on the free
surface of living cells. This is consistent with observations
that E-cadherin molecules associate with each other in the
extracellular (Shapiro et al., 1995; Overduin et al., 1995;
Nagar et al., 1996; Tamura et al., 1998; Pertz et al., 1999),
the transmembrane (Huber et al., 1999), and the cytoplasmic
(Ozawa and Kemler, 1998) domains. Due to the presence of
at least three interaction sites, E-cadherin could form greater
oligomers (trimers or greater) in the cell membrane by
multiple interactions in various domains. Therefore, it is
possible that the basic unit for the greater oligomers de-
tected here is the E-cadherin dimers (Yap et al., 1997b).
E-cadherin is found on the free cell surface and in the
cell-cell contact sites. The population of E-cadherin on the
free cell surface is likely to provide the ready pool for new
cell-cell adhesion, and to survey for new physical contacts
with other cells. The forming of oligomers on the free
surface before their assembly at the cell-cell contact sites
may be important for detection of new cellular contacts and
initiation of high affinity adhesion at new cellular contacts,
and also for the rapid formation of cell-cell adhesion struc-
tures. The findings made here necessitate the modification
of current working models for the assembly process of
E-cadherin at the cell-cell contact sites. Previously, it was
proposed that the basic unit size of E-cadherin on the cell
surface is a dimer, and that based on the frans-interactions
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of the dimers between two opposing cells, a large assembly
of E-cadherin connecting the two cells are formed. Our
findings clearly indicate that E-cadherin is in oligomeric
states which are often greater than dimers on the free cell
surface (outside the cell-cell adhesion sites). Coupled with
the intercellular cadherin-cadherin interactions, these greater
cadherin oligomers would allow formation of large two-
dimensional cadherin aggregates. The puncta observed by Ad-
ams et al. (1998) may represent such complexes formed from
cadherin oligomers. The formation of these complexes is con-
sistent with the cylinder/oligomer model for the organization
of cadherins at the initial stages of cell-cell junction formation
(Yap et al., 1997a), except that we could not detect a prefer-
ence for the formation of lateral dimers.

E-cadherin molecules undergoing (apparent) simple dif-
fusion may diffuse freely in the plasma membrane until they
hit the newly forming puncta or junctions and become
incorporated there. However, the diffusion rate of E-cad-
herin undergoing confined + stationary modes of diffusion
(mostly greater oligomers) is so low that the above model of
free diffusion and entrapment at the contact sites would not
work well for greater oligomers (Kusumi et al., 1999). How
cadherin oligomers are assembled in the cell-cell contact
sites to form cell-cell adhesion structures would be an
interesting subsequent research subject.
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