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Summary - 31 October 

• Adhesion captures the notion of selective/specific aggregation
• Cell sorting phenomena and tissue envelopment behaviours 

initially interpreted from the standpoint of selective migration 
(Holtfreter)

• The « differential adhesion hypothesis » (DAH) proposes a 
purely quantitative description and prediction of cell/tissue 
behaviours based on surface tension of tissues modelled as fluids 
approaching thermodynamic equilibrium.

• The discovery of cell adhesion molecules offers an apparent 
validation of the DAH.

• Discussion of DAH by A. Harris: link between cell surface 
property dependent on CAMs and reversible work of adhesion?
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ported separately). Moreover, these two cadherins must also
cross-adhere with an affinity similar to that with which each
self-adheres. If their “cross-affinity” was significantly
weaker than their “self-affinity,” cells expressing them in
equal numbers should segregate within a common aggregate
(Steinberg, 1962, 1963, 1964, 1978). The sorting-out of L
cell populations uniquely expressing these two cadherins is
therefore largely or entirely due to quantitative differences
in their expression and not to significant differences in
binding affinity between these two cadherin subtypes. These
results were reported earlier in abstract form (Duguay and
Steinberg, 1999).

Moderate differences in cadherin expression level suffice
to cause cell sorting

A major difference (about 20-fold) in P-cad expression
level between paired L-cell populations was earlier shown
to produce cell sorting, tissue spreading, and specific tissue
layering (Steinberg and Takeichi, 1994). Here, we have
asked how small a difference in cadherin levels is sufficient
to produce these morphogenetic consequences. We utilized
two L-cell lines expressing N-cad at moderately different
levels. Line N5A expresses about 50% more N-cad than
does line N2 (Table 1). Cells of these two lines were stained
to fluoresce red or green, mixed in equal numbers, and
pelleted. The thin pellets were cut into small fragments,
which were placed in gyrating culture. Fig. 7A is a confocal
section through the center of such an aggregate cultured for
a day, in which both the red- and the green-labeled cells are
from the N5A line and therefore express N-cad at the same
level. The initially flat and approximately square aggregates
had rounded up to become spheroids, indicating that the
cells were capable of rearranging, but the two cell popula-
tions did not segregate. (Coaggregated red-and green-
stained cells of the same kind remain intermixed in all cell
lines examined; our unpublished data.) Fig. 7B is a confocal
section through the center of a similarly prepared aggregate
containing a mixture of N5A and N2 cells. The 50% dif-
ference in mean N-cad expression level between these two
lines was sufficient to cause them to segregate from one
another during 1 day of culture, with the lower-expressing
N2 (green) cells completely enveloping the higher-express-
ing N5A (red) cells. As before, lower cohesion causes
external positioning. In preliminary experiments, even a
26% difference in mean E-cad expression level has been
sufficient to produce a degree of cell sorting in mixed

Fig. 5. Some cells expressing higher levels of a given cadherin form
separate aggregates under high-shear conditions. Low N-cad-expressing
N2 cells are labeled red, higher N-cad- expressing N5A cells are labeled
green. A mixed single-cell suspension of the two cell lines was allowed to
aggregate overnight at 120 gyres/min on a gyratory incubator-shaker. Some
of the higher-expression cells formed separate aggregates. Confocal image.
Scale bar represents 100 !m.

Fig. 6. L cells expressing E- vs P-cad sort out only when they differ in cadherin expression level. The E-cad expression level of dexamethasone-inducible
L cell line LE-Dex was controlled by adjusting the concentration of dexamethasone in the medium. Due to the leakiness of the promoter, in the absence of
dexamethasone, the mean expression level of this line (3.51 ! 104 cadherins per cell) was similar to that of P-cad-expressing line LP1 (3.55 ! 104 cadherins
per cell). When 1 !M dexamethasone was added to the culture medium overnight, the mean E-cad expression of LE-Dex cells was increased about 4.5-fold
to "15.8 ! 104 cadherins per cell. L cells expressing P-cad (red) or E-cad (green) were copelleted and formed a coherent aggregate. This was then cut into
small pieces that were cultured in suspension for 2 days. In (A), E-cad- expressing cell line E8a, paired with cell line LP1, expressing P-cad at a higher level
(Table 1), segregated externally. In (B) and (C), inducible E-cad-expressing cell line LE-Dex was used. In (B), E-cad expression was approximated to that
of the P-cad line and no sorting-out occurred. In (C), the E-cad-expressing line LE-Dex was induced to an expression level greater than that of the P-
cad-expressing line LP1 and segregated internally. Confocal images. Scale bar represents 100 !m.
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aggregates cultured for two days (A. Flagg, undergraduate
thesis).

Equilibrium configurations of paired cell populations
provide criteria of adhesive selectivity

The results presented above and discussed below dem-
onstrate that neither of the two criteria (separate aggregation
of two cell populations in a sheared suspension or cell
sorting within a common aggregate) used in the past as
evidence of type-specificity of cadherin-mediated cell–cell
adhesion is valid. A valid criterion does, however, exist.
Fig. 7B shows the final configuration arrived at by the
self-organization of paired cell populations expressing the
same cadherin in different amounts. This configuration is
one of complete envelopment of the higher-expression cell
population by its lower- expression partner and represents
the outcome mathematically predicted (Steinberg, 1962c,
1963, 1964) and empirically found (Steinberg and Takeichi,
1994) in the absence of affinity differences between the two
cell populations’ adhesion sites. Sorting-out of two cell
populations to produce this configuration of complete en-
velopment of one cell population by another therefore offers
no evidence of selective disaffinity between the differing
cells’ adhesive sites, e.g., E-cad and P-cad as seen in Fig. 6.
When coaggregates of B-cad- and R-cad-expressing L cells
were cultured for 2 days, however, they self-organized to
form a different configuration. These two cell populations
segregated within each aggregate to produce not a config-
uration of complete envelopment of one cell population by
the other, but rather one or more lumpy masses of red
fluorescent R-cad cells perched as caps partially enveloping
a mass of green fluorescent B-cad cells (Fig. 7C).

In cell populations that display liquid-like behavior (cell
sorting, rounding-up of suspended cell aggregates, the
spreading of one cell aggregate over the surface of another),

as in ordinary systems of immiscible liquids, incomplete
envelopment of one phase by the other at configurational
equilibrium theoretically signifies that the cross-adhesion
between the two phases is weaker than the self-adhesion of
either phase (Steinberg, 1962c, 1963, 1964, 1978). In cel-
lular systems, this circumstance would require a lesser af-
finity between the differing cell populations’ adhesive sites
(in this case, B-cad and R-cad) than can be accounted for by
quantitative differences in their expression levels alone.
B-cad and R-cad expressed on L cells can cross-adhere, but
the incomplete envelopment of B-cad-expressing by R-cad-
expressing L cells at configurational equilibrium implies
that mature adhesions between these two cadherins must be
weaker on a molar basis than those between paired cad-
herins of either kind.

Discussion

Cross-adhesion between different cadherins

Initial reports and many secondary accounts have repre-
sented cadherin-mediated cell–cell adhesion as being more
or less cadherin subtype-specific (Inuzuka et al., 1991;
Miyatani et al., 1989; Munchberg et al., 1997; Murphy-
Erdosh et al., 1995; Nose et al., 1988; Takeichi et al., 1985).
However, cells expressing different classical cadherins have
been shown to be capable of cadherin-mediated mutual
adhesion in a number of cases. Volk et al. (1987) reported
that cocultured chick lens cells, displaying N-cad, and chick
liver cells, displaying LCAM, form adherens-type junctions
displaying these two adhesion molecules in apposition. The
formation of these chimeric junctions could be inhibited by
antibodies directed against either molecule, leading the in-
vestigators to propose that the two cadherins interact di-
rectly, a conclusion that we here confirm. Cross-adhesion

Fig. 7. Equilibrium configurations of L cell mixtures as a function of the number and kind of cadherins expressed. Equal numbers of cells were stained,
intermixed, and pelleted by centrifugation, then cut into fragments and cultured in suspension for 1 (A, B) or 2 days (C) to allow the aggregates to reorganize.
(A) An aggregate containing a mixture of red- and green-labeled N5A cells rounded up, the identical cells remaining intermixed. (B) N5A cells (red),
expressing a 50% higher level of N-cad, segregated internally to N2 cells (green) expressing the same cadherin at a lower level. (C) Aggregates containing
equal numbers of L cells expressing B-cad (green) and R-cad (red) segregated to produce mounds of R-cad-expressing cells partially capping a B-cad-
expressing mass. Confocal images. Scale bar represents 100 !m.
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Abstract

It is widely held that segregation of tissues expressing different cadherins results from cadherin-subtype-specific binding specificities.
This belief is based largely upon assays in which cells expressing different cadherin subtypes aggregate separately when shaken in
suspension. In various combinations of L cells expressing NCAM, E-, P-, N-, R-, or B-cadherin, coaggregation occurred when shear forces
were low or absent but could be selectively inhibited by high shear forces. Cells expressing P- vs E-cadherin coaggregated and then demixed,
one population enveloping the other completely. To distinguish whether this demixing was due to differences in cadherin affinities or
expression levels, the latter were varied systematically. Cells expressing either cadherin at a lower level became the enveloping layer, as
predicted by the Differential Adhesion Hypothesis. However, when cadherin expression levels were equalized, cells expressing P- vs
E-cadherin remained intermixed. In this combination, “homocadherin” (E-E; P-P) and “heterocadherin” (E-P) adhesions must therefore be
of similar strength. Cells expressing R- vs B-cadherin coaggregated but demixed to produce configurations of incomplete envelopment. This
signifies that R- to B-cadherin adhesions must be weaker than either “homocadherin” adhesion. Together, cadherin quantity and affinity
control tissue segregation and assembly through specification of the relative intensities of mature cell–cell adhesions.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

Embryonic development is marked by the segregation of
embryonic germ layers and then of their incipient tissues,
which migrate over one another’s surfaces and the extracel-
lular matrix as they rearrange to take up their characteristic
positions in the body plan. Dramatic examples of these
rearrangements are seen during gastrulation, neurulation,
and organogenesis. In early studies of the causes of these
tissue rearrangements, it was found that normal tissue lay-
ering could be achieved in vitro (Holtfreter, 1939), not only
by the normal process of mutual tissue spreading but also by
the sorting-out of experimentally intermixed cells within
coherent multicellular aggregates (Holtfreter, 1944; Townes
and Holtfreter, 1955; reviewed in Armstrong, 1989). More-

over, organ-like structures with specific anatomical config-
urations could be formed in like manner by combinations of
cells or tissues that normally never encounter each other in
the embryo (Moscona, 1957; Trinkaus and Groves, 1955).
Analyses of the behavior of cells and tissues as they carried
out these in vitro rearrangements led to the Differential
Adhesion Hypothesis, which proposes that these rearrange-
ments result from the repeated exchange of weaker for
stronger adhesions by intrinsically motile cells. The final
configuration, approaching that of minimal interfacial free
energy, is achieved when total cell–cell binding strength is
maximized (Steinberg, 1962a–c, 1963, 1964, 1970). Impor-
tant elements of this explanation have been confirmed by
studies of the behavior of heterogeneous combinations of
cells and tissues, by computer-modeling (Glazier and
Graner, 1993; Goel and Leith, 1970; Goel et al., 1970;
Graner, 1993; Graner and Sawada, 1993; Mostow, 1975;
Palsson, 2001; Palsson and Othmer, 2000) and by direct
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physical measurements (Davis et al., 1997; Foty et al., 1994,
1996). To assess the roles of particular cell adhesion mol-
ecules in tissue segregation, in vitro studies of the behavior
of cell populations selected or engineered to express iden-
tified adhesion molecules in measured amounts offer pow-
erful tools.

The cadherins are a superfamily of transmembrane
Ca2!-dependent cell–cell adhesion molecules (Kemler,
1992), within which the “classical” cadherins constitute a
highly homologous subgroup. The “type I” classical cad-
herins (Suzuki et al., 1991) are comprised of a series of
molecular subtypes, e.g., E-cadherin (-cad), P-cad, etc. Cad-
herin-mediated cell–cell adhesions are “homophilic” in the
sense that cadherins represent both the “locks” and the
“keys” on apposed cell surfaces. The importance of cad-
herins in morphogenetic processes was first suggested by
the observation that cell rearrangements during develop-
ment are often associated with changes in cadherin subtype
(reviewed in Takeichi, 1988). Major morphological defects
occurred when cadherin function was blocked with antibod-
ies (Bronner-Fraser et al., 1992; Matsunaga et al., 1988) and
when cadherins were ectopically expressed (Detrick et al.,
1990; Fujimori et al., 1990), in a series of in vivo experi-
ments. Those findings demonstrate that proper cadherin
expression and function are required for normal tissue seg-
regation. In light of the importance of the cadherins in
cell–cell adhesion, a question central to understanding their
dynamic role in embryogenesis concerns cadherin selectiv-
ity. To what extent can the different members of the type I
classical cadherin subfamily engage in heterocadherin
bonding?

A much-cited conviction has held that cadherin-mediated
cell–cell bonding is cadherin-type-selective, reflecting a
fundamental disaffinity between different cadherin sub-
types. This opinion has arisen largely from reports that
mixed suspensions of dispersed cells transfected to express
different members or subtypes of the “classical” cadherin
family (Kemler, 1992), when stirred together, in some in-
stances reaggregate separately in a largely cadherin sub-
type-specific manner. Cadherin subtype adhesive specificity
is also widely invoked to explain the segregation, within a
contiguous tissue mass, of embryonic tissues and the de-
mixing (“sorting-out”) of intermixed populations of cohering
cells expressing different cadherins (e.g., Takeichi, 1988,
1990). However, in the case of cell and tissue segregation
mediated entirely by cadherins, it has been shown that
purely quantitative differences in expression levels of a
single cadherin suffice to produce these rearrangements in
the absence of any difference in cadherin subtypes. Such
quantitative differences are sufficient to automatically spec-
ify both the sorting-out of intermixed cells (Friedlander et
al., 1989; Steinberg and Takeichi, 1994) and which cell
population, of an apposed pair, will envelop the other
(Steinberg and Takeichi, 1994). However, there has been no
equivalent converse demonstration of the ability of differ-
ences in cadherin subtype to produce these behaviors in the

absence of differences in cadherin expression levels. The
present experiments were undertaken to reexamine the abil-
ity of cells uniquely expressing different cadherin subtypes
to cross-adhere and to evaluate the relative contributions
made to tissue segregation behavior by differences in cad-
herin subtype binding specificities vs differences in cad-
herin expression levels.

Materials and methods

Antibodies

PCD-1 and NCD-2 (Zymed Laboratories, South San
Francisco, CA) were used for P-cad- and N-cad-expressing
cells, respectively. ECCD-1 and ECCD-2 (Zymed) were
used for E-cad-expressing cells. Hybridoma lines express-
ing mouse antibodies specific for N-cad (6B3; George-
Weinstein et al., 1997), B-cad (5A6; Murphy-Erdosh et al.,
1994), and R-cad (MRCD-2; Redies et al., 1992) were gifts
from K. Knudsen, L. Reichardt, and M. Takeichi, respec-
tively. W. Gallin supplied us with a rabbit polyclonal anti-
body against LCAM.

Cell lines

All cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum
(fcs), 50 units/ml penicillin, 50 !g/ml streptomycin, 100
!g/ml neomycin, and 10 !g/ml gentamicin in a humidified
5% CO2 atmosphere. By calcium phosphate coprecipitation
(Chen and Okayama, 1987), L929 cells (American Type
Culture Collection, Rockville, MD) were transfected with
pBATEM2, p"act-Pcad (Nose et al., 1988), and pMiwcN
(Fujimori et al., 1990), expression vectors for murine E-,
murine P-, and chicken N-cad, respectively. The cells were
then selected in complete medium containing G418 at 400
!g/ml active geneticin. The selection medium was changed
every 3 days to remove cell debris and supply fresh G418.
After about 2 weeks of selection, single colonies were
isolated by using cloning rings (Freshney, 1983) and ex-
panded. Clones were screened by flow cytometry for reac-
tivity to antibodies specific for E-cad (ECCD-2; Shirayoshi
et al., 1986), P-cad (PCD-1; Nose and Takeichi, 1986), or
N-cad (NCD-2; Hatta and Takeichi, 1986). Positive cells
were then subcloned. The N-cad-expressing lines were au-
tocloned into 96-well plates by using the CloneCyt Inte-
grated Deposition System (Becton-Dickinson Immunocy-
tometry Systems, San Jose, CA). Positive clones were
reanalyzed by flow cytometry. The N-cad lines designated
N2 and N5A, expressing different measured levels of N-
cad, the E-cad line designated E8a, and the P-cad line
designated LP1 were used here. An L cell line (LE-Dex)
expressing E-cad under the control of a glucocorticoid-
inducible promoter (pLK-neo; Nose and Takeichi, 1986)
was obtained from W. James Nelson (Angres et al., 1996).
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1. Little selective adhesion
2. Quantitative differences seem
    sufficient for sorting

3. BUT: 
    No direct measurement of    
    bond strength and  
    adhesion strength 

 Assumes that [CAM] 
correlates with adhesion strength  
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Is cell sorting caused by differences in the work of adhesion? 

• Differences between cell aggregates and liquids:

1. Cells are « active particles ».  Aggregates are thermodynamically open systems,
The final configuration need not reflect minimisation of adhesive free energy. 

2.  Adhesion is much more than « close range attraction ». The forces that attract cells
   are not necessarily the same as those that hold cells together. 

Adhesion does not simply arise from H-bonds, van der Waals forces, electrostatic
interactions etc.

3. The work of adhesion need not be the same as the work of de-adhesion.

If there is a maturation of adhesion after cells are brought into contact (i.e. due to cells being active systems) 
the breakage of adhesive bonds is not the simple reverse of their formation.
(see Townes and Holtfreter 1955)

4. Adhesion molecules are not distributed uniformly and are mobile units.

Surface and adhesion are not linearly scaling with one another. 

A.K. Harris, J. Theor. Biol. (1976) 61:267
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1. Affinity and Adhesion: a specificity problem

2. Adhesion: a thermodynamic model

3. The molecular framework of adhesion (continued) 

6. Adhesion and dissipation 

Adhesion in multicellular organisms

4. Evolutionary origin of adhesion mechanisms

5. Adhesion as an active mechanism
4.1. Clustering
4.2. Mechanosensation - Mechano-transduction
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What are the determinants of adhesion strength?

1. The outside view: ectodomain ligation

2. The inside view: coupling to actin

The molecular nature and strength of chemical bonds
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The large family of Cadherins

Cadherins are divided into distinct subgroups. Hulpiau and
van Roy (2009) classified cadherins into 6 families and 19
subfamilies based on numerous sequence data from various
species (138). The classification of cadherins, however, has
not yet been completed, and the current classification will
require further revisions using different criteria. For sim-
plicity, in this article, we tentatively divide the cadherin
superfamily into 12 families, based on their structure and
function (TABLE 1), and show in FIGURE 1 a schematic dia-
gram of the representative molecules including classical
cadherins, desmosomal cadherins, T-cadherin, 7D-cad-
herins, protocadherins, CDH15 & 23, Fat & Dachsous,
Flamingo/Celsr, calsyntenins, and Ret. Among these mole-
cules, at least the classical cadherins and desmosomal cad-
herins function as cell-cell adhesion molecules, whereas
many others have more diverse functions, such as signaling
functions. It is assumed that even these functions are elicited

via their homophilic or heterophilic interactions occurring
at cell-cell interfaces. Many of these molecules are ex-
pressed in the nervous system, where they contribute to
neural development and function.

III. CLASSICAL CADHERINS

A. Molecular Properties and Function of
Classical Cadherins

Here, we summarize the basic properties of the classical
cadherins. It should be noted that many studies on classical
cadherins have been conducted for limited subtypes of cad-
herin such as E-cadherin, and there may be some variations
in their properties among the different subtypes.

FIGURE 1. Cadherin superfamily. Schematic drawings of various cadherins. The overall structures of cad-
herin molecules are diverse among the members, except that all of them share “cadherin motifs” or “EC
domains” at their extracellular domain. Representative members are shown for each family or subfamily, which
is defined on the basis of the cytoplasmic sequences conserved among its members.

CADHERINS IN BRAIN
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CADHERINS IN BRAIN MORPHOGENESIS
AND WIRING
Shinji Hirano and Masatoshi Takeichi

Department of Neurobiology and Anatomy, Kochi Medical School, Okoh, Nankoku-City; and RIKEN Center for
Developmental Biology, Minatojima-Minamimachi, Chuo-ku, Kobe, Japan
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Hirano S, Takeichi M. Cadherins in Brain Morphogenesis and Wiring. Physiol Rev 92:
597–634, 2012; doi:10.1152/physrev.00014.2011.—Cadherins are Ca2!-depen-
dent cell-cell adhesion molecules that play critical roles in animal morphogenesis.
Various cadherin-related molecules have also been identified, which show diverse
functions, not only for the regulation of cell adhesion but also for that of cell proliferation

and planar cell polarity. During the past decade, understanding of the roles of these molecules in
the nervous system has significantly progressed. They are important not only for the development
of the nervous system but also for its functions and, in turn, for neural disorders. In this review, we
discuss the roles of cadherins and related molecules in neural development and function in the
vertebrate brain.
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I. INTRODUCTION

Cell-cell contact and adhesion are a crucial process in the
development of multicellular organisms. Fertilized eggs give
rise to numerous cells that form tissues and organs, and
these cells must keep in physical contact with others for
their structural and functional communications. The ner-
vous system is one of the most complex and sophisticated
parts of the animal body, requiring various forms of cell-cell
contacts for its development and functions.

Complex neural networks in the nervous system were first
described in the late 19th century. Santiago Ramon y Cajal
described precise structures and organization of the nervous
system by using Golgi staining (254). Cajal and others claimed
the “neuron theory,” in which nerve cells are connected not by
protoplasmic bridges but by close contacts (150). Harrison
speculated that cell surface events might be involved in neural
connections (116). To explain the mechanisms of how such
complex neural wiring develops has been one of the major
issues in neuroscience for over a century.

The formation of neural networks is achieved by a series of
developmental processes, including cell fate determination,
proliferation, migration, differentiation, axon elongation,
pathfinding, target recognition, synaptogenesis, synapse elim-
ination, synaptic plasticity, and so on. Many of these steps
require cell-cell interactions, and cell-cell contacts provide a
platform for these cell-cell interacting processes. The cell-
adhesion molecules themselves often play active roles in cell-

cell interactions, such as in cell recognition and signal trans-
duction via their cytoplasmic domains. There are several ma-
jor families of cell-adhesion molecules, including the
immunoglobulin superfamily and cadherin superfamily.

Cadherins are a group of transmembrane proteins that were
originally identified as the cell-surface molecules responsi-
ble for Ca2!-dependent cell-cell adhesion (338, 339, 397).
Subsequently, various molecules sharing amino acid se-
quences with the cadherins were identified, and this group
of proteins is defined as the cadherin superfamily. The roles
of these molecules in the development of the nervous system
as well as in mature neurons have extensively been studied.
In this review article we overview the progress of these
studies, focusing on the vertebrate nervous system.

II. DEFINITION AND CLASSIFICATION OF
THE CADHERIN SUPERFAMILY

Cadherins are defined as transmembrane proteins whose ex-
tracellular domain has a repeated primary sequence termed
the “cadherin motif” or “cadherin repeat” (338), which has
more recently been referred to as the “cadherin EC domain.”
These molecules, which were initially identified as cadherins,
have five cadherin motifs/EC domains, and these cadherins are
now called the “classical cadherins.” The majority of the other
members of the cadherin superfamily have even more EC do-
mains (FIGURE 1). Cadherins require Ca2! for their functions,
and the cadherin motif contains conserved Ca2!-binding se-
quences such as AXDXD, LDRE, and DXNDN. Cadherin
molecules thus defined are detected throughout multicellular
animal species and even in unicellular choanoflagellates (243).
Whatever the origin of the cadherin superfamily is, cadherin
molecules have successfully evolved in the animal kingdom. In
humans, there are more than 110 cadherin superfamily mem-
bers.

Physiol Rev 92: 597–634, 2012
doi:10.1152/physrev.00014.2011
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Molecular Model of Cadherin-based Adhesion 
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Subsequently, various molecules sharing amino acid se-
quences with the cadherins were identified, and this group
of proteins is defined as the cadherin superfamily. The roles
of these molecules in the development of the nervous system
as well as in mature neurons have extensively been studied.
In this review article we overview the progress of these
studies, focusing on the vertebrate nervous system.

II. DEFINITION AND CLASSIFICATION OF
THE CADHERIN SUPERFAMILY

Cadherins are defined as transmembrane proteins whose ex-
tracellular domain has a repeated primary sequence termed
the “cadherin motif” or “cadherin repeat” (338), which has
more recently been referred to as the “cadherin EC domain.”
These molecules, which were initially identified as cadherins,
have five cadherin motifs/EC domains, and these cadherins are
now called the “classical cadherins.” The majority of the other
members of the cadherin superfamily have even more EC do-
mains (FIGURE 1). Cadherins require Ca2! for their functions,
and the cadherin motif contains conserved Ca2!-binding se-
quences such as AXDXD, LDRE, and DXNDN. Cadherin
molecules thus defined are detected throughout multicellular
animal species and even in unicellular choanoflagellates (243).
Whatever the origin of the cadherin superfamily is, cadherin
molecules have successfully evolved in the animal kingdom. In
humans, there are more than 110 cadherin superfamily mem-
bers.
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Hirano S, Takeichi M. Cadherins in Brain Morphogenesis and Wiring. Physiol Rev 92:
597–634, 2012; doi:10.1152/physrev.00014.2011.—Cadherins are Ca2!-depen-
dent cell-cell adhesion molecules that play critical roles in animal morphogenesis.
Various cadherin-related molecules have also been identified, which show diverse
functions, not only for the regulation of cell adhesion but also for that of cell proliferation

and planar cell polarity. During the past decade, understanding of the roles of these molecules in
the nervous system has significantly progressed. They are important not only for the development
of the nervous system but also for its functions and, in turn, for neural disorders. In this review, we
discuss the roles of cadherins and related molecules in neural development and function in the
vertebrate brain.
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I. INTRODUCTION

Cell-cell contact and adhesion are a crucial process in the
development of multicellular organisms. Fertilized eggs give
rise to numerous cells that form tissues and organs, and
these cells must keep in physical contact with others for
their structural and functional communications. The ner-
vous system is one of the most complex and sophisticated
parts of the animal body, requiring various forms of cell-cell
contacts for its development and functions.

Complex neural networks in the nervous system were first
described in the late 19th century. Santiago Ramon y Cajal
described precise structures and organization of the nervous
system by using Golgi staining (254). Cajal and others claimed
the “neuron theory,” in which nerve cells are connected not by
protoplasmic bridges but by close contacts (150). Harrison
speculated that cell surface events might be involved in neural
connections (116). To explain the mechanisms of how such
complex neural wiring develops has been one of the major
issues in neuroscience for over a century.

The formation of neural networks is achieved by a series of
developmental processes, including cell fate determination,
proliferation, migration, differentiation, axon elongation,
pathfinding, target recognition, synaptogenesis, synapse elim-
ination, synaptic plasticity, and so on. Many of these steps
require cell-cell interactions, and cell-cell contacts provide a
platform for these cell-cell interacting processes. The cell-
adhesion molecules themselves often play active roles in cell-

cell interactions, such as in cell recognition and signal trans-
duction via their cytoplasmic domains. There are several ma-
jor families of cell-adhesion molecules, including the
immunoglobulin superfamily and cadherin superfamily.

Cadherins are a group of transmembrane proteins that were
originally identified as the cell-surface molecules responsi-
ble for Ca2!-dependent cell-cell adhesion (338, 339, 397).
Subsequently, various molecules sharing amino acid se-
quences with the cadherins were identified, and this group
of proteins is defined as the cadherin superfamily. The roles
of these molecules in the development of the nervous system
as well as in mature neurons have extensively been studied.
In this review article we overview the progress of these
studies, focusing on the vertebrate nervous system.

II. DEFINITION AND CLASSIFICATION OF
THE CADHERIN SUPERFAMILY

Cadherins are defined as transmembrane proteins whose ex-
tracellular domain has a repeated primary sequence termed
the “cadherin motif” or “cadherin repeat” (338), which has
more recently been referred to as the “cadherin EC domain.”
These molecules, which were initially identified as cadherins,
have five cadherin motifs/EC domains, and these cadherins are
now called the “classical cadherins.” The majority of the other
members of the cadherin superfamily have even more EC do-
mains (FIGURE 1). Cadherins require Ca2! for their functions,
and the cadherin motif contains conserved Ca2!-binding se-
quences such as AXDXD, LDRE, and DXNDN. Cadherin
molecules thus defined are detected throughout multicellular
animal species and even in unicellular choanoflagellates (243).
Whatever the origin of the cadherin superfamily is, cadherin
molecules have successfully evolved in the animal kingdom. In
humans, there are more than 110 cadherin superfamily mem-
bers.
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Ca2!(257), and the formation of such cis-dimers can actu-
ally be observed when cadherin-mediated adhesion takes
place (42, 343). Even a chimeric cis-heterodimer of N-cad-
herin and R-cadherin can be formed in L cells, and possibly
also in synapses overexpressing these molecules (304), al-
though its presence in native synapses remains unknown.
On the other hand, a recent study showed that cis-dimeriza-
tion is not mandatory for the trans-interactions between
classical cadherins (400). Whatever the case is, a pair of
monomers or cis-dimers derived from the apposed cells
should interact in trans configuration for adhesion.

For the trans-interaction, it is proposed that the extracellu-
lar domains first form a X-shaped trans-dimer near EC1-
EC2 (115) and then the tryptophan 2 (Trp2) residue in the
EC1 of one molecule adapts to the hydrophobic pocket of
the other molecule (115, 247, 251, 257, 305). This interac-
tion occurs reciprocally between the two interacting mole-
cules, and therefore is called “strand swap” or “strand ex-
change.” Although the trans-interaction at EC1s seems to
be a major occurrence (400), other EC domains may also
contribute to the trans-interactions between the cadherins
(52, 317, 360). The binding mechanisms between type II
cadherins are similar to those of type I cadherins, but two
tryptophan residues (Trp2 and Trp4) are inserted into the
hydrophobic pocket at the trans-interactions of type II cad-
herin EC1 domains (255).

Lateral clustering of cadherin molecules on the plasma mem-
brane is expected to strengthen cell adhesion and leads to the
development of junctional complexes (38, 137, 142, 392,
393). A study on desmosomal cadherins by electron tomogra-
phy suggested alternate cis- and trans-configurations, which
could make these molecules form clusters in a quasi-periodical
arrangement (10). However, this desmosomal model appears
not to be identical to the early observations on classical cad-
herins by electron microscopy, in which only sparsely posi-
tioned rodlike bridges rather than densely packed molecules
are seen in the extracellular space at the adherens junction
(FIGURE 2C) (131). Apparent differences in the images of ad-
herens junctions and desmosomes suggest that the model
based on the desmosome needs to be modified to explain the
structure of the adherens junction.

3. Cytoplasmic domain and cadherin-associated
molecules

The cytoplasmic domain of classical cadherins is important
for them to produce strong cell-cell adhesion (FIGURE 3).
Various molecules interacting with the cytoplasmic domain
have been identified, which include “catenins” as major
ones (see reviews in Refs. 176, 209, 233, 263) (TABLE 2).
There are three groups of catenins: !, ", and p120. The
"-catenin and p120-catenin groups directly bind the cad-

FIGURE 2. Cell-cell adhesion by classical cadherins. A: a simplified model of the cadherin-catenin complex. In
the cytoplasmic region, a cadherin binds p120-catenin and "-catenin. "-Catenin, in turn, binds !-catenin. This
cadherin-catenin complex interacts with the actin cytoskeleton via various mechanisms, and it also interacts
with many other molecules for regulating itself or for functioning as a signaling center for cell-cell communi-
cation. B: crystal structure of the ectodomain of C-cadherin. First, EC1s form an adhesion interface where
tryptophan residues are swapped with one another. [From Shapiro et al. (306), with permission from Annual
Review of Neuroscience.] C: deep-etch electron microscopic image of an intestinal adherens junction. Note
that rodlike bridges can be seen in the intercellular space (arrowheads). [Modified from Hirokawa and Heuser
(131).]
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FI GURES 14 and 15 Deep- et ch i mages of t he br i dgi ng st r uct ur es t hat can be seen t o ext end bet ween adj acent cel l s at t he
at t achment zone ( Fi g . 14) and t he at t achment pl aque ( Fi g . 15) . The cel l s i n Fi g. 14 wer e f r ozen whi l e whol e, so t hei r cyt opl asm
appear s gr anul ar , wher eas t he cel l s i n Fi g . 15 wer e ext r act ed wi t h Saponi n bef or e f r eezi ng, so cyt opl asmi c f i l ament s can be seen
r unni ng up t o t he i nner sur f aces of t he i nt er l i nked membr anes . Bar , 0. 1 Am.

I nst ead, t he onl y pl ace wher e a si gni f i cant number of act i n
f i l ament s ar e seen t o cour se hor i zont al t o t he cel l apex i s i n t he
gi r dl e t hat ci r cl es t he cel l j ust i nsi de t he zonul a adher ens.

The chemi cal composi t i on of t he cr oss- l i nki ng wi sps i n t he
t er mi nal web i s not known. Ef f or t s ar e under way t o det er mi ne
t hi s, by usi ng t he vi ewi ng t echni que descr i bed her e t o anal yze
t he r esul t s of exper i ment s t hat ar e desi gned t o pr oduce sel ect i ve
ext r act i on and sel ect i ve decor at i on of di f f er ent pr ot ei n speci es .
Thi s vi ewi ng t echni que has al r eady al l owed us t o r esol ve
anal ogous cr oss- l i nker s, such as spect r i n mol ecul es i nt er con-
nect i ng membr ane pr ot ei ns i n er yt hr ocyt es ( 26) , and HMM
( heavy mer omyosi n) mol ecul es i nt er connect i ng act i n f i l ament s
i n sol ut i on ( Heuser and Cooke, manuscr i pt submi t t ed f or
publ i cat i on. ) . I t has al so pr oven t o have hi gh enough r esol ut i on
t o di scer n ant i body l abel i ng di r ect l y ( 10) , so i t can be used t o
eval uat e at t empt s t o decor at e such wi sps wi t h l i kel y ant i bodi es .
Fi nal l y, t hi s newt echni que al so per mi t s di r ect vi sual i zat i on of
t he ef f ect s of t r eat ment s t hat coul d ext r act such cr oss- l i nker s,
t r eat ment s such as l ow i oni c st r engt h t hat r emoves a- act i ni n,
det er gent s t hat r emove t he 95, 000 and 68, 000 mol wt act i n

408
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bundl i ng pr ot ei ns f r ommi cr ovi l l ar cor es ( 15) , or magnesi um
ATP whi ch r emoves t he 110 K " l at er al ar m" pr ot ei n f r om
mi cr ovi l l i ( 15) , and r emoves myosi n f r omcer t ai n ot her cyt o-
skel et al pr epar at i ons ( 29) . By anal ogy wi t h what we have seen
when HMMcr oss- l i nks pur i f i ed act i n f i l ament s ( Heuser and
Cooke, op ci t ) , our wor ki ng hypot hesi s i s t hat many of t he
cr oss- l i nker s wi l l t ur n out t o be monomer s or smal l ol i gomer s
of myosi n.
We wi sh t o t hank Roger Cooke, Uni ver si t y of Cal i f or ni a, San Fr an-
ci sco, f or hi s ki nd gi f t of pur i f i ed S, .

Thi s i nvest i gat i on was suppor t ed i n par t by a U. S. Publ i c Heal t h
Ser vi ce I nt er nat i onal Resear ch Fel l owshi p and t he Geor ge Meany
M. D. A. Post doct or al Fel l owshi p t o N. Hi r okawa, and by gr ant s t o J .
E. Heuser f r om t he U. S. Publ i c Heal t h Ser vi ce and t he Muscul ar
Dyst r ophy Associ at i on of Amer i ca.
Recei vedf or publ i cat i on 10 December 1980, and i n r evi sedf or m9 Jul y
1981.
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Adding to these disparities, surface force
measurements (27 ) and bead aggregation
assays (28) have suggested that extensive
interdigitation of cadherin molecules, rath-
er than interactions at their tips, may be
required for strong adhesion. To determine
which of these many models is most phys-
iologically relevant, we sought to visualize
the molecular interactions directly within
an intact junction.

We used electron tomography (29, 30)
to produce three-dimensional (3D) recon-
structions of desmosomes in newborn
mouse epidermis. Because samples of skin
are relatively thick, we prepared conven-
tional plastic sections (13) rather than using
emerging methods for imaging isolated or-
ganelles and thin cultured cells in the un-
stained, frozen-hydrated state (31). We
found that freeze-substitution preserved the
smooth and regular appearance of delicate
structures, such as cellular membranes and
cytoskeletal filaments, and did not produce
extraction and aggregation of soluble cyto-
plasmic components (Fig. 1). The mem-
brane appears as two smooth, parallel black
lines that are clearly separated by 3.5 nm of
white space; the frequent desmosomes dis-
play distinct cross-bridges traversing a reg-
ular 28-nm intercellular space, which is
interrupted by the electron-dense midline.
The intracellular side of the junction com-
prises a very electron-dense plaque lami-
nating the membrane, which has wispy con-

nections to loose bundles of intermediate
filaments. Although the general advantages
of freeze-substitution have been described
(32), we speculate that the dense molecular
scaffold characterizing desmosomal archi-
tecture aided preservation by physically re-
sisting molecular collapse and shrinkage
(29). Similar resilience may explain the
2.5-nm resolution and minimal shrinkage
obtained in plastic sections of myosin S1
crystals (33) and the ability to distinguish
myosin conformations in tomographic re-
constructions of insect flight muscle (34 ).
We found that the best resolution came
from the thinnest sections (e.g., “R” in Fig.
1, E and F, and Table 1), although the
organization of cadherins was easier to
evaluate in slightly thicker sections (e.g.,
“P” used for Fig. 2). Perhaps more impor-
tant was the use of dual-axis tilt series,
which produced more isotropic resolution
and lower background noise than single-
axis tilt series, making molecular tracking
more reliable (13).

To evaluate the 3D organization of cad-
herins, we examined individual sections
from the maps and manually assigned den-
sities to particular protein components (Fig.
1, E and F). On the basis of this segmen-
tation, finger-like densities are revealed
within the intercellular space (Fig. 2A),
which are !3 nm in diameter and have
gently curved shapes that closely resemble
the x-ray structure of the EC1-EC5 con-

struct from C-cadherin (26). This consis-
tency supports the hypothesis that the struc-
ture of extracellular domains of desmo-
somal cadherins is comparable to that of
classical cadherins (14 ). These molecules,
which are present at a density of !17,000/
"m2, assemble into groups of 10 to 20 with
their N-terminal domains forming a series
of knots (Fig. 2B) at 20- to 25-nm intervals
along the midline. Such grouping contrasts
with the molecular packing in x-ray crystals,
because interactions at the midline do not
form a regular lattice and do not propagate
along the length of the junction. Nonetheless,
grouping facilitates extensive interactions be-
tween EC domains and is consistent with
early freeze-fracture images showing clusters
of 3-nm “filaments” connecting at the mid-
line to form 5-nm particles (35).

To characterize interactions between EC do-
mains, we chose to focus on one particular
desmosome, fitting the x-ray structure to 136
densities representing the majority of molecules
present in this junction (Fig. 2A). We identified
three distinct geometries for interacting mole-
cules within the midline knots that resemble the
shapes of the letters S, W, and # (Fig. 2, C to E).
The S- and W-shapes result from cadherin pairs
interacting in trans across the intercellular
space, whereas the #-shape adds a third mole-
cule and a cis interaction to the S-shape. After
excluding molecules at the edge of the section
that are likely to be missing their binding part-
ners, we find that 43% engage in S-shapes, 23%

Fig. 1. Images of desmosomes from neonatal mouse epidermis. (A)
Low-magnification image showing an irregular border between keratin-
ocytes coupled by frequent desmosomes. This region of the cell contains
many ribosomes but, if the opaque discs are construed as en face views
of desmosomes, lacks organelles. (B to D) Higher magnification images
reveal the typical lamellar structure of desmosomes. The membrane
appears as a narrow white zone; cadherin molecules appear as strands
crossing the extracellular space, which is bisected by an electron-dense
midline. Individual cadherins are difficult to identify because of extensive
superposition of these densely packed molecules within the section;
individual molecules are more readily seen in ultrathin sections that are

unsuitable for tomography but are included in (13). A very dense plaque
abuts the intracellular face of the membrane and leads to a looser
network of fibrous densities that ultimately connect to bundles of
intermediate filaments. (E and F) Sections through the tomographic
reconstruction of desmosome “R” (see Table 1) cut parallel (E) and
perpendicular (F) to the untilted sample [e.g., (B)]. The membrane is
outlined in red, cadherin molecules in blue, two zones of the cytoplasmic
plaque in orange and light green, and intermediate filaments in dark
green. The perpendicular section in (F) reveals the thickness of the plastic
section and illustrates that the resolution was quite isotropic [see also
(13)]. Scale bars, 500 nm (A), 100 nm [(B) to (D)], 30 nm [(E) and (F)].
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engage in W-shapes, and 40% function as the
cis-related molecule in !-interactions (some
molecules have been counted more than once

because they engage in multiple interactions,
and "9% of molecules lack these particular
molecular contacts).

Our next step was to fit the x-ray structure
of C-cadherin to these shapes, using its char-
acteristic curvature to uniquely define the

Fig. 2. Delineation and fitting of cadherin molecules to the desmosome.
With the C-cadherin x-ray structure as a template, 136 cadherin mole-
cules were delineated in the region of desmosome “P” (see Table 1). (A)
Densities from the map, with individual cadherin molecules in various
colors and the membrane in cyan. (B) A representative group of cadherin
molecules clustering at the midline and interacting predominantly at
their tips. (C to E) Three recurrent molecular interactions within the
molecular groups, referred to as W, S, and !, respectively. The x-ray
structure for C-cadherin was fitted as a rigid body with no changes within
the structure itself. (G to I) The resulting juxtaposition of EC1 domains,
where each molecule has a distinct ribbon color, calcium ions are brown,
the space-filling representation of the Trp2 side chain is dark orange, and
the HAV sequence has a light orange ribbon with stick-like side chains.

The W-shape is consistent with symmetric insertion of Trp2 into the
hydrophobic pocket formed by the hydrophobic pocket of the neighbor-
ing molecule as seen in the C-cadherin x-ray structure (26). In the
S-shape, the lower molecule is rotated such that its Trp2 is available for
a secondary interaction, although the purple molecule’s Trp2 is still near
the green molecule’s hydrophobic pocket. In the !-shape, the green Trp2
is near the cyan hydrophobic pocket; the cyan Trp2 is near the purple
hydrophobic pocket, and the purple Trp2 is free. (F and J) A four-way
molecular network, which can be thought of as a !-shape plus one
additional molecule in cis. Such interactions produce networks of up to
six molecules with an apparently stochastic arrangement. These net-
works appear to be interwoven at the midline to form molecular tangles
such as that in (B).
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responsible for the weak binding affinities of classical
cadherins [32], and requires that structural differences
exist that stabilize the dimer and/or destabilize the mono-
mer to drive dimerization.

A comparison of cadherin domains that engage in strand
swapping (the EC1 domains of classical cadherins) with
non-swapping cadherin domains (EC2–5) identified nu-
merous factors that favor the formation of strand-swapped
dimers [33]. Swapping cadherin domains were found to
have a shortened b-A strand, in addition to the conserved
tryptophan at position 2, which is replaced by a phenylal-
anine in other EC domains. A glutamic acid residue

(Glu11) at the base of the A strand coordinates Ca2+ in
all classical cadherins, and anchoring of the A strand at
both ends – at the base by Ca2+ binding to Glu11 and at the
N terminus by Trp2 docking – induces strain in the short-
ened A strand. This in turn destabilizes the closed mono-
mer and thus favors swapped dimer formation, in which
this strain is released [34–36]. A naturally monomeric non-
swapping EC2 domain was successfully ‘converted’ into a
strand swap-binding EC1-like domain by introducing point
mutations, thereby validating this mechanism [34].

Interestingly, although strain in the ‘closed’ monomer
favors swapped dimer formation, selective pressure also
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Figure I. Schematic representation of members of the cadherin family, which share a common structural motif: the EC domain. (a) Typical folding of an EC domain
shown in ribbon representation (top panel from pdb-ID: 1L3W). Seven antiparallel b-strands (A–G) assemble two b-sheets as shown in the topology diagram (lower
panel). Note that the A strand is split into two halves, the A* and A strands. These are connected by a loop, referred to as the ‘hinge’. Three Ca2+ ions (green spheres) are
coordinated between consecutive EC domains. (b) Schematic representation of overall domain organization of selected cadherin family members. All cadherins have
two or more EC domains in their extracellular regions (blue ovals, numbered from membrane distal to membrane proximal domain), which can also contain non-EC
domains such as EGF-repeats (green rectangles), laminin A G domains (cyan diamonds) and flamingo boxes (pink oval). Some cadherins have, in addition to the signal
peptide, a prodomain (grey ovals) that is removed by a furin protease on the cell surface. Hashed domains indicate four or more EC domains omitted for clarity. *The
first EC domain of Drosophila E- (DE) and N- (DN) cadherin is predicted from sequence analysis [75].
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appears to have kept adhesive binding weak. Type I clas-
sical cadherin EC1 sequences include a conserved Pro5-
Pro6 motif that prevents continuous b-sheet hydrogen
bonding between cadherin EC1 domains of adhesive
dimers. When the diproline motif is mutated to alanine
in E- and N-cadherins, dimer affinity is enhanced [34] and,
as opposed to their wild-type counterparts [37] (see below),
the mutant N- and E-cadherin dimerization affinities
become indistinguishable. Crystal structures of these
mutants reveal continuous b-strand hydrogen bonds be-
tween the A strands of partner EC1 domains, explaining
the loss of binding specificity [34]. The diproline motif thus

appears to be a required structural element underlying the
differential binding affinities of N- and E-cadherin.

All vertebrate classical cadherins utilize a similar
strand-swapping mechanism to form adhesive dimers;
however, the interfaces found in the crystal structures of
type I and type II cadherins are different (Figure 2c). The
adhesive interface of type I cadherins is restricted to the
pocket region near the apex of EC1 (Figure 2c, left panel)
and the partner A* strand region, which includes the
anchoring tryptophan residue Trp2. By contrast, in type
II cadherins, two tryptophan residues, Trp2 and Trp4, are
swapped. Moreover, the dimer interface in type II family
members extends along the entire face of the EC1 domain
involving conserved hydrophobic residues at position 8, 10
and 13 (Figure 2c, middle panel) [26]. Interestingly, VE-
cadherin, a divergent classical cadherin and the crucial
adhesion protein of the vascular endothelium [38], blurs
the definition between type I and type II cadherin inter-
faces. In common with type II cadherins, VE-cadherin
docks Trp2 and Trp4 into the hydrophobic pocket of its
partner, but lacks the hydrophobic interactions along the
rest of the EC1 domain (Figure 2c, right panel) and thus
has an overall dimer arrangement more similar to that of
type I cadherins [27].

Classical cadherin homophilic binding specificity at the
cellular level is governed by EC1, as shown in domain
shuffling experiments [26,39–42], suggesting that differ-
ences in the strand-swapping interface modulate specificity.
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Figure 1. Overall architecture of classical cadherins. The extracellular domain of C-
cadherin (pdb-ID: 1L3W) is depicted as a ribbon diagram (orange). Ca2+ ions (green
spheres) are coordinated between consecutive domains, stabilizing an overall
curved shape of the ectodomain, with an angle of close to 908 between domains
EC1 and EC5. The structure of the stalk region, the transmembrane domain and
parts of the intracellular domain are unknown and are shown as dotted lines. The
cytoplasmic domain of cadherins binds to intracellular binding partners p120
(green barrels representing a-helices; pdb-ID: 3L6X) in the juxta-membrane region
and b-catenin (blue barrels representing a-helices; pdb-ID: 1I7X) in the C-terminal
region. b-catenin interacts with a-catenin, which in turn binds to actin filaments
linking cadherins to the cytoskeleton. The depicted orientation, position and size of
the intracellular binding partners relative to each other and to C-cadherin are
schematic; the overall structural arrangement of the cytoplasmic side of adherens
junctions is unknown.

Box 2. Calcium dependence of cadherin adhesion

Cadherins are named for the dependence of their adhesive function
on the presence of extracellular calcium. Before their structures were
known, it was speculated that Ca2+ ions might bridge the adhesive
interface. However, the role of calcium in cadherin function is far more
complex. Calcium binds to cadherins at stereotyped binding sites
situated between successive EC domains. Each of these sites binds
three Ca2+ ions in a highly cooperative manner such that each five-
domain classical cadherin coordinates twelve Ca2+ ions in total
[17,24,80]. The binding affinities of the Ca2+ sites vary, but all bind
with a dissociation constant (KD) lower than the Ca2+ concentration
characteristic of the extracellular milieu, approximately 1 mM [91,92].
Thus, it is expected that cadherin ectodomains will be fully Ca2+-
occupied under physiological conditions.

Three roles are now understood for Ca2+ binding in classical
cadherins. The first is rigidifying the ectodomain so that it adopts a
characteristic crescent shape [81], although this structure retains
considerable conformational flexibility [55,70]. The crescent shape is
critical to adhesive binding because the axes of the membrane-
distal and membrane-proximal EC domains must be approximately
908 apart to satisfy the geometrical requirements of trans binding
[17,24]. Notably, chelation of Ca2+ leads to the loss of trans binding
and its concomitant replacement by binding to other cadherins on
the same cell through the adhesive interface [93]. Thus, Ca2+-
mediated rigidification is critical to adhesive trans binding.

A second role for Ca2+ ions is in defining the structure of the X-
dimer interface surfaces. The X-dimer binding intermediate of
classical cadherins is centered around the EC1–EC2 Ca2+ binding
region, which is unstructured in the absence of Ca2+ [48,51,80,94,95].
Thus, in the absence of Ca2+, the mature adhesive strand-swap
interface is likely to be kinetically unfavorable due to the slow
exchange inherent in domain swap binding.

The third role for Ca2+ involves direct energetic effects on strand
swapping. NMR experiments [46] and molecular simulations [96]
reveal that Ca2+ ligation favors the opening of the A strand. The
underlying molecular mechanism has recently been described [34]
and is discussed in the text.
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Ca2+ rigidifies the ectodomain
and induces a crescent shape

required for trans-binding
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Type I cadherins in general do not bind to type II cadherins
[8,26,37,43] consistent with the substantial differences
in the canonical adhesive interface structures of each
subfamily. Interestingly, classical cadherins interact pro-
miscuously within subfamilies, consistent with the close
similarity in the interface region between individual mem-
bers [26,37,43,44]. Thus, within subfamilies, cadherins ex-
hibit both homophilic and heterophilic binding properties,
which combine to yield the homophilic aggregation behavior
of cadherin-expressing cells [37].

Speed dating: the X-dimer intermediate
Formation of strand-swapped dimers requires refolding of
each partner protomer to transition from the ‘closed’ mono-
mer form (Figure 2b, left panel) to the ‘open’ dimer form
(Figure 2b, right panel). This conformational change could
render dimerization kinetically unfavorable because, this
interconversion can occur over long periods of time in other
proteins that engage in 3D domain swapping [31], yet
binding is fast for cadherins [35,37,45]. Two alternative
mechanisms have been proposed to explain the kinetics of
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Figure 2. Classical cadherins from adhesive dimers by exchange of the N-terminal b-strand. (a) A classical cadherin trans dimer is shown as a ribbon diagram in two
orthogonal orientations; one protomer is shown in blue, one in orange (from pdb-ID: 3Q2W). Membrane distal EC1 domains overlap and exchange N-terminal b-strands
(expanded view). Note that substantial O- and N-linked glycosylation (magenta and green spheres, respectively) is found on extracellular domains on EC2–4, but not on
adhesive EC1 domains. Ca2+ ions are shown as green spheres. (b) The adhesive mechanism of classical cadherins is an example of 3D domain swapping. EC1 domains are
shown for the monomer and the dimer (ribbon representation). The swapping element, residue Trp2 (side chain depicted as spheres), has an identical residue environment
in the monomer (left panel) and the ‘strand-swapped’ dimer (right panel). Adapted with permission from [8]. (c) Ribbon presentations of strand-swapped EC1 domains of
type I E-cadherin (pdb-ID: 2QVF), type II cadherin-11 (pdb-ID: 2A4E) and VE-cadherin (pdb-ID: 3PPE). Residues characteristic of the adhesive interfaces of each subfamily are
depicted as sticks. In type I cadherins, residue Trp2 in domain EC1 is swapped between binding partners. In type II cadherins, two Trp residues, Trp2 and Trp4, are
exchanged, and, in addition, hydrophobic interactions occur between conserved residues Phe8, Ile10 and Tyr13 giving rise to an extended interface. VE-cadherin exchanges
Trp2 and Trp4 like type II cadherins, but the interface is limited to the apex of the domain, as in type I cadherins.
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Cadherins constitute a large family of cell surface–adhesion recep-
tors whose differential binding is important for the development and 
maintenance of tissue architecture1. Cadherins have been identified in 
vertebrate and invertebrate animals and are defined by the presence 
of extracellular cadherin-like (EC) domains, -sandwich domains 
of ~110 residues that contain highly conserved calcium-binding 
regions2,3. Variations in other sequence features and in the number 
of EC domains group cadherins into numerous families, including 
the ‘classical’ cadherins, which include type I and type II subfamilies, 
the desmosomal cadherins, the protocadherins and others3. The adhe-
sive properties of vertebrate classical cadherins have been thoroughly 
studied. These class I transmembrane proteins include an N-terminal 
signal sequence followed by a pre-domain that must be removed by 
proteolysis to activate adhesive function, five EC domains, a single 
transmembrane segment and a cytoplasmic domain that contains 
highly conserved binding sites for catenin proteins, which provide 
indirect links to the cytoskeleton4.

Intensive research on vertebrate classical cadherins has led to the 
widely accepted view, supported by data from a number of studies, 
that adhesive binding by these proteins occurs via a strand-swapped 
interface in EC1. Crystal structures of the whole EC1–EC5 ecto-
domain from C-cadherin reveal dimerization interactions between 
paired ectodomains, oriented as if emanating from apposed cells, 
between the EC1 domains of each molecule5. Nearly identical inter-
actions have been found in numerous crystallographic studies of 
adhesive fragments from other type I cadherins6–8. Similarly, type II 
cadherin ectodomain-fragment structures also reveal binding inter-
faces that are exclusively formed by elements from the EC1 domain9. 
For both type I and type II cadherins, these adhesive binding inter-
faces are formed through -strand-swapping, in which the N-terminal 
A*-strands spatially swap between partner EC1 domains. In type I 

cadherins, the conserved residue Trp2 anchors the swapped strand, 
whereas type II cadherins contain two conserved anchor residues, 
Trp2 and Trp4. The positively charged N termini of both type I and 
type II classical cadherins form intermolecular salt bridges in the 
dimeric structures, providing an explanation of the requirement for 
precise proteolytic processing6.

A wide array of data using other investigative methods also supports 
this structural view. Early domain-shuffling experiments showed that 
the adhesive specificity (and hence, presumably, the site of adhesive 
binding) of type I cadherins resides in the EC1 domain10–12. Similar 
behavior was later shown for type II cadherins both in vitro and  
in vivo9. Single-particle electron tomography reconstructions of 
desmosomes from human and mouse skin reveal EC1-EC1 inter-
actions, and the strand-swapped dimeric structure of C-cadherin 
can be fitted directly into these tomograms13,14. Mutagenesis data 
also provide support for this model of cadherin adhesion. Mutants 
that alter elements of the strand-swapping interface, including Trp2 in 
type I cadherins and Trp2 or Trp4 in type II cadherins, and mutations 
that fill the Trp2 ‘acceptor pocket’ so that a tryptophan side chain 
cannot be accommodated, abolish cadherin adhesive function15–17.  
Furthermore, extensions of one or more residues to the mature  
N terminus, which would prevent salt-bridge formation, also abolish 
adhesive function6,18,19.

Despite this compelling data in support of the strand-swap model 
of cadherin adhesive binding, some uncertainty has remained 
about the role of other interfaces that have been observed in high-
resolution structures. Two early crystal structures of recombinant 
E-cadherin EC1-EC2 fragments, containing small N-terminal exten-
sions derived from the recombinant production method, revealed a 
nonswapped dimeric association20,21. In these structures, the part-
ner molecules contact one another at a site near the interdomain  
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Two-step adhesive binding by classical cadherins
Oliver J Harrison1,2, Fabiana Bahna1,2, Phini S Katsamba1,2, Xiangshu Jin1,2, Julia Brasch1, Jeremie Vendome1–3, 
Goran Ahlsen1, Kilpatrick J Carroll1, Stephen R Price4, Barry Honig1–3 & Lawrence Shapiro1,5

Crystal structures of classical cadherins have revealed two dimeric configurations. In the first, N-terminal -strands of EC1 
domains ‘swap’ between partner molecules. The second configuration (the ‘X dimer’), also observed for T-cadherin, is mediated 
by residues near the EC1-EC2 calcium binding sites, and N-terminal -strands of partner EC1 domains, though held adjacent, 
do not swap. Here we show that strand-swapping mutants of type I and II classical cadherins form X dimers. Mutant cadherins 
impaired for X-dimer formation show no binding in short–time frame surface plasmon resonance assays, but in long–time frame 
experiments, they have homophilic binding affinities close to that of wild type. Further experiments show that exchange between 
monomers and dimers is slowed in these mutants. These results reconcile apparently disparate results from prior structural studies 
and suggest that X dimers are binding intermediates that facilitate the formation of strand-swapped dimers.
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cadherin interaction: ‘selected fit’, in which cadherin mono-
mers exist in equilibrium between open and closed forms
and dimerization results from collision of two open mono-
mers; and ‘induced fit’, in which cadherin monomers first
form a non-swapped intermediate – an ‘encounter complex’
– that lowers the activation energy required for strand
swapping to occur [46]. Recently, single-molecule fluores-
cence resonance energy transfer (FRET) experiments pro-
vided evidence for an encounter complex in E-cadherin,
strongly favoring the induced fit pathway for classical
cadherin mediated interaction [47]. When strand swapping
was ablated by a Trp2 to Ala mutation, dimers still formed
between EC1 domains, with slightly altered FRET dis-
tances compared with swapped dimers, suggesting the
existence of a non-swapped dimer form. Additionally,
atomic force microscope (AFM) experiments showed the
non-swapped mutant dimers to be weaker than strand-
swapped wild-type dimers, energetically consistent with a
role as a binding intermediate [47].

Crystallographic studies of strand swap-impaired cad-
herin mutants revealed the molecular details of this encoun-
ter complex [48]. For numerous swapping-incompetent
mutants, a dimer with its interface centered around the
EC1–EC2 interdomain linker region and the apex of EC2
(Figure 3, middle panel) is observed. This structure is now
referred to as the ‘X-dimer’ because the relative orientation
of the interacting protomers is reminiscent of an ‘X’ shape
(Figure 3). The X-dimer requires no refolding for its inter-
action, enabling fast binding kinetics. Importantly, the X-
dimer positions the A strands of each protomer parallel to
each other in close proximity as if poised to swap [48]. A
similar structure was observed in a strand swap-deficient
mutant of type II cadherin-6 [48].

The role of the X-dimer as an encounter complex is
confirmed by the observation that mutations designed to
prevent X-dimer formation, while leaving strand swapping
intact, significantly slowed the binding rate of E-cadherin
and cadherin-6. Specifically, no dimerization is observed in
short term SPR assays, but there is no loss of affinity in
long term analytical ultracentrifugation experiments [48].

Furthermore, unlike wild-type proteins, X-dimer mutant
monomers and dimers could be resolved as stable monomer
and dimer species in size exclusion chromatography and
velocity ultracentrifugation experiments, indicating slow
exchange rates between these two forms [48]. In unpub-
lished work, we find a similar structure and binding be-
havior for the X-dimer of N-cadherin and, in addition,
mutation of the predicted X-dimer interface in N-cadherin
has been shown to abolish cell–cell aggregation activity
[49]. Similar to the encounter complex observed via FRET
experiments, X-dimers were found to have weaker binding
affinity than wild-type swapped dimers [48]. In transfected
epithelial cells, cadherin X-dimer mutants formed extraor-
dinarily stable cell–cell junctions [50], consistent with
slowed monomer–dimer exchange rates observed in cell
free experiments [48], although effects on dimer dissocia-
tion were emphasized by the authors. Taken together,
current data favor a mechanism in which the X-dimer
functions as an intermediate in the formation and disas-
sembly of the ‘mature’ adhesive dimer. The structural and
functional observation of X-dimers in type I E-cadherin
and the relatively distant type II cadherin-6 (34% identity
over EC1–EC2), together with sequence conservation pat-
terns of interfacial residues [17], suggests that the X-dimer
mechanism may be general among members of the two
subfamilies of vertebrate classical cadherins.

Interestingly, T-cadherin, a divergent classical cadherin
anchored to the plasma membrane via a glycosylphospha-
tidyl inositol (GPI) anchor (Box 1), does not strand swap
and adopts an X-dimer conformation for its mature adhe-
sive binding interface [51]. Mutations targeting the X-
dimer interface in T-cadherin were found to abolish its
function in modulation of neurite outgrowth, whereas
targeted strand dimer mutations, analogous to those that
abolish strand-swap binding in classical cadherins, had no
effect on T-cadherin function or homodimerization [51].
The close phylogenetic relation to type I classical cadherins
suggests that T-cadherin represents a classical cadherin
that has lost its swapping ability. Other roles for X-dimers
outside the classical cadherin subfamily remain unknown.
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Figure 3. Strand-swapped adhesive dimers of classical cadherins form through a non-swapped intermediate. E-cadherin monomers (orange and blue ribbon diagrams (left
panel); only EC1–2 shown for clarity) associate via an ‘X-dimer’ interface in which N-terminal strands are not swapped but are closely apposed (middle panel). Swapping of
strands leads to formation of mature strand-swapped dimers (right panel). Assembly and disassembly of swapped dimers is likely to proceed via the same pathway.
Protomers shown as orange and blue ribbon diagrams with only EC1–2 domains shown for clarity.
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is restricted to the 32 residues comprising the 
strand-dimer interface. The mutated residue 
(Glu14, cyan in Fig. 6a) is solvent exposed far 
from the dimer interface, and its side chain engages neither in inter- 
nor intramolecular interactions. Calcium ion binding in the junction 
between EC1 and EC2 is identical to that seen in structures of wild-type  
E-cadherin6,7, showing no interference from the mutated residue (Fig. 6c).  
Diffracting crystals of the cadherin-6 X-dimer mutant, M188D, could 
not be obtained. Nonetheless, the high-affinity binding of this mutant 
in AUC experiments (Fig. 4j and Table 2) argues against unintended 
direct effects on the strand-dimer interface.

We also determined the structure of a double mutant of E-cadherin 
in which both strand-swapping and X dimerization were prevented 
(E-cadherin W2A K14E). The 2.5-Å structure showed neither strand-
swapped dimers nor X dimers in the crystal lattice (Supplementary  
Fig. 6). This structure confirms that the K14E mutation prevents  
X-dimer formation, even in the high protein concentrations reached 
in crystallization experiments. In addition, AUC experiments with the 
W2A K14E double mutant confirm that it is monomeric in solution, as is 
the equivalent double mutant (W4A M188D) of cadherin-6 (Table 2).

Together, the E-cadherin mutant structures support the AUC data 
showing that the thermodynamics of strand-swapping are unaffected 
by the K14E mutation, and they confirm that its sole structural con-
sequence is failure of the X-dimer interface. We tested other cadherin 
mutants to confirm our interpretation. The X dimer–inhibiting muta-
tion Y142R was targeted to the EC2-side of the interface. Notably, this 
mutant showed biophysical behavior indistinguishable from K14E in 
SPR, AUC and size-exclusion experiments, supporting our interpre-
tation (Supplementary Fig. 7a–d, Table 2 and data not shown). We 
also tested a more conservative substitution mutant in which Lys14 
was mutated to serine (K14S). This mutant displayed homophilic 
binding behavior in SPR assays intermediate between wild-type and 
K14E mutant protein (Supplementary Fig. 7e–g), consistent with the 
less severe mutation. Similar to other X-dimer mutants, equilibrium 
AUC revealed wild-type binding (Table 2).

X-dimer mutations prevent cadherin-mediated cell aggregation
Having observed that specific mutation of the X-dimer interface abro-
gated cadherin binding in SPR assays without substantially lowering 
dimerization affinity, we set out to determine whether these muta-
tions would prevent cell aggregation when introduced into full-length 
cadherins expressed on the surface of transfected cells.

We transfected Chinese hamster ovary (CHO) cells with either  
wild-type E-cadherin, E-cadherin with an X-dimer mutation (K14E) or 
E-cadherin with a strand-swapping mutation (W2A). We established 
clonal cell lines of each, and wild-type and K14E transfectants expressed 
comparable levels of cadherin on the cell surface by immunofluorescence  

staining (Fig. 7) using permeabilized (Fig. 7c,g) and nonpermeabilized 
cells (Fig. 7d,h). Surface expression of the W2A mutant was somewhat 
lower (Fig. 7k,l).

We assessed cell aggregation of these transfectants using a long-
term aggregation assay in which we incubated dissociated cells for 
24 h with constant rotary shaking and then viewed the cells under 
an inverted microscope9,29,30. Cells expressing wild-type E-cadherin 
showed extensive aggregation in these conditions (Fig. 7a). The 
aggregation was calcium dependent, becoming undetectable when 
we chelated calcium ions with EDTA (Fig. 7b).

In contrast, cells expressing the X-dimer mutant (K14E) showed 
no detectable aggregation under the same conditions (Fig. 7e); results 
were indistinguishable from assays performed in the absence of  
calcium (Fig. 7f) or with cells expressing the strand-swapping mutant 
(W2A, Fig. 7i,j). These results were unexpected, given our structural 
and biophysical data showing that the K14E mutant forms adhesive 
strand-swapped dimers with an affinity equal to that of wild-type 
protein, albeit with slower kinetics.

We reasoned that the shear forces between cells introduced by 
rotary shaking in our assay may make aggregation unusually sensi-
tive to slower binding kinetics. We therefore performed a ‘hanging-
drop’ assay in which we allowed cells to aggregate without shaking 
in a droplet of culture medium suspended from an inverted cover 
slide31. However, even under these conditions, only the wild-type 
protein mediated cell aggregation, whereas cells expressing the  
X-dimer mutant were indistinguishable from parental CHO cell 
 controls (Supplementary Fig. 8).

Together, the cell-aggregation assays suggest that specific mutation 
of the X-dimer interface renders E-cadherin incapable of mediating 
cell-cell adhesion sufficient to aggregate cells. In combination with 
the biophysical data described above, this suggests that cadherin-
mediated adhesion in a cellular context may be dependent in part on 
efficient kinetics of adhesive dimer formation.

DISCUSSION
Although the strand-swap mechanism of classical cadherin adhe-
sion has been known for some time, certain aspects of binding have 
remained unclear, in part due to seemingly disparate results from 
early structural studies. The first crystal structures from a cadherin 
ectodomain region, the EC1 domain of N-cadherin, revealed a strand-
swapped dimer configuration8. Soon thereafter, the structure of a 
two-domain EC1-EC2 fragment from E-cadherin was determined20, 
yet this structure revealed a different dimer—the configuration that 
we refer to here as an X dimer. These configurations represent the 

Figure 7 Aggregation of cells transfected with 
X-dimer mutant E-cadherin. (a–l) CHO cells 
expressing wild-type E-cadherin (E-cad) show 
robust cell aggregation in a long-term assay (a), 
whereas E-cadherin K14E (e) and E-cadherin 
W2A (i) show aggregation similar to that 
found in the presence of 4 mM EDTA (b,f,j). 
Immunofluorescence staining for the presence 
of E-cadherin (c,g,k) shows that all constructs 
are expressed to similar levels and that  
E-cadherin concentrates toward sites of cell-cell 
contact. Surface expression is confirmed by 
immunofluorescence staining in the absence of 
permeabilization of the cells (d,h,l).
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Cadherins constitute a large family of cell surface–adhesion recep-
tors whose differential binding is important for the development and 
maintenance of tissue architecture1. Cadherins have been identified in 
vertebrate and invertebrate animals and are defined by the presence 
of extracellular cadherin-like (EC) domains, -sandwich domains 
of ~110 residues that contain highly conserved calcium-binding 
regions2,3. Variations in other sequence features and in the number 
of EC domains group cadherins into numerous families, including 
the ‘classical’ cadherins, which include type I and type II subfamilies, 
the desmosomal cadherins, the protocadherins and others3. The adhe-
sive properties of vertebrate classical cadherins have been thoroughly 
studied. These class I transmembrane proteins include an N-terminal 
signal sequence followed by a pre-domain that must be removed by 
proteolysis to activate adhesive function, five EC domains, a single 
transmembrane segment and a cytoplasmic domain that contains 
highly conserved binding sites for catenin proteins, which provide 
indirect links to the cytoskeleton4.

Intensive research on vertebrate classical cadherins has led to the 
widely accepted view, supported by data from a number of studies, 
that adhesive binding by these proteins occurs via a strand-swapped 
interface in EC1. Crystal structures of the whole EC1–EC5 ecto-
domain from C-cadherin reveal dimerization interactions between 
paired ectodomains, oriented as if emanating from apposed cells, 
between the EC1 domains of each molecule5. Nearly identical inter-
actions have been found in numerous crystallographic studies of 
adhesive fragments from other type I cadherins6–8. Similarly, type II 
cadherin ectodomain-fragment structures also reveal binding inter-
faces that are exclusively formed by elements from the EC1 domain9. 
For both type I and type II cadherins, these adhesive binding inter-
faces are formed through -strand-swapping, in which the N-terminal 
A*-strands spatially swap between partner EC1 domains. In type I 

cadherins, the conserved residue Trp2 anchors the swapped strand, 
whereas type II cadherins contain two conserved anchor residues, 
Trp2 and Trp4. The positively charged N termini of both type I and 
type II classical cadherins form intermolecular salt bridges in the 
dimeric structures, providing an explanation of the requirement for 
precise proteolytic processing6.

A wide array of data using other investigative methods also supports 
this structural view. Early domain-shuffling experiments showed that 
the adhesive specificity (and hence, presumably, the site of adhesive 
binding) of type I cadherins resides in the EC1 domain10–12. Similar 
behavior was later shown for type II cadherins both in vitro and  
in vivo9. Single-particle electron tomography reconstructions of 
desmosomes from human and mouse skin reveal EC1-EC1 inter-
actions, and the strand-swapped dimeric structure of C-cadherin 
can be fitted directly into these tomograms13,14. Mutagenesis data 
also provide support for this model of cadherin adhesion. Mutants 
that alter elements of the strand-swapping interface, including Trp2 in 
type I cadherins and Trp2 or Trp4 in type II cadherins, and mutations 
that fill the Trp2 ‘acceptor pocket’ so that a tryptophan side chain 
cannot be accommodated, abolish cadherin adhesive function15–17.  
Furthermore, extensions of one or more residues to the mature  
N terminus, which would prevent salt-bridge formation, also abolish 
adhesive function6,18,19.

Despite this compelling data in support of the strand-swap model 
of cadherin adhesive binding, some uncertainty has remained 
about the role of other interfaces that have been observed in high-
resolution structures. Two early crystal structures of recombinant 
E-cadherin EC1-EC2 fragments, containing small N-terminal exten-
sions derived from the recombinant production method, revealed a 
nonswapped dimeric association20,21. In these structures, the part-
ner molecules contact one another at a site near the interdomain  
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Crystal structures of classical cadherins have revealed two dimeric configurations. In the first, N-terminal -strands of EC1 
domains ‘swap’ between partner molecules. The second configuration (the ‘X dimer’), also observed for T-cadherin, is mediated 
by residues near the EC1-EC2 calcium binding sites, and N-terminal -strands of partner EC1 domains, though held adjacent, 
do not swap. Here we show that strand-swapping mutants of type I and II classical cadherins form X dimers. Mutant cadherins 
impaired for X-dimer formation show no binding in short–time frame surface plasmon resonance assays, but in long–time frame 
experiments, they have homophilic binding affinities close to that of wild type. Further experiments show that exchange between 
monomers and dimers is slowed in these mutants. These results reconcile apparently disparate results from prior structural studies 
and suggest that X dimers are binding intermediates that facilitate the formation of strand-swapped dimers.
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revealed that the residence time of these two mutants in the 
clusters was much shorter than that of the parental mutant 
(Fig. 2). Collectively, these observations confirmed that strand 
swapping is an essential intercadherin interaction that main-
tains adhesion in adherens junctions. However, these data also 
suggested that in addition to strand swapping, other intercadherin 
interactions were able to co-cluster the mutant with endog-
enous cadherin.

X dimerization is responsible for the 
turnover of cadherin in the clusters
Another structurally characterized mode of cadherin dimeriza-
tion is the X dimer. We tested its function using two EcDendra-

748-KL mutants with abnormalities in the X dimer interface. 
The first mutation, Q101A/N143A, changed two residues, the 
side chains of which had been shown to coordinate water mole-
cules critical for X dimerization (Nagar et al., 1996). The sec-
ond mutation, K14E, had been shown to specifically inactivate 
X dimerization by electrostatic repulsion (Harrison et al., 2010). 
Inspection of the cells expressing these mutants by fluorescence 
and live imaging microscopy showed that defects in the X di-
merization had little effect on the cadherin clusters’ appearance 
(Fig. 1 C). However, the Dendra activation assay revealed a cru-
cial difference between clusters formed by the parental mutant 
and both of its X dimerization–incompetent counterparts: the 
junction turnover of the latter mutants was almost completely 
stalled (Fig. 2, B and C). In addition, these mutations signifi-
cantly expanded the area of cadherin clusters, leaving their 
fluorescence intensity unchanged (Fig. S1). Thus, inactivation 
of the X dimer interface stabilized cadherin clusters.

The first mutant, D1A-EcDendra- 748-KL, harbored point mu-
tation D1A (Fig. 1 A and Table S1), which had been shown to 
facilitate production of strand-swapped dimers (Laur et al., 
2002; Troyanovsky et al., 2007). Immunofluorescence and live 
imaging microscopy showed that the D1A mutation changed 
neither the morphology of the cadherin clusters nor their gen-
eral behavior (Fig. 1 C). However, a junctional Dendra activa-
tion assay revealed that this mutation dramatically increased 
retention time of the mutant in adhesive clusters (Fig. 2, B and C). 
Such a change in internal cluster dynamics should result in an 
increase in the junctional pool of the mutant. Quantitative analysis 
did show that the D1A mutation raised the amount of the mutant 
in the junctional clusters (Fig. S1).

Two other mutations, W2A and E89A, had been shown to 
abolish cadherin strand swapping (Laur et al., 2002; Harrison  
et al., 2005, 2010). The first mutation inactivates W2 residue, 
which is a most crucial element in strand-swap dimerization. 
The second mutation prevents the formation of a salt bridge that 
stabilizes strand exchange. Because both mutations resulted in 
the same effects, only data with the W2A mutant is shown in 
this study. Unexpectedly, these mutations prevented neither the 
recruitment of the tailless mutant into the contacts nor its co-
localization with endogenous cadherin (Fig. 1 C). However, the 
morphology of cadherin clusters in these cells changed remark-
ably: in general, clusters were larger in size but their fluorescence 
was significantly weaker than that in cells with the parental 
mutant. Live imaging also revealed a dramatic difference: in-
stead of being stationary, these clusters became extremely mobile, 
continuously and rapidly changing their shape and distribution 
(Fig. 2 A and Videos 1 and 2). The Dendra activation assay  

Figure 2. Targeted modifications in dimeriza-
tion interfaces differently change dynamics of 
cadherin clusters. (A) Sequences of time-lapse 
images of cell–cell contacts between cells ex-
pressing the EcDendra- 748-KL mutant ( 748, 
top) or its strand swap–incompetent version 
(W2A, bottom) acquired at 2-min intervals (see 
Videos 1 and 2). The junctions containing the 
parental mutant are stable along the entire se-
quence, whereas junctions containing the W2A 
mutant change their shapes and numbers.  
Bar, 10 µM. (B) Junctional Dendra activation 
assay of different EcDendra- 748-KL mutants. 
The graph shows changes in intensity of the red 
fluorescence in the individual junctions after 
Dendra2 activation (an average of four indepen-
dent experiments). The error bars represent SD  
(n = 30). (C) Time-lapse analysis of the photo-
activated adherens junctions in cells expressing 
different EcDendra- 748-KL mutants. The green 
channel shows normal Dendra2 fluorescence. 
The red channel reveals a photoconverted Den-
dra2 form. Frame 0 shows the cells right after 
photoactivation. Frame 3 is 3 min later. Note 
that the W2A mutant strongly accelerates the 
mutant’s exit from the junctions. In contrast, 
D1A and K14E significantly delay this process. 
All images in C have the same magnification. 
Bar, 5 µM.
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the same kinetics as the intact E-cadherin (Hong et al., 2010). 
Furthermore, the resulting junctions exhibit a continuous, albeit 
slow and ATP-independent, turnover of the mutant. These prop-
erties of the mutant allowed us to examine the roles of the 
strand-swap and X dimer cadherin interfaces in adherens junc-
tion homeostasis.

Results
Strand-swap interface is responsible for 
the stability of cadherin clusters
This study focused on adherens junction–like structures formed 
in A-431 cells expressing the tailless cadherin mutant EcDendra-

748-KL. These adhesive structures form through co-assembly 
of both the mutant and endogenous cadherin (Fig. 1 A; Hong et al., 
2010). Because the tailless cadherin mutant cannot be directly 
influenced by intracellular factors, this mutant allows us to study 
the contribution of specific intercadherin-binding interfaces 
to the homeostasis of cadherin adhesive clusters. To analyze  
the role of the strand-swap interface, we expressed at similar 
levels (Fig. S1) three point mutants of this tailless mutant.  

paired molecules contact one another at a calcium-binding 
EC1–EC2 interface (Nagar et al., 1996; Pertz et al., 1999; 
Häussinger et al., 2004). By many properties, this dimer corre-
sponds to the unstable dimer detected in our biochemical exper-
iments (Troyanovsky et al., 2007). Targeted inactivation of the 
X dimer interface was recently shown to abolish cadherin func-
tion (Harrison et al., 2010). Although this data demonstrated 
that both X dimers and strand-swapped dimers are involved in 
cell–cell adhesion, their exact roles and mechanisms of assem-
bly have not been identified.

Intracellular proteins called catenins bind to the intra-
cellular cadherin region and control cadherin function (Provost 
and Rimm, 1999; Nelson, 2008). These proteins can potentially 
“sense” even minor junctional abnormalities and consequently 
annihilate the entire adhesive structures. To avoid such destruc-
tive catenin-based response to abnormalities in intercadherin 
interactions, in this paper we monitored the formation and dy-
namics of cell–cell junctions formed by the tailless E-cadherin 
mutant EcDendra- 748-KL. This mutant is unable to interact 
with any known intracellular proteins. Despite uncoupling from 
catenins, it is recruited into the junctions with approximately 

Figure 1. General structures and subcellular distribution of catenin-uncoupled tailless cadherin mutants. (A) Schematic representation of the tailless 
EcDendra- 748-KL mutant. The extracellular cadherin-like repeats (1–5); the transmembrane domain (TM); the short, 17-aa-long fragment that is located 
between the transmembrane and the p120-binding domains in the intact E-cadherin (yellow box); and the Dendra tag (Dendra) are shown. To stabilize 
the mutant on the cell surface, two endocytic signals (K738 and LL motif) that are present in the remaining intracellular fragment are point inactivated (not 
depicted). Point mutations used in our study and their effects on cadherin dimerization are indicated (see also Table S1). (B) Double immunofluorescence 
microscopy of A-431 cells expressing EcDendra- 748-KL. The cells were stained with rabbit anti-Dendra (Dendra) and mouse anti– -catenin ( -catenin) 
antibodies. Note the precise colocalization of the mutant to the endogenous cadherin–catenin complex. (C) The same experiment as in B with A-431 
cells expressing EcDendra- 748-KL mutants harboring different point mutations (shown in A). Note that mutations that change only X or only strand-swap 
dimerization do not prevent targeting of the mutant to the cell–cell contact and its colocalization with the endogenous cadherin. Only a double mutation 
(W2A/K14E) inactivating both interactions completely uncouples the mutant from endogenous cadherin. Bar, 40 µM.
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the same kinetics as the intact E-cadherin (Hong et al., 2010). 
Furthermore, the resulting junctions exhibit a continuous, albeit 
slow and ATP-independent, turnover of the mutant. These prop-
erties of the mutant allowed us to examine the roles of the 
strand-swap and X dimer cadherin interfaces in adherens junc-
tion homeostasis.

Results
Strand-swap interface is responsible for 
the stability of cadherin clusters
This study focused on adherens junction–like structures formed 
in A-431 cells expressing the tailless cadherin mutant EcDendra-

748-KL. These adhesive structures form through co-assembly 
of both the mutant and endogenous cadherin (Fig. 1 A; Hong et al., 
2010). Because the tailless cadherin mutant cannot be directly 
influenced by intracellular factors, this mutant allows us to study 
the contribution of specific intercadherin-binding interfaces 
to the homeostasis of cadherin adhesive clusters. To analyze  
the role of the strand-swap interface, we expressed at similar 
levels (Fig. S1) three point mutants of this tailless mutant.  

paired molecules contact one another at a calcium-binding 
EC1–EC2 interface (Nagar et al., 1996; Pertz et al., 1999; 
Häussinger et al., 2004). By many properties, this dimer corre-
sponds to the unstable dimer detected in our biochemical exper-
iments (Troyanovsky et al., 2007). Targeted inactivation of the 
X dimer interface was recently shown to abolish cadherin func-
tion (Harrison et al., 2010). Although this data demonstrated 
that both X dimers and strand-swapped dimers are involved in 
cell–cell adhesion, their exact roles and mechanisms of assem-
bly have not been identified.

Intracellular proteins called catenins bind to the intra-
cellular cadherin region and control cadherin function (Provost 
and Rimm, 1999; Nelson, 2008). These proteins can potentially 
“sense” even minor junctional abnormalities and consequently 
annihilate the entire adhesive structures. To avoid such destruc-
tive catenin-based response to abnormalities in intercadherin 
interactions, in this paper we monitored the formation and dy-
namics of cell–cell junctions formed by the tailless E-cadherin 
mutant EcDendra- 748-KL. This mutant is unable to interact 
with any known intracellular proteins. Despite uncoupling from 
catenins, it is recruited into the junctions with approximately 

Figure 1. General structures and subcellular distribution of catenin-uncoupled tailless cadherin mutants. (A) Schematic representation of the tailless 
EcDendra- 748-KL mutant. The extracellular cadherin-like repeats (1–5); the transmembrane domain (TM); the short, 17-aa-long fragment that is located 
between the transmembrane and the p120-binding domains in the intact E-cadherin (yellow box); and the Dendra tag (Dendra) are shown. To stabilize 
the mutant on the cell surface, two endocytic signals (K738 and LL motif) that are present in the remaining intracellular fragment are point inactivated (not 
depicted). Point mutations used in our study and their effects on cadherin dimerization are indicated (see also Table S1). (B) Double immunofluorescence 
microscopy of A-431 cells expressing EcDendra- 748-KL. The cells were stained with rabbit anti-Dendra (Dendra) and mouse anti– -catenin ( -catenin) 
antibodies. Note the precise colocalization of the mutant to the endogenous cadherin–catenin complex. (C) The same experiment as in B with A-431 
cells expressing EcDendra- 748-KL mutants harboring different point mutations (shown in A). Note that mutations that change only X or only strand-swap 
dimerization do not prevent targeting of the mutant to the cell–cell contact and its colocalization with the endogenous cadherin. Only a double mutation 
(W2A/K14E) inactivating both interactions completely uncouples the mutant from endogenous cadherin. Bar, 40 µM.
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From bonds to junctions
Cell–cell adhesion in mature tissues is mediated in part by
adherens junctions where numerous cadherin trans dimers
assemble. In principle, a passive diffusion trap mechanism,
whereby cadherins would become concentrated at cell–cell
contact sites through their adhesive interactions, could
explain the accumulation of cadherins at sites of inter-
cellular contact [52]. However, mutations in a crucial cis
interface (described below; Figure 4a) which leave adhe-
sive binding intact show that the diffusion trap mechanism
is insufficient to achieve the level of concentration at cell–
cell contacts observed for wild-type cadherins [17]. It
therefore appears likely that lateral or cis interactions
could account for the enhanced localization of classical
cadherins at cell contact sites.

A potential lateral interaction site, apparently con-
served among type I cadherins, has been observed in
crystal structures of full-length ectodomains of C- [24],
N- and E-cadherins [17]. Despite forming crystals that
are unrelated to one another, in addition to the adhesive
strand-swap interface, all three structures reveal a lateral
interface formed between the base of the EC1 domain of
one protomer and a region near the apex of EC2 of a
parallel partner (Figure 4a). The combination of cis and
trans interactions engaged by each cadherin molecule
(Figure 4b) creates a molecular layer within each crystal
that is likely to correspond to the extracellular structure of
the adherens junction [17,24]. The region of EC1 involved
in this cis interface is opposite to the strand-swapping site,
so that cis and trans interactions can form simultaneously
resulting in a continuous two-dimensional lattice with
dimensions near to that expected for adherens junctions
(Figure 4c).

When cadherin ectodomains are bound to the surface of
liposomes, in the absence of other proteins, cryo-EM anal-
ysis reveals ordered junction-like structures that resemble
the molecular layer observed in C- [24], E- and N-cadherin
crystals [17]. This system, as well as cell-based experi-
ments, was used to test the idea that the cis interface
underlies the lateral assembly of cadherins in adherens
junctions. Mutations that targeted the cis interface of E-
cadherin (without interfering with trans strand-swapped
dimerization) still allowed a reduced level of adhesion

between liposomes; however, the ordered structure of
the reconstituted junctions was lost [17]. Consistently,
incorporation of these mutants into endogenous wild-type
cellular junctions caused these junctions to become unsta-
ble and transient [17]. In cells lacking endogenous cad-
herin, cis mutant protein localized to sites of cell contact
but failed to cluster into junction-like structures [17].
Taken together, these data suggest that the cis interface
identified in structural studies functions to laterally as-
semble cadherin trans dimers into adherens junctions. cis
oligomerization of cadherins at adherens junctions might
account for previous observations of multiple adhesive
states between cadherin monolayers in molecular force
experiments [45,53,54] that were initially interpreted as
multiple trans dimer states, but could be explained by
combinations of cis and trans interactions.

Interestingly, the cis interaction is too weak to be
detected in solution binding experiments (which are limit-
ed to a detection level of approximately 1 mM) [17], yet as
discussed above it appears to play a crucial biological role.
This is not surprising because the strength of interaction
between proteins in solution can differ significantly from
that of the same interaction in the context of restricted
motion when membrane bound [55]. Indeed, in silico simu-
lations suggest that when trans ectodomain dimers form,
flexibility is dramatically reduced because the two inter-
acting protomers are now attached to each other via the
adhesive interface, and in addition are tethered to each of
the apposed cell membranes [55]. Thus, when trans dimers
are formed, conformational flexibility is decreased, which
lowers the entropic penalty associated with cis dimer
formation [55,56]. This model, in which cis assembly
requires trans dimerization, would account for observa-
tions that cadherins do not cluster in the absence of
cognate adhesion to an apposed cadherin-expressing cell
[12,13].

Large cellular adherens junctions such as the zonula
adherens that circumscribe epithelial cells appear less
dense than desmosomes (see below) and it is possible that
they are assembled from numerous subdomains, each with
the defined layer structure described above. The cadherin
extracellular lattice structure is directional such that two
such subdomains would have to meet with an appropriate
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Figure 4. Extracellular structure of adherens junctions formed through cis and trans ectodomain interactions. (a) Selected region of the N-cadherin EC1–5 crystal lattice
(blue ribbon presentation; pdb-ID: 3Q2W) showing an array of N-cadherin molecules oriented as if emanating from the same cell membrane and connected by a cis
interface formed between the EC1 and EC2 domains of neighboring molecules. (b) Strand-swapped trans dimers form together with cis interactions in the same crystal
lattice. trans interactions orient opposing cis arrays approximately perpendicularly such that each cis array (blue) forms trans interactions with multiple opposing cis arrays
(orange). (c) The combination of cis and trans interactions enables cadherin ectodomains to form an ordered network that is thought to be the basis for the extracellular
architecture of adherens junction. Adapted from [17].
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exchanges with that of the partner molecule. A second function-
ally important trans interface, involving the linker region between
the EC1 and EC2 domains, has also been identified and consti-
tutes a kinetic intermediate on the path to the formation of
strand-swapped dimers (Harrison et al., 2010; Nagar et al.,
1996; Pertz et al., 1999). However, despite a detailed under-
standing of trans dimerization, little is known about the mode
of cadherin assembly in adherens junctions. Cryo-electron
tomography (cryo-ET) structures of related desmosome junc-
tions have been reported (Al-Amoudi et al., 2007; He et al.,
2003). Desmosomes, which are anchored by the intermediate
filament system, are also mediated by interactions between
the ectodomains of specialized cadherins, namely desmocollins
and desmogleins (Delva et al., 2009). The known determinants of
strand swapping in type I cadherins (Posy et al., 2008) are
conserved in desmosomal cadherins, suggesting a similar
mode for trans binding between their membrane distal EC1
domains.
Here we show that the crystal structures of the complete ecto-

domains of N- and E-cadherin, along with the previously deter-
mined structure of C-cadherin, reveal the extracellular organiza-
tion of adherens junctions. Although the three proteins form
crystals in unrelated lattices, all crystals contain a molecular
layer assembled via two interfaces: the well-characterized trans
strand swap adhesive interface between EC1 domains, and

a lateral cis interface in which a different EC1 domain surface
interacts with a region of the EC2 domain of a neighboring mole-
cule. Although the adhesive trans interface forms between cad-
herins oriented as if presented from apposed cell surfaces, the
cis interface is formed between cadherins positioned as if
emanating from the same cell surface.
Cryo-EM imaging of artificial junctions between cadherin-

coated liposomes and fluorescent imaging of adherens junctions
in transfected cells reveal an essential role for the cis interface in
the assembly of cadherin junctions. We suggest a mechanism
for junction assembly involving cooperative cis and trans interac-
tions that is likely to be relevant to other systems that mediate
membrane apposition and transmembrane signaling.

RESULTS

Ectodomain Structures of E-Cadherin and N-Cadherin
We determined crystal structures of the mature ectodomains
from mouse E-cadherin and mouse N-cadherin to 3.4 Å and
3.2 Å resolution, respectively. Data and refinement statistics
are listed in Table 1.
The overall structures of the E- and N-cadherin ectodomains

are very similar to that observed in the previously published
structure of C-cadherin (Boggon et al., 2002). In the E-cadherin
structure, two molecules are present in the crystallographic

Table 1. Data Collection and Refinement Statistics

E-Cadherin EC1-5 N-Cadherin EC1-5 E-Cadherin EC1-2 V81D E-Cadherin EC1-2 L175D

Data Collection

Space group C2 C2221 C222 C222

a,b,c (Å) 119.1, 79.7, 176.0 91.4, 111.6, 262.1 142.7, 168.9, 131.1 140.9, 169.5, 131.4

a,b,g (!) 90, 98.5, 90 90, 90, 90 90, 90, 90 90, 90, 90

Molecules per asu 2 1 2 2

Resolution (Å) 3.4 (3.52–3.4) 3.2 (3.31–3.2) 2.7 (2.8–2.7) 2.75 (2.85–2.75)

Rsym 0.123 (0.381) 0.113 (0.348) 0.135 (0.539) 0.116 (0.505)

I / sI 6.5 (2.0) 12.6 (4.0) 10.9 (3.1) 11.2 (4.3)

Completeness (%) 99.5 (99.2) 88.1 (69.9) 99.8 (99.8) 100 (100)

Redundancy 3.2 (3.0) 5.6 (5.1) 5.6 (5.4) 6.9 (6.7)

Refinement

Resolution (Å) 20–3.4 20–3.2 20–2.7 20–2.75

Number of reflections 22,536 20,206 41,130 39,137

Rwork / Rfree 0.230/0.293 0.229/0.267 0.214/0.245 0.201/0.224

Average B-factors (Å2) 65.9 61.6 52.6 38.9

Rmsd

Bond lengths (Å) 0.009 0.007 0.019 0.026

Bond angles (!) 1.42 1.18 1.77 2.16

Ramachandran Statistics

Favored (%) 89.8 93.1 96.7 96.4

Allowed (%) 10.2 6.7 3.3 3.6

Disallowed (%) 0 0.2 0 0

One crystal was used per dataset. Values in parentheses are for the highest resolution shell.
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jFobsðhklÞj:

Rfree = Rwork calculated using 5% of the reflection data chosen randomly and omitted from the start of refinement.
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A model for Cadherin supramolecular assembly based on on the structure of 
Cis and Trans Cadherin  ectodomain interaction 

Trans binding via EC1-EC1.    Cis binding via EC1-EC2 

Kd E-cad/E-cad:  60-160 µM
Kd N-cad/N-cad: 20-30µM

Katsamba P et al, Ben-Shaul, Shapiro, Honig. PNAS. 106-11594. 2009

(bulk: analytical ultra centrifugation)
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Cadherin-mediated cell sorting not determined 
by binding or adhesion specificity
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adherin adhesion molecules play important roles
in the establishment of tissue boundaries. Cells
expressing different cadherins sort out from each other

in cell aggregation assays. To determine the contribution of
cadherin binding and adhesion specificity to the sorting
process, we examined the adhesion of cells to different
purified cadherin proteins. Chinese hamster ovary cell lines
expressing one of four different cadherins were allowed
to bind to the purified cadherin extracellular domains of
either human E-cadherin or 

 

Xenopus

 

 C-cadherin, and the
specificity of adhesion was compared with cell-sorting
assays. None of the different cadherin-expressing cells
exhibited any adhesive specificity toward either of the two

C

 

purified cadherin substrates, even though these cadherins
differ considerably in their primary sequence. In addition,
all cells exhibited similar strengthening of adhesion on
both substrates. However, this lack of adhesive specificity
did not determine whether different cadherin-expressing
cells would sort from each other, and the tendency to sort
was not predictable by the extent of sequence diversity in
their extracellular domains. These results show that cadherins
are far more promiscuous in their adhesive-binding capacity
than had been expected and that the ability to sort out
must be determined by mechanisms other than simple
adhesive-binding specificity.

 

Introduction

 

The cadherin family of Ca

 

2

 

!

 

-dependent cell–cell adhesion
molecules play important roles in the formation and mainte-
nance of contacts between cells and tissues in development
(Takeichi, 1994; Gumbiner, 1996; Tepass et al., 2000). It is
a large and diverse family of different adhesion molecules
that exhibits spatial and temporal expression patterns during
development. Cadherins are homophilic binding molecules,
and the specificity of their interactions is thought to underlie
the sorting out or segregation of cells into specific tissue lay-
ers and the formation of tissue boundaries (Takeichi, 1995;
Redies, 2000).

The classical cadherins each have five extracellular cadherin
(EC)* repeats (1–5), whereas their cytoplasmic domains

interact with p120

 

ctn

 

 and 

 

"

 

-catenin, which binds to 

 

#

 

-catenin
(Yap et al., 1997a). The cytoplasmic tail has the capacity to
cluster cadherin molecules (Yap et al., 1998) and provide a
link to the cytoskeleton via 

 

#

 

-catenin (Rimm et al., 1995).
These functions allow the cytoplasmic domain to confer
adhesive strengthening on the intrinsic adhesive activity of
the extracellular domain (Brieher et al., 1996; Ozawa and
Kemler, 1998). Homophilic binding specificity has been
attributed to the NH

 

2

 

-terminal EC1 domain because ex-
change of this domain between two different cadherins
determined cell aggregation and sorting specificity (Nose et
al., 1990). However, several recent studies have shown that
binding and adhesion of cadherins involves other EC repeats
besides EC1 (Sivasankar et al., 1999, 2001; Chappuis-Flament
et al., 2001). EC1 is also essential for the specification of
lateral dimer formation (Shan et al., 2000), a prerequisite for
functional cadherin molecules (Brieher et al., 1996; Tamura
et al., 1998), and this function may contribute to its role in
determining cadherin specificity (Chappuis-Flament et al.,
2001).

The conclusion that cadherins are homophilic adhesion
molecules came from aggregation experiments in which cells
expressing different types of classical type I cadherins were
observed to sort out and form distinct aggregates (Nose et
al., 1988). There is also evidence supporting the notion that
expression of different cadherins is required to maintain
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$
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extracellular cadherin; HE, human E-cadherin; HN, human N-cadherin;
XE, 
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 E-cadherin.
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tissue boundaries in vivo. Exogenous N-cadherin expression
in early 

 

Xenopus

 

 embryos resulted in the perturbation of tis-
sue boundaries in the ectoderm and perturbed histogenesis
(Detrick et al., 1990; Fujimori et al., 1990). Also, overex-
pression of cadherins blocked the movement of neural crest
cells migrating away from the neural tube, a morphogenetic
movement that coincides with a switch in cadherin type
(Nakagawa and Takeichi, 1995, 1998).

Several observations suggest, however, that cadherins can
interact in a heterophilic fashion. A-CAM– (N-cadherin) ex-
pressing cells and L-CAM– (E-cadherin) expressing cells were
found to form heterotypic junctions (Volk et al., 1987).
N-cadherin–expressing cells can interact and mix with R-cad-
herin cells (Matsunami et al., 1993; Shapiro et al., 1995), but
their extracellular domains are rather similar (69%). B-cad-
herin–expressing cells can mix with cells expressing L-CAM,
even though they have greater sequence differences in their
EC1–5 domains (58% similarity) than N- and R-cadherin
(Murphy-Erdosh et al., 1995). Both these cadherins are, how-
ever, expressed in the liver. The type II cadherins exhibit even
less specificity in the cell aggregation sorting assay (Shi-
moyama et al., 2000), even though they exhibit quite variable
sequences. Furthermore, it was shown recently that E-cad-
herin could substitute for N-cadherin in the development of
the heart in mice, showing that cadherin mediated adhesion,
but not tissue-specific cadherin expression, was important for
heart development (Luo et al., 2001).

Cadherins may also contribute to cell segregation by dif-
ferential levels of expression of a single cadherin type (Stein-
berg, 1970). Indeed, cells expressing high levels of cadherin
will sort out from cells expressing low levels of the same cad-
herin (Friedlander et al., 1989; Steinberg and Takeichi,
1994). That different cadherin levels can mediate morpho-
genetic processes in vivo was recently shown in the 

 

Dro-
sophila

 

 egg chamber, where differential expression of DE-
cadherin on the follicle and nursing cells position the oocyte,
thereby contributing to the anterior–posterior axis (Godt and
Tepass, 1998; Gonzalez-Reyes and St Johnston, 1998).

The different types of cadherins and different patterns of
cadherin expression may have biological functions other
than cell sorting and tissue segregation, such as the qualita-
tive type of adhesive state, including the tendency for motile
versus stable adhesions. For example, N-cadherin confers a
more motile phenotype than E-cadherin when expressed on
cells (Kim et al., 2000). Overexpression of N- or C-cadherin
in 

 

Xenopus

 

 led to disruptions of the ectoderm, suggesting
that only E-cadherin, which is the endogenous cadherin in
this tissue, is specifically required to maintain the integrity
of this tissue (Detrick et al., 1990; Levine et al., 1994). Dif-
ferent cadherins may also generate different signals. For ex-

ample, E-cadherin–negative embryonic stem cells seem to
differentiate along different paths after exogenous expression
of either N-cadherin or E-cadherin (Larue et al., 1996).
Also, E-cadherin but not N-cadherin can act as a tumor sup-
pressor (Islam et al., 1996; Christofori and Semb, 1999).
Thus, different cadherins may have different physiological
functions that are required for different cell types.

In light of the observations that expression of different
cadherins may have other biological roles than cell sorting
and that cadherin interactions may be less specific than pre-
viously envisioned, we decided to address the question of
cadherin specificity in more detail. The sorting process con-
sists of a complex set of events, requiring both initial recog-
nition and binding of cadherins and the strengthening of
this interaction over time. Although it is very clear that cad-
herins are essential players in the aggregation and sorting
process, it is not easy to distinguish between the role of cad-
herin binding specificity, downstream events that can poten-
tially occur after two cells are brought into close proximity,
or the possible interplay between cadherins and other cell
surface or signaling molecules upon cell–cell contact. To ad-
dress the role of cadherin binding and adhesion specificity
we used an adhesion flow assay, which allows one to study
both the initial adhesion of cadherin-expressing cells with
purified cadherin extracellular domain proteins, as well as
the strengthening of adhesion to these purified proteins over
time (Brieher et al., 1996; Yap et al., 1998). This assay was
used in conjunction with traditional aggregation/sorting as-
says to address the role of cadherin adhesive activity in the
cell-sorting process.

 

Results

 

To examine the specificity of the primary homophilic bind-
ing and adhesion event, we started with two different puri-
fied cadherin substrates and cells expressing these two wild-
type cadherins. Human E-cadherin and 

 

Xenopus

 

 C-cadherin
are 57% similar in their EC1–5 domains (Table I), which is
comparable to, for example, human P-cadherin and human
E-cadherin (55%), two cadherins known to mediate sorting.
We therefore chose initially to use these two cadherins as
substrates and compare their adhesive properties in the flow
assay.

To make purified cadherin substrates we expressed the
extracellular domains of both the human E-cadherin
(HEEC1–5Fc) and 

 

Xenopus

 

 C-cadherin (CEC1–5Fc) as fu-
sion proteins with the Fc part of human IgG in CHO cells.
This insures that the protein is secreted as a dimer, which is
important because functional cadherins require dimerization
of the protein (Brieher et al., 1996; Tamura et al., 1998).

 

Table I. 

 

Percentage of sequence similarities of the classical cadherin EC1–5 domains or EC1 domain used in these experiments

 

Xenopus 

 

C-cadherin

 

Xenopus 

 

E-cadherin Human E-cadherin Human N-cadherin

 

% % % %

 

Xenopus

 

 C-cadherin 100/100 59/72 57/71 44/53

 

Xenopus

 

 E-cadherin 100/100 56/75 46/51
Human E-cadherin 100/100 48/58
Human N-cadherin 100/100

Results are shown as EC1–5/EC1.
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say. 

 

Xenopus

 

 C-CHO– and HE-CHO–expressing cells were
examined first. Cells were labeled with either dI or diO and
allowed to aggregate for different periods of time. Labeled
untransfected CHO cells were used as a control and did not
show much nonspecific aggregation, even after overnight in-
cubation (3–5 cell aggregates at the most; unpublished
data). In addition, no aggregation was observed for either
C-CHO or HE-CHO cells in the presence of EDTA. As ex-
pected, diI-labeled C-cadherin cells were totally intermixed
with diO-labeled C-cadherin cells (Fig. 6 A), showing that
the fluorescent label did not influence the formation of
mixed aggregates. Similarly, the diI- and diO-labeled HE-
CHO cells were mixed (Fig. 6 A). Surprisingly, diI-labeled
C-cadherin cells also mixed significantly with diO-labeled
HE-cadherin cells, albeit less completely (Fig. 6 A). Quanti-
fication showed that 

 

!

 

40% of counted aggregates consisted
of both C-CHO and HE-CHO cells (Fig. 6 A). Therefore,
C-cadherin and human E-cadherin cells did not strongly
sort out from each other.

Since 

 

Xenopus

 

 E-cadherin is equally similar to either hu-
man E-cadherin (56%) or 

 

Xenopus

 

 C-cadherin (59%) in its
EC1–5 domain (Table I) and binds equally well to both
these substrates, it was predicted that 

 

Xenopus

 

 E-cadherin
cells would mix with both 

 

Xenopus

 

 C-cadherin cells and hu-
man E-cadherin cells in aggregation assays. Indeed, when
XE-CHO cells and C-CHO cells were incubated together,
most cell aggregates consisted of mixed populations of cells
(Fig. 6 B). In contrast, however, not much mixing of HE-
CHO and XE-CHO cells was observed and most aggregates

consisted of only one cell population (Fig. 6 B). Thus, sort-
ing behavior was not predicted by the extent of sequence
similarity nor was it predicted by the results of the basic ad-
hesion assay, suggesting that sorting may be mediated by
something other than adhesive specificity.

Previous studies have shown that mouse N-cadherin–
expressing L-cells sort out from mouse E-cadherin L-cells
(Shan et al., 2000). We confirm that observation with hu-
man N-cadherin and human E-cadherin in CHO cells, as
HN-CHO cells sorted out from HE-CHO cells (Fig. 6 C).
Again, this is an example of sorting that is not dictated by
adhesive specificity, since both cell lines adhere equally well
to HEEC1–5Fc (Figs. 2 A and 5, B–D). In contrast, HN-
CHO cells did not sort from C-CHO cells, (Fig. 6 C). This
was unexpected in light of the lower similarity of N-cad-
herin to C-cadherin (44% similarity; Table I) compared
with that of human N-cadherin and human E-cadherin
(48% similarity). Therefore, cell-sorting behavior by differ-
ential cadherin expression occurred independently of any re-
latedness in sequence of the extracellular domain.

 

Discussion

 

To determine the role of direct cadherin-mediated binding
and adhesion in cell–cell sorting and mixing relative to
downstream events or interactions that may occur upon cad-
herin binding, we compared cadherin function in an adhe-
sion flow assay with a cell aggregation/sorting assay. The
former assay uses purified cadherin proteins and thus solely

Figure 6. Variable sorting specificities for different cadherin-expressing CHO cells. Cell aggregation assays using cells labeled with fluorescent 
dyes, either diI (red) or diO (green). Cells were allowed to aggregate for 3 h. For A–C, examples of fluorescence are shown in top panels, with 
quantification of sorting versus mixing shown in the graphs below. (A) diI-labeled C-CHO cells mix completely with diO-labeled C-CHO 
cells, and diI-labeled HE-CHO cells also mix completely with diO-labeled HE-CHO cells, showing that the fluorescent label does not cause 
cells to sort artifactually. Middle, C-CHO cells (red) also mix to a large extent with HE-CHO cells (green). (B) XE-CHO cells (red in all cases) 
mix with XE-CHO cells (green) or with C-CHO cells (green), but sort out from HE-CHO cells (green). (C) HN-CHO cells (red in all cases) mix 
with HN-CHO cells (green) or C-CHO cells (green), but sort out from HE-CHO cells (green). Total number of counted aggregates is set at 
100%. Black bars, diI labeled aggregates (red); striped bars, diI- and diO-labeled mixed aggregates; white bars, diO-labeled aggregates 
(green).
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Thus far, flow assays were done under saturating amounts
of substrate protein, which could potentially mask differ-
ences in adhesive strength, and therefore specificity, for ei-
ther HE- or C-CHO cells. Therefore, decreasing concentra-
tions of specific cadherin proteins were used in the adhesion
flow assay to sensitize the assay to the quantity of substrate
protein. Adhesion of C-CHO cells or HE-CHO cells were
similarly sensitive to lower amounts of either HEEC1–5Fc
(Fig. 2 C) or CEC1–5Fc (Fig. 2 D). This demonstrates that
even under nonsaturating conditions, neither C-cadherin
nor E-cadherin shows a preference for its own homophilic
substrate. Together, the results show that 

 

Xenopus

 

 C-cad-
herin can adhere similarly well to human E-cadherin as to it-
self, and vice versa.

 

Xenopus

 

 blastomere cells adhere similarly well to 
CEC1–5Fc and HEEC1–5Fc

 

CHO cells normally do not express any significant
amount of cadherin. The observed heterotypic cadherin

 

interaction could potentially be attributed to the non-
physiological expression of cadherins in CHO cells. 

 

Xeno-
pus

 

 blastomere cells, isolated from animal cap tissue explants,
express C-cadherin as their major cadherin, and were used
to test if physiological cadherin expression would also re-
sult in heterophilic adhesion. Using HEEC1–5Fc and
CEC1–5Fc as substrates, blastomeres were allowed to
bind for a period, after which they were subjected to de-
tachment forces by rotating the dish shortly. Adhesion
was measured by counting attached blastomeres before
and after rotation (Zhong et al., 1999). Blastomeres ad-
here just about as well to HEEC1–5Fc as to CEC1–5Fc,
and this adhesion showed a similar concentration depen-
dency for both substrates (Fig. 3). Blastomeres did not ad-
here to BSA (Fig. 3) or either cadherin substrate in the
presence of EDTA (unpublished data). Thus, when ex-
pressed under normal physiological circumstances, C-cad-
herin still mediates a strong heterotypic interaction with
human E-cadherin protein.

Figure 2. C-cadherin– or HE-cadherin–expressing CHO cells bind equally well to either HEEC1–5Fc or CEC1–5Fc in an adhesion flow assay. 
(A) Adhesion flow assay using 100 !g of either HEEC1–5Fc or CEC1–5Fc as substrates. Note that the curves representing CHO cells on either 
substrate or any samples in the presence of EDTA are all collapsed on the X-axis. (B) Strengthening of adhesion. Cells were allowed to attach 
to HEEC1–5Fc (75 !g/ml) or CEC1–5Fc (50 !g/ml) substrates for either 10 or 40 min before they were subjected to increasing flow rates. (C) 
Different concentrations of HEEC1–5Fc substrate in the adhesion flow assay using both C-CHO and HE-CHO cells. (D) Different concentrations 
of CEC1–5Fc substrates in the adhesion flow assay using both C-CHO cells and HE-CHO cells.
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say. 

 

Xenopus

 

 C-CHO– and HE-CHO–expressing cells were
examined first. Cells were labeled with either dI or diO and
allowed to aggregate for different periods of time. Labeled
untransfected CHO cells were used as a control and did not
show much nonspecific aggregation, even after overnight in-
cubation (3–5 cell aggregates at the most; unpublished
data). In addition, no aggregation was observed for either
C-CHO or HE-CHO cells in the presence of EDTA. As ex-
pected, diI-labeled C-cadherin cells were totally intermixed
with diO-labeled C-cadherin cells (Fig. 6 A), showing that
the fluorescent label did not influence the formation of
mixed aggregates. Similarly, the diI- and diO-labeled HE-
CHO cells were mixed (Fig. 6 A). Surprisingly, diI-labeled
C-cadherin cells also mixed significantly with diO-labeled
HE-cadherin cells, albeit less completely (Fig. 6 A). Quanti-
fication showed that 

 

!

 

40% of counted aggregates consisted
of both C-CHO and HE-CHO cells (Fig. 6 A). Therefore,
C-cadherin and human E-cadherin cells did not strongly
sort out from each other.

Since 

 

Xenopus

 

 E-cadherin is equally similar to either hu-
man E-cadherin (56%) or 

 

Xenopus

 

 C-cadherin (59%) in its
EC1–5 domain (Table I) and binds equally well to both
these substrates, it was predicted that 

 

Xenopus

 

 E-cadherin
cells would mix with both 

 

Xenopus

 

 C-cadherin cells and hu-
man E-cadherin cells in aggregation assays. Indeed, when
XE-CHO cells and C-CHO cells were incubated together,
most cell aggregates consisted of mixed populations of cells
(Fig. 6 B). In contrast, however, not much mixing of HE-
CHO and XE-CHO cells was observed and most aggregates

consisted of only one cell population (Fig. 6 B). Thus, sort-
ing behavior was not predicted by the extent of sequence
similarity nor was it predicted by the results of the basic ad-
hesion assay, suggesting that sorting may be mediated by
something other than adhesive specificity.

Previous studies have shown that mouse N-cadherin–
expressing L-cells sort out from mouse E-cadherin L-cells
(Shan et al., 2000). We confirm that observation with hu-
man N-cadherin and human E-cadherin in CHO cells, as
HN-CHO cells sorted out from HE-CHO cells (Fig. 6 C).
Again, this is an example of sorting that is not dictated by
adhesive specificity, since both cell lines adhere equally well
to HEEC1–5Fc (Figs. 2 A and 5, B–D). In contrast, HN-
CHO cells did not sort from C-CHO cells, (Fig. 6 C). This
was unexpected in light of the lower similarity of N-cad-
herin to C-cadherin (44% similarity; Table I) compared
with that of human N-cadherin and human E-cadherin
(48% similarity). Therefore, cell-sorting behavior by differ-
ential cadherin expression occurred independently of any re-
latedness in sequence of the extracellular domain.

 

Discussion

 

To determine the role of direct cadherin-mediated binding
and adhesion in cell–cell sorting and mixing relative to
downstream events or interactions that may occur upon cad-
herin binding, we compared cadherin function in an adhe-
sion flow assay with a cell aggregation/sorting assay. The
former assay uses purified cadherin proteins and thus solely

Figure 6. Variable sorting specificities for different cadherin-expressing CHO cells. Cell aggregation assays using cells labeled with fluorescent 
dyes, either diI (red) or diO (green). Cells were allowed to aggregate for 3 h. For A–C, examples of fluorescence are shown in top panels, with 
quantification of sorting versus mixing shown in the graphs below. (A) diI-labeled C-CHO cells mix completely with diO-labeled C-CHO 
cells, and diI-labeled HE-CHO cells also mix completely with diO-labeled HE-CHO cells, showing that the fluorescent label does not cause 
cells to sort artifactually. Middle, C-CHO cells (red) also mix to a large extent with HE-CHO cells (green). (B) XE-CHO cells (red in all cases) 
mix with XE-CHO cells (green) or with C-CHO cells (green), but sort out from HE-CHO cells (green). (C) HN-CHO cells (red in all cases) mix 
with HN-CHO cells (green) or C-CHO cells (green), but sort out from HE-CHO cells (green). Total number of counted aggregates is set at 
100%. Black bars, diI labeled aggregates (red); striped bars, diI- and diO-labeled mixed aggregates; white bars, diO-labeled aggregates 
(green).
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 C-CHO– and HE-CHO–expressing cells were
examined first. Cells were labeled with either dI or diO and
allowed to aggregate for different periods of time. Labeled
untransfected CHO cells were used as a control and did not
show much nonspecific aggregation, even after overnight in-
cubation (3–5 cell aggregates at the most; unpublished
data). In addition, no aggregation was observed for either
C-CHO or HE-CHO cells in the presence of EDTA. As ex-
pected, diI-labeled C-cadherin cells were totally intermixed
with diO-labeled C-cadherin cells (Fig. 6 A), showing that
the fluorescent label did not influence the formation of
mixed aggregates. Similarly, the diI- and diO-labeled HE-
CHO cells were mixed (Fig. 6 A). Surprisingly, diI-labeled
C-cadherin cells also mixed significantly with diO-labeled
HE-cadherin cells, albeit less completely (Fig. 6 A). Quanti-
fication showed that 

 

!

 

40% of counted aggregates consisted
of both C-CHO and HE-CHO cells (Fig. 6 A). Therefore,
C-cadherin and human E-cadherin cells did not strongly
sort out from each other.

Since 

 

Xenopus

 

 E-cadherin is equally similar to either hu-
man E-cadherin (56%) or 

 

Xenopus

 

 C-cadherin (59%) in its
EC1–5 domain (Table I) and binds equally well to both
these substrates, it was predicted that 

 

Xenopus

 

 E-cadherin
cells would mix with both 

 

Xenopus

 

 C-cadherin cells and hu-
man E-cadherin cells in aggregation assays. Indeed, when
XE-CHO cells and C-CHO cells were incubated together,
most cell aggregates consisted of mixed populations of cells
(Fig. 6 B). In contrast, however, not much mixing of HE-
CHO and XE-CHO cells was observed and most aggregates

consisted of only one cell population (Fig. 6 B). Thus, sort-
ing behavior was not predicted by the extent of sequence
similarity nor was it predicted by the results of the basic ad-
hesion assay, suggesting that sorting may be mediated by
something other than adhesive specificity.

Previous studies have shown that mouse N-cadherin–
expressing L-cells sort out from mouse E-cadherin L-cells
(Shan et al., 2000). We confirm that observation with hu-
man N-cadherin and human E-cadherin in CHO cells, as
HN-CHO cells sorted out from HE-CHO cells (Fig. 6 C).
Again, this is an example of sorting that is not dictated by
adhesive specificity, since both cell lines adhere equally well
to HEEC1–5Fc (Figs. 2 A and 5, B–D). In contrast, HN-
CHO cells did not sort from C-CHO cells, (Fig. 6 C). This
was unexpected in light of the lower similarity of N-cad-
herin to C-cadherin (44% similarity; Table I) compared
with that of human N-cadherin and human E-cadherin
(48% similarity). Therefore, cell-sorting behavior by differ-
ential cadherin expression occurred independently of any re-
latedness in sequence of the extracellular domain.

 

Discussion

 

To determine the role of direct cadherin-mediated binding
and adhesion in cell–cell sorting and mixing relative to
downstream events or interactions that may occur upon cad-
herin binding, we compared cadherin function in an adhe-
sion flow assay with a cell aggregation/sorting assay. The
former assay uses purified cadherin proteins and thus solely

Figure 6. Variable sorting specificities for different cadherin-expressing CHO cells. Cell aggregation assays using cells labeled with fluorescent 
dyes, either diI (red) or diO (green). Cells were allowed to aggregate for 3 h. For A–C, examples of fluorescence are shown in top panels, with 
quantification of sorting versus mixing shown in the graphs below. (A) diI-labeled C-CHO cells mix completely with diO-labeled C-CHO 
cells, and diI-labeled HE-CHO cells also mix completely with diO-labeled HE-CHO cells, showing that the fluorescent label does not cause 
cells to sort artifactually. Middle, C-CHO cells (red) also mix to a large extent with HE-CHO cells (green). (B) XE-CHO cells (red in all cases) 
mix with XE-CHO cells (green) or with C-CHO cells (green), but sort out from HE-CHO cells (green). (C) HN-CHO cells (red in all cases) mix 
with HN-CHO cells (green) or C-CHO cells (green), but sort out from HE-CHO cells (green). Total number of counted aggregates is set at 
100%. Black bars, diI labeled aggregates (red); striped bars, diI- and diO-labeled mixed aggregates; white bars, diO-labeled aggregates 
(green).
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cells, human N-cadherin (HN)-expressing CHO cells, HE-
CHO, and C-CHO cells (Fig. 4 B). A similar result was
found with the pan-cadherin antibody, although here the
difference between the C-CHO or HE-CHO cells com-
pared with the XE- or HN-CHO cells seemed more pro-
nounced than when compared with the 

 

!

 

-catenin result
(Fig. 4 B). Since both antibody incubations were done on
the same blot, the difference cannot be explained by loading
differences. Although we do not know why we see a differ-
ence in reaction intensity with the two antibodies, it might
be due to differences in pan-cadherin affinity for the cad-
herins used. We therefore sought to also examine the cell
surface expression of the cadherins, since cadherins can only
function in adhesion when present on the cell surface. No
major differences were found in surface expression of the
different cadherins on CHO cells, as judged by accessibility
to cell surface biotinylation (Fig. 4 B). Therefore, the differ-
ent cadherins were all expressed at similar levels, facilitating
comparison between cell lines.

The adhesion of XE-CHO cells to either the human
HEEC1–5Fc protein or to 

 

Xenopus

 

 CEC1–5Fc was mea-
sured. XE-CHO cells bind equally well to either CEC1–5Fc
or HEEC1–5Fc in the adhesion flow assay (Fig. 5 A), again
showing no specificity in adhesion to 

 

Xenopus

 

 C- or human

E-cadherin. Similar to both HE-CHO cells and C-CHO
cells, adhesion of XE-cadherin–expressing cells also strength-
ened on both cadherin substrates (unpublished data). N-cad-
herin is even more divergent from human E-cadherin
(48% similarity; Table I) and 

 

Xenopus

 

 C-cadherin (46%
similarity) and therefore might be expected to interact less
well with those substrates. However, N-cadherin–express-
ing cells also adhered equally well to both HEEC1–5Fc
and CEC1–5Fc (Fig. 5 B), and they adhered to these sub-
strates to a similar extent as the human E-cadherin cells
(Fig. 2 A). More importantly, HN-CHO and HE-CHO
cells were similarly sensitive to dilution of the HEEC1–
5Fc or CEC1–5Fc substrate (Fig. 5, C and D), demon-
strating that differences were not being obscured by satu-
rating levels of the substrate. In conclusion, we found that
no type I classical cadherin tested thus far mediated any
specificity in binding and adhesion to different purified
cadherin protein substrates.

 

Different cadherins exhibit variable sorting properties

 

Even though the different cadherin expressing CHO cells
failed to reveal any specificity in the basic adhesion assay, we
decided to evaluate cell sorting behaviors between the differ-
ent cadherin expressing CHO cells using a coaggregation as-

Figure 5. XE-cadherin CHO cells and HN-cadherin CHO cells show no adhesive specificity. (A) Adhesion flow assay of XE-CHO cells 
attached to either CEC1–5Fc or HEEC1–5Fc substrates (100 "g/ml). (B) Adhesion flow assay of HN-CHO attached to either CEC1–5Fc or 
HEEC1–5 (100 "g/ml). (C) Different concentrations of HEEC1–5Fc substrate in the adhesion flow assay using both HN-CHO and HE-CHO 
cells. (D) Different concentrations of CEC1–5Fc substrates in the adhesion flow assay using both HN-CHO and HE-CHO cells.
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Differential binding between cadherin subtypes is widely
believed to mediate cell sorting during embryogenesis. How-
ever, a fundamental unansweredquestion iswhether cell sorting
is dictated by the biophysical properties of cadherin bonds, or by
broader, cadherin-dependent differences in intercellular adhe-
sion or membrane tension. This report describes atomic force
microscope measurements of the strengths and dissociation
rates of homophilic and heterophilic cadherin (CAD) bonds.
Measurements conducted with chickenN-CAD, canine E-CAD,
and Xenopus C-CAD demonstrated that all three cadherins
cross-react and form multiple, intermolecular bonds. The
mechanical and kinetic properties of the heterophilic bonds are
similar to the homophilic interactions. The thus quantified
bond parameters, together with previously reported adhesion
energies were further compared with in vitro cell aggregation
and sorting assays, which are thought to mimic in vivo cell
sorting. Trends in quantified biophysical properties of the
different cadherin bonds do not correlate with sorting out-
comes. These results suggest that cell sorting in vivo and in
vitro is not governed solely by biophysical differences
between cadherin subtypes.

Cadherins are cell-surface adhesion molecules that mediate
calcium-dependent intercellular adhesion in all solid tissues.
The importance of cadherins was recognized early on from the
observation that the segregation of embryonic cells into distinct
patterns correlated with the expression profiles of cadherin
subtypes (1). Cadherinsmediate cell sorting into distinct tissues
duringmorphogenesis, and they organize boundaries inmature
tissues (2–4). For example, neural cadherin (N-CAD)2 first
appears during neurulation and is essential for the separation of
the neural tube from the embryonic ectoderm, which expresses
epithelial cadherin (E-CAD) (5). Blocking antibodies or ectopi-

cally expressed cadherins also cause major morphological
defects during development (6–8).

Early studies suggested that cell-surface properties drive cell
segregation. In vitro, dissociated amphibian embryonic cells re-
aggregated and then sorted out to form tissue-like cell patterns
(9). This behavior was linked to cadherins. Embryonic lung tis-
sue was dissociated into mesenchymal and epithelial cells that
expressN-CADandE-CAD, respectively.When re-aggregated,
the epithelial and mesenchymal cells sorted out as in the origi-
nal embryonic tissue. Similarly, L-cells transfected with E-CAD
partitioned with the epithelial cells.

A fundamental question is whether cell sorting is dictated by
differences in cadherin adhesion, and if so, whether the bio-
physical properties of the adhesive bonds dictate cell sorting.
One widely held view is that selective homophilic versus het-
erophilic cadherin binding drives cell sorting. This was based
on studies of selective cell segregation in agitated suspensions
(10–13). In particular, cells expressing different cadherin sub-
types formed segregated clusters when agitated for 45–60 min
(10–12). Exchanging the N-terminal EC1 domains of different
cadherin subtypes switched the cell aggregation specificity in
those same assays (14). Alternatively, equilibrium models pos-
tulate that differences in intercellular adhesion energies (or
interfacial tension) due to differential cadherin binding cause
cells to sort out (15, 16). Recent findings indicate that cell sur-
face tension, which depends on cadherin identity and density as
well as on cortical tension, governs embryonic cell sorting (17).

Several findings differ from short term cell-sorting results,
which were attributed to preferential homophilic cadherin
binding. In alternative long term aggregation assays, Steinberg
and co-workers (18) showed that cells expressing different cad-
herins formed intermixed cell clusters after !4 days. Further-
more, in flow assays, E-, N-, and C- (cleavage stage) cadherin-
expressing cells adhered equally well to substrates coated with
E-CAD ectodomains, although E-CAD- and N-CAD-express-
ing cells (E-CHO and N-CHO) formed separate clusters in
short term aggregation assays (19). The measured adhesion
energies of homophilic and heterophilic cadherin bonds are
also similar (20). Consequently, cadherins appear to exhibit lit-
tle binding selectivity.

Based on the degree of sequence and structural homology
between classical cadherins, one might expect cross-reactivity
between cadherin subtypes. The classical cadherins include an
extracellular region, a single-pass transmembrane domain, and
a cytodomain (3). The ectodomain folds into five tandemly
arranged extracellular (EC) domains, numbered EC1 to EC5
from the N terminus (21, 22). X-ray structures show that the
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Differential binding between cadherin subtypes is widely
believed to mediate cell sorting during embryogenesis. How-
ever, a fundamental unansweredquestion iswhether cell sorting
is dictated by the biophysical properties of cadherin bonds, or by
broader, cadherin-dependent differences in intercellular adhe-
sion or membrane tension. This report describes atomic force
microscope measurements of the strengths and dissociation
rates of homophilic and heterophilic cadherin (CAD) bonds.
Measurements conducted with chickenN-CAD, canine E-CAD,
and Xenopus C-CAD demonstrated that all three cadherins
cross-react and form multiple, intermolecular bonds. The
mechanical and kinetic properties of the heterophilic bonds are
similar to the homophilic interactions. The thus quantified
bond parameters, together with previously reported adhesion
energies were further compared with in vitro cell aggregation
and sorting assays, which are thought to mimic in vivo cell
sorting. Trends in quantified biophysical properties of the
different cadherin bonds do not correlate with sorting out-
comes. These results suggest that cell sorting in vivo and in
vitro is not governed solely by biophysical differences
between cadherin subtypes.

Cadherins are cell-surface adhesion molecules that mediate
calcium-dependent intercellular adhesion in all solid tissues.
The importance of cadherins was recognized early on from the
observation that the segregation of embryonic cells into distinct
patterns correlated with the expression profiles of cadherin
subtypes (1). Cadherinsmediate cell sorting into distinct tissues
duringmorphogenesis, and they organize boundaries inmature
tissues (2–4). For example, neural cadherin (N-CAD)2 first
appears during neurulation and is essential for the separation of
the neural tube from the embryonic ectoderm, which expresses
epithelial cadherin (E-CAD) (5). Blocking antibodies or ectopi-

cally expressed cadherins also cause major morphological
defects during development (6–8).
Early studies suggested that cell-surface properties drive cell

segregation. In vitro, dissociated amphibian embryonic cells re-
aggregated and then sorted out to form tissue-like cell patterns
(9). This behavior was linked to cadherins. Embryonic lung tis-
sue was dissociated into mesenchymal and epithelial cells that
expressN-CADandE-CAD, respectively.When re-aggregated,
the epithelial and mesenchymal cells sorted out as in the origi-
nal embryonic tissue. Similarly, L-cells transfected with E-CAD
partitioned with the epithelial cells.
A fundamental question is whether cell sorting is dictated by

differences in cadherin adhesion, and if so, whether the bio-
physical properties of the adhesive bonds dictate cell sorting.
One widely held view is that selective homophilic versus het-
erophilic cadherin binding drives cell sorting. This was based
on studies of selective cell segregation in agitated suspensions
(10–13). In particular, cells expressing different cadherin sub-
types formed segregated clusters when agitated for 45–60 min
(10–12). Exchanging the N-terminal EC1 domains of different
cadherin subtypes switched the cell aggregation specificity in
those same assays (14). Alternatively, equilibrium models pos-
tulate that differences in intercellular adhesion energies (or
interfacial tension) due to differential cadherin binding cause
cells to sort out (15, 16). Recent findings indicate that cell sur-
face tension, which depends on cadherin identity and density as
well as on cortical tension, governs embryonic cell sorting (17).
Several findings differ from short term cell-sorting results,

which were attributed to preferential homophilic cadherin
binding. In alternative long term aggregation assays, Steinberg
and co-workers (18) showed that cells expressing different cad-
herins formed intermixed cell clusters after !4 days. Further-
more, in flow assays, E-, N-, and C- (cleavage stage) cadherin-
expressing cells adhered equally well to substrates coated with
E-CAD ectodomains, although E-CAD- and N-CAD-express-
ing cells (E-CHO and N-CHO) formed separate clusters in
short term aggregation assays (19). The measured adhesion
energies of homophilic and heterophilic cadherin bonds are
also similar (20). Consequently, cadherins appear to exhibit lit-
tle binding selectivity.
Based on the degree of sequence and structural homology

between classical cadherins, one might expect cross-reactivity
between cadherin subtypes. The classical cadherins include an
extracellular region, a single-pass transmembrane domain, and
a cytodomain (3). The ectodomain folds into five tandemly
arranged extracellular (EC) domains, numbered EC1 to EC5
from the N terminus (21, 22). X-ray structures show that the
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Whole Cell Lysate Preparation and Immunoblotting—Cells
were analyzed for relative amounts of cadherin expression by
immunoblotting. The cadherin expression was normalized rel-
ative to!-actin. In addition, cadherin expressionwas compared
with !-catenin (19). Briefly, cadherin-expressing CHO cells
were lysed with “lysis buffer” (1% Nonidet P-40, 150 mM NaCl,
20 mM Tris, pH 7.6, 1 mM EDTA, and protease inhibitor mix-
ture from Roche Applied Science). Solutions were clarified by
centrifugation at 16,000 ! g for 10 min. The total protein con-
centration in the lysates was determined with the BCA protein
assay (Pierce). Immunoblotting was performed with the same
total amount of lysate protein from each cadherin-expressing
cell line. Proteins were separated by SDS-PAGE using 7.5%
bisacrylamide gels (Bio-Rad) and then transferred to a Hybond
ECL membrane (GE Healthcare). The relative amount of cad-
herin, !-actin, and !-catenin was determined by immunoblot-
ting with the corresponding primary antibodies and peroxi-
dase-conjugated secondary antibodies. The immunoblot
signals were then quantified by densitometry with theQuantity
One Analysis Software (Bio-Rad).
Antibodies—The monoclonal N-cadherin antibody, !-actin

antibody, goat anti-mouse peroxidase-conjugated antibody,
goat anti-rabbit peroxidase-conjugated antibody, and mouse
anti-goat peroxidase-conjugated antibody were from Sigma.
The !-catenin antibody was from BD Biosciences, and the goat
anti-C-cadherin and anti-E-cadherin antibodies were from
Santa Cruz Biotechnology (Santa Cruz, CA).
AFM Sample Preparation and Surface Chemistry—The sur-

face modification of AFM cantilever tips and glass substrates
(Fig. 1) was done exactly as described (38). Cantilevers
(VeecoProbes, CA) and small glass slides (Fisher) were coated

with a 60-nm layer of gold. A monolayer of 1,8-octanedithiol
(Sigma) and 6-mercapto-1-hexanol (Sigma) was then self-as-
sembled onto the gold films. Changing the ratio of the two thiol
compounds changed the protein density on the surfaces. The
monolayers were then activated with poly(ethylene glycol)-"-
maleimide, #-N-hydroxysuccinimide ester (NHS-PEG-MAL-
3400 Da, Nektar Therapeutics, Huntsville, AL). The maleimide
group (MAL) reacts with exposed thiols on the 1,8-octanedi-
thiol monolayer, and the exposed NHS group covalently binds
free amines on proteins.
A small Teflon fluidic cell was designed for the AFM to

accommodate the sample and to enable it to be rinsed through
two ports on the sides of the cell. Before incubating the tip and
samplewith protein solution, the glass slidewas glued to the cell
with epoxy. The sample was thenmounted onto the AFM stage
and incubated with protein solution (0.3 $M cadherin in PBS)
for 1 h at room temperature. The cantilever was placed in the
AFM cantilever holder and immersed in protein solution. The
working buffer contained 100 mM Tris, pH 7.5, 50 mM NaCl,
and 2 mM CaCl2 (Fisher). Prior to force measurements, the cell
was flushed several times with calcium-free buffer to remove
noncovalently bound cadherin.
AFM Measurements—The bond rupture forces were

measured with the molecular force probe 1-D (Asylum
Research, Santa Barbara, CA) using Igor Pro software
(WaveMetrics, OR) for data acquisition and piezo control.
The optical lever sensitivity was calibrated by pressing the
tip against a hard surface to give the tip deflection in nanom-
eters. The spring constant kc of the gold-coated cantilevers
was calibrated with the thermal method (39), and typical
values were 10–25 pN/nm.
During the experiment, the fluidic cell was glued to a glass

slide and attached to the molecular force probe stage by two
magnets to stabilize the sample. A user panel with feedback
control was written to drive the piezo in both the steady ramp
and constant force modes (Fig. 2). The impingement forces
were kept at "30 pN to reduce nonspecific adhesion between
the surface and cantilever tip.
Force measurements were conducted in two ways (Fig. 2).

First, we used a steady force ramp, where the cantilever was
brought into contact with the surface and then retracted at a
constant velocity (Fig. 2A). Three to four thousand force curves
were recorded at each loading rate. The binding frequency was
adjusted to 10–30%, by controlling the cadherin density on the
tip and substrate. In otherwords, less than 30 out of 100 touches
to the surface generated an adhesion event. This increases the
likelihood that most of the binding events were from single
bonds. Force curves were analyzed with a custom-written pro-
gram. For each force extension profile displaying a single rup-
ture event (Fig. 2A, middle curve), the rupture force and the
effective loading rate were both determined. The “effective
loading rate” is the actual loading rate on the bond, determined
from the elastic stretch region of the flexible PEG tethers. The
slope of the latter curve just prior to bond rupture determines
the effective spring constant keff. Thus, the effective loading rate
at rupture is keffv, where v is the cantilever velocity. This differs
from the “nominal loading rate,” which is ksv, where ksv is the
cantilever spring constant. These analyses included only the

FIGURE 1. Schematic of cadherin ectodomains immobilized on the modi-
fied cantilever tip and glass slide. The self-assembled monolayer (SAM) was
formed on the thin gold films and activated with the MAL-PEG3400-NHS
linker. The NHS moiety covalently bound cadherins via free amines. Details of
the cantilever and glass slide modification and cadherin immobilization pro-
cedures are given in the text.
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force curves in which the relative standard deviation (S.D.
divided by the mean) of the loading rates was less than 20%.
Histograms were then constructed of the rupture forces meas-
ured at each loading rate.
The second type of measurement determined the bond life-

times using the constant forcemode. In this case, the force is set
to a preset value and then maintained until the bond fails (Fig.
2B) (33, 40). The persistence time of the bond gives the lifetime
under a set force (Fig. 2B).
To ensure that the results were independent of the immobiliza-

tion, different cadherins were bound to the tip or to the substrate.
Results obtained with N-CAD on the tip and E-CAD on the sub-
strate, for example,were identical todataobtainedwithE-CADon
the tip and N-CAD on the substrate.
Data Analysis—According to Bell’s model (41), the bond dis-

sociation rate increases exponentially with an applied force,
according to Equation 1,

koff
f ! koff " e!f/f# (Eq. 1)

Here koff is the intrinsic dissociation rate of the unstressed
bond. The so-called thermal force f# " kT/X#, where X# is
the projection of the transition state along the force vector.
kT is the thermal energy where k is Boltzmann’s constant and
T is the absolute temperature. When the force increases lin-
early with time, the rupture force distribution p(f) at loading
rate rf (42) is shown in Equation 2,

p# f $ !
koff

rf
" exp! f

f#
$

koff " f#

rf
#ef/f# $ 1$" (Eq. 2)

The most probable force (MPF), defined by the maximum in
the force distribution, is as shown in Equation 3,

MPFmp ! f# " ln#rf$ $ f# " ln#koff " f#$ (Eq. 3)

For a bond confined by a single barrier, the MPF increases lin-
early with the logarithm of the loading rate. The parameters f#
and koff are obtained fromMPF versus log(rf) plots.

In the lifetime measurements, when the force f is constant,
the bond survival probability P(t) is (29, 33) as shown in Equa-
tion 4,

P#t$ ! A " exp#!koff
f " t$ (Eq. 4)

Here A is the probability amplitude, and kofff is the dissociation
rate of the bond subject to a constant force. ForN bound states
each with a dissociation rate ki, P(t) would be described by a
sum ofN exponentials. Fits of Equation 4 (or a superposition of
exponentials) to plots of the survival probability versus time at a
constant force fi give the number of bound states with rupture
forces greater than fi and the dissociation rates. The dissocia-
tion rates are related to the lifetimes ti by ti " 1/ki.

RESULTS

Homophilic Cadherin Bonds Exhibit Similar Strengths and
Dissociation Rates—We measured homophilic binding
between the Fc-tagged extracellular domains 1–5 of three clas-
sical cadherins: namely, chickenN-CAD,XenopusC-CAD, and
canine E-CAD. Fig. 3 summarizes the results of measurements
with N-CAD. Rupture forces were measured at nine different
loading rates, ranging from 10 to 104 pN/s. Fig. 3A shows the
force histogram measured at the constant, effective loading
rate of 1460 % 220 pN/s. The bin size for the histogram in
Fig. 3A is 4–6 pN, but this depends on the loading rate (Fig.
3). The bin size h is estimated by minimizing the integral of
the mean square errors (MSE) (43) and is approximated to be
h " 3.5 & % & n!1/2, where % is the standard deviation of the
distribution, and n is the total number of data points (n '
400, in these studies).
Visual inspection of the histograms suggests that there are

two principal peaks, which both shift to higher forces with

FIGURE 2. Force time traces of AFM profiles obtained with the steady
ramp mode (A) and the constant force mode (B). A, first curve shows a
typical force trace in control measurements in which there is no adhesion. The
arrow indicates initial tip-surface contact, and the asterisk indicates bond rup-
ture. The middle curve shows a single bond rupture event, and the lower curve
shows multiple-bond rupture. B, the force rapidly jumps to a preset value, which
is held until the bond fails (asterisk). The duration of the flat, constant force region
is the lifetime. The upper trace exhibits a single-bond rupture event, and the lower
curve shows a rare case with the sequential rupture of two bonds.

FIGURE 3. Adhesion measurements between N-CAD ectodomains. A, his-
togram of the rupture force distribution measured at rf " 1460 % 220 pN/s.
The two sub-states in the high force peak ((40 pN) were obtained from the
lifetime measurements. B, force spectra (most probable force (MPF) versus
log(rf) plots) of N-CAD bonds associated with the major peaks in A, and the
linear fits (solid lines). The best fit parameters are f# " 5.2 % 0.5 pN and koff "
5 % 3 & 10!4 s!1 for the strong state. f# " 4.8 % 0.3 pN and koff " 0.2 % 0.1 s!1

for the weak state. These parameters are summarized in Table 1.
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force curves in which the relative standard deviation (S.D.
divided by the mean) of the loading rates was less than 20%.
Histograms were then constructed of the rupture forces meas-
ured at each loading rate.
The second type of measurement determined the bond life-

times using the constant forcemode. In this case, the force is set
to a preset value and then maintained until the bond fails (Fig.
2B) (33, 40). The persistence time of the bond gives the lifetime
under a set force (Fig. 2B).
To ensure that the results were independent of the immobiliza-

tion, different cadherins were bound to the tip or to the substrate.
Results obtained with N-CAD on the tip and E-CAD on the sub-
strate, for example,were identical todataobtainedwithE-CADon
the tip and N-CAD on the substrate.
Data Analysis—According to Bell’s model (41), the bond dis-

sociation rate increases exponentially with an applied force,
according to Equation 1,

koff
f ! koff " e!f/f# (Eq. 1)

Here koff is the intrinsic dissociation rate of the unstressed
bond. The so-called thermal force f# " kT/X#, where X# is
the projection of the transition state along the force vector.
kT is the thermal energy where k is Boltzmann’s constant and
T is the absolute temperature. When the force increases lin-
early with time, the rupture force distribution p(f) at loading
rate rf (42) is shown in Equation 2,
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rf
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koff " f#

rf
#ef/f# $ 1$" (Eq. 2)

The most probable force (MPF), defined by the maximum in
the force distribution, is as shown in Equation 3,

MPFmp ! f# " ln#rf$ $ f# " ln#koff " f#$ (Eq. 3)

For a bond confined by a single barrier, the MPF increases lin-
early with the logarithm of the loading rate. The parameters f#
and koff are obtained fromMPF versus log(rf) plots.

In the lifetime measurements, when the force f is constant,
the bond survival probability P(t) is (29, 33) as shown in Equa-
tion 4,

P#t$ ! A " exp#!koff
f " t$ (Eq. 4)

Here A is the probability amplitude, and kofff is the dissociation
rate of the bond subject to a constant force. ForN bound states
each with a dissociation rate ki, P(t) would be described by a
sum ofN exponentials. Fits of Equation 4 (or a superposition of
exponentials) to plots of the survival probability versus time at a
constant force fi give the number of bound states with rupture
forces greater than fi and the dissociation rates. The dissocia-
tion rates are related to the lifetimes ti by ti " 1/ki.

RESULTS

Homophilic Cadherin Bonds Exhibit Similar Strengths and
Dissociation Rates—We measured homophilic binding
between the Fc-tagged extracellular domains 1–5 of three clas-
sical cadherins: namely, chickenN-CAD,XenopusC-CAD, and
canine E-CAD. Fig. 3 summarizes the results of measurements
with N-CAD. Rupture forces were measured at nine different
loading rates, ranging from 10 to 104 pN/s. Fig. 3A shows the
force histogram measured at the constant, effective loading
rate of 1460 % 220 pN/s. The bin size for the histogram in
Fig. 3A is 4–6 pN, but this depends on the loading rate (Fig.
3). The bin size h is estimated by minimizing the integral of
the mean square errors (MSE) (43) and is approximated to be
h " 3.5 & % & n!1/2, where % is the standard deviation of the
distribution, and n is the total number of data points (n '
400, in these studies).
Visual inspection of the histograms suggests that there are

two principal peaks, which both shift to higher forces with

FIGURE 2. Force time traces of AFM profiles obtained with the steady
ramp mode (A) and the constant force mode (B). A, first curve shows a
typical force trace in control measurements in which there is no adhesion. The
arrow indicates initial tip-surface contact, and the asterisk indicates bond rup-
ture. The middle curve shows a single bond rupture event, and the lower curve
shows multiple-bond rupture. B, the force rapidly jumps to a preset value, which
is held until the bond fails (asterisk). The duration of the flat, constant force region
is the lifetime. The upper trace exhibits a single-bond rupture event, and the lower
curve shows a rare case with the sequential rupture of two bonds.

FIGURE 3. Adhesion measurements between N-CAD ectodomains. A, his-
togram of the rupture force distribution measured at rf " 1460 % 220 pN/s.
The two sub-states in the high force peak ((40 pN) were obtained from the
lifetime measurements. B, force spectra (most probable force (MPF) versus
log(rf) plots) of N-CAD bonds associated with the major peaks in A, and the
linear fits (solid lines). The best fit parameters are f# " 5.2 % 0.5 pN and koff "
5 % 3 & 10!4 s!1 for the strong state. f# " 4.8 % 0.3 pN and koff " 0.2 % 0.1 s!1

for the weak state. These parameters are summarized in Table 1.

Kinetics and Strengths of Cadherin Bonds

OCTOBER 17, 2008 • VOLUME 283 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 28457

1. Extracellular homo- vs heterophilic ligation



Thomas LECUIT   2017-2018

Biophysical Properties of Cadherin Bonds Do Not Predict
Cell Sorting*□S

Received for publication, April 2, 2008, and in revised form, May 21, 2008 Published, JBC Papers in Press, June 15, 2008, DOI 10.1074/jbc.M802563200

Quanming Shi‡, Yuan-Hung Chien§, and Deborah Leckband‡§¶1

From the ‡Department of Chemical and Biomolecular Engineering, §Department of Biochemistry, and ¶Department of Chemistry,
University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

Differential binding between cadherin subtypes is widely
believed to mediate cell sorting during embryogenesis. How-
ever, a fundamental unansweredquestion iswhether cell sorting
is dictated by the biophysical properties of cadherin bonds, or by
broader, cadherin-dependent differences in intercellular adhe-
sion or membrane tension. This report describes atomic force
microscope measurements of the strengths and dissociation
rates of homophilic and heterophilic cadherin (CAD) bonds.
Measurements conducted with chickenN-CAD, canine E-CAD,
and Xenopus C-CAD demonstrated that all three cadherins
cross-react and form multiple, intermolecular bonds. The
mechanical and kinetic properties of the heterophilic bonds are
similar to the homophilic interactions. The thus quantified
bond parameters, together with previously reported adhesion
energies were further compared with in vitro cell aggregation
and sorting assays, which are thought to mimic in vivo cell
sorting. Trends in quantified biophysical properties of the
different cadherin bonds do not correlate with sorting out-
comes. These results suggest that cell sorting in vivo and in
vitro is not governed solely by biophysical differences
between cadherin subtypes.

Cadherins are cell-surface adhesion molecules that mediate
calcium-dependent intercellular adhesion in all solid tissues.
The importance of cadherins was recognized early on from the
observation that the segregation of embryonic cells into distinct
patterns correlated with the expression profiles of cadherin
subtypes (1). Cadherinsmediate cell sorting into distinct tissues
duringmorphogenesis, and they organize boundaries inmature
tissues (2–4). For example, neural cadherin (N-CAD)2 first
appears during neurulation and is essential for the separation of
the neural tube from the embryonic ectoderm, which expresses
epithelial cadherin (E-CAD) (5). Blocking antibodies or ectopi-

cally expressed cadherins also cause major morphological
defects during development (6–8).

Early studies suggested that cell-surface properties drive cell
segregation. In vitro, dissociated amphibian embryonic cells re-
aggregated and then sorted out to form tissue-like cell patterns
(9). This behavior was linked to cadherins. Embryonic lung tis-
sue was dissociated into mesenchymal and epithelial cells that
expressN-CADandE-CAD, respectively.When re-aggregated,
the epithelial and mesenchymal cells sorted out as in the origi-
nal embryonic tissue. Similarly, L-cells transfected with E-CAD
partitioned with the epithelial cells.

A fundamental question is whether cell sorting is dictated by
differences in cadherin adhesion, and if so, whether the bio-
physical properties of the adhesive bonds dictate cell sorting.
One widely held view is that selective homophilic versus het-
erophilic cadherin binding drives cell sorting. This was based
on studies of selective cell segregation in agitated suspensions
(10–13). In particular, cells expressing different cadherin sub-
types formed segregated clusters when agitated for 45–60 min
(10–12). Exchanging the N-terminal EC1 domains of different
cadherin subtypes switched the cell aggregation specificity in
those same assays (14). Alternatively, equilibrium models pos-
tulate that differences in intercellular adhesion energies (or
interfacial tension) due to differential cadherin binding cause
cells to sort out (15, 16). Recent findings indicate that cell sur-
face tension, which depends on cadherin identity and density as
well as on cortical tension, governs embryonic cell sorting (17).

Several findings differ from short term cell-sorting results,
which were attributed to preferential homophilic cadherin
binding. In alternative long term aggregation assays, Steinberg
and co-workers (18) showed that cells expressing different cad-
herins formed intermixed cell clusters after !4 days. Further-
more, in flow assays, E-, N-, and C- (cleavage stage) cadherin-
expressing cells adhered equally well to substrates coated with
E-CAD ectodomains, although E-CAD- and N-CAD-express-
ing cells (E-CHO and N-CHO) formed separate clusters in
short term aggregation assays (19). The measured adhesion
energies of homophilic and heterophilic cadherin bonds are
also similar (20). Consequently, cadherins appear to exhibit lit-
tle binding selectivity.

Based on the degree of sequence and structural homology
between classical cadherins, one might expect cross-reactivity
between cadherin subtypes. The classical cadherins include an
extracellular region, a single-pass transmembrane domain, and
a cytodomain (3). The ectodomain folds into five tandemly
arranged extracellular (EC) domains, numbered EC1 to EC5
from the N terminus (21, 22). X-ray structures show that the
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Differential binding between cadherin subtypes is widely
believed to mediate cell sorting during embryogenesis. How-
ever, a fundamental unansweredquestion iswhether cell sorting
is dictated by the biophysical properties of cadherin bonds, or by
broader, cadherin-dependent differences in intercellular adhe-
sion or membrane tension. This report describes atomic force
microscope measurements of the strengths and dissociation
rates of homophilic and heterophilic cadherin (CAD) bonds.
Measurements conducted with chickenN-CAD, canine E-CAD,
and Xenopus C-CAD demonstrated that all three cadherins
cross-react and form multiple, intermolecular bonds. The
mechanical and kinetic properties of the heterophilic bonds are
similar to the homophilic interactions. The thus quantified
bond parameters, together with previously reported adhesion
energies were further compared with in vitro cell aggregation
and sorting assays, which are thought to mimic in vivo cell
sorting. Trends in quantified biophysical properties of the
different cadherin bonds do not correlate with sorting out-
comes. These results suggest that cell sorting in vivo and in
vitro is not governed solely by biophysical differences
between cadherin subtypes.

Cadherins are cell-surface adhesion molecules that mediate
calcium-dependent intercellular adhesion in all solid tissues.
The importance of cadherins was recognized early on from the
observation that the segregation of embryonic cells into distinct
patterns correlated with the expression profiles of cadherin
subtypes (1). Cadherinsmediate cell sorting into distinct tissues
duringmorphogenesis, and they organize boundaries inmature
tissues (2–4). For example, neural cadherin (N-CAD)2 first
appears during neurulation and is essential for the separation of
the neural tube from the embryonic ectoderm, which expresses
epithelial cadherin (E-CAD) (5). Blocking antibodies or ectopi-

cally expressed cadherins also cause major morphological
defects during development (6–8).
Early studies suggested that cell-surface properties drive cell

segregation. In vitro, dissociated amphibian embryonic cells re-
aggregated and then sorted out to form tissue-like cell patterns
(9). This behavior was linked to cadherins. Embryonic lung tis-
sue was dissociated into mesenchymal and epithelial cells that
expressN-CADandE-CAD, respectively.When re-aggregated,
the epithelial and mesenchymal cells sorted out as in the origi-
nal embryonic tissue. Similarly, L-cells transfected with E-CAD
partitioned with the epithelial cells.
A fundamental question is whether cell sorting is dictated by

differences in cadherin adhesion, and if so, whether the bio-
physical properties of the adhesive bonds dictate cell sorting.
One widely held view is that selective homophilic versus het-
erophilic cadherin binding drives cell sorting. This was based
on studies of selective cell segregation in agitated suspensions
(10–13). In particular, cells expressing different cadherin sub-
types formed segregated clusters when agitated for 45–60 min
(10–12). Exchanging the N-terminal EC1 domains of different
cadherin subtypes switched the cell aggregation specificity in
those same assays (14). Alternatively, equilibrium models pos-
tulate that differences in intercellular adhesion energies (or
interfacial tension) due to differential cadherin binding cause
cells to sort out (15, 16). Recent findings indicate that cell sur-
face tension, which depends on cadherin identity and density as
well as on cortical tension, governs embryonic cell sorting (17).
Several findings differ from short term cell-sorting results,

which were attributed to preferential homophilic cadherin
binding. In alternative long term aggregation assays, Steinberg
and co-workers (18) showed that cells expressing different cad-
herins formed intermixed cell clusters after !4 days. Further-
more, in flow assays, E-, N-, and C- (cleavage stage) cadherin-
expressing cells adhered equally well to substrates coated with
E-CAD ectodomains, although E-CAD- and N-CAD-express-
ing cells (E-CHO and N-CHO) formed separate clusters in
short term aggregation assays (19). The measured adhesion
energies of homophilic and heterophilic cadherin bonds are
also similar (20). Consequently, cadherins appear to exhibit lit-
tle binding selectivity.
Based on the degree of sequence and structural homology

between classical cadherins, one might expect cross-reactivity
between cadherin subtypes. The classical cadherins include an
extracellular region, a single-pass transmembrane domain, and
a cytodomain (3). The ectodomain folds into five tandemly
arranged extracellular (EC) domains, numbered EC1 to EC5
from the N terminus (21, 22). X-ray structures show that the
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force curves in which the relative standard deviation (S.D.
divided by the mean) of the loading rates was less than 20%.
Histograms were then constructed of the rupture forces meas-
ured at each loading rate.
The second type of measurement determined the bond life-

times using the constant forcemode. In this case, the force is set
to a preset value and then maintained until the bond fails (Fig.
2B) (33, 40). The persistence time of the bond gives the lifetime
under a set force (Fig. 2B).
To ensure that the results were independent of the immobiliza-

tion, different cadherins were bound to the tip or to the substrate.
Results obtained with N-CAD on the tip and E-CAD on the sub-
strate, for example,were identical todataobtainedwithE-CADon
the tip and N-CAD on the substrate.
Data Analysis—According to Bell’s model (41), the bond dis-

sociation rate increases exponentially with an applied force,
according to Equation 1,

koff
f ! koff " e!f/f# (Eq. 1)

Here koff is the intrinsic dissociation rate of the unstressed
bond. The so-called thermal force f# " kT/X#, where X# is
the projection of the transition state along the force vector.
kT is the thermal energy where k is Boltzmann’s constant and
T is the absolute temperature. When the force increases lin-
early with time, the rupture force distribution p(f) at loading
rate rf (42) is shown in Equation 2,

p# f $ !
koff

rf
" exp! f

f#
$

koff " f#

rf
#ef/f# $ 1$" (Eq. 2)

The most probable force (MPF), defined by the maximum in
the force distribution, is as shown in Equation 3,

MPFmp ! f# " ln#rf$ $ f# " ln#koff " f#$ (Eq. 3)

For a bond confined by a single barrier, the MPF increases lin-
early with the logarithm of the loading rate. The parameters f#
and koff are obtained fromMPF versus log(rf) plots.

In the lifetime measurements, when the force f is constant,
the bond survival probability P(t) is (29, 33) as shown in Equa-
tion 4,

P#t$ ! A " exp#!koff
f " t$ (Eq. 4)

Here A is the probability amplitude, and kofff is the dissociation
rate of the bond subject to a constant force. ForN bound states
each with a dissociation rate ki, P(t) would be described by a
sum ofN exponentials. Fits of Equation 4 (or a superposition of
exponentials) to plots of the survival probability versus time at a
constant force fi give the number of bound states with rupture
forces greater than fi and the dissociation rates. The dissocia-
tion rates are related to the lifetimes ti by ti " 1/ki.

RESULTS

Homophilic Cadherin Bonds Exhibit Similar Strengths and
Dissociation Rates—We measured homophilic binding
between the Fc-tagged extracellular domains 1–5 of three clas-
sical cadherins: namely, chickenN-CAD,XenopusC-CAD, and
canine E-CAD. Fig. 3 summarizes the results of measurements
with N-CAD. Rupture forces were measured at nine different
loading rates, ranging from 10 to 104 pN/s. Fig. 3A shows the
force histogram measured at the constant, effective loading
rate of 1460 % 220 pN/s. The bin size for the histogram in
Fig. 3A is 4–6 pN, but this depends on the loading rate (Fig.
3). The bin size h is estimated by minimizing the integral of
the mean square errors (MSE) (43) and is approximated to be
h " 3.5 & % & n!1/2, where % is the standard deviation of the
distribution, and n is the total number of data points (n '
400, in these studies).
Visual inspection of the histograms suggests that there are

two principal peaks, which both shift to higher forces with

FIGURE 2. Force time traces of AFM profiles obtained with the steady
ramp mode (A) and the constant force mode (B). A, first curve shows a
typical force trace in control measurements in which there is no adhesion. The
arrow indicates initial tip-surface contact, and the asterisk indicates bond rup-
ture. The middle curve shows a single bond rupture event, and the lower curve
shows multiple-bond rupture. B, the force rapidly jumps to a preset value, which
is held until the bond fails (asterisk). The duration of the flat, constant force region
is the lifetime. The upper trace exhibits a single-bond rupture event, and the lower
curve shows a rare case with the sequential rupture of two bonds.

FIGURE 3. Adhesion measurements between N-CAD ectodomains. A, his-
togram of the rupture force distribution measured at rf " 1460 % 220 pN/s.
The two sub-states in the high force peak ((40 pN) were obtained from the
lifetime measurements. B, force spectra (most probable force (MPF) versus
log(rf) plots) of N-CAD bonds associated with the major peaks in A, and the
linear fits (solid lines). The best fit parameters are f# " 5.2 % 0.5 pN and koff "
5 % 3 & 10!4 s!1 for the strong state. f# " 4.8 % 0.3 pN and koff " 0.2 % 0.1 s!1

for the weak state. These parameters are summarized in Table 1.
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rates. The same sub-state also presumably dominates the low
force peak at all loading rates. Subsequent analyses therefore
focused on the maxima of the two major peaks, and their vari-
ation with loading rate, cadherin identity, and the type
(homophilic versus heterophilic) of cadherin interaction.

The force spectra of canine E-CAD differed slightly from
those of N-CAD and C-CAD (Fig. 5). Fig. 5A shows the force
histogrammeasured at 2075! 250 pN/s, and Fig. 5B shows the
plot of the MPF versus log(rf) for the two peaks. In contrast to
N-CAD, the MPF for the lower force peak did not increase
linearly with log(rf). Panorchan et al. (48) reported similar
behavior in AFM measurements between recombinant canine
E-CAD ectodomains and cells expressing wild type E-CAD.
This could be due to two energy barriers in the unbinding tra-
jectory (42, 46). An alternative analysis predicts this force sig-
nature for bonds confined by a single barrier and a cup-like
potential (47). Alternatively, this could be due to a rate-depend-
ent shift in the populations of two states contributing to the low
force peak.

Assuming two barriers in the unbinding trajectory (42,
46), one obtains linear fits to the two branches shown in Fig.
5B. The two branches in the force spectrum for the lower
force peak appear to be similar. However, a Student’s t test
shows that the difference in the two slopes is statistically
significant (p " 0.01). The best fit bond parameters are given
in Table 1.

Fig. 6 summarizes the force spectra of the homophilic bonds
measured with all three classical cadherin ectodomains. The
fitted parameters f! and koff are summarized in Table 1. All
three interactions exhibited two principal peaks over the load-
ing rates used. Importantly, the homophilic bonds of all three
cadherin subtypes exhibit very similar tensile strengths and
force spectra. The only major difference appears to be the non-
linearity of the force spectrum of the low force E-CAD peak.
Differences in the slopes also affect the determined dissociation
rates.
Heterophilic and Homophilic Cadherin Bonds Are Similar—

Heterophilic binding between the three different cadherins was
measured as described above. Fig. 7,A–C, shows representative
histograms force obtained for the three heterophilic cadherin
interactions as follows: namely E-CAD/N-CAD, C-CAD/E-

CAD, and C-CAD/N-CAD. Similar to the homophilic bonds,
heterophilic interactions also exhibit two principal peaks. In
each case, the cadherins exhibit distinct weak bonds rupturing
at"40 pNand strong bonds that rupture between 45 and 75pN,
depending on the loading rate. The solid lines in the figures are
the estimated force distributions.

Fig. 7D summarizes the force spectra for all heterophilic
interactions measured between these different cadherins. In
contrast to the force spectrumof the homophilic E-CADbonds,
the MPFs for heterophilic bonds are all linear functions of
log(rf). The corresponding bond parameters are summarized in
Table 1.
Time Evolution of the Population Distribution—There are

two principal differences between the cadherin rupture forces
reported here and the rupture forces between soluble, recom-
binant ectodomains and live cells reported previously (48).

FIGURE 5. Adhesion measurements between E-CAD ectodomains. A, his-
togram of the rupture forces measured at the steady loading rate of 2075 !
250 pN/s. B, plot of the most probable force (MPF) versus log(rf) and linear fits
to the data (solid lines). The best fit parameters from the force spectra are f! #
4.0 ! 0.2 pN and koff # 4 ! 1 $ 10%5 s%1 for the strong state. The fits to two
branches of low force peak, assuming two energy barriers in the unbinding
trajectory, give f! # 4.5 ! 0.4 pN and koff # 0.2 ! 0.1s%1 for the shallow
branch, and f! # 8 ! 0.7 pN, koff # 2 ! 1 s%1 for the steepest branch. The best
fit parameters are summarized in Table 1.

FIGURE 6. Summary of force spectra for the homophilic cadherin interac-
tions and linear fits to the data. All three homophilic interactions exhibited
two principal peaks over the loading rates examined. The best fit parameters
(f! and koff) for each of the cadherin bonds are summarized in Table 1.

FIGURE 7. Summary of heterophilic cadherin interactions. Histograms of
the rupture forces measured between C-CAD and N-CAD (1080 ! 120 pN/s)
(A), E-CAD and N-CAD (1270 ! 150 pN/s) (B), and N-CAD and C-CAD (3070 !
500 pN/s) (C). D, summary of force spectra of the strong and weak heterophilic
bonds together with linear fits to the curves. The best fit parameters for each
of the bound states are summarized in Table 1.
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Measurement of bond rupture forces: strong and weak forces
All 3 homophilic bonds have the same tensile strength and force spectra

1. Extracellular homo- vs heterophilic ligation

force curves in which the relative standard deviation (S.D.
divided by the mean) of the loading rates was less than 20%.
Histograms were then constructed of the rupture forces meas-
ured at each loading rate.
The second type of measurement determined the bond life-

times using the constant forcemode. In this case, the force is set
to a preset value and then maintained until the bond fails (Fig.
2B) (33, 40). The persistence time of the bond gives the lifetime
under a set force (Fig. 2B).
To ensure that the results were independent of the immobiliza-

tion, different cadherins were bound to the tip or to the substrate.
Results obtained with N-CAD on the tip and E-CAD on the sub-
strate, for example,were identical todataobtainedwithE-CADon
the tip and N-CAD on the substrate.
Data Analysis—According to Bell’s model (41), the bond dis-

sociation rate increases exponentially with an applied force,
according to Equation 1,

koff
f ! koff " e!f/f# (Eq. 1)

Here koff is the intrinsic dissociation rate of the unstressed
bond. The so-called thermal force f# " kT/X#, where X# is
the projection of the transition state along the force vector.
kT is the thermal energy where k is Boltzmann’s constant and
T is the absolute temperature. When the force increases lin-
early with time, the rupture force distribution p(f) at loading
rate rf (42) is shown in Equation 2,

p# f $ !
koff

rf
" exp! f

f#
$

koff " f#

rf
#ef/f# $ 1$" (Eq. 2)

The most probable force (MPF), defined by the maximum in
the force distribution, is as shown in Equation 3,

MPFmp ! f# " ln#rf$ $ f# " ln#koff " f#$ (Eq. 3)

For a bond confined by a single barrier, the MPF increases lin-
early with the logarithm of the loading rate. The parameters f#
and koff are obtained fromMPF versus log(rf) plots.

In the lifetime measurements, when the force f is constant,
the bond survival probability P(t) is (29, 33) as shown in Equa-
tion 4,

P#t$ ! A " exp#!koff
f " t$ (Eq. 4)

Here A is the probability amplitude, and kofff is the dissociation
rate of the bond subject to a constant force. ForN bound states
each with a dissociation rate ki, P(t) would be described by a
sum ofN exponentials. Fits of Equation 4 (or a superposition of
exponentials) to plots of the survival probability versus time at a
constant force fi give the number of bound states with rupture
forces greater than fi and the dissociation rates. The dissocia-
tion rates are related to the lifetimes ti by ti " 1/ki.

RESULTS

Homophilic Cadherin Bonds Exhibit Similar Strengths and
Dissociation Rates—We measured homophilic binding
between the Fc-tagged extracellular domains 1–5 of three clas-
sical cadherins: namely, chickenN-CAD,XenopusC-CAD, and
canine E-CAD. Fig. 3 summarizes the results of measurements
with N-CAD. Rupture forces were measured at nine different
loading rates, ranging from 10 to 104 pN/s. Fig. 3A shows the
force histogram measured at the constant, effective loading
rate of 1460 % 220 pN/s. The bin size for the histogram in
Fig. 3A is 4–6 pN, but this depends on the loading rate (Fig.
3). The bin size h is estimated by minimizing the integral of
the mean square errors (MSE) (43) and is approximated to be
h " 3.5 & % & n!1/2, where % is the standard deviation of the
distribution, and n is the total number of data points (n '
400, in these studies).
Visual inspection of the histograms suggests that there are

two principal peaks, which both shift to higher forces with

FIGURE 2. Force time traces of AFM profiles obtained with the steady
ramp mode (A) and the constant force mode (B). A, first curve shows a
typical force trace in control measurements in which there is no adhesion. The
arrow indicates initial tip-surface contact, and the asterisk indicates bond rup-
ture. The middle curve shows a single bond rupture event, and the lower curve
shows multiple-bond rupture. B, the force rapidly jumps to a preset value, which
is held until the bond fails (asterisk). The duration of the flat, constant force region
is the lifetime. The upper trace exhibits a single-bond rupture event, and the lower
curve shows a rare case with the sequential rupture of two bonds.

FIGURE 3. Adhesion measurements between N-CAD ectodomains. A, his-
togram of the rupture force distribution measured at rf " 1460 % 220 pN/s.
The two sub-states in the high force peak ((40 pN) were obtained from the
lifetime measurements. B, force spectra (most probable force (MPF) versus
log(rf) plots) of N-CAD bonds associated with the major peaks in A, and the
linear fits (solid lines). The best fit parameters are f# " 5.2 % 0.5 pN and koff "
5 % 3 & 10!4 s!1 for the strong state. f# " 4.8 % 0.3 pN and koff " 0.2 % 0.1 s!1

for the weak state. These parameters are summarized in Table 1.
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MPF: maximum probability force (from force distribution) 

force curves in which the relative standard deviation (S.D.
divided by the mean) of the loading rates was less than 20%.
Histograms were then constructed of the rupture forces meas-
ured at each loading rate.

The second type of measurement determined the bond life-
times using the constant forcemode. In this case, the force is set
to a preset value and then maintained until the bond fails (Fig.
2B) (33, 40). The persistence time of the bond gives the lifetime
under a set force (Fig. 2B).

To ensure that the results were independent of the immobiliza-
tion, different cadherins were bound to the tip or to the substrate.
Results obtained with N-CAD on the tip and E-CAD on the sub-
strate, for example,were identical todataobtainedwithE-CADon
the tip and N-CAD on the substrate.
Data Analysis—According to Bell’s model (41), the bond dis-

sociation rate increases exponentially with an applied force,
according to Equation 1,

koff
f ! koff " e!f/f# (Eq. 1)

Here koff is the intrinsic dissociation rate of the unstressed
bond. The so-called thermal force f# " kT/X#, where X# is
the projection of the transition state along the force vector.
kT is the thermal energy where k is Boltzmann’s constant and
T is the absolute temperature. When the force increases lin-
early with time, the rupture force distribution p(f) at loading
rate rf (42) is shown in Equation 2,

p# f $ !
koff

rf
" exp! f

f#
$

koff " f#

rf
#ef/f# $ 1$" (Eq. 2)

The most probable force (MPF), defined by the maximum in
the force distribution, is as shown in Equation 3,

MPFmp ! f# " ln#rf$ $ f# " ln#koff " f#$ (Eq. 3)

For a bond confined by a single barrier, the MPF increases lin-
early with the logarithm of the loading rate. The parameters f#
and koff are obtained fromMPF versus log(rf) plots.

In the lifetime measurements, when the force f is constant,
the bond survival probability P(t) is (29, 33) as shown in Equa-
tion 4,

P#t$ ! A " exp#!koff
f " t$ (Eq. 4)

Here A is the probability amplitude, and kofff is the dissociation
rate of the bond subject to a constant force. ForN bound states
each with a dissociation rate ki, P(t) would be described by a
sum ofN exponentials. Fits of Equation 4 (or a superposition of
exponentials) to plots of the survival probability versus time at a
constant force fi give the number of bound states with rupture
forces greater than fi and the dissociation rates. The dissocia-
tion rates are related to the lifetimes ti by ti " 1/ki.

RESULTS

Homophilic Cadherin Bonds Exhibit Similar Strengths and
Dissociation Rates—We measured homophilic binding
between the Fc-tagged extracellular domains 1–5 of three clas-
sical cadherins: namely, chickenN-CAD,XenopusC-CAD, and
canine E-CAD. Fig. 3 summarizes the results of measurements
with N-CAD. Rupture forces were measured at nine different
loading rates, ranging from 10 to 104 pN/s. Fig. 3A shows the
force histogram measured at the constant, effective loading
rate of 1460 % 220 pN/s. The bin size for the histogram in
Fig. 3A is 4–6 pN, but this depends on the loading rate (Fig.
3). The bin size h is estimated by minimizing the integral of
the mean square errors (MSE) (43) and is approximated to be
h " 3.5 & % & n!1/2, where % is the standard deviation of the
distribution, and n is the total number of data points (n '
400, in these studies).

Visual inspection of the histograms suggests that there are
two principal peaks, which both shift to higher forces with

FIGURE 2. Force time traces of AFM profiles obtained with the steady
ramp mode (A) and the constant force mode (B). A, first curve shows a
typical force trace in control measurements in which there is no adhesion. The
arrow indicates initial tip-surface contact, and the asterisk indicates bond rup-
ture. The middle curve shows a single bond rupture event, and the lower curve
shows multiple-bond rupture. B, the force rapidly jumps to a preset value, which
is held until the bond fails (asterisk). The duration of the flat, constant force region
is the lifetime. The upper trace exhibits a single-bond rupture event, and the lower
curve shows a rare case with the sequential rupture of two bonds.

FIGURE 3. Adhesion measurements between N-CAD ectodomains. A, his-
togram of the rupture force distribution measured at rf " 1460 % 220 pN/s.
The two sub-states in the high force peak ((40 pN) were obtained from the
lifetime measurements. B, force spectra (most probable force (MPF) versus
log(rf) plots) of N-CAD bonds associated with the major peaks in A, and the
linear fits (solid lines). The best fit parameters are f# " 5.2 % 0.5 pN and koff "
5 % 3 & 10!4 s!1 for the strong state. f# " 4.8 % 0.3 pN and koff " 0.2 % 0.1 s!1

for the weak state. These parameters are summarized in Table 1.
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(Bell’s law)

force curves in which the relative standard deviation (S.D.
divided by the mean) of the loading rates was less than 20%.
Histograms were then constructed of the rupture forces meas-
ured at each loading rate.

The second type of measurement determined the bond life-
times using the constant forcemode. In this case, the force is set
to a preset value and then maintained until the bond fails (Fig.
2B) (33, 40). The persistence time of the bond gives the lifetime
under a set force (Fig. 2B).

To ensure that the results were independent of the immobiliza-
tion, different cadherins were bound to the tip or to the substrate.
Results obtained with N-CAD on the tip and E-CAD on the sub-
strate, for example,were identical todataobtainedwithE-CADon
the tip and N-CAD on the substrate.
Data Analysis—According to Bell’s model (41), the bond dis-

sociation rate increases exponentially with an applied force,
according to Equation 1,

koff
f ! koff " e!f/f# (Eq. 1)

Here koff is the intrinsic dissociation rate of the unstressed
bond. The so-called thermal force f# " kT/X#, where X# is
the projection of the transition state along the force vector.
kT is the thermal energy where k is Boltzmann’s constant and
T is the absolute temperature. When the force increases lin-
early with time, the rupture force distribution p(f) at loading
rate rf (42) is shown in Equation 2,

p# f $ !
koff

rf
" exp! f

f#
$

koff " f#

rf
#ef/f# $ 1$" (Eq. 2)

The most probable force (MPF), defined by the maximum in
the force distribution, is as shown in Equation 3,

MPFmp ! f# " ln#rf$ $ f# " ln#koff " f#$ (Eq. 3)

For a bond confined by a single barrier, the MPF increases lin-
early with the logarithm of the loading rate. The parameters f#
and koff are obtained fromMPF versus log(rf) plots.

In the lifetime measurements, when the force f is constant,
the bond survival probability P(t) is (29, 33) as shown in Equa-
tion 4,

P#t$ ! A " exp#!koff
f " t$ (Eq. 4)

Here A is the probability amplitude, and kofff is the dissociation
rate of the bond subject to a constant force. ForN bound states
each with a dissociation rate ki, P(t) would be described by a
sum ofN exponentials. Fits of Equation 4 (or a superposition of
exponentials) to plots of the survival probability versus time at a
constant force fi give the number of bound states with rupture
forces greater than fi and the dissociation rates. The dissocia-
tion rates are related to the lifetimes ti by ti " 1/ki.

RESULTS

Homophilic Cadherin Bonds Exhibit Similar Strengths and
Dissociation Rates—We measured homophilic binding
between the Fc-tagged extracellular domains 1–5 of three clas-
sical cadherins: namely, chickenN-CAD,XenopusC-CAD, and
canine E-CAD. Fig. 3 summarizes the results of measurements
with N-CAD. Rupture forces were measured at nine different
loading rates, ranging from 10 to 104 pN/s. Fig. 3A shows the
force histogram measured at the constant, effective loading
rate of 1460 % 220 pN/s. The bin size for the histogram in
Fig. 3A is 4–6 pN, but this depends on the loading rate (Fig.
3). The bin size h is estimated by minimizing the integral of
the mean square errors (MSE) (43) and is approximated to be
h " 3.5 & % & n!1/2, where % is the standard deviation of the
distribution, and n is the total number of data points (n '
400, in these studies).

Visual inspection of the histograms suggests that there are
two principal peaks, which both shift to higher forces with

FIGURE 2. Force time traces of AFM profiles obtained with the steady
ramp mode (A) and the constant force mode (B). A, first curve shows a
typical force trace in control measurements in which there is no adhesion. The
arrow indicates initial tip-surface contact, and the asterisk indicates bond rup-
ture. The middle curve shows a single bond rupture event, and the lower curve
shows multiple-bond rupture. B, the force rapidly jumps to a preset value, which
is held until the bond fails (asterisk). The duration of the flat, constant force region
is the lifetime. The upper trace exhibits a single-bond rupture event, and the lower
curve shows a rare case with the sequential rupture of two bonds.

FIGURE 3. Adhesion measurements between N-CAD ectodomains. A, his-
togram of the rupture force distribution measured at rf " 1460 % 220 pN/s.
The two sub-states in the high force peak ((40 pN) were obtained from the
lifetime measurements. B, force spectra (most probable force (MPF) versus
log(rf) plots) of N-CAD bonds associated with the major peaks in A, and the
linear fits (solid lines). The best fit parameters are f# " 5.2 % 0.5 pN and koff "
5 % 3 & 10!4 s!1 for the strong state. f# " 4.8 % 0.3 pN and koff " 0.2 % 0.1 s!1

for the weak state. These parameters are summarized in Table 1.
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Differential binding between cadherin subtypes is widely
believed to mediate cell sorting during embryogenesis. How-
ever, a fundamental unansweredquestion iswhether cell sorting
is dictated by the biophysical properties of cadherin bonds, or by
broader, cadherin-dependent differences in intercellular adhe-
sion or membrane tension. This report describes atomic force
microscope measurements of the strengths and dissociation
rates of homophilic and heterophilic cadherin (CAD) bonds.
Measurements conducted with chickenN-CAD, canine E-CAD,
and Xenopus C-CAD demonstrated that all three cadherins
cross-react and form multiple, intermolecular bonds. The
mechanical and kinetic properties of the heterophilic bonds are
similar to the homophilic interactions. The thus quantified
bond parameters, together with previously reported adhesion
energies were further compared with in vitro cell aggregation
and sorting assays, which are thought to mimic in vivo cell
sorting. Trends in quantified biophysical properties of the
different cadherin bonds do not correlate with sorting out-
comes. These results suggest that cell sorting in vivo and in
vitro is not governed solely by biophysical differences
between cadherin subtypes.

Cadherins are cell-surface adhesion molecules that mediate
calcium-dependent intercellular adhesion in all solid tissues.
The importance of cadherins was recognized early on from the
observation that the segregation of embryonic cells into distinct
patterns correlated with the expression profiles of cadherin
subtypes (1). Cadherinsmediate cell sorting into distinct tissues
duringmorphogenesis, and they organize boundaries inmature
tissues (2–4). For example, neural cadherin (N-CAD)2 first
appears during neurulation and is essential for the separation of
the neural tube from the embryonic ectoderm, which expresses
epithelial cadherin (E-CAD) (5). Blocking antibodies or ectopi-

cally expressed cadherins also cause major morphological
defects during development (6–8).

Early studies suggested that cell-surface properties drive cell
segregation. In vitro, dissociated amphibian embryonic cells re-
aggregated and then sorted out to form tissue-like cell patterns
(9). This behavior was linked to cadherins. Embryonic lung tis-
sue was dissociated into mesenchymal and epithelial cells that
expressN-CADandE-CAD, respectively.When re-aggregated,
the epithelial and mesenchymal cells sorted out as in the origi-
nal embryonic tissue. Similarly, L-cells transfected with E-CAD
partitioned with the epithelial cells.

A fundamental question is whether cell sorting is dictated by
differences in cadherin adhesion, and if so, whether the bio-
physical properties of the adhesive bonds dictate cell sorting.
One widely held view is that selective homophilic versus het-
erophilic cadherin binding drives cell sorting. This was based
on studies of selective cell segregation in agitated suspensions
(10–13). In particular, cells expressing different cadherin sub-
types formed segregated clusters when agitated for 45–60 min
(10–12). Exchanging the N-terminal EC1 domains of different
cadherin subtypes switched the cell aggregation specificity in
those same assays (14). Alternatively, equilibrium models pos-
tulate that differences in intercellular adhesion energies (or
interfacial tension) due to differential cadherin binding cause
cells to sort out (15, 16). Recent findings indicate that cell sur-
face tension, which depends on cadherin identity and density as
well as on cortical tension, governs embryonic cell sorting (17).

Several findings differ from short term cell-sorting results,
which were attributed to preferential homophilic cadherin
binding. In alternative long term aggregation assays, Steinberg
and co-workers (18) showed that cells expressing different cad-
herins formed intermixed cell clusters after !4 days. Further-
more, in flow assays, E-, N-, and C- (cleavage stage) cadherin-
expressing cells adhered equally well to substrates coated with
E-CAD ectodomains, although E-CAD- and N-CAD-express-
ing cells (E-CHO and N-CHO) formed separate clusters in
short term aggregation assays (19). The measured adhesion
energies of homophilic and heterophilic cadherin bonds are
also similar (20). Consequently, cadherins appear to exhibit lit-
tle binding selectivity.

Based on the degree of sequence and structural homology
between classical cadherins, one might expect cross-reactivity
between cadherin subtypes. The classical cadherins include an
extracellular region, a single-pass transmembrane domain, and
a cytodomain (3). The ectodomain folds into five tandemly
arranged extracellular (EC) domains, numbered EC1 to EC5
from the N terminus (21, 22). X-ray structures show that the
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increasing loading rate (Fig. 3B). To first approximation, the
data can be described by a two-state probability distribution,
which assumes a weak and a strong bond. The maxima corre-
spond to themost probable rupture force (MPF) for each bond.
For each peak, plots of the MPF versus log(rf), are linear (Fig.
3B). The error in the MPF determination was estimated from
the variation of the determined value of the MPF that results
from changing the start point of the histogram.

These studies used Fc-tagged cadherin ectodomains, which
are expressed as dimers. Results from prior single molecule
studies with Fc-tagged C-cadherin (33) were very similar to
measurementswithmonomericHis6-taggedmouse E-cadherin
(29).Nevertheless, we compared the force distributions ofHis6-
C-CAD with those of Fc-tagged C-CAD to ensure that the
dimerization did not alter the binding behavior. The force his-
tograms measured with His6-C-CAD also exhibited two peaks.
The only differencewas that the amplitude of the low force peak
(relative to the strong bond) was !30% larger than with Fc-C-
CAD under similar measurement conditions.

To determine whether the broad distribution of rupture
events at "40 pN are because of multiple, parallel tip-surface
bonds rather than a single tip-surface linkage, we used a previ-
ously described approach (40). If the force is shared betweenN
bonds, each bond experiences a force f/N, and the bonds fail
randomly. In this case, the force distribution (Equation 2) is
approximated, by replacing koff and f! of the single bond by
Nkoff andNf!, respectively (29, 40). We used the bond parame-
ters obtained for the low force peak to calculate probability
distributions for N, parallel, weak bonds, where n # 2, 3, or 4.
The calculated probability distributions did not fit the second
peak. This supports the conclusion that the two peaks in the
distribution are independent, homophilic N-CAD bonds. Sim-
ilar results were obtained with the other classical cadherins
used in this study.

In Fig. 3B, the linear least squares fit of Equation 3 to theMPF
versus log(rf) curves gave slopes of 12$ 1 and 11.0$ 0.7 pN, for
the high and low force peaks, respectively. This corresponds to
0.8 $ 0.08 and 0.85 $ 0.05 nm for the respective values of x!.
The intrinsic dissociation rates, determined from the intercepts
at MPF # 0, are 5 $ 3 % 10&4 and 0.2 $ 0.1 s&1 for the strong
andweak bond, respectively. Fitted parameters obtained for the
homophilic interactions between all three classical cadherins
are summarized in Table 1.

The use of EDTA in control measurements abolished bind-
ing and reduced the binding frequency (number of adhesion
events/number of tip-surface contacts) to '2–3%, compared
with 15–20% obtained with active protein. Furthermore, the

forces were low and randomly distributed. The impingement
force was kept '30 pN in all measurements, to minimize non-
specific binding.

In a previous study of cadherin bond rupture with the
biomembrane force probe (BFP), themajor peaksmasked “hid-
den states” (29, 33). Here we used the force clamp (lifetime)
measurements to determine whether the peaks in Fig. 3B sim-
ilarly contain hidden states.

After initial contact, the force on the bond was stepped to a
low force, e.g. 40$ 1 pNat 1200$ 180 pN/s, and then held until
the bond failed. The persistence time of the bond under con-
stant force is the lifetime. From themeasured lifetimes, we then
constructed the survival probability curve in Fig. 4. Impor-
tantly, the 40 pN holding force was sufficient to completely
eliminate the low force peak, so that the lifetime data only
reflect bonds that rupture at forces "40 pN.

Fitting to Equation 4 (or a superposition of exponentials)
showed that the survival probability curve is best described by
the sum of two exponentials. The high force peak therefore
includes two bound states, as reported for C-CAD and mouse
E-CAD (29, 33). An F test (44, 45) confirmed that a two-expo-
nential function best describes the data. The parameters char-
acterizing these sub-states were determined from plots of the
dissociation rate as a function of the holding force (supplemen-
tal Fig. S1). In contrast to the more sensitive BFP measure-
ments, lifetime measurements of the peak at lower rupture
forces were not possible, because of the difficulty of reproduc-
ibly stepping the force to '30 pN. However, based on the sim-
ilar analysis of the high force peaks measured with the BFP and
AFM, we assume that the low force peak similarly includes two
sub-states.

In prior measurements of E-CAD and C-CAD, the same
principal adhesive states determine the peak maxima at each
loading rate. We demonstrated this by fitting the data to the
cumulative distribution function over a range of loading rates
(not shown). These fits showed that the same prominent bound
state dominates the second peak in the histograms at all loading

TABLE 1
Dissociation rates and thermal forces of the cadherin bonds
determined from linear fits to the force spectra

Strong bond Weak bond
koff f! koff f!
s&1 pN s&1 pN

C-CAD/C-CAD 3 $ 2 % 10&5 4.3 $ 0.4 0.03 $ 0.02 3 $ 0.3
E-CAD/E-CAD 4 $ 1 % 10&5 4.0 $ 0.2 0.2 $ 0.1 4.5 $ 0.4
N-CAD/N-CAD 5 $ 3 % 10&4 5.2 $ 0.5 0.2 $ 0.1 4.8 $ 0.3
C-CAD/E-CAD 9 $ 6 % 10&5 4.3 $ 0.5 0.01 $ 0.005 3 $ 0.4
E-CAD/N-CAD 4 $ 1 % 10&4 4.6 $ 0.2 2.5 $ 0.9 8 $ 0.4
C-CAD/N-CAD 9 $ 8 % 10&3 6.3 $ 0.7 0.09 $ 0.06 4.3 $ 0.4

FIGURE 4. Survival probability versus lifetime of a homophilic N-CAD
bond subject to a constant, applied force of 40 " 1. 2 pN. The data were fit
to a superposition of two exponential functions, indicating that two sub-
states contribute to the peak at "40 pN.
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DISCUSSION

Cadherin Ectodomains Cross-react—At the single molecule
level, classical cadherins form both homophilic and hetero-
philic bonds. This demonstrated cross-reactivity (Fig. 7) agrees
with prior findings. Surface force measurements also showed
that these same cadherins cross-react, and the adhesion ener-
gies were not generally higher for homophilic bonds (20). In
flow assays, cells expressing Xenopus C-CAD, human E-CAD,
or human N-CAD bound equally well to substrata coated with
recombinant human E-CAD ectodomains (19). In long term
aggregation cultures, cells expressing different cadherin sub-
types also intermix (49). Taken together, these results, which
are based on measurements with different cadherins and with
different experimental approaches, show that classical cad-
herins cross-react. Furthermore, homophilic bonds are not
generally kinetically or thermodynamically favored over het-
erophilic interactions.
Cadherin Exhibits Multiple Bound States That Dynamically

Interconvert with Time—The two peaks in the force histograms
support the multistate cadherin-binding mechanism identified
with the biomembrane force probe (BFP) (29, 33), surface force
apparatus (20, 28, 32, 50), and more recent adhesion measure-
ments between single cells (31). Here we confirmed that the
high force peak includes two states, as demonstrated previously
with the BFP (29, 33). By analogy with the prior studies, the low

force peak also likely includes two adhesive states. However, for
the sake of comparisons between different cadherins, this study
focused on differences in the most prominent states, which
determine the two maxima in the histograms.

AFMmeasurements lack spatial information, so it is not pos-
sible to directly map the weak and strong bonds to domains, as
in SFA experiments (28). It is also not possible to distinguish
between cis and trans bonds. However, three independent
measurements mapped the fast, initial weak binding to EC12
(28, 29, 31) and demonstrated that the full ectodomain, is
required for the subsequent transition to a second binding state
(31). The dissociation rate of the weak bond (low force peak)
compares quantitatively with fast, weak E-CAD bond (31). The
dissociation rates determined for the high force peaks in this
study also compare quantitatively to one of the strong bonds
measured with mouse E-CAD and with Xenopus C-CAD (29,
33). Based on the qualitative and quantitative parallels with
prior studies, we attribute the weak (low force) bond to EC12
and the strong (high force) bond to other EC domains in the full
ectodomain (28).

Previous findings demonstrated that cadherins rapidly asso-
ciate via EC1 domains, and then transition to a second state,
which requires EC3 (29, 33). In this study, the relative popula-
tion of strong bonds increaseswith contact time, as reported for
mouse E-CAD (29). There are also clear parallels between the
transition documented here and the two-stage binding kinetics
reported for cadherin-mediated cell adhesion (31). Based on
the similarities in the kinetics of single bond and cell adhesion
measurements, we speculate that these time-dependent transi-
tions are because of the identical or closely coupled processes.
Correlating Cadherin Bond Parameters with Cell Segregation

Outcomes—The tensile strengths and the force spectra of both
homophilic and heterophilic cadherin bonds are qualitatively
similar (Figs. 6 and 7). However, quantitative comparisons of
the parameters determined from the plots are more informa-
tive. The dissociation rates of the strong, heterophilic bonds are
faster than those of the corresponding homophilic bonds. The
faster rates correlated with larger thermal forces, but differ-
ences in f! are modest. There are, however, no similar trends in
the dissociation rates or thermal force scales f! of the weak
EC1-dependent bonds. Additionally, the force spectrum for the
weak E-CADbond is not linearwith log(rf) over the entire range
of loading rates. None of these features, however, correlate with
cell-sorting behavior.

We compared the biophysical properties of cadherin bonds
with outcomes from two different cell-sorting assays. In both
short term and long term cell aggregation cultures, only Xeno-
pus C- and chicken N-CAD-expressing cells sorted out. At the
same time, E- and C-CHO as well as E- and N-CHO formed
mixed aggregates. Prakasam et al. (20) compared the adhesion
energies measured with these same cadherins with cell sort-
ing outcomes reported previously (19). In the latter compar-
ison, the species origins of the E- and N-CADs studied with
the SFA differed from those in the cell-sorting studies. By
contrast, this study used the same three classical cadherins
in both the biophysical measurements and sorting assays.
The cadherin expression levels on the CHO cells were also
controlled.

FIGURE 10. Results of long term aggregation cultures (hanging drop) with
N-CHO, E-CHO, and C-CHO. A, C-CAD and N-CAD; B, C-CHO and E-CHO; and
C, E-CHO and N-CHO after 48 h. D, bar graphs showing the percentages of
homo- and heteroaggregates after 24 and 48 h. The cadherin pairs are indi-
cated below. The cadherin densities were all !10/"m2. Black and white bars
indicate the percentages of homoaggregates, and the gray bars indicate the
percentages of mixed aggregates. The black bars indicate the first of the pair,
and white bars indicate the second of the pair, e.g. E(black)/N(white).
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structural studies (7–10), is formed in part through the swapping
of an N-terminal !-strand. There are 6 type I cadherins and 13
type II cadherins in vertebrates; differences between them play
a crucial role in the sorting of cells into separate tissues.

We have focused our analysis on the interactions of 2 type I
cadherins, N-cadherin and E- cadherin, that have been impli-
cated in morphogenetic processes involving both heterotypic and
homotypic adhesive interactions (1, 2). E- and N-cadherins are
very similar both in sequence and structure (6, 11). The 2 EC1
domains superimpose geometrically almost perfectly (11), and
their interfacial residues are very similar. How do the small
differences between them mediate highly specific cell-patterning
behavior (12)?

To begin to address this question, we carried out aggregation
assays with cells expressing either N- or E-cadherin and, in
parallel, used equilibrium analytical ultracentrifugation (AUC)
and surface plasmon resonance (SPR) to determine the ho-
mophilic and heterophilic binding affinities of the individual
cadherin molecules. Relating the observed molecular and cel-
lular behaviors requires the forging of a theoretical link between
cadherin dimerization affinities and cell–cell adhesive strengths.
We established this link in 2 sequential steps. By using the
measured binding affinities, we first calculated the work, W(I, J),
associated with separating 2 cells of types I and J. The values of
W(I, J) for cells expressing N- and E-cadherins are then used in
conjunction with the differential adhesion hypothesis (DAH) to
predict the behavior of mixtures of such cells. Our experimental
results and theoretical analysis provide a conceptual basis for
understanding the sorting and adhesive behaviors of cadherin-
expressing cells as derived from the molecular properties of
closely related cadherin proteins.

Results
Cell Aggregation Assays. Aggregation assays using transfected L
and CHO cells have been widely used to study the cellular
adhesive properties of different cadherins; however, the obser-
vations have not generally lent themselves to unambiguous
interpretation. Steinberg and coworkers (4, 13) in particular
have emphasized that the assays are often carried out under
different shear forces that can affect the outcome of the exper-
iments. This is perhaps not unexpected. After initial cell–cell
contact, a variety of processes, such as junction formation and
intercellular signaling, are initiated, and the extent to which they
compete kinetically with the equilibration of cell mixtures may
well influence in vitro behavior. Here, we report a series of cell
assays carried out under different shear force conditions that
pertain directly to the results of this work.

Cell aggregation assays were carried out with CHO cells
expressing either N- or E-cadherins, or cadherin-6b, a type II
cadherin. In mixing assays, cell suspensions were permitted to
aggregate with agitation at 70–80 rpm, whereas in hanging-drop
assays (Fig. S1), no agitation was applied, thus minimizing shear
force. Cells expressing the same cadherin formed intermixed
aggregates (Fig. 2). In contrast, mixtures of N-cadherin-
expressing and E-cadherin-expressing cells formed distinct ho-
motypic aggregates that adhered to one another (Fig. 2D),
whereas mixtures of cells expressing cadherin 6b and N- or
E-cadherins formed separate aggregates that did not adhere to
one another (Fig. 2 E and F).

The results obtained with the hanging-drop assays (Fig. S1)
are qualitatively similar. In assays on cell lines expressing the
same cadherin, the expected intermixing was clearly observed. In
contrast, mixtures of cells expressing N- and E-cadherins formed
separate yet mutually adhesive, homotypic aggregates that pro-
duced a mosaic pattern. Finally, as was observed for the mixing
assay, cells expressing cadherin-6b formed separate aggregates
that did not adhere to cells expressing either N- or E-cadherin.

Patterns such as those displayed in Fig. 2D have been observed

previously (3, 14) and have been interpreted in terms of homo-
typic cell-sorting segregation (3). On the other hand, the pattern
seen in Fig. S1D can be interpreted easily in terms of complete
intermixing. However, we are suggesting here that a more
nuanced interpretation of cell aggregation data is appropriate.
Specifically, Fig. 2 and Fig. S1 illustrate examples of (i) complete
mixing of cells expressing the same cadherin (Fig. 2 A–C and Fig.
S1 A–C); (ii) the formation of separate aggregates that adhere
to one another (Fig. 2D and Fig. S1D); and (iii) the formation
of separate aggregates that do not adhere to one another (Fig.
2 E and F and Fig. S1 E and F). There are obvious differences
in the patterns observed in all 3 cases that can, in principle, be
related to the molecular properties of the cadherins that are
expressed on the cell surface.

Indeed, despite the ambiguities associated with the cell assays,
the patterns observed clearly reflect the adhesive properties of
cadherin molecules. For example, the identity of the specificity-
determining EC1 domain affects cell-patterning behavior, as
observed, for example, in both in vitro and in vivo studies with
chimeras where the EC1 domain of one cadherin has been
replaced with that of another (14, 15). In addition, the W2A
mutant, which disrupts the EC1–EC1 interface, is known to
abrogate in vitro cell–cell adhesion (14). On the other hand, cells
expressing some cadherins (e.g., P- and E-cadherins) intermix
completely (4). Why is this? It seems apparent that these issues
cannot be addressed without quantitative measurements of the
dimerization properties of individual cadherin molecules.

AUC Measurements of Homophilic Binding Affinities. Dissociation
constants (Kd) were measured for the homodimerization of
2-domain constructs (EC1–2) of N- and E-cadherins from
mouse, human, and chicken (Table 1; see also SI Methods). These
constructs include the entire dimerization interface and binding
sites for 3 calcium ions between the EC1 and EC2 domains (Fig.
1). In all cases, and at 2 temperatures, the Kd for the dimerization
of N-cadherin was significantly lower than that of E-cadherin.
For the mouse proteins, the Kds at 37 °C were 22.6 ! 1.7 "M and

A B C

D E F

Fig. 2. Mixing cell aggregation assays with cadherin-expressing CHO cells.
Mixing aggregation assays using 2 identical CHO cell lines expressing the same
cadherin—(A) N-cadherin with N-cadherin, (B) E-cadherin with E-cadherin,
and (C) cadherin-6b with cadherin-6b—result in aggregates composed of an
interspersed mixture of each cell line. (D) Dissociated cells expressing E- and
N-cadherins form separate homotypic aggregates that adhere to one another.
In contrast, cells that express type II cadherin-6b form aggregates that do not
adhere to cells expressing either E-cadherin (E) or N-cadherin (F). (Magnifica-
tion: 20".)
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of an N-terminal !-strand. There are 6 type I cadherins and 13
type II cadherins in vertebrates; differences between them play
a crucial role in the sorting of cells into separate tissues.

We have focused our analysis on the interactions of 2 type I
cadherins, N-cadherin and E- cadherin, that have been impli-
cated in morphogenetic processes involving both heterotypic and
homotypic adhesive interactions (1, 2). E- and N-cadherins are
very similar both in sequence and structure (6, 11). The 2 EC1
domains superimpose geometrically almost perfectly (11), and
their interfacial residues are very similar. How do the small
differences between them mediate highly specific cell-patterning
behavior (12)?

To begin to address this question, we carried out aggregation
assays with cells expressing either N- or E-cadherin and, in
parallel, used equilibrium analytical ultracentrifugation (AUC)
and surface plasmon resonance (SPR) to determine the ho-
mophilic and heterophilic binding affinities of the individual
cadherin molecules. Relating the observed molecular and cel-
lular behaviors requires the forging of a theoretical link between
cadherin dimerization affinities and cell–cell adhesive strengths.
We established this link in 2 sequential steps. By using the
measured binding affinities, we first calculated the work, W(I, J),
associated with separating 2 cells of types I and J. The values of
W(I, J) for cells expressing N- and E-cadherins are then used in
conjunction with the differential adhesion hypothesis (DAH) to
predict the behavior of mixtures of such cells. Our experimental
results and theoretical analysis provide a conceptual basis for
understanding the sorting and adhesive behaviors of cadherin-
expressing cells as derived from the molecular properties of
closely related cadherin proteins.

Results
Cell Aggregation Assays. Aggregation assays using transfected L
and CHO cells have been widely used to study the cellular
adhesive properties of different cadherins; however, the obser-
vations have not generally lent themselves to unambiguous
interpretation. Steinberg and coworkers (4, 13) in particular
have emphasized that the assays are often carried out under
different shear forces that can affect the outcome of the exper-
iments. This is perhaps not unexpected. After initial cell–cell
contact, a variety of processes, such as junction formation and
intercellular signaling, are initiated, and the extent to which they
compete kinetically with the equilibration of cell mixtures may
well influence in vitro behavior. Here, we report a series of cell
assays carried out under different shear force conditions that
pertain directly to the results of this work.

Cell aggregation assays were carried out with CHO cells
expressing either N- or E-cadherins, or cadherin-6b, a type II
cadherin. In mixing assays, cell suspensions were permitted to
aggregate with agitation at 70–80 rpm, whereas in hanging-drop
assays (Fig. S1), no agitation was applied, thus minimizing shear
force. Cells expressing the same cadherin formed intermixed
aggregates (Fig. 2). In contrast, mixtures of N-cadherin-
expressing and E-cadherin-expressing cells formed distinct ho-
motypic aggregates that adhered to one another (Fig. 2D),
whereas mixtures of cells expressing cadherin 6b and N- or
E-cadherins formed separate aggregates that did not adhere to
one another (Fig. 2 E and F).

The results obtained with the hanging-drop assays (Fig. S1)
are qualitatively similar. In assays on cell lines expressing the
same cadherin, the expected intermixing was clearly observed. In
contrast, mixtures of cells expressing N- and E-cadherins formed
separate yet mutually adhesive, homotypic aggregates that pro-
duced a mosaic pattern. Finally, as was observed for the mixing
assay, cells expressing cadherin-6b formed separate aggregates
that did not adhere to cells expressing either N- or E-cadherin.

Patterns such as those displayed in Fig. 2D have been observed

previously (3, 14) and have been interpreted in terms of homo-
typic cell-sorting segregation (3). On the other hand, the pattern
seen in Fig. S1D can be interpreted easily in terms of complete
intermixing. However, we are suggesting here that a more
nuanced interpretation of cell aggregation data is appropriate.
Specifically, Fig. 2 and Fig. S1 illustrate examples of (i) complete
mixing of cells expressing the same cadherin (Fig. 2 A–C and Fig.
S1 A–C); (ii) the formation of separate aggregates that adhere
to one another (Fig. 2D and Fig. S1D); and (iii) the formation
of separate aggregates that do not adhere to one another (Fig.
2 E and F and Fig. S1 E and F). There are obvious differences
in the patterns observed in all 3 cases that can, in principle, be
related to the molecular properties of the cadherins that are
expressed on the cell surface.

Indeed, despite the ambiguities associated with the cell assays,
the patterns observed clearly reflect the adhesive properties of
cadherin molecules. For example, the identity of the specificity-
determining EC1 domain affects cell-patterning behavior, as
observed, for example, in both in vitro and in vivo studies with
chimeras where the EC1 domain of one cadherin has been
replaced with that of another (14, 15). In addition, the W2A
mutant, which disrupts the EC1–EC1 interface, is known to
abrogate in vitro cell–cell adhesion (14). On the other hand, cells
expressing some cadherins (e.g., P- and E-cadherins) intermix
completely (4). Why is this? It seems apparent that these issues
cannot be addressed without quantitative measurements of the
dimerization properties of individual cadherin molecules.

AUC Measurements of Homophilic Binding Affinities. Dissociation
constants (Kd) were measured for the homodimerization of
2-domain constructs (EC1–2) of N- and E-cadherins from
mouse, human, and chicken (Table 1; see also SI Methods). These
constructs include the entire dimerization interface and binding
sites for 3 calcium ions between the EC1 and EC2 domains (Fig.
1). In all cases, and at 2 temperatures, the Kd for the dimerization
of N-cadherin was significantly lower than that of E-cadherin.
For the mouse proteins, the Kds at 37 °C were 22.6 ! 1.7 "M and

A B C

D E F

Fig. 2. Mixing cell aggregation assays with cadherin-expressing CHO cells.
Mixing aggregation assays using 2 identical CHO cell lines expressing the same
cadherin—(A) N-cadherin with N-cadherin, (B) E-cadherin with E-cadherin,
and (C) cadherin-6b with cadherin-6b—result in aggregates composed of an
interspersed mixture of each cell line. (D) Dissociated cells expressing E- and
N-cadherins form separate homotypic aggregates that adhere to one another.
In contrast, cells that express type II cadherin-6b form aggregates that do not
adhere to cells expressing either E-cadherin (E) or N-cadherin (F). (Magnifica-
tion: 20".)
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160.0 ! 21.3 !M for N- and E-cadherin, respectively (Fig. S2 and
Table 1). The Kd for a 3-domain construct (EC1–3) of mouse
E-cadherin (141.0 ! 10.3 !M at 37 °C) was essentially identical
to that of the 2-domain construct, consistent with crystallo-
graphic observations that cadherin dimerization only involves
contacts between EC1 domains. These Kds are all significantly
lower than the value of 720 !M obtained from an NMR titration
using a refolded E-cadherin EC1–EC2 construct (16), but that
protein has a "-strand in a different orientation than seen in
other cadherins and may have been affected by denaturation in
its urea-based purification or during the NMR experiment.
Indeed, recent single-molecule force measurements on live cells
determined a binding energy for E-cadherin (17) virtually iden-
tical to that reported here and, in addition, our results are in the
range of a previous report for the Kd of a complete ectodomain
(5-domain) construct of C-cadherin (64 !M) (18). That N- and
E-cadherins would differ in their Kds by almost an order of
magnitude is an unanticipated finding.

Type II cadherins form homodimeric interfaces with larger,
buried hydrophobic surface areas than observed in type I
cadherins (Fig. 1) (15), suggesting that they might have greater
dimerization affinities. Consistent with this expectation, the
measured Kd of the type II cadherin-6, 3.13 !M (Table 1), was
almost an order of magnitude stronger than that of even
N-cadherin.

SPR Measurements of Heterophilic Binding Affinities. The measure-
ment of heterophilic Kds for cadherins presents a technical
challenge due to the presence of homophilic binding. To over-
come this problem, we combined AUC, which yields precise
values for homophilic Kds, with SPR, which allows assessment of
relative homophilic and heterophilic Kds. SPR experiments
involved flowing an ‘‘analyte’’ over a chip upon which a ‘‘ligand’’
was immobilized (Fig. 3A). Because cadherins homodimerize,
some fraction of both the analyte and the ligand will be in a
dimeric state, and therefore unavailable for binding. To deter-
mine the amount of available monomer in the analyte, the
homophilic Kd for each analyte (measured by AUC) was used to
calculate the ‘‘effective monomer concentration.’’ The same
procedure cannot be used for the ligand because the extent of
dimerization on the chip is unknown, preventing the determi-
nation of absolute binding affinities. Nevertheless, we were able
to determine relative affinities by comparing the response of
different analytes flowed over the same ligand surface (Fig. 3
and Materials and Methods).

SPR experiments were performed by using EC1–2 cadherin
constructs from mouse, human, and chicken as both ligands and
analytes at 37 °C (Fig. 3 and Fig. S3). With proteins from all 3
species, f lowing an N-cadherin analyte over an N-cadherin
surface produced a much larger SPR response than did an
identical monomer concentration of E-cadherin flowing over the
same surface (with the ratio between the two ranging from about
15:1 to 6:1). With E-cadherin as ligand, the heterophilic response
obtained by using N-cadherin as analyte was somewhat larger
than when E-cadherin was used (but with a ratio ranging
between about 2:1 and 1.5:1). Thus, in contrast to results with the

N-cadherin surface, the 2 responses are of comparable magni-
tude. Taken together, the AUC and SPR results demonstrate
that vertebrate cadherins exhibit a rank order of affinities of
N/N " N/E " E/E. Thus, these measurements of the interactions
of E- and N-cadherins reveal a second, unanticipated result: the
heterophilic Kd is intermediate between the 2 homophilic values.

The SPR results obtained for cadherin-6 reveal a very differ-

Table 1. Kds for the homodimerization of N-cadherin and E-cadherin EC1–2 proteins
from mouse, human, and chicken

Species

Kd 25 °C, !M Kd 37 °C, !M

N-cadherin E-cadherin Cadherin-6 N-cadherin E-cadherin

Mouse 25.8 ! 1.5 96.5 ! 10.6 3.13 ! 0.12 22.6 ! 1.7 160.0 ! 21.3
Human 24.6 ! 5.0 156.0 ! 10.0 NA* 22.1 ! 6.5 217 ! 30
Chicken 19.7 ! 2.0 62.0 ! 9.5 NA* 20.4 ! 1.4 110.0 ! 6.8

*Binding of cadherin-6 was tested only for mouse.

Fig. 3. SPR binding experiments using N- and E-cadherins. (A) Biotinylated
cadherin of a given type (ligand, shown in blue) was tethered over a neutra-
vidin-coated sensor chip. Another cadherin of a given type (analyte, shown in
red) was injected independently over the surface. The interaction between an
analyte monomer (red) and the ligand monomer (blue) produces a binding
signal. (B) N-cadherin (blue traces) and E-cadherin (red traces) were injected
over a surface containing N-cadherin at 30 !M and 17 !M, respectively, which
correspond to 13.1 !M free monomer. Each sample was injected in duplicate.
N-cadherin W2A (orange traces) and E-cadherin W2A (green traces) mutants,
which were also injected at the same monomer concentrations, show no
binding. Inset shows an overlay of buffer blank injections performed through-
out the experiment over the same surface. (C) During the same experiment, N-
and E-cadherins were also injected over a surface containing E-cadherin,
under the same conditions as described in B. Mouse cadherin-6 (purple traces)
was injected at 121 !M (effective monomer concentration, 13.1 !M) over the
same E-cadherin (D) and N-cadherin (E) surfaces. Black traces represent buffer
blanks that were performed throughout the experiment. (F) To confirm that
lack of binding was not due to an inactive protein, binding of cadherin-6 was
tested against a cadherin-6 surface.
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160.0 ! 21.3 !M for N- and E-cadherin, respectively (Fig. S2 and
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E-cadherin (141.0 ! 10.3 !M at 37 °C) was essentially identical
to that of the 2-domain construct, consistent with crystallo-
graphic observations that cadherin dimerization only involves
contacts between EC1 domains. These Kds are all significantly
lower than the value of 720 !M obtained from an NMR titration
using a refolded E-cadherin EC1–EC2 construct (16), but that
protein has a "-strand in a different orientation than seen in
other cadherins and may have been affected by denaturation in
its urea-based purification or during the NMR experiment.
Indeed, recent single-molecule force measurements on live cells
determined a binding energy for E-cadherin (17) virtually iden-
tical to that reported here and, in addition, our results are in the
range of a previous report for the Kd of a complete ectodomain
(5-domain) construct of C-cadherin (64 !M) (18). That N- and
E-cadherins would differ in their Kds by almost an order of
magnitude is an unanticipated finding.

Type II cadherins form homodimeric interfaces with larger,
buried hydrophobic surface areas than observed in type I
cadherins (Fig. 1) (15), suggesting that they might have greater
dimerization affinities. Consistent with this expectation, the
measured Kd of the type II cadherin-6, 3.13 !M (Table 1), was
almost an order of magnitude stronger than that of even
N-cadherin.

SPR Measurements of Heterophilic Binding Affinities. The measure-
ment of heterophilic Kds for cadherins presents a technical
challenge due to the presence of homophilic binding. To over-
come this problem, we combined AUC, which yields precise
values for homophilic Kds, with SPR, which allows assessment of
relative homophilic and heterophilic Kds. SPR experiments
involved flowing an ‘‘analyte’’ over a chip upon which a ‘‘ligand’’
was immobilized (Fig. 3A). Because cadherins homodimerize,
some fraction of both the analyte and the ligand will be in a
dimeric state, and therefore unavailable for binding. To deter-
mine the amount of available monomer in the analyte, the
homophilic Kd for each analyte (measured by AUC) was used to
calculate the ‘‘effective monomer concentration.’’ The same
procedure cannot be used for the ligand because the extent of
dimerization on the chip is unknown, preventing the determi-
nation of absolute binding affinities. Nevertheless, we were able
to determine relative affinities by comparing the response of
different analytes flowed over the same ligand surface (Fig. 3
and Materials and Methods).

SPR experiments were performed by using EC1–2 cadherin
constructs from mouse, human, and chicken as both ligands and
analytes at 37 °C (Fig. 3 and Fig. S3). With proteins from all 3
species, f lowing an N-cadherin analyte over an N-cadherin
surface produced a much larger SPR response than did an
identical monomer concentration of E-cadherin flowing over the
same surface (with the ratio between the two ranging from about
15:1 to 6:1). With E-cadherin as ligand, the heterophilic response
obtained by using N-cadherin as analyte was somewhat larger
than when E-cadherin was used (but with a ratio ranging
between about 2:1 and 1.5:1). Thus, in contrast to results with the

N-cadherin surface, the 2 responses are of comparable magni-
tude. Taken together, the AUC and SPR results demonstrate
that vertebrate cadherins exhibit a rank order of affinities of
N/N " N/E " E/E. Thus, these measurements of the interactions
of E- and N-cadherins reveal a second, unanticipated result: the
heterophilic Kd is intermediate between the 2 homophilic values.

The SPR results obtained for cadherin-6 reveal a very differ-

Table 1. Kds for the homodimerization of N-cadherin and E-cadherin EC1–2 proteins
from mouse, human, and chicken

Species

Kd 25 °C, !M Kd 37 °C, !M

N-cadherin E-cadherin Cadherin-6 N-cadherin E-cadherin

Mouse 25.8 ! 1.5 96.5 ! 10.6 3.13 ! 0.12 22.6 ! 1.7 160.0 ! 21.3
Human 24.6 ! 5.0 156.0 ! 10.0 NA* 22.1 ! 6.5 217 ! 30
Chicken 19.7 ! 2.0 62.0 ! 9.5 NA* 20.4 ! 1.4 110.0 ! 6.8

*Binding of cadherin-6 was tested only for mouse.

Fig. 3. SPR binding experiments using N- and E-cadherins. (A) Biotinylated
cadherin of a given type (ligand, shown in blue) was tethered over a neutra-
vidin-coated sensor chip. Another cadherin of a given type (analyte, shown in
red) was injected independently over the surface. The interaction between an
analyte monomer (red) and the ligand monomer (blue) produces a binding
signal. (B) N-cadherin (blue traces) and E-cadherin (red traces) were injected
over a surface containing N-cadherin at 30 !M and 17 !M, respectively, which
correspond to 13.1 !M free monomer. Each sample was injected in duplicate.
N-cadherin W2A (orange traces) and E-cadherin W2A (green traces) mutants,
which were also injected at the same monomer concentrations, show no
binding. Inset shows an overlay of buffer blank injections performed through-
out the experiment over the same surface. (C) During the same experiment, N-
and E-cadherins were also injected over a surface containing E-cadherin,
under the same conditions as described in B. Mouse cadherin-6 (purple traces)
was injected at 121 !M (effective monomer concentration, 13.1 !M) over the
same E-cadherin (D) and N-cadherin (E) surfaces. Black traces represent buffer
blanks that were performed throughout the experiment. (F) To confirm that
lack of binding was not due to an inactive protein, binding of cadherin-6 was
tested against a cadherin-6 surface.
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ent pattern. Despite the much higher homophilic binding affinity
as measured by AUC (see above), SPR experiments (Fig. 3 D and
E) detected no heterophilic binding between cadherin-6 and
either N- or E-cadherin. This is consistent with the shape of the
respective EC1 domains (compare Fig. 1 B and C), whose
surfaces are not compatible with the formation of a common
interface (15).

Relating Cadherin Dimerization Affinities to Cellular Behavior. In this
section, we use the experimentally determined binding affinities
to calculate values of W(I, J) for cells expressing different
amounts of N- and E-cadherins. W(I, J), the work required to
separate 2 cells, is a measure of adhesive strength and provides
a direct link to theories, such as Steinberg’s DAH (19, 20), that
predict cell-patterning behavior based on cellular properties. As
we have discussed previously, we assume that upon the initial
encounter of 2 cells of types I and J, the adhesive strength is
proportional to the number of trans-cadherin dimers formed and
to the binding free energy of each dimer (12).

Thus,

W!I, J" ! #Ndimer!I , J"$g! i , j" [1.1]

where Ndimer(I, J) is the number of trans-i-j dimers linking cell
types I and J; i and j denote the types of cadherin on each cell
(where, for clarity, lowercase is used to denote molecules and
uppercase used to denote cells); and $g(i, j) is the transdimer-
ization free energy between cadherins i and j. If cadherins are
laterally mobile and randomly distributed in the plane of the cell
membrane, the number of dimers formed will depend on the 2D
cadherin densities (12). These can be related to the 3D concen-
trations of their corresponding interacting (EC1) domains, Ci
and Cj. The 3D concentration of trans-dimers (expressed here in
moles/liter), Cij, is given by Cij % Ci Cj/Kd(i, j) so that Ndimer %
"LCij, where L is Avogadro’s number and " is the volume of the
region between interacting cells that is accessible to the EC1
domains (12).

Eq. 1.1 can be rewritten in a form that provides an explicit
relationship between adhesive strengths, 3D concentrations,
and Kds.

W!I, J" ! #C ijvL$g! i , j"

! #C iC jvL$g! i , j" /KD! i , j"

! RTC iC jvL ln&KD! i , j"' /KD! i , j" . [1.2]

Eq. 1.2 is derived from elementary considerations by assuming
that a local equilibrium is established in the interface between
interacting cells, with junction formation being viewed here as a
later event. The concentrations that appear in the equation can
be obtained by solving the quadratic equation that relates Ci, Cj,
and Cij to Kds and total cadherin concentrations. Eq. 1.2 now
enables calculation of W(I, J) for cells expressing N- and E-
cadherins and prediction of their aggregation behavior.

We apply Eq. 1.2 to the case of a mixture of 2 cell types, each
of 10-#m diameter and expressing either E- or N-cadherin, with
a total of 25,000 cadherin molecules presented on the cell surface
(in the range determined by Steinberg and coworkers for trans-
fected L cells; ref. 4). These expression levels correspond to 2D
densities of about 80 cadherins per square micrometer, which can
be transformed into 3D concentrations if we know the range of
fluctuations available to an EC1 domain on the cell surface (12).
Based on our estimate of this value of about 12 nm, each cell will
have an effective total EC1 concentration of about 10 #M (12).
Introduction of the Kds at 37 °C for E- and N-cadherins reported
here yields dimer concentrations of CE % 0.56 #M and CN % 2.5
#M, corresponding to a monomer to dimer ratio of about 17:1
for E-cadherin and about 3:1 for N-cadherin. Thus, for a cell–cell

interface containing 1,000 cadherins from each cell, upon initial
intercellular contact about 56 dimers will be formed between 2
cells expressing E-cadherin and 250 dimers formed between 2
cells expressing N-cadherin. Because the Kds for E- and N-
cadherins translate into values of $g(E, E) and $g(N, N) of #5.3
kcal/mol and #6.5 kcal/mol, respectively, the corresponding
values for the adhesive strength at the cellular level would be
W(E, E) ( 305 kcal/mol and W(N, N) ( 1,540 kcal/mol. W(E, N)
would have an intermediate value closer to the value of W(E, E)
than to W(N, N). For 2 interacting cells, the corresponding values
of W(I, I) are 5.1 ) 10#19 and 2.6 ) 10#18 calories for I %
E-cadherin and I % N-cadherin, respectively (Fig. S4).

Although these numbers are approximations, they show that
measured differences in molecular binding affinities will result
in substantial differences in adhesive strengths between 2 cells.
Moreover, the separation in Kds between N- and E-cadherins
implies that W(N, N) * W(E, E) for a range of cell surface
concentrations, even including cases where E-cadherin concen-
trations are greater than those of N-cadherin (Fig. S4).

The effect of these cell–cell adhesive strengths, W(I, J), on cell
patterning can be evaluated in the context of the DAH (13, 19,
20), which posits an analogy between cell-sorting behavior and
the interfacial properties of binary mixtures of immiscible liquids
(21). The predictions of the DAH are related to the value of the
parameter +—the difference between the average of the 2
homophilic adhesive strengths and the heterophilic adhesive
strength.

+ ! &W!I, I" $ W!J, J"'/2 % W!I, J". [2]

When I % J so that the 2 cell types are identical, + % 0, which
corresponds to a case of complete mixing. When I , J (i.e., the
cell types are different), a number of possibilities arise. (i) The
strength of the heterophilic interaction is greater than the
average of the homophilic interactions, so that + - 0. In such
cases, there will be a tendency for I and J cells to mix. (ii) When
+ * 0 (i.e., when the average strength of homophilic interactions
is greater than the strength of the heterophilic interaction), I and
J cell types will form separate aggregates. When heterophilic
interactions are weak [i.e., W(I, J) ( 0], there will be no contact
between the pure I and pure J aggregates. (iii) When + * 0 but
heterophilic interactions are significant [i.e., W(I, J) * 0], the
separate aggregates will adhere to one another. As discussed by
Foty and Steinberg (13), these relationships can be used to
predict cell aggregation behavior if the relevant values of W are
known.

Based on the values derived here for cells expressing N- and
E-cadherins, at comparable expression levels, W(N, N) is signif-
icantly larger than both W(E, E) and W(N, E), so that the average
of the homophilic adhesive strengths will be greater than the
heterophilic adhesive strength. That is, because W(N, N) *
W(E, E) and W(E, E) ( W(E, N), then + * 0. Because W(N, E)
is significant, corresponding to case iii described in the previous
paragraph, the expected behavior is that mixtures of cells
expressing N- and E-cadherins will form separate aggregates that
adhere to one another, as observed previously (3) and in our cell
assays (Fig. 1 and Fig. S1). For mixtures of cells expressing
cadherin-6b and either N- or E-cadherin, the average of the
homophilic interactions will be significant while heterophilic
interactions are very weak; that is, + * 0, but W(6b, N) and
W(6b, E) ( 0. The predicted behavior is then the formation of
homotypic aggregates that do not adhere to one another, as also
observed in the cell assays reported above.

Discussion
It is widely accepted that upon encounter of 2 cells, the initial
recognition event involves the formation of trans-dimers be-
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ent pattern. Despite the much higher homophilic binding affinity
as measured by AUC (see above), SPR experiments (Fig. 3 D and
E) detected no heterophilic binding between cadherin-6 and
either N- or E-cadherin. This is consistent with the shape of the
respective EC1 domains (compare Fig. 1 B and C), whose
surfaces are not compatible with the formation of a common
interface (15).

Relating Cadherin Dimerization Affinities to Cellular Behavior. In this
section, we use the experimentally determined binding affinities
to calculate values of W(I, J) for cells expressing different
amounts of N- and E-cadherins. W(I, J), the work required to
separate 2 cells, is a measure of adhesive strength and provides
a direct link to theories, such as Steinberg’s DAH (19, 20), that
predict cell-patterning behavior based on cellular properties. As
we have discussed previously, we assume that upon the initial
encounter of 2 cells of types I and J, the adhesive strength is
proportional to the number of trans-cadherin dimers formed and
to the binding free energy of each dimer (12).

Thus,

W!I, J" ! #Ndimer!I , J"$g! i , j" [1.1]

where Ndimer(I, J) is the number of trans-i-j dimers linking cell
types I and J; i and j denote the types of cadherin on each cell
(where, for clarity, lowercase is used to denote molecules and
uppercase used to denote cells); and $g(i, j) is the transdimer-
ization free energy between cadherins i and j. If cadherins are
laterally mobile and randomly distributed in the plane of the cell
membrane, the number of dimers formed will depend on the 2D
cadherin densities (12). These can be related to the 3D concen-
trations of their corresponding interacting (EC1) domains, Ci
and Cj. The 3D concentration of trans-dimers (expressed here in
moles/liter), Cij, is given by Cij % Ci Cj/Kd(i, j) so that Ndimer %
"LCij, where L is Avogadro’s number and " is the volume of the
region between interacting cells that is accessible to the EC1
domains (12).

Eq. 1.1 can be rewritten in a form that provides an explicit
relationship between adhesive strengths, 3D concentrations,
and Kds.

W!I, J" ! #C ijvL$g! i , j"

! #C iC jvL$g! i , j" /KD! i , j"

! RTC iC jvL ln&KD! i , j"' /KD! i , j" . [1.2]

Eq. 1.2 is derived from elementary considerations by assuming
that a local equilibrium is established in the interface between
interacting cells, with junction formation being viewed here as a
later event. The concentrations that appear in the equation can
be obtained by solving the quadratic equation that relates Ci, Cj,
and Cij to Kds and total cadherin concentrations. Eq. 1.2 now
enables calculation of W(I, J) for cells expressing N- and E-
cadherins and prediction of their aggregation behavior.

We apply Eq. 1.2 to the case of a mixture of 2 cell types, each
of 10-#m diameter and expressing either E- or N-cadherin, with
a total of 25,000 cadherin molecules presented on the cell surface
(in the range determined by Steinberg and coworkers for trans-
fected L cells; ref. 4). These expression levels correspond to 2D
densities of about 80 cadherins per square micrometer, which can
be transformed into 3D concentrations if we know the range of
fluctuations available to an EC1 domain on the cell surface (12).
Based on our estimate of this value of about 12 nm, each cell will
have an effective total EC1 concentration of about 10 #M (12).
Introduction of the Kds at 37 °C for E- and N-cadherins reported
here yields dimer concentrations of CE % 0.56 #M and CN % 2.5
#M, corresponding to a monomer to dimer ratio of about 17:1
for E-cadherin and about 3:1 for N-cadherin. Thus, for a cell–cell

interface containing 1,000 cadherins from each cell, upon initial
intercellular contact about 56 dimers will be formed between 2
cells expressing E-cadherin and 250 dimers formed between 2
cells expressing N-cadherin. Because the Kds for E- and N-
cadherins translate into values of $g(E, E) and $g(N, N) of #5.3
kcal/mol and #6.5 kcal/mol, respectively, the corresponding
values for the adhesive strength at the cellular level would be
W(E, E) ( 305 kcal/mol and W(N, N) ( 1,540 kcal/mol. W(E, N)
would have an intermediate value closer to the value of W(E, E)
than to W(N, N). For 2 interacting cells, the corresponding values
of W(I, I) are 5.1 ) 10#19 and 2.6 ) 10#18 calories for I %
E-cadherin and I % N-cadherin, respectively (Fig. S4).

Although these numbers are approximations, they show that
measured differences in molecular binding affinities will result
in substantial differences in adhesive strengths between 2 cells.
Moreover, the separation in Kds between N- and E-cadherins
implies that W(N, N) * W(E, E) for a range of cell surface
concentrations, even including cases where E-cadherin concen-
trations are greater than those of N-cadherin (Fig. S4).

The effect of these cell–cell adhesive strengths, W(I, J), on cell
patterning can be evaluated in the context of the DAH (13, 19,
20), which posits an analogy between cell-sorting behavior and
the interfacial properties of binary mixtures of immiscible liquids
(21). The predictions of the DAH are related to the value of the
parameter +—the difference between the average of the 2
homophilic adhesive strengths and the heterophilic adhesive
strength.

+ ! &W!I, I" $ W!J, J"'/2 % W!I, J". [2]

When I % J so that the 2 cell types are identical, + % 0, which
corresponds to a case of complete mixing. When I , J (i.e., the
cell types are different), a number of possibilities arise. (i) The
strength of the heterophilic interaction is greater than the
average of the homophilic interactions, so that + - 0. In such
cases, there will be a tendency for I and J cells to mix. (ii) When
+ * 0 (i.e., when the average strength of homophilic interactions
is greater than the strength of the heterophilic interaction), I and
J cell types will form separate aggregates. When heterophilic
interactions are weak [i.e., W(I, J) ( 0], there will be no contact
between the pure I and pure J aggregates. (iii) When + * 0 but
heterophilic interactions are significant [i.e., W(I, J) * 0], the
separate aggregates will adhere to one another. As discussed by
Foty and Steinberg (13), these relationships can be used to
predict cell aggregation behavior if the relevant values of W are
known.

Based on the values derived here for cells expressing N- and
E-cadherins, at comparable expression levels, W(N, N) is signif-
icantly larger than both W(E, E) and W(N, E), so that the average
of the homophilic adhesive strengths will be greater than the
heterophilic adhesive strength. That is, because W(N, N) *
W(E, E) and W(E, E) ( W(E, N), then + * 0. Because W(N, E)
is significant, corresponding to case iii described in the previous
paragraph, the expected behavior is that mixtures of cells
expressing N- and E-cadherins will form separate aggregates that
adhere to one another, as observed previously (3) and in our cell
assays (Fig. 1 and Fig. S1). For mixtures of cells expressing
cadherin-6b and either N- or E-cadherin, the average of the
homophilic interactions will be significant while heterophilic
interactions are very weak; that is, + * 0, but W(6b, N) and
W(6b, E) ( 0. The predicted behavior is then the formation of
homotypic aggregates that do not adhere to one another, as also
observed in the cell assays reported above.

Discussion
It is widely accepted that upon encounter of 2 cells, the initial
recognition event involves the formation of trans-dimers be-
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ent pattern. Despite the much higher homophilic binding affinity
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Thus,

W!I, J" ! #Ndimer!I , J"$g! i , j" [1.1]

where Ndimer(I, J) is the number of trans-i-j dimers linking cell
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(where, for clarity, lowercase is used to denote molecules and
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laterally mobile and randomly distributed in the plane of the cell
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moles/liter), Cij, is given by Cij % Ci Cj/Kd(i, j) so that Ndimer %
"LCij, where L is Avogadro’s number and " is the volume of the
region between interacting cells that is accessible to the EC1
domains (12).

Eq. 1.1 can be rewritten in a form that provides an explicit
relationship between adhesive strengths, 3D concentrations,
and Kds.

W!I, J" ! #C ijvL$g! i , j"

! #C iC jvL$g! i , j" /KD! i , j"

! RTC iC jvL ln&KD! i , j"' /KD! i , j" . [1.2]

Eq. 1.2 is derived from elementary considerations by assuming
that a local equilibrium is established in the interface between
interacting cells, with junction formation being viewed here as a
later event. The concentrations that appear in the equation can
be obtained by solving the quadratic equation that relates Ci, Cj,
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fected L cells; ref. 4). These expression levels correspond to 2D
densities of about 80 cadherins per square micrometer, which can
be transformed into 3D concentrations if we know the range of
fluctuations available to an EC1 domain on the cell surface (12).
Based on our estimate of this value of about 12 nm, each cell will
have an effective total EC1 concentration of about 10 #M (12).
Introduction of the Kds at 37 °C for E- and N-cadherins reported
here yields dimer concentrations of CE % 0.56 #M and CN % 2.5
#M, corresponding to a monomer to dimer ratio of about 17:1
for E-cadherin and about 3:1 for N-cadherin. Thus, for a cell–cell

interface containing 1,000 cadherins from each cell, upon initial
intercellular contact about 56 dimers will be formed between 2
cells expressing E-cadherin and 250 dimers formed between 2
cells expressing N-cadherin. Because the Kds for E- and N-
cadherins translate into values of $g(E, E) and $g(N, N) of #5.3
kcal/mol and #6.5 kcal/mol, respectively, the corresponding
values for the adhesive strength at the cellular level would be
W(E, E) ( 305 kcal/mol and W(N, N) ( 1,540 kcal/mol. W(E, N)
would have an intermediate value closer to the value of W(E, E)
than to W(N, N). For 2 interacting cells, the corresponding values
of W(I, I) are 5.1 ) 10#19 and 2.6 ) 10#18 calories for I %
E-cadherin and I % N-cadherin, respectively (Fig. S4).

Although these numbers are approximations, they show that
measured differences in molecular binding affinities will result
in substantial differences in adhesive strengths between 2 cells.
Moreover, the separation in Kds between N- and E-cadherins
implies that W(N, N) * W(E, E) for a range of cell surface
concentrations, even including cases where E-cadherin concen-
trations are greater than those of N-cadherin (Fig. S4).

The effect of these cell–cell adhesive strengths, W(I, J), on cell
patterning can be evaluated in the context of the DAH (13, 19,
20), which posits an analogy between cell-sorting behavior and
the interfacial properties of binary mixtures of immiscible liquids
(21). The predictions of the DAH are related to the value of the
parameter +—the difference between the average of the 2
homophilic adhesive strengths and the heterophilic adhesive
strength.

+ ! &W!I, I" $ W!J, J"'/2 % W!I, J". [2]

When I % J so that the 2 cell types are identical, + % 0, which
corresponds to a case of complete mixing. When I , J (i.e., the
cell types are different), a number of possibilities arise. (i) The
strength of the heterophilic interaction is greater than the
average of the homophilic interactions, so that + - 0. In such
cases, there will be a tendency for I and J cells to mix. (ii) When
+ * 0 (i.e., when the average strength of homophilic interactions
is greater than the strength of the heterophilic interaction), I and
J cell types will form separate aggregates. When heterophilic
interactions are weak [i.e., W(I, J) ( 0], there will be no contact
between the pure I and pure J aggregates. (iii) When + * 0 but
heterophilic interactions are significant [i.e., W(I, J) * 0], the
separate aggregates will adhere to one another. As discussed by
Foty and Steinberg (13), these relationships can be used to
predict cell aggregation behavior if the relevant values of W are
known.

Based on the values derived here for cells expressing N- and
E-cadherins, at comparable expression levels, W(N, N) is signif-
icantly larger than both W(E, E) and W(N, E), so that the average
of the homophilic adhesive strengths will be greater than the
heterophilic adhesive strength. That is, because W(N, N) *
W(E, E) and W(E, E) ( W(E, N), then + * 0. Because W(N, E)
is significant, corresponding to case iii described in the previous
paragraph, the expected behavior is that mixtures of cells
expressing N- and E-cadherins will form separate aggregates that
adhere to one another, as observed previously (3) and in our cell
assays (Fig. 1 and Fig. S1). For mixtures of cells expressing
cadherin-6b and either N- or E-cadherin, the average of the
homophilic interactions will be significant while heterophilic
interactions are very weak; that is, + * 0, but W(6b, N) and
W(6b, E) ( 0. The predicted behavior is then the formation of
homotypic aggregates that do not adhere to one another, as also
observed in the cell assays reported above.

Discussion
It is widely accepted that upon encounter of 2 cells, the initial
recognition event involves the formation of trans-dimers be-
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L: Avogadro number; v= volume accessible to EC domain
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Molecular Model of Cadherin-based Adhesion 

• Other features than extracellular Cadherin/Cadherin 
interaction kinetics and binding energy
are required to account for cell sorting behaviour

• Adhesion energy cannot be straightforwardly extrapolated from 
single molecule Cadherin interaction energy. 

1. Extracellular homo- vs heterophilic ligation does not
predict sorting behaviour
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Molecular Model of Cadherin-based Adhesion 

2. Intracellular F-actin cross linking
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The cytoplasmic domain of the cell adhesion molecule
uvomorulin associates with three independent proteins
structurally related in different species

Masayuki Ozawa, Helene Baribault and
Rolf Kemler
Max-Planck-Institut fur Immunbiologie, AG Molekulare Embryologie,
Stubeweg 51, D-7800 Freiburg, FRG

Communicated by R.Kemler

Uvomorulin belongs to the group of Ca2+-dependent cell
adhesion molecules, which are integral membrane
proteins with several structural features in common. In
particular, the cytoplasmic part of these proteins is highly
conserved in different species, suggesting a common
biological function. To test this assumption we transfected
a uvomorulin full-length cDNA into uvomorulin-negative
mouse NIH 3T3 and L cells. Inmunoprecipitations with
anti-uvomorulin antibodies detected, in addition to
uvomorulin, three independent proteins of 102, 88 and
80 kd which are of host origin and which form complexes
with uvomorulin. Using cDNA constructs coding for
uvomorulin with cytoplasmic or extracellular deletions
it is shown that the 102, 88 and 80 kd proteins complex
with the cytoplasmic domain of uvomorulin. Peptide
pattern analysis revealed that these three proteins are
identical in different mouse cells. When uvomorulin
cDNA was introduced into cell lines from other species,
such as human HeLa and avian fibroblasts, the expressed
uvomorulin was also associated with endogenous 102, 88
and 80 kd proteins and, moreover, each of these proteins
showed structural similarities to the respective mouse
molecule. A panel of antibodies specific for known
cytoplasmic proteins of mol. wts similar to those of the
three proteins did not react with any of the described
components. This suggests that the 102, 88 and 80 kd
proteins constitute a new group of proteins for which
we propose the nomenclature of catenin a, ,B and 'y
respectively. The characterization of these proteins
provides a first molecular basis for a possible cytoplasmic
anchorage of uvomorulin to the cytoskeleton.
Key words: uvomorulin/cell adhesion molecules/cytoplasmic
anchorage

Introduction
The availability of full-length cDNAs coding for cell
adhesion molecules (CAMs) has opened new possibilities
for detailed studies on the molecular mechanisms of cell
adhesion and the role that these molecules play during
development and in tissue organization.

Uvomorulin is an integral membrane glycoprotein of
120 kd which is involved in the aggregation of embryonal
and epithelial cells and which belongs to the group of Ca2+-
dependent CAMs (Vestweber and Kemler, 1984a; Ekblom
et al., 1986). Members of this group express their adhesive
properties only in the presence of Ca2 +, and Ca2+ protects

©IRL Press

these proteins from proteolytic degradation. Some of the
best-studied examples of this group, besides uvomorulin, are
chicken L-CAM (Gallin et al., 1987), human cell-CAM
120/80 (Damsky et al., 1983), mouse E- (Nagafuchi et al.,
1987), P- (Nose et al., 1987) and N-cadherin (Hatta et al.,
1988), canine Arc-I (Behrens et al., 1985) and rr. 1 antigen
(Gumbiner and Simons, 1986) and chicken A-CAM (Volk
and Geiger, 1986). A more detailed description of these
proteins is given in a recent review (Takeichi, 1988).

Comparison of the primary structure revealed that
Ca2'-dependent CAMs are evolutionarily conserved and
genetically related molecules. More precisely, from sequence
data, uvomorulin (identical to E-cadherin) shows 80%
identity to human uvomorulin (human cell-CAM 120/80;
Mansouri et al., 1988). By antibody cross-reactivity
uvomorulin is homologous to canine Arc-I and rr-1 antigen.
The amino acid sequences of uvomorulin (E-cadherin) show
58 and 62% homology to P- and N-cadherin respectively.
More striking is that these proteins have a similar domain
structure with defined regions of higher identity. This
holds true also when chicken L-CAM and uvomorulin
are compared (Ringwald et al., 1987). It seems likely
that regions with higher homology represent units of
functional importance. For example, the extracellular part
of uvomorulin and L-CAM is largely composed of a multi-
domain structure with internal homology. Within each
domain, clustered arrangements of putative Ca2'-binding
sites can be defined in both proteins. These common
structural features might have been generated by gene
duplication during evolution under a strong selection for
adhesive function (Ringwald et al., 1987).

We have been attracted by the fact that the amino acid
sequences of all Ca2+-dependent CAMs show the highest
degree of homology in their cytoplasmic domains. The
cytoplasmic parts of mouse uvomorulin and chicken L-CAM
are 90% identical, which could be indicative of a common
functional role. Possibly, these proteins might interact with
cytoplasmic components as is suggested from studies on
colocalization of CAMs and cytoskeletal structures. In adult
epithelial cells uvomorulin expression is restricted to the
baso-lateral membrane where it is concentrated in the
adherens junctions known to be associated with the cortical
actin belt (Burgess, 1982; Boiler et al., 1985). Colocalization
of A-CAM (Volk et al., 1986) and cadherins (Hirano et al.,
1987) with actin bundles also suggested an association of
these CAMs with cytoskeletal components.

In this report we describe three independent proteins of
102, 88 and 80 kd which associate with the cytoplasmic
domain of uvomorulin by transfecting uvomorulin-negative
mouse cells with full-length cDNA and different deletion
constructs. These proteins have already been observed in
immunoprecipitation experiments with anti-uvomorulin
antibodies and were found to be structurally not only different
from uvomorulin but also different from each other
(Vestweber and Kemler, 1984b; Peyrieras et al., 1985;
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Uvomorulin belongs to the group of Ca2+-dependent cell
adhesion molecules, which are integral membrane
proteins with several structural features in common. In
particular, the cytoplasmic part of these proteins is highly
conserved in different species, suggesting a common
biological function. To test this assumption we transfected
a uvomorulin full-length cDNA into uvomorulin-negative
mouse NIH 3T3 and L cells. Inmunoprecipitations with
anti-uvomorulin antibodies detected, in addition to
uvomorulin, three independent proteins of 102, 88 and
80 kd which are of host origin and which form complexes
with uvomorulin. Using cDNA constructs coding for
uvomorulin with cytoplasmic or extracellular deletions
it is shown that the 102, 88 and 80 kd proteins complex
with the cytoplasmic domain of uvomorulin. Peptide
pattern analysis revealed that these three proteins are
identical in different mouse cells. When uvomorulin
cDNA was introduced into cell lines from other species,
such as human HeLa and avian fibroblasts, the expressed
uvomorulin was also associated with endogenous 102, 88
and 80 kd proteins and, moreover, each of these proteins
showed structural similarities to the respective mouse
molecule. A panel of antibodies specific for known
cytoplasmic proteins of mol. wts similar to those of the
three proteins did not react with any of the described
components. This suggests that the 102, 88 and 80 kd
proteins constitute a new group of proteins for which
we propose the nomenclature of catenin a, ,B and 'y
respectively. The characterization of these proteins
provides a first molecular basis for a possible cytoplasmic
anchorage of uvomorulin to the cytoskeleton.
Key words: uvomorulin/cell adhesion molecules/cytoplasmic
anchorage

Introduction
The availability of full-length cDNAs coding for cell
adhesion molecules (CAMs) has opened new possibilities
for detailed studies on the molecular mechanisms of cell
adhesion and the role that these molecules play during
development and in tissue organization.

Uvomorulin is an integral membrane glycoprotein of
120 kd which is involved in the aggregation of embryonal
and epithelial cells and which belongs to the group of Ca2+-
dependent CAMs (Vestweber and Kemler, 1984a; Ekblom
et al., 1986). Members of this group express their adhesive
properties only in the presence of Ca2 +, and Ca2+ protects
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these proteins from proteolytic degradation. Some of the
best-studied examples of this group, besides uvomorulin, are
chicken L-CAM (Gallin et al., 1987), human cell-CAM
120/80 (Damsky et al., 1983), mouse E- (Nagafuchi et al.,
1987), P- (Nose et al., 1987) and N-cadherin (Hatta et al.,
1988), canine Arc-I (Behrens et al., 1985) and rr. 1 antigen
(Gumbiner and Simons, 1986) and chicken A-CAM (Volk
and Geiger, 1986). A more detailed description of these
proteins is given in a recent review (Takeichi, 1988).

Comparison of the primary structure revealed that
Ca2'-dependent CAMs are evolutionarily conserved and
genetically related molecules. More precisely, from sequence
data, uvomorulin (identical to E-cadherin) shows 80%
identity to human uvomorulin (human cell-CAM 120/80;
Mansouri et al., 1988). By antibody cross-reactivity
uvomorulin is homologous to canine Arc-I and rr-1 antigen.
The amino acid sequences of uvomorulin (E-cadherin) show
58 and 62% homology to P- and N-cadherin respectively.
More striking is that these proteins have a similar domain
structure with defined regions of higher identity. This
holds true also when chicken L-CAM and uvomorulin
are compared (Ringwald et al., 1987). It seems likely
that regions with higher homology represent units of
functional importance. For example, the extracellular part
of uvomorulin and L-CAM is largely composed of a multi-
domain structure with internal homology. Within each
domain, clustered arrangements of putative Ca2'-binding
sites can be defined in both proteins. These common
structural features might have been generated by gene
duplication during evolution under a strong selection for
adhesive function (Ringwald et al., 1987).

We have been attracted by the fact that the amino acid
sequences of all Ca2+-dependent CAMs show the highest
degree of homology in their cytoplasmic domains. The
cytoplasmic parts of mouse uvomorulin and chicken L-CAM
are 90% identical, which could be indicative of a common
functional role. Possibly, these proteins might interact with
cytoplasmic components as is suggested from studies on
colocalization of CAMs and cytoskeletal structures. In adult
epithelial cells uvomorulin expression is restricted to the
baso-lateral membrane where it is concentrated in the
adherens junctions known to be associated with the cortical
actin belt (Burgess, 1982; Boiler et al., 1985). Colocalization
of A-CAM (Volk et al., 1986) and cadherins (Hirano et al.,
1987) with actin bundles also suggested an association of
these CAMs with cytoskeletal components.

In this report we describe three independent proteins of
102, 88 and 80 kd which associate with the cytoplasmic
domain of uvomorulin by transfecting uvomorulin-negative
mouse cells with full-length cDNA and different deletion
constructs. These proteins have already been observed in
immunoprecipitation experiments with anti-uvomorulin
antibodies and were found to be structurally not only different
from uvomorulin but also different from each other
(Vestweber and Kemler, 1984b; Peyrieras et al., 1985;
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data, uvomorulin (identical to E-cadherin) shows 80%
identity to human uvomorulin (human cell-CAM 120/80;
Mansouri et al., 1988). By antibody cross-reactivity
uvomorulin is homologous to canine Arc-I and rr-1 antigen.
The amino acid sequences of uvomorulin (E-cadherin) show
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that regions with higher homology represent units of
functional importance. For example, the extracellular part
of uvomorulin and L-CAM is largely composed of a multi-
domain structure with internal homology. Within each
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sites can be defined in both proteins. These common
structural features might have been generated by gene
duplication during evolution under a strong selection for
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We have been attracted by the fact that the amino acid
sequences of all Ca2+-dependent CAMs show the highest
degree of homology in their cytoplasmic domains. The
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are 90% identical, which could be indicative of a common
functional role. Possibly, these proteins might interact with
cytoplasmic components as is suggested from studies on
colocalization of CAMs and cytoskeletal structures. In adult
epithelial cells uvomorulin expression is restricted to the
baso-lateral membrane where it is concentrated in the
adherens junctions known to be associated with the cortical
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of A-CAM (Volk et al., 1986) and cadherins (Hirano et al.,
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with cadherin and b-catenin and links this entire complex to actin.25 Loss of

EPLIN converts the circumferential actin belt (typical of mature junctions)

into radially oriented actin filaments and fragments the cadherin belt into

smaller spots such as those in immature junctions25,25. Vinculin is an

actin-binding protein initially characterized in association with focal adhe-

sions28 and required for their stabilization under tension.29 Recent data

showed that vinculin is also recruited to AJs by a-catenin in a force-

dependent manner26 and that this stabilizes adhesion contacts (Fig. 2.1).30
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Figure 2.1 The cadherin–actin interaction and the effect of force. Cadherins interact
with actin filaments through the binding of b- and a-catenin. b-Catenin binds directly to
a C-terminal domain in the intracellular tail of cadherins and recruits a-catenin. Then,
a-catenin binds directly or indirectly to actin filaments. a-Catenin is a stretch-activated
protein and recruits vinculin in a force-dependent manner. In the absence of force (left
situation), an inhibitory domain (i) masks the vinculin-binding domain (v) and prevents
vinculin binding. In the presence of force (right situation), a conformational change is
induced and unmasks the vinculin-binding domain (v). Vinculin can now be recruited
and will stabilize a-catenin and actin recruitment.
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herin cytoplasmic domain, and !-catenins do so via their
binding to "-catenin.

!-Catenins are a small molecular family consisting of
three members (!E, !N, and !T) in the vertebrates, and
these molecules have a low sequence similarity to vincu-
lin (227, 263). These molecules contain the "-catenin-
binding site near their NH2 terminus, vinculin/!-actinin-
binding sites in their central region, and a ZO-1-binding
site near their COOH terminus. !E-catenin (originally
!-catenin) is widely expressed in various tissues, whereas
!N- and !T-catenin are expressed in limited tissues; for
example, !N-catenin is mainly expressed in neural tis-
sues (127). Because !E-catenin interacts with F-actin,
this protein has been considered to be a linker between
cadherin and the actin cytoskeleton. However, recent
findings suggest that the !E-catenin monomer bound to
"-catenin does not interact with F-actin and that only
!-catenin dimers, isolated from the cadherin-"-catenin
complex, bind actin bundles (77). In fact, !E-catenin can
regulate actin dynamics independently of cadherin-
mediated cell-cell adhesion (31). In this model, actin bun-

dles are not directly linked to the cadherin-!-catenin
complexes. On the other hand, it has been proposed that
some actin-binding molecules, such as vinculin and
EPLIN, mediate the interactions between !E-catenin and
F-actin (2, 263). Other !-catenin-binding proteins, listed
in TABLE 2, could also play a similar role.

The "-catenin group comprises "- and #-catenin (plakoglo-
bin). "-Catenin binds to the COOH-terminal region of clas-
sical cadherins. It contains 12 Armadillo repeats, and re-
peats 2–9 are responsible for the binding to cadherins (209).
The primary role of "-catenin at the cell-cell junction is to
link cadherin with !-catenin. #-Catenin/plakoglobin, a
molecule similar to "-catenin, also binds to classical cad-
herins, and "- and #-catenins appear functionally redun-
dant. However, the real functional differences between
these two catenins are not perfectly understood (209). It
should be noted that #-catenin also binds to desmosomal
cadherins, whereas "-catenin has no such ability. In addi-
tion, "-catenin is well known as a transcriptional regulator
downstream of Wnt signaling (122, 192, 210), whereas
#-catenin has no such functions (311).

FIGURE 3. Regulation of classical cadherin-mediated adhesion by cytoplasmic components. A: schematic
drawings to explain how cadherins mediate strong adhesion via their linkage to the actin cytoskeleton.
B: photographs of lung carcinoma PC9 cells with or without !-catenin. These cells, which do not express
!-catenin, show only weak adhesion. However, when !-catenin is introduced into these cells, they show strong
adhesion, restoring the epithelial architecture.
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herin cytoplasmic domain, and !-catenins do so via their
binding to "-catenin.

!-Catenins are a small molecular family consisting of
three members (!E, !N, and !T) in the vertebrates, and
these molecules have a low sequence similarity to vincu-
lin (227, 263). These molecules contain the "-catenin-
binding site near their NH2 terminus, vinculin/!-actinin-
binding sites in their central region, and a ZO-1-binding
site near their COOH terminus. !E-catenin (originally
!-catenin) is widely expressed in various tissues, whereas
!N- and !T-catenin are expressed in limited tissues; for
example, !N-catenin is mainly expressed in neural tis-
sues (127). Because !E-catenin interacts with F-actin,
this protein has been considered to be a linker between
cadherin and the actin cytoskeleton. However, recent
findings suggest that the !E-catenin monomer bound to
"-catenin does not interact with F-actin and that only
!-catenin dimers, isolated from the cadherin-"-catenin
complex, bind actin bundles (77). In fact, !E-catenin can
regulate actin dynamics independently of cadherin-
mediated cell-cell adhesion (31). In this model, actin bun-

dles are not directly linked to the cadherin-!-catenin
complexes. On the other hand, it has been proposed that
some actin-binding molecules, such as vinculin and
EPLIN, mediate the interactions between !E-catenin and
F-actin (2, 263). Other !-catenin-binding proteins, listed
in TABLE 2, could also play a similar role.

The "-catenin group comprises "- and #-catenin (plakoglo-
bin). "-Catenin binds to the COOH-terminal region of clas-
sical cadherins. It contains 12 Armadillo repeats, and re-
peats 2–9 are responsible for the binding to cadherins (209).
The primary role of "-catenin at the cell-cell junction is to
link cadherin with !-catenin. #-Catenin/plakoglobin, a
molecule similar to "-catenin, also binds to classical cad-
herins, and "- and #-catenins appear functionally redun-
dant. However, the real functional differences between
these two catenins are not perfectly understood (209). It
should be noted that #-catenin also binds to desmosomal
cadherins, whereas "-catenin has no such ability. In addi-
tion, "-catenin is well known as a transcriptional regulator
downstream of Wnt signaling (122, 192, 210), whereas
#-catenin has no such functions (311).
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drawings to explain how cadherins mediate strong adhesion via their linkage to the actin cytoskeleton.
B: photographs of lung carcinoma PC9 cells with or without !-catenin. These cells, which do not express
!-catenin, show only weak adhesion. However, when !-catenin is introduced into these cells, they show strong
adhesion, restoring the epithelial architecture.
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AND WIRING
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L
Hirano S, Takeichi M. Cadherins in Brain Morphogenesis and Wiring. Physiol Rev 92:
597–634, 2012; doi:10.1152/physrev.00014.2011.—Cadherins are Ca2!-depen-
dent cell-cell adhesion molecules that play critical roles in animal morphogenesis.
Various cadherin-related molecules have also been identified, which show diverse
functions, not only for the regulation of cell adhesion but also for that of cell proliferation

and planar cell polarity. During the past decade, understanding of the roles of these molecules in
the nervous system has significantly progressed. They are important not only for the development
of the nervous system but also for its functions and, in turn, for neural disorders. In this review, we
discuss the roles of cadherins and related molecules in neural development and function in the
vertebrate brain.
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IV. NONCLASSICAL CADHERINS 614
V. CONCLUSIONS AND FUTURE 624

I. INTRODUCTION

Cell-cell contact and adhesion are a crucial process in the
development of multicellular organisms. Fertilized eggs give
rise to numerous cells that form tissues and organs, and
these cells must keep in physical contact with others for
their structural and functional communications. The ner-
vous system is one of the most complex and sophisticated
parts of the animal body, requiring various forms of cell-cell
contacts for its development and functions.

Complex neural networks in the nervous system were first
described in the late 19th century. Santiago Ramon y Cajal
described precise structures and organization of the nervous
system by using Golgi staining (254). Cajal and others claimed
the “neuron theory,” in which nerve cells are connected not by
protoplasmic bridges but by close contacts (150). Harrison
speculated that cell surface events might be involved in neural
connections (116). To explain the mechanisms of how such
complex neural wiring develops has been one of the major
issues in neuroscience for over a century.

The formation of neural networks is achieved by a series of
developmental processes, including cell fate determination,
proliferation, migration, differentiation, axon elongation,
pathfinding, target recognition, synaptogenesis, synapse elim-
ination, synaptic plasticity, and so on. Many of these steps
require cell-cell interactions, and cell-cell contacts provide a
platform for these cell-cell interacting processes. The cell-
adhesion molecules themselves often play active roles in cell-

cell interactions, such as in cell recognition and signal trans-
duction via their cytoplasmic domains. There are several ma-
jor families of cell-adhesion molecules, including the
immunoglobulin superfamily and cadherin superfamily.

Cadherins are a group of transmembrane proteins that were
originally identified as the cell-surface molecules responsi-
ble for Ca2!-dependent cell-cell adhesion (338, 339, 397).
Subsequently, various molecules sharing amino acid se-
quences with the cadherins were identified, and this group
of proteins is defined as the cadherin superfamily. The roles
of these molecules in the development of the nervous system
as well as in mature neurons have extensively been studied.
In this review article we overview the progress of these
studies, focusing on the vertebrate nervous system.

II. DEFINITION AND CLASSIFICATION OF
THE CADHERIN SUPERFAMILY

Cadherins are defined as transmembrane proteins whose ex-
tracellular domain has a repeated primary sequence termed
the “cadherin motif” or “cadherin repeat” (338), which has
more recently been referred to as the “cadherin EC domain.”
These molecules, which were initially identified as cadherins,
have five cadherin motifs/EC domains, and these cadherins are
now called the “classical cadherins.” The majority of the other
members of the cadherin superfamily have even more EC do-
mains (FIGURE 1). Cadherins require Ca2! for their functions,
and the cadherin motif contains conserved Ca2!-binding se-
quences such as AXDXD, LDRE, and DXNDN. Cadherin
molecules thus defined are detected throughout multicellular
animal species and even in unicellular choanoflagellates (243).
Whatever the origin of the cadherin superfamily is, cadherin
molecules have successfully evolved in the animal kingdom. In
humans, there are more than 110 cadherin superfamily mem-
bers.

Physiol Rev 92: 597–634, 2012
doi:10.1152/physrev.00014.2011

597

 by 10.220.33.4 on Septem
ber 18, 2017

http://physrev.physiology.org/
Downloaded from

 

Hirano & Takeichi

Molecular Model of Cadherin-based Adhesion 

2. Intracellular F-actin cross linking



Thomas LECUIT   2017-2018

Molecular Model of Cadherin-based Adhesion 

2. Intracellular F-actin cross linking

 

Adams et al. 

 

Dynamics of EcadGFP

 

1109

 

formed in the absence of extracellular Ca

 

2

 

1

 

 (data not
shown), demonstrating that the adhesion was mediated by
EcadGFP. In HEK 293 EBNA cells, EcadGFP and 

 

b

 

-cate-
nin accumulated at the lateral membrane of cell–cell con-
tacts (Fig. 1 

 

C

 

), similar to the distributions of endogenous
E-cadherin and 

 

b

 

-catenin in MDCK cells (Näthke et al.,
1994). In addition, newly synthesized EcadGFP was di-
rectly targeted to the basal-lateral membrane of polarized
MDCK cells, similar to endogenous E-cadherin (Fig. 1 

 

D

 

).
Also, expression of EcadGFP in mouse L-cells, which do
not normally express cadherin, resulted in the formation
of large cell aggregates in suspension culture in the pres-
ence of extracellular Ca

 

2

 

1

 

, but not in the absence of extra-
cellular Ca

 

2

 

1

 

 (Fig. 1 

 

E

 

). Finally, the kinetics of aggregation
in suspension were identical for wild-type MDCK cells (

 

t

 

1/2

 

 5

 

15.3

 

62.1 min; n 5 2) and MDCK cells expressing Ecad-
GFP (t1/2 5 15.963.0 min; n 5 2), and faster for cells over-
expressing EcadGFP. The properties of EcadGFP are
indistinguishable from those of endogenous E-cadherin.

Thus, EcadGFP can substitute for endogenous E-cadherin
in cell–cell adhesion.

EcadGFP Distribution Changes During
Cell–Cell Adhesion

EcadGFP expressing MDCK cells were imaged for 10 h to
observe the dynamics of the localization of EcadGFP during
formation of contacts between single cells, and during for-
mation of small multicell colonies (Fig. 2). Expression of
EcadGFP in single cells was relatively uniform over the
plasma membrane with some increased intensity in a circum-
ferential ring at the cell periphery (Fig. 2, A and B, 0 h). Dur-
ing the formation of cell–cell contacts between two (Fig. 2 A)
or three (Fig. 2 B) cells, or single cells and larger cell clus-
ters (Fig. 2 C), EcadGFP fluorescence became significantly
more intense at the cell–cell contact during the first 2 h. Af-
ter at least 2 h, the largest and brightest regions of EcadGFP
fluorescence were at the edges of cell–cell contacts; we call
these structures plaques (Fig. 2, circles). The fluorescence
intensity of EcadGFP plaques was 6–10 times greater than
that of EcadGFP in noncontacting membranes, and 2–4
times greater than that of EcadGFP in areas of the mem-
brane in the middle of the contact (Fig. 2, A–C; 8 h).

When three or more cells developed cell–cell contacts
(Fig. 2, B–D), EcadGFP plaques from two noncontacting
cells often moved towards each other and eventually co-
alesced to form a vertex of E-cadherin between multiple
cells (Fig. 2, B–D; compare 2 and 8 h). After forming such
a multicellular vertex, EcadGFP reorganized into the cen-
ter of the colony (Fig. 2 E). As more cells formed contacts,
this sequential formation of contacts (puncta and plaques)
and coalescence of nonadjacent EcadGFP plaques into
vertices caused cells to become engulfed into the develop-
ing cell monolayer. These steps resulted in the formation
of a circumferential ring of both EcadGFP (Fig. 2 F) and
actin (data not shown) around each cell, similar to the or-
ganization of E-cadherin and actin between cells in mono-
layers of polarized MDCK cells (Näthke et al., 1994).
These results demonstrate that we are able to observe with
EcadGFP the complete transition of initial contacts be-
tween cells through compaction to the establishment of
E-cadherin/actin organizations characteristic of a com-
plete epithelium. In general, transitions between initial
cell–cell contact (formation of puncta) to E-cadherin
plaque formation, to condensation of plaques into multi-
cell vertices were on the time scale of 2–3 h.

To better understand the evolution of these distinct pat-
terns of E-cadherin, the distribution of EcadGFP during
development of cell–cell contacts was examined in multi-
site time-lapse confocal images taken over the course of 3 h
(we initially focused on the formation of puncta and
plaques during the first two stages of adhesion see below).
The cells were then fixed and stained with phalloidin,
(which labeled F-actin) and mAb 3G8 (which recognized
the extracellular domain of endogenous E-cadherin and
EcadGFP), and were imaged. Fig. 3 shows representative
contacts from one time-lapse recording. Column 1 of Fig. 3
A shows the formation of a contact between two cells over
71 min. During cell–cell adhesion, EcadGFP fluorescence
appeared at cell–cell contacts, and then increased in inten-
sity with time and as the contact lengthened. The distribu-
tion of EcadGFP and endogenous E-cadherin were re-

Figure 2. Distribution of EcadGFP during monolayer formation.
A single confocal image was collected from EcadGFP expressing
cells every 10 min for 12 h at 0.12 mm/pixel at 12 sites. Five repre-
sentative images from each time-lapse are shown. Elapsed time is
indicated on top of each column in h (0, 2, 4, 6, and 8, respec-
tively). The circles in A highlight the edges of a cell–cell contact
that have developed large aggregates of EcadGFP plaques. The
arrows in B–F, columns 0 or 2 h point to the well-separated
plaques at the edges of developing cell–cell contacts that reorga-
nize into a multicellular vertex by 8 h. Note that the 0-h designa-
tion is arbitrarily set as the first time point shown. Bar, 15 mm.
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tobleaching. We also examined whether photobleaching of
EcadGFP was reversible. Fig. 8 B shows the effects on
EcadGFP after 1/2 of a cell was photobleached. The Ecad-
GFP fluorescence was monitored in the photobleached
half of the cell (Fig. 8 B, blue), the nonphotobleached half
of the cell (Fig. 8 B, red), and the entire cell (Fig. 8 B,
green). These data show that the photobleached part of
the cell recovered EcadGFP fluorescence while, at the
same rate, the nonphotobleached part of the cell lost
EcadGFP fluorescence. The average intensity of Ecad-
GFP fluorescence remained constant throughout the en-
tire cell, reflecting the fact that the EcadGFP fluorescence
was irreversibly photobleached. These results also show
that the entire pool of EcadGFP in the cell was mobile and
exchanged within 45 min.

The EcadGFP diffusion coefficient in our system was
measured in the thin (1 mm) membrane lamellae between
the edge of the cell and circumferential actin cable. To val-
idate our photobleaching methodology, we performed ex-
periments to assess the dependence of fluorescence recov-
ery on the diameter of the photobleached area (Fig. 8 C).
Table I summarizes data from photobleaching EcadGFP
in membrane lamella not involved in cell–cell adhesion us-
ing different-sized photobleach areas. These experiments
show that EcadGFP diffusion time was related to the
square of the photobleach radius as expected from simple
diffusion theory; the average value of the diffusion coeffi-
cient D was calculated to be 3.6 6 1.5 3 10210 cm2/s. This
value is similar to that measured for another transmem-
brane protein, Na1, K1-ATPase, in low-density MDCK
cells (Jesaitis and Yguerabide, 1986). We note that previ-
ous photobleach-recovery measurements of E-cadherin in
the apical membrane of polarized F7p cells yielded a
somewhat lower D value of 3.4 3 10211 cm2/s (Kusumi et al.,
1993), and single particle-tracking measurements of E-cad-
herin in L-cells yielded a D value of 5.2 3 10211 cm2/s
(Sako et al., 1998). The difference between these observed
diffusion coefficient values of E-cadherin is probably due
to differences in methodologies, cell types, and cytoskele-
tal states.

Our interest here is to compare E-cadherin mobility in
different membrane regions during cell–cell adhesion us-
ing identical methodologies on the same cell type under
carefully controlled conditions. Fig. 8 D shows representa-
tive EcadGFP images immediately before photobleaching,
immediately after photobleaching, and 10 min after recov-
ery in four regions: (a) membranes not involved in cell–
cell contact; (b) new cell–cell contacts; (c) puncta; and (d)
plaques. Note that to measure EcadGFP mobility at cell–
cell contacts, we examined the kinetics of recovery of
EcadGFP fluorescence after photobleaching in thin lamel-
lae between contacting cells; at those sites, the height of
the contact was minimal, EcadGFP fluorescence could be
photobleached through the contact, and the subsequent
recovery of EcadGFP fluorescence could be tracked with

Figure 7. Cytochalasin D selectively disassembles new cell–cell
contacts. Representative images of a time-lapse sequence taken
at 1 frame/2 min for 2 h at 0.4 mm/pixel before and after adding
2 mM CD. (A) 14 min before CD; (B) 1 min before CD; (C) 30
min after CD; (D) 60 min after CD. Immunofluorescence of the
same area is shown using rhodamine phalloidin (E) or b-catenin/
CY5 (F). The arrows in D–F point to CD-induced EcadGFP clus-
ters; bar, 10 mm. (G) The number of cells that were in contact be-
fore the time-lapse experiment began (.60 min old), and those
that made contact during the imaging experiment (,60 min old)
were counted and the totals shown for three independent experi-

ments (black bars). The number of those contacts that disassem-
bled within 1 h after CD treatment was determined (striped bars).
The percentage of cell–cell contacts disassembled by CD treat-
ment is 14% for old contacts and 73% for new contacts.
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high resolution. The recovery curves in Fig. 8 (C and E)
show that EcadGFP in either a contact-free area of the
membrane (Fig. 8 C) or a newly formed contact (Fig. 8 E,
blue) recovered .90% of fluorescence 15 min after pho-
tobleaching. In contrast, EcadGFP in either a punctum or
a plaque recovered 50% and ,10% fluorescence, respec-
tively. These data indicate that an initially highly mobile
pool of EcadGFP becomes increasingly immobilized
within developing puncta and plaques.

Fig. 9 shows a TIP scan from an experiment where a 2.8-
mm–diameter area was bleached in a 1-h-old contact con-
taining two very bright EcadGFP puncta (Fig. 9, arrow). It
is clear that bleached puncta partially recovered their fluo-
rescence, concomitant with a partial loss of fluorescence in
nonbleached puncta. However, it is also obvious that in-
dividual puncta undergo gradual redistributions during

these slow recoveries. As the EcadGFP fluorescence re-
covered, the bleached puncta migrated out of the bleached
area, and puncta adjacent to the original bleached area
slowly migrated into the bleached area (Fig. 9).

Detailed TIP scan analyses of photobleach recovery
data allowed us to make the following generalizations
about the dynamics of EcadGFP: (a) puncta move as indi-
vidual units within the cell–cell contact interface during
contact expansion; (b) puncta on the edge of a fluores-
cence bleach area recovered their fluorescence first; and
(c) adjacent nonbleached puncta sometimes exhibited a
decrease in fluorescence intensity. These data indicate that
the immobilized fraction of EcadGFP is associated with
the cytoskeleton, and that cytoskeletal associated Ecad-
GFP moves and exchanges within the cell–cell contact in-
terface.

Figure 8. Photobleach-recov-
ery analysis shows a highly
mobile pool of EcadGFP co-
alesces into immobile puncta.
A shows a live cell before
and after photobleaching.
The box indicates where the
cell was photobleached. The
arrow points to an area that
formed a contact during the
photobleach. The cells were
fixed in formaldehyde and
stained with phalloidin and
mAb 3G8. B shows the fluo-
rescence recovery curves of a
single noncontacting cell in
which half of the cell was
photobleached (blue). Ecad-
GFP fluorescence of the non-
bleached region (red) and
the entire cell (green) was
monitored during recovery.
Notice that the EcadGFP flu-
orescence values equalize in
the photobleached and non-
photobleached areas. C shows
the first 3 min of photo-
bleach-recovery data of non-
contacting membrane re-
gions photobleached with a
5.8-mm (pink) and 3-mm
(black) circle. The relative
fluorescence is scaled be-
tween the fluorescence inten-
sity just after bleaching and
equilibrium. The lines show
the theoretical recovery
curves for each region with a
diffusion coefficient of 3 3
10210 cm2/s. Note that the

smaller photobleach circle (black line) recovers more quickly. D shows images taken before, 0.1 min after, and 10 min after pho-
tobleaching a 5.8-mm-diameter circle in a region of membrane not involved in cell–cell contact (Membrane), a region of membrane in a
,15-min-old contact (New contact), a region of membrane in the middle of a ,60-min-old contact (Puncta), and a membrane at the
edge of a .2-h-old contact (Plaque). For each experiment, 300 images were collected every 3.2 s at 0.11 mm/pixel. The circles mark the
photobleach region, and the colors correspond to the recovery curves shown in C (pink) and E. E shows photobleach-recovery data for
the bleached contact regions identified in D. The relative fluorescence is scaled to the pre-bleach intensity value. The mobile fraction
of EcadGFP in the new contact (blue), puncta (green), and plaque (orange) is 100, 50, and ,10%, respectively.
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Abstract. 

 

The translational movement of E-cadherin, a 
calcium-dependent cell–cell adhesion molecule in the 
plasma membrane in epithelial cells, and the mecha-
nism of its regulation were studied using single particle 
tracking (SPT) and optical tweezers (OT). The wild 
type (Wild) and three types of artificial cytoplasmic 
mutants of E-cadherin were expressed in L-cells, and 
their movements were compared. Two mutants were 
E-cadherins that had deletions in the COOH terminus 
and lost the catenin-binding site(s) in the COOH termi-
nus, with remaining 116 and 21 amino acids in the cyto-
plasmic domain (versus 152 amino acids for Wild); 
these are called Catenin-minus and Short-tailed in this 
paper, respectively. The third mutant, called Fusion, is 
a fusion protein between E-cadherin without the cate-
nin-binding site and 

 

a

 

-catenin without its NH

 

2

 

-terminal 
half. These cadherins were labeled with 40-nm 

 

f

 

 colloi-
dal gold or 210-nm 

 

f

 

 latex particles via a monoclonal 
antibody to the extracellular domain of E-cadherin for 
SPT or OT experiments, respectively. E-cadherin on 
the dorsal cell surface (outside the cell–cell contact re-
gion) was investigated. Catenin-minus and Short-tailed 
could be dragged an average of 1.1 and 1.8 

 

m

 

m by OT 

(trapping force of 0.8 pN), and exhibited average mi-

 

croscopic diffusion coefficients (

 

D

 

micro

 

) of 1.2 

 

3 

 

10

 

2

 

10

 

 
and 2.1 

 

3 

 

10

 

2

 

10 

 

cm

 

2

 

/s, respectively. Approximately 40% 
of Wild, Catenin-minus, and Short-tailed exhibited con-
fined-type diffusion. The confinement area was 0.13 

 

m

 

m

 

2

 

 for Wild and Catenin-minus, while that for Short-
tailed was greater by a factor of four. In contrast, Fu-
sion could be dragged an average of only 140 nm by 
OT. Average 

 

D

 

micro

 

 for Fusion measured by SPT was 
small (0.2 

 

3 

 

10

 

2

 

10 

 

cm

 

2

 

/s). These results suggest that Fu-
sion was bound to the cytoskeleton. Wild consists of 
two populations; about half behaves like Catenin-
minus, and the other half behaves like Fusion. It is con-
cluded that the movements of the wild-type E-cadherin 
in the plasma membrane are regulated via the cytoplas-
mic domain by (

 

a

 

) tethering to actin filaments through 
catenin(s) (like Fusion) and (

 

b

 

) a corralling effect of 
the network of the membrane skeleton (like Catenin-
minus). The effective spring constants of the membrane 
skeleton that contribute to the tethering and corralling 
effects as measured by the dragging experiments were 
30 and 5 pN/

 

m

 

m, respectively, indicating a difference in 
the skeletal structures that produce these two effects.

 

E

 

-

 

cadherin

 

 is a calcium-dependent cell-to-cell rec-
ognition/adhesion molecule in epithelial tissues,
and a transmembrane protein that spans the plasma

membrane once (Takeichi, 1988, 1991). E-cadherin is lo-
calized in cell-to-cell adherens junctions and is also found

in dilute homogeneous distributions over the free surface
of cells (Bacallao et al., 1989). Cadherin molecules on the
free cell surface may be surveying new physical contacts
with other cells or may be on their way to the assembly of
adherens junctions.

Some cytoplasmic proteins, including 

 

a

 

- and 

 

b

 

-catenins
and p120, are bound to the cytoplasmic domain of E-cad-
herin (Ozawa et al., 1989; McCrea et al., 1991; Reynolds
and McCrea, 1994). 

 

a

 

-Catenin is an F-actin binding pro-
tein (Rimm et al., 1995). Binding of E-cadherin to actin
through 

 

a

 

-catenin is essential for cadherin-mediated cell
adhesion (Hirano et al., 1992; Nagafuchi et al., 1994; Watabe
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to actin filaments (Nagafuchi et al., 1994). The structures
of these cadherin molecules differ only in the cytoplasmic
domain. The ectoplasmic and transmembrane domains are
the same. The cytoplasmic domain is expected to affect the
mobility of these molecules through (

 

a

 

) binding (ability or
inability) to catenins and (

 

b

 

) the size (steric effect) of the
cytoplasmic domain. Binding to catenin(s) would lead to
tethering of cadherins to actin filaments near the cytoplas-
mic surface of the plasma membrane (see Fig. 1 

 

A

 

). The
size of the cytoplasmic domain would affect the probabil-
ity for the molecules to hop over the fence of the mem-
brane skeleton network into an adjacent compartment
(see Fig. 1 

 

B

 

).
In addition to observing the movements, E-cadherin on

the free cell surface was dragged laterally along the plasma
membrane by OT. By observing the response of E-cad-
herin to this dragging force, E-cadherin molecules that are
either bound to or corralled in the membrane skeleton can
be distinguished, and the mechanical properties of the mem-
brane skeleton that regulate the movements of E-cadherin
can be analyzed. We found that the mobility of Fusion was
restricted by tethering to actin filaments through its 

 

a

 

-cate-
nin portion, whereas the movements of Catenin-minus and
Short-tailed were mainly regulated by the corralling effect
of the membrane skeleton network. Half of Wild were
tethered to, and the other half were confined by, the mem-
brane skeleton. Both tethering and corralling structures
were found to be elastic.

 

Materials and Methods

 

Cells

 

Mouse L-cells expressing Wild and mutant molecules after transfection
and cloning were grown in MEM supplemented with 10% FCS. Cells cul-
tured on a cover slip for 2 d after plating were used for the experiments.
Cells transfected with cDNAs of Wild and Fusion showed cell–cell adhe-
sion activity and, under optimal conditions, exhibited a cobblestone mor-

phology typical of epithelial cells, whereas cells transfected with cDNAs
of Catenin-minus and Short-tailed did not.

 

Preparation of Colloidal Gold and Latex Particles 
Coated with Anti–E-Cadherin mAb

 

Colloidal gold particles of 40 nm in diameter coated with anti–E-cadherin
mAb (ECCD-2; Shirayoshi et al., 1986) were prepared as described previ-
ously (G40; Kusumi et al., 1993). Gold particles were incubated with
ECCD-2 IgG at a ratio of 500 IgG molecules/particle. This is the minimal
protecting amount (the lowest concentration of a protein concentration in
a solution that is used to pretreat the gold particles necessary to stabilize
the gold particles in suspension and avoid aggregation and sedimentation
of gold particles) of IgG. To test the effect of multiple binding of E-cad-
herins to gold particles, gold particles coated with smaller amounts of
E-cadherin specific Fab were prepared. In this case, gold particles were in-
cubated with ECCD-2 Fab at a ratio of 100 Fab molecules/particle. This is
about 1/10 the molar amount of the minimal protecting amount of Fab.

Latex particles coated with ECCD-2 were prepared in the following
way. ECCD-2 (300 

 

m

 

g) in 840 

 

m

 

l PBS (150 mM NaCl, 10 mM sodium
phosphate, pH 7.2) was centrifuged at 12,000 

 

g

 

 for 10 min. The superna-
tant was mixed with 60 

 

m

 

l of a suspension (2% solid) of 210-nm-diam latex
particles (Polysciences Inc., Warrington, PA), vortexed for 10 s, and then
incubated for 3 h at room temperature. BSA (10% in water, pH 7.0) was
added as a stabilizer to a final concentration of 1%. After incubating for 1 h
at room temperature, 5 ml PBS was added and the mixture was centri-
fuged at 12,000 

 

g

 

 for 30 min. The precipitate was resuspended in 6 ml PBS
by brief sonication and washed by two additional runs of centrifugation.
After the final centrifugation, the precipitate was resuspended in 1 ml of
HBSS buffered with Pipes, pH 7.2, containing 1% BSA (HBSS-BSA) by
sonication, filtered through a 0.45-

 

m

 

m filter (Millipore Corp., Bedford,
MA), and then stored at 4

 

8

 

C (L210).

 

Optical Trapping and Single Particle Tracking

 

Cells on a cover slip were incubated with 80 

 

m

 

l of G40 or L210 suspension
for 30 min at room temperature, washed three times with HBSS-BSA, and
then mounted in MEM (less NaHCO

 

3

 

) containing 10% FCS buffered with
5 mM Pipes, pH 7.2, on a slide glass with spacers of 0.2-mm-thick adhesive
tape. The particles to be dragged or observed were selected randomly
from over the entire cell surface, except for regions of cell–cell contact. 

The optical trapping apparatus was the same as that used by Sako and
Kusumi (1995). Complexes of L210 and E-cadherin were captured with
the focused beam of an Nd/YAG laser (

 

l

 

 

 

5 

 

1,064 nm) and dragged later-
ally along the plasma membrane by moving the laser beam. 

The maximal trapping force was 0.8 pN, and the dragging velocity was
0.6 

 

m

 

m/s. SPT was carried out as described previously (Kusumi et al.,
1993; Sako and Kusumi, 1994, 1995) using video-enhanced Nomarski mi-
croscopy. All experiments were performed at 37

 

8

 

C.
Movements of G40 and L210 particles on the cell surface were re-

corded on a laser disk video recorder (TQ3100-F; Panasonic, Osaka, Ja-
pan). Video sequences were digitized frame by frame with an image pro-
cessor (DVS-3000; Hamamatsu Photonics, Hamamatsu, Japan) and (x, y)
coordinates of particles in each video frame were calculated by a personal
computer using the method described by Gelles et al. (1988). Usually, move-
ments during 16.7 s (500 video frames) were recorded for SPT with G40.

 

Data Analysis

 

Data analysis was basically the same as described previously (Kusumi et al.,
1993; Sako and Kusumi, 1994, 1995). The mean square displacement
(MSD) that is averaged over a trajectory at each time interval (

 

D

 

t) was
calculated from the trajectory of a particle. 

 

D

 

micro

 

 was calculated as the
slope of the MSD-

 

D

 

t plot for 67–133 ms (2–4 video frames, the displace-
ment between time 0 and 67 ms was not included to avoid high frequency
noise) by least-square fitting. 

To determine the motional mode for each trajectory, MSD between 0
and 5 s (MSD

 

5

 

) was used (Kusumi et al., 1993). The method is briefly de-
scribed below. Consider particles undergoing simple Brownian diffusion
at an average rate of 

 

D

 

micro

 

. MSD

 

5

 

 for simple Brownian particles after en-
semble averaging over all of the particles will be 4 

 

3 

 

D

 

micro

 

 

 

3 

 

5

 

 

 

s. If MSD

 

5

 

for a test particle is significantly greater than or less than 4 

 

3 

 

D

 

micro

 

 

 

3 

 

5

 

 

 

s,
the probability that the particle is not undergoing simple diffusion in-
creases; it may be undergoing directed movement or confined diffusion,
respectively. Therefore, we introduce a convenient parameter to charac-

Figure 2. Structures of the wild-type E-cadherin and its artificial
mutants used in this study. E-cadherin has a single transmem-
brane domain. Binding site(s) for catenins exists in the sequence
of 7–72 aa from the COOH terminus (Nagafuchi and Takeichi,
1989; Ozawa et al., 1990). Wild type (Wild) contains 152 aa in the
cytoplasmic domain. Catenin-minus and Short-tailed have dele-
tions of 36 and 131 aa from the COOH terminus, leaving 116 and
21 aa, respectively, in the cytoplasmic domain. These molecules
have lost binding sites for catenin(s). Fusion is a fusion protein of
E-cadherin that lacks 72 aa at the COOH terminus fused with the
COOH-terminal 508–906 aa of a-catenin. Fusion does not have a
catenin binding site. Rectangles (A, B, and C) in the molecular
structures of a-catenin and Fusion indicate regions homologous
to vinculin (A, talin binding domain; B, function unknown; C,
paxillin/vinculin binding domain (Nagafuchi et al., 1991). 

 on Septem
ber 21, 2017

jcb.rupress.org
D

ow
nloaded from

 

Sako et al. Cytoplasmic Motional Regulation of E-Cadherin 1231

The tendency that Fusion becomes aggregated after ad-
dition of the particle probes on the cell surface is not more
than the tendencies of others. In addition, the extracellular
domain is the same for all types of E-cadherin molecules.
Therefore, it is not very likely that one type of cadherin
mutants used in this work stuck to the particles more than
others.

Lateral Dragging of Particle–E-Cadherin Complexes

A single-beam gradient optical trap (Ashkin et al., 1986,
1987) was used to capture and drag L210–E-cadherin com-
plexes laterally along the plasma membrane. The maximal
trapping force was 0.8 pN and the optical trap was moved
at a velocity of 0.6 mm/s (Sako and Kusumi, 1995) for up to
5 mm. The direction of dragging was chosen randomly.
Since we are interested in the mechanisms that regulate
the movements and assembly process of E-cadherin, parti-
cles outside the region of cell–cell contact were selected
for the dragging experiments. Particles bound to E-cad-
herin at sites of cell–cell contact exhibited small movements
(Kusumi et al., 1993). Complexes of 40-nm f colloidal gold
particles with anti–E-cadherin IgG or Fab could not be
captured by OT for unknown reasons. We have noted that
gold particles cannot be captured when coated with some
mAbs. This is a major reason why we used L210 for the
dragging experiments. An added benefit of using L210 was
that the maximal trapping force with L210 was greater
than that with G40 by a factor of z3.

In our previous experiments of dragging receptors for
transferrin and a2-macroglobulin, the results obtained by
these two types of probes were basically the same (Sako
and Kusumi, 1995). We also found that characteristics of
diffusion for G40 and L210 attached to either transferrin
receptor or a2-macroglobulin receptor were the same, ex-
cept that the diffusion rate of G40-labeled receptors is
¯20% greater than that of L210-labeled receptors. In the
present investigation, characteristics of diffusion of Wild
labeled with G40-Fab or L210-IgG were found to be simi-
lar to each other. For all types of cadherin molecules, dif-
fusion properties were the same for G40-IgG and G40-Fab
as shown later (see below; and see Table II b). Therefore,
the results of the dragging experiment would have been
similar for G40-Fab and L210-IgG if G40 could have been
used for dragging experiments. However, due caution in
terms of the effect of cross-linking of cadherin molecules is
required in interpreting the present data.

Transferrin receptor molecules tethered to the mem-
brane skeleton/cytoskeleton network could be clearly dis-
tinguished from free transferrin receptor molecules by
dragging them with OT (Sako and Kusumi, 1995). Mem-
brane protein molecules tethered to the cytoskeleton or
the membrane skeleton may be dragged only short dis-
tances (Fig. 1 A, right), and after escaping from OT, they
may return to their initial positions before being dragged.
On the other hand, membrane proteins that are free from
the tether of the cytoskeleton may be dragged much fur-
ther. Even if they encounter the membrane skeleton fence
in the dragging path, they can pass through the fence if the
trapping force is sufficiently strong (Fig. 1 B, right). In the
case of transferrin receptor in the plasma membrane of
NRK cells, half of the particles passed across the mem-

brane skeleton fence at a trapping force of 0.05–0.1 pN. If
the trapping force was insufficient, the molecules tended
to escape from the OT at the fence (Fig. 1 B, center).

Fig. 4 shows typical trajectories of E-cadherin during
dragging and after escape from the OT. The distance from
the initial trap point to the farthest point reached by the
particle in OT dragging was measured, and is called “es-
cape distance (desc)” in this report. 

The time course of a typical dragging experiment is
shown in Fig. 5 A. The displacements of a particle–cad-
herin complex and the center of the OT are plotted against
time after the start of dragging. The OT was moved along
the sample plane at a constant rate (0.6 mm/s). If the only
force that is exerted on the complex besides that from the
OT is hydrodynamic drag in the lipid bilayer, the force
from the plasma membrane is small and the complex fol-
lows the OT. In the case shown in Fig. 5 A, the complex
more or less followed for OT for up to 1.4 s from the start
of dragging, or up to 0.78 mm. After 1.4 s, the complex
started to lag behind OT, indicating that some additional
force from the cell started to act on the complex. This ad-
ditional force is likely to be due to the membrane skele-
ton/cytoskeleton. In this report, the distance the complex
followed the OT with little lag is called the “freely dragged
distance (dfd).” As described below, the freely dragged dis-
tance is different from the “barrier-free path” (BFP, the
distance from the start point to the farthest point reached
by the particle with dragging) defined by Edidin et al.
(1991).

The lag of the complex behind the center of the OT in-
creased up to 2.8 s, at which point the complex escaped
from the OT. At the escape point, the force exerted by the

Figure 4. Trajectories of particle–cadherin complexes dragged by
OT. E-cadherin and its mutants in the plasma membrane of living
cells were labeled with 210-nm latex particles and dragged by OT.
Trajectories of dragged particles for which the escape distance
was the median value for each type of molecule are shown. The
particles were dragged up to 5 mm by moving the laser beam of
the OT at a rate of 0.6 mm/s. The maximal trapping force was 0.8
pN. The particles to be dragged were selected randomly on the
free cell surface outside the cell–cell contact region. The direc-
tions for dragging were also randomly selected. In this figure, tra-
jectories are arranged so that they start from the left and drag-
ging proceeds to the right. Dragging was started at the point S,
and the dragged portion is shown in red. The distance from the
start position to the farthest point the particle reached by drag-
ging (E, escape point) is called the escape distance (arrows).
Many E-cadherin molecules showed rebound motion toward the
initial positions after they escaped from the OT. The rebound is
shown in green. After rebound motion, particles resumed ran-
dom movements (black).
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appears to have kept adhesive binding weak. Type I clas-
sical cadherin EC1 sequences include a conserved Pro5-
Pro6 motif that prevents continuous b-sheet hydrogen
bonding between cadherin EC1 domains of adhesive
dimers. When the diproline motif is mutated to alanine
in E- and N-cadherins, dimer affinity is enhanced [34] and,
as opposed to their wild-type counterparts [37] (see below),
the mutant N- and E-cadherin dimerization affinities
become indistinguishable. Crystal structures of these
mutants reveal continuous b-strand hydrogen bonds be-
tween the A strands of partner EC1 domains, explaining
the loss of binding specificity [34]. The diproline motif thus

appears to be a required structural element underlying the
differential binding affinities of N- and E-cadherin.

All vertebrate classical cadherins utilize a similar
strand-swapping mechanism to form adhesive dimers;
however, the interfaces found in the crystal structures of
type I and type II cadherins are different (Figure 2c). The
adhesive interface of type I cadherins is restricted to the
pocket region near the apex of EC1 (Figure 2c, left panel)
and the partner A* strand region, which includes the
anchoring tryptophan residue Trp2. By contrast, in type
II cadherins, two tryptophan residues, Trp2 and Trp4, are
swapped. Moreover, the dimer interface in type II family
members extends along the entire face of the EC1 domain
involving conserved hydrophobic residues at position 8, 10
and 13 (Figure 2c, middle panel) [26]. Interestingly, VE-
cadherin, a divergent classical cadherin and the crucial
adhesion protein of the vascular endothelium [38], blurs
the definition between type I and type II cadherin inter-
faces. In common with type II cadherins, VE-cadherin
docks Trp2 and Trp4 into the hydrophobic pocket of its
partner, but lacks the hydrophobic interactions along the
rest of the EC1 domain (Figure 2c, right panel) and thus
has an overall dimer arrangement more similar to that of
type I cadherins [27].

Classical cadherin homophilic binding specificity at the
cellular level is governed by EC1, as shown in domain
shuffling experiments [26,39–42], suggesting that differ-
ences in the strand-swapping interface modulate specificity.

90º

EC3

EC4

EC5

p120

β-catenin
α-catenin

Actin

EC2

EC1
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Figure 1. Overall architecture of classical cadherins. The extracellular domain of C-
cadherin (pdb-ID: 1L3W) is depicted as a ribbon diagram (orange). Ca2+ ions (green
spheres) are coordinated between consecutive domains, stabilizing an overall
curved shape of the ectodomain, with an angle of close to 908 between domains
EC1 and EC5. The structure of the stalk region, the transmembrane domain and
parts of the intracellular domain are unknown and are shown as dotted lines. The
cytoplasmic domain of cadherins binds to intracellular binding partners p120
(green barrels representing a-helices; pdb-ID: 3L6X) in the juxta-membrane region
and b-catenin (blue barrels representing a-helices; pdb-ID: 1I7X) in the C-terminal
region. b-catenin interacts with a-catenin, which in turn binds to actin filaments
linking cadherins to the cytoskeleton. The depicted orientation, position and size of
the intracellular binding partners relative to each other and to C-cadherin are
schematic; the overall structural arrangement of the cytoplasmic side of adherens
junctions is unknown.

Box 2. Calcium dependence of cadherin adhesion

Cadherins are named for the dependence of their adhesive function
on the presence of extracellular calcium. Before their structures were
known, it was speculated that Ca2+ ions might bridge the adhesive
interface. However, the role of calcium in cadherin function is far more
complex. Calcium binds to cadherins at stereotyped binding sites
situated between successive EC domains. Each of these sites binds
three Ca2+ ions in a highly cooperative manner such that each five-
domain classical cadherin coordinates twelve Ca2+ ions in total
[17,24,80]. The binding affinities of the Ca2+ sites vary, but all bind
with a dissociation constant (KD) lower than the Ca2+ concentration
characteristic of the extracellular milieu, approximately 1 mM [91,92].
Thus, it is expected that cadherin ectodomains will be fully Ca2+-
occupied under physiological conditions.

Three roles are now understood for Ca2+ binding in classical
cadherins. The first is rigidifying the ectodomain so that it adopts a
characteristic crescent shape [81], although this structure retains
considerable conformational flexibility [55,70]. The crescent shape is
critical to adhesive binding because the axes of the membrane-
distal and membrane-proximal EC domains must be approximately
908 apart to satisfy the geometrical requirements of trans binding
[17,24]. Notably, chelation of Ca2+ leads to the loss of trans binding
and its concomitant replacement by binding to other cadherins on
the same cell through the adhesive interface [93]. Thus, Ca2+-
mediated rigidification is critical to adhesive trans binding.

A second role for Ca2+ ions is in defining the structure of the X-
dimer interface surfaces. The X-dimer binding intermediate of
classical cadherins is centered around the EC1–EC2 Ca2+ binding
region, which is unstructured in the absence of Ca2+ [48,51,80,94,95].
Thus, in the absence of Ca2+, the mature adhesive strand-swap
interface is likely to be kinetically unfavorable due to the slow
exchange inherent in domain swap binding.

The third role for Ca2+ involves direct energetic effects on strand
swapping. NMR experiments [46] and molecular simulations [96]
reveal that Ca2+ ligation favors the opening of the A strand. The
underlying molecular mechanism has recently been described [34]
and is discussed in the text.
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OT becomes the maximum value of 0.8 pN. Since the dis-
tance from the start point to the escape point is the escape
distance, the escape distance in this report is the same as
the BFP in Edidin et al. (1991), but at the maximum drag-
ging force of 0.8 pN. In the experiment shown in Fig. 5 A,
the escape distance is 1.32 mm. In principle, the freely
dragged distance is not dependent on the trapping force,
whereas the escape distance is. 

Escape Distance and Freely Dragged Distance

Histograms of the escape distance are shown in Fig. 6. Fu-
sion exhibited very short escape distances (Figs. 3 D and
5 D; and Table I). In contrast, E-cadherin mutants that
lacked the catenin-binding domain (Catenin-minus and
Short-tailed) could be dragged an average of .1 mm
(mean; Figs. 6, B and C; and Table I). In particular, Short-
tailed could be dragged farthest.

The distributions of the freely dragged distance for cad-
herins are shown in Fig. 7. E-cadherin molecules that are
not bound to the membrane skeleton/cytoskeleton are ex-
pected to be dragged freely until they encounter the com-
partment boundaries (Fig. 5 B, left). On the other hand,
cadherin molecules that are bound to the cytoskeleton
must start to lag behind the OT immediately after the initi-
ation of dragging (Fig. 5 B, right).

The freely dragged distance for Fusion was only 20 nm
(median), whereas Catenin-minus and Short-tailed showed
much greater freely dragged distances (Fig. 7, note the log-
arithmic scale for the abscissa). In many cases (80%), Fu-
sion started to lag behind the OT immediately after the
start of dragging (dfd ,50 nm). Some particles showed
freely dragged distances ,10 nm as seen in Fig. 6. Since
our time resolution is limited to 33 ms, which reduces spa-
tial resolution of a moving particle, the extremely short
dragged distances simply indicate that the dragged dis-
tance was very small, or the backward movement induced
by the force from the cell was initiated very early during
dragging, and superimposed in the first several video
frames. (Instrumental spatial precision is 1.5 nm.)

On the other hand, 65 and 82% of Catenin-minus and
Short-tailed showed freely dragged distances of .50 nm,
respectively. Freely dragged distances for Short-tailed
were generally much greater than those for Catenin-minus.
The cytoplasmic domain of Short-tailed (21-aa long) is
substantially smaller than that of Catenin-minus (116-aa
long). Therefore, the data on freely dragged distances are
consistent with the membrane skeleton fence model, since
Short-tailed should collide with the membrane skeleton
fences less often than Catenin-minus. 

These results are consistent with previous observations
suggesting that the COOH-terminal region of a-catenin is
responsible for linking E-cadherin to actin filaments (Na-
gafuchi et al., 1994; Rimm et al., 1995). The binding affin-
ity between a-catenin and F-actin must be high because al-
most all of the Fusion molecules exhibited the characteristics
of a tethered molecule.

The escape distances for Wild showed a broad distribu-
tion (Fig. 6 A). About half (58%) of Wild could be
dragged ,400 nm, whereas many (34%) Wild molecules
could be dragged .1 mm. These results suggest that there
are two populations of Wild; one is tethered to the cyto-
skeleton and the other is not. 

The distribution of the freely dragged distance for Wild
(Fig. 7 A) also suggests the presence of two populations.
About half (45%) of Wild showed freely dragged dis-
tances ,50 nm, whereas z1/3 of Wild could be freely
dragged .500 nm. This result again suggests that about

Figure 5. (A) The time course of a representative dragging ex-
periment. The displacement of the particle and the center of the
OT are plotted against time. desc represents the escape distance,
and dOT is the distance between the particle and the center of the
OT at the escape point. Other parameters are explained in B. See
the text for details. (B) Schematic drawings of the dragging ex-
periments showing the interaction between the membrane pro-
tein and the membrane skeleton for the fence and tether models.
dfd represents the freely dragged distance, and dmsk represents the
strain of the membrane skeleton/cytoskeleton at the escape
point. See the text for details.

Figure 6. Distributions of the
escape distances. The median
values are indicated by ar-
rowheads. The numbers of
particles examined were 55
(A, Wild), 49 (B, Catenin-
minus), 54 (C, Short-tailed),
and 49 (D, Fusion). 
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half of Wild is tethered to the cytoskeleton, while the
other half is free and only confined by the presence of
membrane skeleton corrals.

Elasticity of the Membrane Skeleton/Cytoskeleton 
Network that Interacts with E-Cadherins

In the dragging experiments, many E-cadherin molecules
showed rebound motion toward their initial positions after
they escaped from the OT (Fig. 4), which indicates that the
barriers for lateral dragging of E-cadherin are elastic. The
elasticity of the membrane skeleton/cytoskeleton with
which E-cadherins interact was estimated based on the re-
sponse to the dragging by OT.

First, the distance from the point of initial encounter of
E-cadherin with the membrane skeleton fence to the point
at which E-cadherin escaped from the trap was measured.
This distance is the same as the extension (strain) of the
membrane skeleton, and called dmsk in the present paper,
i.e., dmsk 5 desc 2 dfd (Fig. 5 B). For example, dmsk is 0.54
mm in the case of Fig. 5 A.

The maximum trapping force of the OT used in the
dragging experiments was 0.8 pN. Since this force equals
the force from the membrane skeleton, at the escape

point, 0.8 (pN) 5 kmsk 3 dmsk, where kmsk is the effective
spring constant of the membrane skeleton/cytoskeleton
with which the particle–cadherin complex was interacting.
In this expression, the elasticity of the membrane skeleton
is approximated by a simple spring. This assumption is
good for small extension of the cytoskeleton, and has been
found to be true in the case of red blood cells for the ex-
tent of deformation seen in the present experiment
(Kusumi et al., 1997). The same Hookean expression can
be used for E-cadherin molecules attached to the skeleton
and those corralled by the skeleton. In the latter case, the
origin is simply shifted to the point of initial encounter of
the E-cadherin molecule to the membrane skeleton fence,
whereas in the former case, the origin is the point where
dragging was initiated. kmsk is 1.5 pN/mm in the case shown
in Fig. 5 A.

It is important to realize that, in the present method,
kmsk is estimated only when the particle escaped from the
OT. In addition, since it is possible that more than one
membrane skeleton fence is encountered during dragging
of the distance dmsk, the estimated value of kmsk should be
understood as the maximal estimate for the kmsk of the
membrane skeleton fence. 

Histograms of kmsk’s are shown in Fig. 8. Fusion exhib-
ited kmsk’s greater than those for Catenin-minus and Short-
tailed. Again, the distribution of Wild falls between these
two extreme distributions.

It is likely that the force exerted on Short-tailed mole-
cules from the membrane skeleton as they encounter dur-
ing dragging is smaller than that on other E-cadherin. In
the present investigation, we did not intend to measure
such force. We only measured kmsk in the case where a par-
ticle escaped from the optical trap (in which case the es-
cape force was 0.8 pN). To measure the dragging force re-
quired to move E-cadherin over the fence, particularly for
E-cadherin with smaller cytoplasmic domains, much more
refined method and instrumentation are required because
the method has to be sensitive to all encounters of E-cad-
herin with the membrane skeleton fence, including those
that involve very small force.

 In Fig. 9, kmsk is plotted as a function of the freely
dragged distance for each particle. kmsk of the tether for
Fusion is broadly distributed (1–100 pN/mm). However,
kmsk for Fusion that exhibited freely dragged distances of
,50 nm tended to be greater than that for Fusion that ex-
hibited freely dragged distances of .50 nm. kmsk for Short-
tailed was distributed in the range of 1–10 pN/mm, and
there seemed to be no evident relationship between kmsk
and the freely dragged distance for Short-tailed. The plot

Table I. The Median and Mean Values for the Escape Distance and the Freely Dragged Distance for E-Cadherin and Its
Artificial Mutants (nm)

Molecule

Escape distance Freely dragged distance

Number of particles .5 mm*Median (Mean 6 SD) Median (Mean 6 SD)

Wild 310 (850 6 1,070) 60 (670 6 1,030) 53 2
Catenin-minus 630 (1,080 6 1,130) 180 (610 6 670) 48 1
Short-tailed 1,550 (1,760 6 1,340) 1,070 (1,220 6 1,110) 51 3
Fusion 130 (390 6 640) 20 (190 6 460) 49 0

*Number of particles dragged to the end of the scan of the OT. Particles dragged to the end were excluded to obtain the mean and median values. The scanning velocity was 0.6
mm/s and the maximum trapping force of the OT was 0.8 pN.

Figure 7. Distributions of the
freely dragged distances. The
median values are indicated
by arrowheads. The num-
bers of particles examined
were 53 (A, Wild), 48 (B,
Catenin-minus), 51 (C, Short-
tailed), and 49 (D, Fusion).
The numbers of particles are
different from those in Fig. 6,
since the freely dragged dis-
tance cannot be determined
in cases where particles are
dragged to the end (5 mm)
without any detectable lag.
Note that the abscissa is
shown on a log scale.
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OT becomes the maximum value of 0.8 pN. Since the dis-
tance from the start point to the escape point is the escape
distance, the escape distance in this report is the same as
the BFP in Edidin et al. (1991), but at the maximum drag-
ging force of 0.8 pN. In the experiment shown in Fig. 5 A,
the escape distance is 1.32 mm. In principle, the freely
dragged distance is not dependent on the trapping force,
whereas the escape distance is. 

Escape Distance and Freely Dragged Distance

Histograms of the escape distance are shown in Fig. 6. Fu-
sion exhibited very short escape distances (Figs. 3 D and
5 D; and Table I). In contrast, E-cadherin mutants that
lacked the catenin-binding domain (Catenin-minus and
Short-tailed) could be dragged an average of .1 mm
(mean; Figs. 6, B and C; and Table I). In particular, Short-
tailed could be dragged farthest.

The distributions of the freely dragged distance for cad-
herins are shown in Fig. 7. E-cadherin molecules that are
not bound to the membrane skeleton/cytoskeleton are ex-
pected to be dragged freely until they encounter the com-
partment boundaries (Fig. 5 B, left). On the other hand,
cadherin molecules that are bound to the cytoskeleton
must start to lag behind the OT immediately after the initi-
ation of dragging (Fig. 5 B, right).

The freely dragged distance for Fusion was only 20 nm
(median), whereas Catenin-minus and Short-tailed showed
much greater freely dragged distances (Fig. 7, note the log-
arithmic scale for the abscissa). In many cases (80%), Fu-
sion started to lag behind the OT immediately after the
start of dragging (dfd ,50 nm). Some particles showed
freely dragged distances ,10 nm as seen in Fig. 6. Since
our time resolution is limited to 33 ms, which reduces spa-
tial resolution of a moving particle, the extremely short
dragged distances simply indicate that the dragged dis-
tance was very small, or the backward movement induced
by the force from the cell was initiated very early during
dragging, and superimposed in the first several video
frames. (Instrumental spatial precision is 1.5 nm.)

On the other hand, 65 and 82% of Catenin-minus and
Short-tailed showed freely dragged distances of .50 nm,
respectively. Freely dragged distances for Short-tailed
were generally much greater than those for Catenin-minus.
The cytoplasmic domain of Short-tailed (21-aa long) is
substantially smaller than that of Catenin-minus (116-aa
long). Therefore, the data on freely dragged distances are
consistent with the membrane skeleton fence model, since
Short-tailed should collide with the membrane skeleton
fences less often than Catenin-minus. 

These results are consistent with previous observations
suggesting that the COOH-terminal region of a-catenin is
responsible for linking E-cadherin to actin filaments (Na-
gafuchi et al., 1994; Rimm et al., 1995). The binding affin-
ity between a-catenin and F-actin must be high because al-
most all of the Fusion molecules exhibited the characteristics
of a tethered molecule.

The escape distances for Wild showed a broad distribu-
tion (Fig. 6 A). About half (58%) of Wild could be
dragged ,400 nm, whereas many (34%) Wild molecules
could be dragged .1 mm. These results suggest that there
are two populations of Wild; one is tethered to the cyto-
skeleton and the other is not. 

The distribution of the freely dragged distance for Wild
(Fig. 7 A) also suggests the presence of two populations.
About half (45%) of Wild showed freely dragged dis-
tances ,50 nm, whereas z1/3 of Wild could be freely
dragged .500 nm. This result again suggests that about

Figure 5. (A) The time course of a representative dragging ex-
periment. The displacement of the particle and the center of the
OT are plotted against time. desc represents the escape distance,
and dOT is the distance between the particle and the center of the
OT at the escape point. Other parameters are explained in B. See
the text for details. (B) Schematic drawings of the dragging ex-
periments showing the interaction between the membrane pro-
tein and the membrane skeleton for the fence and tether models.
dfd represents the freely dragged distance, and dmsk represents the
strain of the membrane skeleton/cytoskeleton at the escape
point. See the text for details.

Figure 6. Distributions of the
escape distances. The median
values are indicated by ar-
rowheads. The numbers of
particles examined were 55
(A, Wild), 49 (B, Catenin-
minus), 54 (C, Short-tailed),
and 49 (D, Fusion). 
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OT becomes the maximum value of 0.8 pN. Since the dis-
tance from the start point to the escape point is the escape
distance, the escape distance in this report is the same as
the BFP in Edidin et al. (1991), but at the maximum drag-
ging force of 0.8 pN. In the experiment shown in Fig. 5 A,
the escape distance is 1.32 mm. In principle, the freely
dragged distance is not dependent on the trapping force,
whereas the escape distance is. 

Escape Distance and Freely Dragged Distance

Histograms of the escape distance are shown in Fig. 6. Fu-
sion exhibited very short escape distances (Figs. 3 D and
5 D; and Table I). In contrast, E-cadherin mutants that
lacked the catenin-binding domain (Catenin-minus and
Short-tailed) could be dragged an average of .1 mm
(mean; Figs. 6, B and C; and Table I). In particular, Short-
tailed could be dragged farthest.

The distributions of the freely dragged distance for cad-
herins are shown in Fig. 7. E-cadherin molecules that are
not bound to the membrane skeleton/cytoskeleton are ex-
pected to be dragged freely until they encounter the com-
partment boundaries (Fig. 5 B, left). On the other hand,
cadherin molecules that are bound to the cytoskeleton
must start to lag behind the OT immediately after the initi-
ation of dragging (Fig. 5 B, right).

The freely dragged distance for Fusion was only 20 nm
(median), whereas Catenin-minus and Short-tailed showed
much greater freely dragged distances (Fig. 7, note the log-
arithmic scale for the abscissa). In many cases (80%), Fu-
sion started to lag behind the OT immediately after the
start of dragging (dfd ,50 nm). Some particles showed
freely dragged distances ,10 nm as seen in Fig. 6. Since
our time resolution is limited to 33 ms, which reduces spa-
tial resolution of a moving particle, the extremely short
dragged distances simply indicate that the dragged dis-
tance was very small, or the backward movement induced
by the force from the cell was initiated very early during
dragging, and superimposed in the first several video
frames. (Instrumental spatial precision is 1.5 nm.)

On the other hand, 65 and 82% of Catenin-minus and
Short-tailed showed freely dragged distances of .50 nm,
respectively. Freely dragged distances for Short-tailed
were generally much greater than those for Catenin-minus.
The cytoplasmic domain of Short-tailed (21-aa long) is
substantially smaller than that of Catenin-minus (116-aa
long). Therefore, the data on freely dragged distances are
consistent with the membrane skeleton fence model, since
Short-tailed should collide with the membrane skeleton
fences less often than Catenin-minus. 

These results are consistent with previous observations
suggesting that the COOH-terminal region of a-catenin is
responsible for linking E-cadherin to actin filaments (Na-
gafuchi et al., 1994; Rimm et al., 1995). The binding affin-
ity between a-catenin and F-actin must be high because al-
most all of the Fusion molecules exhibited the characteristics
of a tethered molecule.

The escape distances for Wild showed a broad distribu-
tion (Fig. 6 A). About half (58%) of Wild could be
dragged ,400 nm, whereas many (34%) Wild molecules
could be dragged .1 mm. These results suggest that there
are two populations of Wild; one is tethered to the cyto-
skeleton and the other is not. 

The distribution of the freely dragged distance for Wild
(Fig. 7 A) also suggests the presence of two populations.
About half (45%) of Wild showed freely dragged dis-
tances ,50 nm, whereas z1/3 of Wild could be freely
dragged .500 nm. This result again suggests that about

Figure 5. (A) The time course of a representative dragging ex-
periment. The displacement of the particle and the center of the
OT are plotted against time. desc represents the escape distance,
and dOT is the distance between the particle and the center of the
OT at the escape point. Other parameters are explained in B. See
the text for details. (B) Schematic drawings of the dragging ex-
periments showing the interaction between the membrane pro-
tein and the membrane skeleton for the fence and tether models.
dfd represents the freely dragged distance, and dmsk represents the
strain of the membrane skeleton/cytoskeleton at the escape
point. See the text for details.

Figure 6. Distributions of the
escape distances. The median
values are indicated by ar-
rowheads. The numbers of
particles examined were 55
(A, Wild), 49 (B, Catenin-
minus), 54 (C, Short-tailed),
and 49 (D, Fusion). 
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size of Fusion would have to be like .10,000 monomers.
Such large aggregates of Fusion molecules were not de-
tected by indirect immunofluorescence microscopy (Figs.
3, D and H). These results suggest that the small Dmicro
(and short dfd) for Fusion is mainly because of tethering to
the cytoskeleton.

Dmicro values for Catenin-minus and Short-tailed exhib-
ited peaks at z0.9 3 10210 and z3 3 10210 cm2/s, respec-
tively, which are greater than that for Fusion by a factor of
z100. These results are consistent with the dragging data
that suggest that Fusion was tethered to the cytoskeleton,
whereas Catenin-minus and Short-tailed were not bound
to the cytoskeleton. Only small subpopulations of Short-
tailed and Catenin-minus showed Dmicro values indicative
of a bound component (Fig. 11, B and C). This may be due
to binding to the cytoskeleton mediated by another mem-
brane protein that is associated with the cytoskeleton.

The distribution of Dmicro for Wild is broad, and covers
the distributions for both Fusion and Catenin-minus (or
Short-tailed). Wild molecules that exhibited Dmicro values
in the same range as Fusion molecules (,1.5 3 10211 cm2/s)
may be bound to the cytoskeleton, whereas those with
Dmicro values .1.5 3 10211 cm2/s are probably free from
the cytoskeleton. 

In conclusion, the distribution of Dmicro for each cad-
herin represents a superposition of two populations. One
may consist of molecules bound to the cytoskeleton and
the other may consist of molecules free from the cytoskel-
eton. The bound and unbound fractions typically have
Dmicro values smaller or greater than z1.5 3 10211 cm2/s,
respectively.

Since gold particles can cross-link E-cadherin, and since
the degree of cross-linking may vary from one type of cad-
herin to another because of different aggregation levels on
the cell surface (although the aggregate size is small as
shown in Fig. 3), SPT was performed with gold particles
coated with anti-cadherin Fab with 1/5 molar amounts of
IgG. The results of SPT are summarized in Table II b,
which shows that the diffusion characteristics of gold-Fab

particles are very similar to those of gold-IgG particles in
all types of cells used in this work. In addition, diffusion
characteristics of L210 bound to Wild are similar to those
of G40-Fab and G40-IgG (data not shown). These results
in turn suggest that these probes did not induce formation
of large aggregates, and that the different diffusion charac-
teristics observed for different cadherins were not created
by cross-linking by the particle probes but were due to dif-
ferent cytoplasmic domains of these cadherins. As dis-

Figure 10. SPT trajectories of E-cadherins recorded for 16.7 s
(500 video frames). Trajectories for which the 5-s MSD was the
median value for each type of E-cadherin molecule are shown.

Figure 11. Distributions of
Dmicro. The median values
are indicated by arrowheads
(3 10210 cm2/s).

Table II. The Median and Mean Values for Dmicro for
E-Cadherin and Its Mutants, as Compared with Transferrin 
Receptor (10210 cm2/s)

Molecule Median Mean 6 SD Number of particles

a IgG-G40
E-Cadherin

Wild 0.19 0.52 6 0.90 111
Catenin-minus 0.60 1.24 6 1.57 94
Short-tailed 1.14 2.14 6 2.46 81
Fusion 0.03 0.19 6 0.56 103

Transferrin Receptor
ELb 1a 0.35 0.75 6 0.79 47
(Cells expressing Wild)
ELb 24 0.52 0.93 6 0.76 40
(Cells expressing

Short-tailed)
b Fab-G40

E-Cadherin
Wild 0.38 0.43 6 0.42 34
Catenin-minus 0.57 1.03 6 1.61 29
Short-tailed 1.34 1.83 6 1.77 29
Fusion 0.05 0.16 6 0.31 33

c IgG-G40, Cytochalasin D
E-Cadherin

Wild 0.014 0.027 6 0.026 18
Catenin-minus 0.045 0.058 6 0.043 18
Short-tailed 0.032 0.036 6 0.016 19
Fusion 0.022 0.038 6 0.043 20
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to be z200 nm, which is close to Wild. This again is consis-
tent with the above model.

We found a submicron scale meshwork on the cytoplas-
mic surface of the dorsal part of the plasma membrane,
much of which was consisted of actin filaments (Kawasaki
et al., 1995). Actin filaments may be involved in the mem-
brane skeleton fence structure that restricts the movement
of E-cadherin within compartments, consistent with the ef-
fect of cytochalasin D. The cytoskeleton to which E-cad-
herin is tethered is likely composed of actin filaments
(Hirano et al., 1987; Nagafuchi and Takeichi, 1989; Ozawa
et al., 1990).

a-Catenin has been proposed to mediate E-cadherin–
actin linkage (Nagafuchi and Takeichi, 1989; Ozawa et al.,
1989, 1990). The COOH-terminal half of a-catenin pos-
sesses regions that are homologous to the actin-binding re-
gion of vinculin (Nagafuchi et al., 1994; Johnson and Craig,
1995). Recently, the COOH-terminal part of a-catenin con-
sisting of 447 aa was reported to bind directly to F-actin
(Rimm et al., 1995). On the other hand, a yeast two-hybrid
assay and an in-vitro binding assay between recombinant
E-cadherin and catenins have suggested that b-catenin
mediates the association between E-cadherin and a-catenin
(Jou et al., 1995).

Activities of Cell–Cell Adhesion and of Actin Binding of 
E-Cadherin Are Highly Correlated

In the cell aggregation assay, it was shown that Fusion has
higher activity in inducing aggregation of cells. The cells
expressing Fusion were found to be flat even in the
metaphase of cytokinesis (Nagafuchi et al., 1994). These
observations indicate that Fusion has greater cell adhesion
activity than Wild.

The present results indicate that half of Wild molecules
are free from tethering, whereas almost all of Fusion mole-

cules are bound to the cytoskeleton. Since tethering to the
cytoskeleton mediated by a-catenin is necessary for E-cad-
herin to exhibit cell adhesion activity (Watabe et al., 1994),
greater activity of Fusion can be explained by its binding
to the actin skeleton. 

Related to this correlation is the present finding that the
spring constant of the membrane skeleton involved in
tethering is greater than that involved in corralling by a
factor of six. Actin bundles may be involved in tethering of
E-cadherin, which may help strengthen the cell adhesion
activities.

Resistance to Detergent Extraction and Tethering to the 
Membrane Skeleton/Cytoskeleton

Previous studies have assumed that most of the Wild and
Fusion molecules located inside cell–cell contact regions
could not be extracted by a nonionic detergent, 2.5% NP-40
(Nagafuchi and Takeichi, 1989; Nagafuchi et al., 1994) or a
mixture of 1% NP-40 and 1% Triton X-100 (Ozawa et
al., 1989, 1990). Although considerable amounts of E-cad-
herin molecules are diffusely distributed over the cell sur-
face, it has been difficult to find out whether or not they
are bound to the cytoskeleton. Such population of cad-
herin is important because these cadherins provide the
ready pool for new cell–cell association, and perhaps they
may be surveying new physical contacts with other cells.
However, detergent extraction was incapable of distin-
guishing bound and unbound components of E-cadherin.
Wild and Fusion molecules were largely extracted from
the free cell surface with nonionic detergents as examined
by immunofluorescence microscopy (Nagafuchi and Tak-
eichi, 1989; Nagafuchi et al., 1994).

The SPT and OT experiments in the present study
showed that half of Wild and most of Fusion are linked to
the cytoskeleton, even outside cell–cell contact sites. This
clearly shows that even membrane proteins that are bound
to the cytoskeleton can be extracted by nonionic deter-
gents, i.e., extractability with nonionic detergents is no
guarantee for unbinding of the membrane protein from
the cytoskeleton. Mechanical assays, such as SPT and OT,
are more direct and reliable than detergent extraction
methods.

Mechanical Properties of the Interaction
between Membrane Proteins and the Membrane 
Skeleton/Cytoskeleton Network 

Both the tether and fence structures interacting with E-cad-

Figure 14. Models of the mechanisms for the regulation of the
movement of E-cadherins in the plasma membrane. Movements
are regulated through the cytoplasmic domain of E-cadherin by
the tethering and corralling effects of the membrane skeleton/cy-
toskeleton network. Most of the Fusion molecules are tethered to
the cytoskeleton through the COOH-terminal domain of a-cate-
nin (A, left). Catenin-minus and Short-tailed are free from tether-
ing, but exhibit temporarily confined diffusion within submi-
crometer-scale membrane compartments bounded by the
membrane skeleton (C, right and D, respectively). A decrease in
the size of the cytoplasmic domain increases the probability that
cadherin will pass the fence (D). Wild has two populations; about
half is tethered to the cytoskeleton (A, right), whereas the other
half is corralled in the membrane skeletal mesh (B and C, left). 

Table IV. Summary of OT and SPT Measurements of Other
E-Cadherin Mutants

Molecule
Cytoplasmic

domain
Catenin
binding Dmicro* Area*‡

Escape
distance§

aa 10210 cm2/s mm2 nm

ELb32 117 2 1.34 6 1.39 0.15 6 0.29 NDi

ELb33 116 1 0.86 6 0.71 0.10 6 0.08 200
ELb34 133 1 0.50 6 0.72 0.19 6 0.28 ND

*Mean 6 SD.
‡Confinement area for the particles undergoing confined diffusion.
§Median value.
iND, experiments not done.
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Mean squared displacement
From Wikipedia, the free encyclopedia

In statistical mechanics, the mean squared displacement (MSD, also mean square displacement, average
squared displacement, or mean square fluctuation) is a measure of the deviation time between the
position of a particle and some reference position. It is the most common measure of the spatial extent of
random motion, and can be thought of as measuring the portion of the system "explored" by the random
walker. In the realm of biophysics and environmental engineering, the Mean Squared Displacement is
measured over time to determine if a particle is spreading solely due to diffusion, or if an advective force is
also contributing.[1] Another relevant concept, the Variance-Related Diameter (VRD, which is twice the
square root of MSD), is also used in studying the transportation and mixing phenomena in the realm of
environmental engineering.[2] It prominently appears in the Debye–Waller factor (describing vibrations
within the solid state) and in the Langevin equation (describing diffusion of a Brownian particle). The MSD
is defined as

where N is the number of particles to be averaged,  is the reference position of each particle, 
 is the position of each particles in determined time t.[3]

Contents
1 Derivation of the MSD for a Brownian particle in 1D
2 MSD in experiments
3 See also
4 References

Derivation of the MSD for a Brownian particle in 1D
The probability density function (PDF) for a particle in one dimension is found by solving the one-
dimensional diffusion equation. (This equation states that the position probability density diffuses out over
time - this is the method used by Einstein to describe a Brownian particle. Another method to describe the
motion of a Brownian particle was described by Langevin, now known for its namesake as the Langevin
equation.)

given the initial condition ; where  is the position of the particle at some
given time,  is the tagged particle's initial position, and  is the diffusion constant with the S.I. units 

 (an indirect measure of the particle's speed). The bar in the argument of the instantaneous probability

 Dmicro
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size of Fusion would have to be like .10,000 monomers.
Such large aggregates of Fusion molecules were not de-
tected by indirect immunofluorescence microscopy (Figs.
3, D and H). These results suggest that the small Dmicro
(and short dfd) for Fusion is mainly because of tethering to
the cytoskeleton.

Dmicro values for Catenin-minus and Short-tailed exhib-
ited peaks at z0.9 3 10210 and z3 3 10210 cm2/s, respec-
tively, which are greater than that for Fusion by a factor of
z100. These results are consistent with the dragging data
that suggest that Fusion was tethered to the cytoskeleton,
whereas Catenin-minus and Short-tailed were not bound
to the cytoskeleton. Only small subpopulations of Short-
tailed and Catenin-minus showed Dmicro values indicative
of a bound component (Fig. 11, B and C). This may be due
to binding to the cytoskeleton mediated by another mem-
brane protein that is associated with the cytoskeleton.

The distribution of Dmicro for Wild is broad, and covers
the distributions for both Fusion and Catenin-minus (or
Short-tailed). Wild molecules that exhibited Dmicro values
in the same range as Fusion molecules (,1.5 3 10211 cm2/s)
may be bound to the cytoskeleton, whereas those with
Dmicro values .1.5 3 10211 cm2/s are probably free from
the cytoskeleton. 

In conclusion, the distribution of Dmicro for each cad-
herin represents a superposition of two populations. One
may consist of molecules bound to the cytoskeleton and
the other may consist of molecules free from the cytoskel-
eton. The bound and unbound fractions typically have
Dmicro values smaller or greater than z1.5 3 10211 cm2/s,
respectively.

Since gold particles can cross-link E-cadherin, and since
the degree of cross-linking may vary from one type of cad-
herin to another because of different aggregation levels on
the cell surface (although the aggregate size is small as
shown in Fig. 3), SPT was performed with gold particles
coated with anti-cadherin Fab with 1/5 molar amounts of
IgG. The results of SPT are summarized in Table II b,
which shows that the diffusion characteristics of gold-Fab

particles are very similar to those of gold-IgG particles in
all types of cells used in this work. In addition, diffusion
characteristics of L210 bound to Wild are similar to those
of G40-Fab and G40-IgG (data not shown). These results
in turn suggest that these probes did not induce formation
of large aggregates, and that the different diffusion charac-
teristics observed for different cadherins were not created
by cross-linking by the particle probes but were due to dif-
ferent cytoplasmic domains of these cadherins. As dis-

Figure 10. SPT trajectories of E-cadherins recorded for 16.7 s
(500 video frames). Trajectories for which the 5-s MSD was the
median value for each type of E-cadherin molecule are shown.

Figure 11. Distributions of
Dmicro. The median values
are indicated by arrowheads
(3 10210 cm2/s).

Table II. The Median and Mean Values for Dmicro for
E-Cadherin and Its Mutants, as Compared with Transferrin 
Receptor (10210 cm2/s)

Molecule Median Mean 6 SD Number of particles

a IgG-G40
E-Cadherin

Wild 0.19 0.52 6 0.90 111
Catenin-minus 0.60 1.24 6 1.57 94
Short-tailed 1.14 2.14 6 2.46 81
Fusion 0.03 0.19 6 0.56 103

Transferrin Receptor
ELb 1a 0.35 0.75 6 0.79 47
(Cells expressing Wild)
ELb 24 0.52 0.93 6 0.76 40
(Cells expressing

Short-tailed)
b Fab-G40

E-Cadherin
Wild 0.38 0.43 6 0.42 34
Catenin-minus 0.57 1.03 6 1.61 29
Short-tailed 1.34 1.83 6 1.77 29
Fusion 0.05 0.16 6 0.31 33

c IgG-G40, Cytochalasin D
E-Cadherin

Wild 0.014 0.027 6 0.026 18
Catenin-minus 0.045 0.058 6 0.043 18
Short-tailed 0.032 0.036 6 0.016 19
Fusion 0.022 0.038 6 0.043 20
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• Regulated interaction with F-actin of E-cadherin (and N-
cadherin)

• Corraling and Tethering of Cadherins to F-actin: 
compartmentalised diffusion.

What is the impact: 
-on organisation at the plasma membrane, e.g. clustering?
-on dynamic of adhesion? Regulated immobilisation?

What is the effect of trans-cis homodimerisation on dynamics?
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populations of cells, providing little insight into adhesion at the
level of individual cells.

We used a dual pipette assay for measuring the forces re-
quired to separate two adherent cells (Daoudi et al., 2004) main-
tained in suspension to avoid the complicating impact of cell–
matrix adhesion and signaling (Monier-Gavelle and Duband,
1997; Gimond et al., 1999). The assay can be used for simulta-
neous measurement of separation force (SF), a quantitative esti-
mate of cell adhesiveness, and detection of fluorescent proteins
involved in adhesion. In this study, we used this assay to quan-
tify intercellular adhesion in terms of mechanical forces at the
cellular level and to investigate the mechanisms of adhesion
specifically regulated by E-cadherin and the actin cytoskeleton.

 

Results

 

Characterization of E-cadherin–expressing 
cells and measurement of SF between 
cells by a dual pipette assay

 

S180 cells contain no detectable 

 

!

 

-cat (Fig. 1 A) or cadherins
(not depicted) and display minimal cell–cell adhesion in tissue
culture (Friendlander et al., 1989; Dufour et al., 1999). By con-
trast, S180 cells stably transfected to express E-cadherin (Ecad
clone) displayed characteristic intercellular adhesion in culture,
with E-cadherin, 

 

!

 

-cat and actin all detected concentrated at
sites of cell–cell adhesion (Fig. 1, B–D). Ecad cells that had
been dissociated by trypsin-calcium (TC) treatment (see Mate-
rials and methods) expressed E-cadherin on the cell surface
(Fig. 1 E) and readily formed doublets or aggregates in suspen-
sion. Cell adhesion sites matured over time, becoming enriched
in E-cadherin, 

 

!

 

-cat and actin, and increasing in area (Fig. 1,
F–I vs. J–M). In doublets of S180 cells transiently transfected
with pEcad-GFP, E-cadherin–GFP molecules were concentrated
at cell–cell interface (Video 3, frames 1–5, available at http://
www.jcb.org/cgi/content/full/jcb.200403043/DC1) but were re-
distributed uniformly in the membrane after separation of the
adherent cells (see next paragraph; Video 3, frames 9–12).

The micromanipulation assay was used to quantify the
force required to separate pairs of adherent cells. Cadherin
expressing cells held by gentle aspiration at the tips of two
micropipettes (Fig. 2 A) were first brought gently into
contact and held for a predetermined time (Fig. 2, B and
Video 1, available at http://www.jcb.org/cgi/content/full/
jcb.200403043/DC1). Fig. 2 D illustrates an example of a
doublet of Ecad cells obtained after 4 min of contact (a
4-min doublet), the right pipette withdrawn to visualize the
resulting adhesion (Fig. 2 C). Such a doublet was cyclically
brought back into contact with the left pipette and then with-
drawn to the right, each time after a step-wise increase in
the strength of aspiration by the left pipette, until the cells
were separated (see Materials and methods; Fig. 2, D–I;
Video 2, available at http://www.jcb.org/cgi/content/full/
jcb.200403043/DC1). The SF was defined as the aspiration
force required to separate the doublet, such that one cell re-
mained in each pipette when the right pipette was withdrawn
(Fig. 2 I). SF was considered to be zero for pairs of cells that
did not form adherent doublets in this assay.

 

Dependence of SF on cadherin’s 
homophilic interaction and its activity

 

We measured SF for pairs of Ecad cells after different times of
contact (Fig. 3 A). Adhesion was initiated rapidly, with cells
adhering to each other after only a few seconds of contact (not
depicted), but measurements for contact periods of 

 

"

 

30 s were
not reproducible. At 30 s of contact, a mean force of 20 nN was
required to separate adherent cells. From 30 s to 30 min of con-
tact (30-s doublets and 30-min doublets, respectively), the
force required to separate the cells increased rapidly. It stabi-
lized at 

 

!

 

200 nN after 1 h of contact (60-min doublets). Anti–
E-cadherin significantly reduced the SF of 4-min doublets (Fig.
3 D), and S180 cells lacking cadherins displayed no detectable
adhesion after 4 min (Fig. 3 D) or 30 min of contact (not de-
picted), both results clearly indicating that the doublet forma-
tion was E-cadherin dependent.

Figure 1. Adhesive properties of Ecad cells.
Immunodetection of !-cat (A and D), E-cad-
herin (B), and actin (C) in S180 cells (A) and
Ecad cells (B–D). E, FACS analysis on isolated
Ecad cells in suspension, after TC treatment,
with an antibody directed against the extra-
cellular domain of E-cadherin. Immunodetec-
tion of E-cadherin (F and J), !-cat (G and K),
and actin (H and L) in doublets formed in
suspension for 4- (F–I) or 30-min (J–M).
Merged images are shown in I and M. Bars:
(A) 20 #m; (F and J) 10 #m.
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We determined the “maximal” SF using doublets not sep-
arated during the dissociation procedure (see Materials and
methods). The mean SF for such Ecad “preexisting doublets”
(Fig. 3 B) was much higher than that for 60-min doublets (350
nN vs. 200 nN). By contrast, an SF of only 50 nN was obtained
for preexisting doublets of S180 cells.

Homophilic interaction is thought to be key to cadherin
functions. In our assay, cells expressing similar levels of either
E- or N-cadherin (unpublished data) readily formed homotypic
doublets and rapidly developed strong adhesion, but the SF dis-

played by Ecad cells was considerably higher than that of Ncad
cells (Table 1). Heterotypic interaction was not detected. Ecad-
Ncad pairs held together for times up to 30 min were separated
immediately upon withdrawal of the right pipette therefore no
SF could be measured.

Calcium dependence is a characteristic feature of E-cad-
herin–mediated adhesion so we assessed the calcium require-
ment of Ecad cell adhesion in our assay (Fig. 3 C). For 4-min
doublets, no SF could be measured below 100 

 

!

 

M calcium
(CaCl

 

2

 

) and by 400 

 

!

 

M calcium, the SF reached a maximum
equivalent to that obtained in the control buffer (containing 2
mM CaCl

 

2

 

; Fig. 3 A).
Ecad cells dissociated by TE treatment to degrade surface

cadherins progressively recovered cadherins at the cell surface,
as shown by FACS analysis performed 4 and 12 h after TE treat-
ment (Fig. 3 E, white peaks). Treatment of cells with 10 

 

!

 

M
brefeldin A (BFA; a vesicular transport blocking agent; Misumi
et al., 1986) abolished the recovery of E-cadherin at the surface,
demonstrating that the drug effectively blocked cadherin export
from the cytoplasmic and other newly synthesized pools (Fig. 3
E, black peaks). However, preincubation of TC-treated Ecad
cells (retaining their cadherins at the surface) with 10 

 

!

 

M BFA
for 1 h had no effect upon the measured SF at 30 min (Fig. 3 F).
This indicates that adhesion between the cells of a doublet is
mediated mainly by E-cadherins already present at the cell sur-
face, and that export of cadherins from the cytoplasmic pool
plays only a minor role at times shorter than 30 min.

Thus, in our experimental system, the SF of paired cells
is a function of the type of cadherin expressed, the functional
state of cadherin at the cell surface and the duration of contact
between cells.

 

Modulation of SF by E-cadherin 
expression level

 

To test the effect of cadherin concentration on cell adhesion,
we generated various stably transfected S180 clones differing

Figure 2. Dual micropipette assay. (A) Two cells in
suspension (1 and 2) are held under weak aspiration
by micropipettes, and placed in contact (B; Video 1).
The formation of contact is checked (C) after displacement
of the right pipette. (D) Second cell is held by the micro-
pipette under strong aspiration. (E–I) First cell is held by
the micropipette and the aspiration applied is increased
as the right micropipette displaced, step by step, until
the adherent cells are separated (I; Video 2).

 

Figure 3.

 

Characterization of Ecad cell adhesion.

 

 (A) SF measurements
for Ecad cells held in contact for 0.5–60 min. (B) SF required to separate
60-min doublets (white bar) and preexisting doublets (black bars), selected
as described in Materials and methods. (C) Dose-response curve of force
measurements for 4-min doublets in various concentrations of calcium.
(D) The effect of a control or anti–E-cadherin antibody on SF in Ecad or
S180 cells. (E) FACS analysis of E-cadherin expression on the surface
of Ecad cells treated with 10 

 

!

 

M BFA (black peaks) for 4 and 12 h or
untreated (white peaks). (F) The mean SFs measured for 4- or 30-min
Ecad doublets treated with 10 

 

!

 

M BFA (black bars) for 1 h or untreated
doublets (white bars).

 on Septem
ber 20, 2017

jcb.rupress.org
D

ow
nloaded from

 

short contact
rapid adhesion

adhesion maturation
stronger contacts

Measurement of:  Separation Force (SF) = Surface (S) x Pressure (P)

P

S=2(d/2)2
n

aspiration increased step by step



Thomas LECUIT   2017-2018

Molecular Model of Cadherin-based Adhesion 

2. Coupling to F-actin: contribution to force separation

Y-S. Chu et al, J-P. Thierry and S. Dufour. J. Cell. Biol.  167:1183.  (2004)

P

S=2(d/2)2
n

 

 E-CADHERIN–MEDIATED CELL ADHESION STRENGTH • CHU ET AL.

 

1185

 

We determined the “maximal” SF using doublets not sep-
arated during the dissociation procedure (see Materials and
methods). The mean SF for such Ecad “preexisting doublets”
(Fig. 3 B) was much higher than that for 60-min doublets (350
nN vs. 200 nN). By contrast, an SF of only 50 nN was obtained
for preexisting doublets of S180 cells.

Homophilic interaction is thought to be key to cadherin
functions. In our assay, cells expressing similar levels of either
E- or N-cadherin (unpublished data) readily formed homotypic
doublets and rapidly developed strong adhesion, but the SF dis-

played by Ecad cells was considerably higher than that of Ncad
cells (Table 1). Heterotypic interaction was not detected. Ecad-
Ncad pairs held together for times up to 30 min were separated
immediately upon withdrawal of the right pipette therefore no
SF could be measured.

Calcium dependence is a characteristic feature of E-cad-
herin–mediated adhesion so we assessed the calcium require-
ment of Ecad cell adhesion in our assay (Fig. 3 C). For 4-min
doublets, no SF could be measured below 100 

 

!

 

M calcium
(CaCl

 

2

 

) and by 400 

 

!

 

M calcium, the SF reached a maximum
equivalent to that obtained in the control buffer (containing 2
mM CaCl

 

2

 

; Fig. 3 A).
Ecad cells dissociated by TE treatment to degrade surface

cadherins progressively recovered cadherins at the cell surface,
as shown by FACS analysis performed 4 and 12 h after TE treat-
ment (Fig. 3 E, white peaks). Treatment of cells with 10 

 

!

 

M
brefeldin A (BFA; a vesicular transport blocking agent; Misumi
et al., 1986) abolished the recovery of E-cadherin at the surface,
demonstrating that the drug effectively blocked cadherin export
from the cytoplasmic and other newly synthesized pools (Fig. 3
E, black peaks). However, preincubation of TC-treated Ecad
cells (retaining their cadherins at the surface) with 10 

 

!

 

M BFA
for 1 h had no effect upon the measured SF at 30 min (Fig. 3 F).
This indicates that adhesion between the cells of a doublet is
mediated mainly by E-cadherins already present at the cell sur-
face, and that export of cadherins from the cytoplasmic pool
plays only a minor role at times shorter than 30 min.

Thus, in our experimental system, the SF of paired cells
is a function of the type of cadherin expressed, the functional
state of cadherin at the cell surface and the duration of contact
between cells.

 

Modulation of SF by E-cadherin 
expression level

 

To test the effect of cadherin concentration on cell adhesion,
we generated various stably transfected S180 clones differing

Figure 2. Dual micropipette assay. (A) Two cells in
suspension (1 and 2) are held under weak aspiration
by micropipettes, and placed in contact (B; Video 1).
The formation of contact is checked (C) after displacement
of the right pipette. (D) Second cell is held by the micro-
pipette under strong aspiration. (E–I) First cell is held by
the micropipette and the aspiration applied is increased
as the right micropipette displaced, step by step, until
the adherent cells are separated (I; Video 2).

 

Figure 3.

 

Characterization of Ecad cell adhesion.

 

 (A) SF measurements
for Ecad cells held in contact for 0.5–60 min. (B) SF required to separate
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of E-cadherin and E

 

!

 

MC chimera (Fig. 5 C, bottom), respec-
tively, also displayed a similar time-dependent increase in SF.
Together, these results indicate that the E-cadherin cytoplasmic
domain and its connection to the actin cytoskeleton play a cru-
cial role in the strengthening of cell–cell adhesion.

 

Role of the cytoskeleton in E-cadherin–
mediated intercellular adhesion

 

The recruitment of actin microfilaments to cell–cell contacts
has been shown to promote strong cadherin-mediated adhesion
(Imamura et al., 1999). We assessed the impact of the actin cy-
toskeleton on the establishment of cell adhesion by measuring
SF for paired Ecad cells in the presence of either Latrunculin B
(LatB) or cytochalasin D, both of which inhibit actin polymer-
ization (Flanagan and Lin, 1980; Spector et al., 1983), or Jas-
plakinolide (Jasp), a drug inhibiting actin disassembly or pro-
moting actin filament aggregation in a dose-dependent manner
(Bubb et al., 1994; Cramer, 1999).

We determined the effects of Jasp and LatB on actin by la-
beling Ecad doublets with an anti-actin mAb (not depicted) or

phalloidin-TRITC (Fig. 6, B and C, respectively). Under control
conditions, paired cells displayed a uniform distribution of sur-
face E-cadherin and cortical actin over most of the cell with
higher density colocalization of both molecules at the cell–cell
interface (Fig. 6 A). Treatment with Jasp at 0.1 

 

"

 

M caused corti-
cal actin and E-cadherin to redistribute in a nonuniform man-
ner everywhere. However, at the contact zone both molecules
were still noticeably colocalized. Jasp at 1 

 

"

 

M dramatically re-
duced the thickness of cortical actin, produced actin aggregates
throughout the cytoplasm and eliminated the characteristic
E-cadherin/actin colocalization at the cell–cell interface. Immu-
nostaining of actin with mAb or phalloidin gave similar results
and showed that, for doublets in suspension, Jasp at both 0.1 and
1 

 

"

 

M mainly induces a disorganization of the actin network re-
flecting the aggregation/polymerization activity of this drug de-
scribed by Cramer (1999). LatB at 0.1 

 

"

 

M had no marked effect
on the localization of E-cadherin and actin in paired cells in sus-
pension (Fig. 6 C) but 1 

 

"

 

M LatB treatment induced the forma-
tion of large actin aggregates in the cytoplasm, E-cadherin clus-
ters at the cell surface and higher levels of E-cadherin staining in

Figure 5. The time-dependent increase in SF
depends on the connection of cadherin to the actin
cytoskeleton. (A) Schematic representation of the
structure of wild-type cadherin, E-cadherin lacking
the cytoplasmic domain (Ecad-#cyto), and E-cad-
herin–!-cat chimera (E!MC) expressed by tran-
siently transfected S180 cells. FACS analysis of
transiently cotransfected cells expressing Ecad (B),
Ecad-#cyto (B), E!MC (C), or E58 cells (C) with
anti–$-cat (B and C, top, white peaks), anti–E-cad-
herin ECCD2 antibody (B and C, bottom, white
peaks), or control antibodies (black peaks). (D
and E) Mean SF for 30-s, 4- and 30-min doublets
of GFP-positive cells expressing E-cadherin (D,
black bars), Ecad-#cyto (D, white bars), E!MC
chimera (E, gray bars), and doublets of E58 cells
(E, black bars). Immunodetection of Ecad-#cyto (F)
and E!MC (G) proteins in representative doublets
formed after 30-min aggregation in suspension.
Bar, 10 "m.
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depends on the connection of cadherin to the actin
cytoskeleton. (A) Schematic representation of the
structure of wild-type cadherin, E-cadherin lacking
the cytoplasmic domain (Ecad-#cyto), and E-cad-
herin–!-cat chimera (E!MC) expressed by tran-
siently transfected S180 cells. FACS analysis of
transiently cotransfected cells expressing Ecad (B),
Ecad-#cyto (B), E!MC (C), or E58 cells (C) with
anti–$-cat (B and C, top, white peaks), anti–E-cad-
herin ECCD2 antibody (B and C, bottom, white
peaks), or control antibodies (black peaks). (D
and E) Mean SF for 30-s, 4- and 30-min doublets
of GFP-positive cells expressing E-cadherin (D,
black bars), Ecad-#cyto (D, white bars), E!MC
chimera (E, gray bars), and doublets of E58 cells
(E, black bars). Immunodetection of Ecad-#cyto (F)
and E!MC (G) proteins in representative doublets
formed after 30-min aggregation in suspension.
Bar, 10 "m.

 on Septem
ber 20, 2017

jcb.rupress.org
D

ow
nloaded from

 

 

 E-CADHERIN–MEDIATED CELL ADHESION STRENGTH • CHU ET AL.

 

1187

 

of E-cadherin and E

 

!

 

MC chimera (Fig. 5 C, bottom), respec-
tively, also displayed a similar time-dependent increase in SF.
Together, these results indicate that the E-cadherin cytoplasmic
domain and its connection to the actin cytoskeleton play a cru-
cial role in the strengthening of cell–cell adhesion.

 

Role of the cytoskeleton in E-cadherin–
mediated intercellular adhesion

 

The recruitment of actin microfilaments to cell–cell contacts
has been shown to promote strong cadherin-mediated adhesion
(Imamura et al., 1999). We assessed the impact of the actin cy-
toskeleton on the establishment of cell adhesion by measuring
SF for paired Ecad cells in the presence of either Latrunculin B
(LatB) or cytochalasin D, both of which inhibit actin polymer-
ization (Flanagan and Lin, 1980; Spector et al., 1983), or Jas-
plakinolide (Jasp), a drug inhibiting actin disassembly or pro-
moting actin filament aggregation in a dose-dependent manner
(Bubb et al., 1994; Cramer, 1999).

We determined the effects of Jasp and LatB on actin by la-
beling Ecad doublets with an anti-actin mAb (not depicted) or

phalloidin-TRITC (Fig. 6, B and C, respectively). Under control
conditions, paired cells displayed a uniform distribution of sur-
face E-cadherin and cortical actin over most of the cell with
higher density colocalization of both molecules at the cell–cell
interface (Fig. 6 A). Treatment with Jasp at 0.1 

 

"

 

M caused corti-
cal actin and E-cadherin to redistribute in a nonuniform man-
ner everywhere. However, at the contact zone both molecules
were still noticeably colocalized. Jasp at 1 

 

"

 

M dramatically re-
duced the thickness of cortical actin, produced actin aggregates
throughout the cytoplasm and eliminated the characteristic
E-cadherin/actin colocalization at the cell–cell interface. Immu-
nostaining of actin with mAb or phalloidin gave similar results
and showed that, for doublets in suspension, Jasp at both 0.1 and
1 

 

"

 

M mainly induces a disorganization of the actin network re-
flecting the aggregation/polymerization activity of this drug de-
scribed by Cramer (1999). LatB at 0.1 

 

"

 

M had no marked effect
on the localization of E-cadherin and actin in paired cells in sus-
pension (Fig. 6 C) but 1 

 

"

 

M LatB treatment induced the forma-
tion of large actin aggregates in the cytoplasm, E-cadherin clus-
ters at the cell surface and higher levels of E-cadherin staining in

Figure 5. The time-dependent increase in SF
depends on the connection of cadherin to the actin
cytoskeleton. (A) Schematic representation of the
structure of wild-type cadherin, E-cadherin lacking
the cytoplasmic domain (Ecad-#cyto), and E-cad-
herin–!-cat chimera (E!MC) expressed by tran-
siently transfected S180 cells. FACS analysis of
transiently cotransfected cells expressing Ecad (B),
Ecad-#cyto (B), E!MC (C), or E58 cells (C) with
anti–$-cat (B and C, top, white peaks), anti–E-cad-
herin ECCD2 antibody (B and C, bottom, white
peaks), or control antibodies (black peaks). (D
and E) Mean SF for 30-s, 4- and 30-min doublets
of GFP-positive cells expressing E-cadherin (D,
black bars), Ecad-#cyto (D, white bars), E!MC
chimera (E, gray bars), and doublets of E58 cells
(E, black bars). Immunodetection of Ecad-#cyto (F)
and E!MC (G) proteins in representative doublets
formed after 30-min aggregation in suspension.
Bar, 10 "m.

 on Septem
ber 20, 2017

jcb.rupress.org
Downloaded from

 

(control)

actin 
independent

actin 
dependent

{



Thomas LECUIT   2017-2018

Molecular Model of Cadherin-based Adhesion 

2. Coupling to F-actin: contribution to force separation

Y-S. Chu et al, J-P. Thierry and S. Dufour. J. Cell. Biol.  167:1183.  (2004)

P

S=2(d/2)2
n

 

JCB • VOLUME 167 • NUMBER 6 • 20041188

 

the cytoplasm. FACS analysis demonstrated that LatB or Jasp, at
concentrations up to 0.3 

 

!

 

M, does not affect E-cadherin expres-
sion at the cell surface (unpublished data).

Jasp (Fig. 6 D), LatB (Fig. 6 E), and cytochalasin D
(not depicted) all reduced the SF for Ecad 4-min doublets in
a dose-dependent manner. The IC

 

50

 

 for LatB was 21.2 nM,
although at this concentration the drug had no visible effect
on the distribution of E-cadherin and actin in cells in suspen-
sion (Fig. 6 C). Ecad cells treated with 0.1 

 

!

 

M LatB or Jasp
formed doublets that displayed initial SF (30 s of contact)
identical to that of untreated cells but the treatment abolished
the time-dependent increase in SF characteristic of control
doublets (Fig. 6 F). Maximal inhibition of adhesion for LatB
was achieved at 0.5 

 

!

 

M and was fully reversible upon re-
moval of the drug.

To test whether LatB’s effect on SF might be due to
changes in cell viscoelasticity and deformability, we used a
depletion force-induced adhesion test (Evans and Needham,
1988) on S180 cells with and without LatB. SFs measured in
the presence of LatB at up to 0.1 

 

!

 

M were similar to those of
the control condition. This result demonstrates that treatment of
cells with LatB at concentrations as high as 0.1 

 

!

 

M does not
interfere with force measurements in the dual pipette assay (un-
published data).

Thus, the time-dependent increase in the SF for Ecad
cells depends principally on actin polymerization and actin cy-
toskeleton dynamics.

 

Activation of Rac and Cdc42, but not of 
Rho, during formation of aggregates of 
Ecad cells in suspension

 

We used GTPase pull down assays to test the effect of E-cad-
herin–mediated intercellular adhesion on endogenous activity of
Rho-like GTPases in Ecad cells in suspension. The levels of en-
dogenous active and total Rho-like GTPases were monitored in
S180 cells and Ecad cells at different times during a 60-min ag-
gregation assay (Fig. 7A). In S180 cells no change was observed
in the activation levels of Rac, Cdc42, and Rho during the assay.
In clear contrast with this result, activation of Rac was observed
in Ecad cells as soon as 5 min after the start of aggregation and
reached a maximum by the end of the assay (Fig. 7 B). The ki-
netics of activation for Cdc42 were comparable to those de-
scribed for Rac, but activation of Rho followed a very different
pattern (gray, white, and black bars, respectively; Fig. 7 B). The
levels of activated Rho in Ecad cells did not significantly change
throughout the aggregation assay (Fig. 7 B). Results from total
lysates indicated that the differences observed in band densities
after precipitation were not due to variations in the total amount
of protein. Each GST pull-down assay was repeated three times.

 

Requirement of Rac and Cdc42, but not 
of Rho, for E-cadherin mediated adhesion, 
as evaluated by SF measurements

 

We transiently transfected Ecad cells with pEGFPC1 alone (trans-
fection control), or with vectors encoding the GFP-tagged consti-

Figure 6. Drugs affecting actin polymerization
perturb actin cytoskeleton organization and
decrease SF. Confocal analysis of Ecad doublets
formed in suspension under control conditions
(A), in the presence of Jasp (B) or LatB (C),
and labeled for actin and E-cadherin. Merged
images are shown in right panels. The images
correspond to a medial transverse plane of the
doublet. Dose-response curve of SF for 4-min
Ecad doublets in medium containing Jasp (D)
or LatB (E). (F) Mean SF for 30-s, 4- and 30-
min doublets in the presence of 0.1 !M LatB
(black bars), 0.1 !M Jasp (gray bars), or in
control medium (white bars).
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formed in suspension under control conditions
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Figure 6. Drugs affecting actin polymerization
perturb actin cytoskeleton organization and
decrease SF. Confocal analysis of Ecad doublets
formed in suspension under control conditions
(A), in the presence of Jasp (B) or LatB (C),
and labeled for actin and E-cadherin. Merged
images are shown in right panels. The images
correspond to a medial transverse plane of the
doublet. Dose-response curve of SF for 4-min
Ecad doublets in medium containing Jasp (D)
or LatB (E). (F) Mean SF for 30-s, 4- and 30-
min doublets in the presence of 0.1 !M LatB
(black bars), 0.1 !M Jasp (gray bars), or in
control medium (white bars).
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the cytoplasm. FACS analysis demonstrated that LatB or Jasp, at
concentrations up to 0.3 

 

!

 

M, does not affect E-cadherin expres-
sion at the cell surface (unpublished data).

Jasp (Fig. 6 D), LatB (Fig. 6 E), and cytochalasin D
(not depicted) all reduced the SF for Ecad 4-min doublets in
a dose-dependent manner. The IC

 

50

 

 for LatB was 21.2 nM,
although at this concentration the drug had no visible effect
on the distribution of E-cadherin and actin in cells in suspen-
sion (Fig. 6 C). Ecad cells treated with 0.1 

 

!

 

M LatB or Jasp
formed doublets that displayed initial SF (30 s of contact)
identical to that of untreated cells but the treatment abolished
the time-dependent increase in SF characteristic of control
doublets (Fig. 6 F). Maximal inhibition of adhesion for LatB
was achieved at 0.5 

 

!

 

M and was fully reversible upon re-
moval of the drug.

To test whether LatB’s effect on SF might be due to
changes in cell viscoelasticity and deformability, we used a
depletion force-induced adhesion test (Evans and Needham,
1988) on S180 cells with and without LatB. SFs measured in
the presence of LatB at up to 0.1 

 

!

 

M were similar to those of
the control condition. This result demonstrates that treatment of
cells with LatB at concentrations as high as 0.1 

 

!

 

M does not
interfere with force measurements in the dual pipette assay (un-
published data).

Thus, the time-dependent increase in the SF for Ecad
cells depends principally on actin polymerization and actin cy-
toskeleton dynamics.

 

Activation of Rac and Cdc42, but not of 
Rho, during formation of aggregates of 
Ecad cells in suspension

 

We used GTPase pull down assays to test the effect of E-cad-
herin–mediated intercellular adhesion on endogenous activity of
Rho-like GTPases in Ecad cells in suspension. The levels of en-
dogenous active and total Rho-like GTPases were monitored in
S180 cells and Ecad cells at different times during a 60-min ag-
gregation assay (Fig. 7A). In S180 cells no change was observed
in the activation levels of Rac, Cdc42, and Rho during the assay.
In clear contrast with this result, activation of Rac was observed
in Ecad cells as soon as 5 min after the start of aggregation and
reached a maximum by the end of the assay (Fig. 7 B). The ki-
netics of activation for Cdc42 were comparable to those de-
scribed for Rac, but activation of Rho followed a very different
pattern (gray, white, and black bars, respectively; Fig. 7 B). The
levels of activated Rho in Ecad cells did not significantly change
throughout the aggregation assay (Fig. 7 B). Results from total
lysates indicated that the differences observed in band densities
after precipitation were not due to variations in the total amount
of protein. Each GST pull-down assay was repeated three times.
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as evaluated by SF measurements
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in the activation levels of Rac, Cdc42, and Rho during the assay.
In clear contrast with this result, activation of Rac was observed
in Ecad cells as soon as 5 min after the start of aggregation and
reached a maximum by the end of the assay (Fig. 7 B). The ki-
netics of activation for Cdc42 were comparable to those de-
scribed for Rac, but activation of Rho followed a very different
pattern (gray, white, and black bars, respectively; Fig. 7 B). The
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throughout the aggregation assay (Fig. 7 B). Results from total
lysates indicated that the differences observed in band densities
after precipitation were not due to variations in the total amount
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Molecular Model of Cadherin-based Adhesion 

2. Coupling to F-actin: contribution to force separation

Fig. 2. Contact strength and structure in pro-
genitor cell doublets. (A) Separation force Fs of
ectoderm (red; n = 104/41/18), mesoderm (green;
n = 30/16/11), and endoderm (blue; n = 44/23/16)
homotypic doublets is plotted as mean T SEM at 1-,
5-, and 10-min contact times (movie S7 and table
S4) (9). (B) Ratio of separation force Fs to contact
radius Rc of ecto (n = 37), meso (n = 15), and endo
(n = 25) homotypic doublets after 5-min contact
time (table S5). (C) Sketch of a cell doublet showing
cadherin (purple), actin (cyan), and myosin (or-
ange). Optical sections through cell-cell contacts of
homotypic doublets stained with antibodies against
Cdh1, Ctnnb1, and Ctnna; phalloidin for F-actin; or
expressingMyl12.1-mCherry (fig. S3). Scale bar, 5mm.
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Fig. 3. Cytoskeletal anchoring of Cdh2 in progenitor cell-cell contact
formation. (A) Ectoderm homotypic doublets expressing Cdh2-eGFP plus
LifeAct-RFP (red fluorescent protein) (n = 15), eGFP-Ctnnb1 (n = 20), or
Ctnna-eGFP (n = 30) at 5 min contact time before and after separation
(movies S8 to S11). Fluorescence intensity at the contact and contact size
measured during the separation process (purple and/or cyan on diagram)
are plotted as mean T SEM relative to the value before the separation

(table S6). Scale bars, 10 mm. (B and C) Ratio of separation force to contact
radius Fs/Rc (B) or contact angle q (C) measurements of ectoderm (red) or
endoderm (blue) homotypic doublets expressing Cdh2-eGFP (n = 17/20) or
Cdh2Dcyto-eGFP (n = 20/14) at 5-min contact time. Values are plotted as
mean T SEM and normalized to Cdh2 expression level at the measured
contact and at the contact of ecto doublets (movies S12 to S15 and tables S7
and S8).
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Fig. 2. Contact strength and structure in pro-
genitor cell doublets. (A) Separation force Fs of
ectoderm (red; n = 104/41/18), mesoderm (green;
n = 30/16/11), and endoderm (blue; n = 44/23/16)
homotypic doublets is plotted as mean T SEM at 1-,
5-, and 10-min contact times (movie S7 and table
S4) (9). (B) Ratio of separation force Fs to contact
radius Rc of ecto (n = 37), meso (n = 15), and endo
(n = 25) homotypic doublets after 5-min contact
time (table S5). (C) Sketch of a cell doublet showing
cadherin (purple), actin (cyan), and myosin (or-
ange). Optical sections through cell-cell contacts of
homotypic doublets stained with antibodies against
Cdh1, Ctnnb1, and Ctnna; phalloidin for F-actin; or
expressingMyl12.1-mCherry (fig. S3). Scale bar, 5mm.
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Fig. 3. Cytoskeletal anchoring of Cdh2 in progenitor cell-cell contact
formation. (A) Ectoderm homotypic doublets expressing Cdh2-eGFP plus
LifeAct-RFP (red fluorescent protein) (n = 15), eGFP-Ctnnb1 (n = 20), or
Ctnna-eGFP (n = 30) at 5 min contact time before and after separation
(movies S8 to S11). Fluorescence intensity at the contact and contact size
measured during the separation process (purple and/or cyan on diagram)
are plotted as mean T SEM relative to the value before the separation

(table S6). Scale bars, 10 mm. (B and C) Ratio of separation force to contact
radius Fs/Rc (B) or contact angle q (C) measurements of ectoderm (red) or
endoderm (blue) homotypic doublets expressing Cdh2-eGFP (n = 17/20) or
Cdh2Dcyto-eGFP (n = 20/14) at 5-min contact time. Values are plotted as
mean T SEM and normalized to Cdh2 expression level at the measured
contact and at the contact of ecto doublets (movies S12 to S15 and tables S7
and S8).
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Separation force (normalised to surface)

Fig. 2. Contact strength and structure in pro-
genitor cell doublets. (A) Separation force Fs of
ectoderm (red; n = 104/41/18), mesoderm (green;
n = 30/16/11), and endoderm (blue; n = 44/23/16)
homotypic doublets is plotted as mean T SEM at 1-,
5-, and 10-min contact times (movie S7 and table
S4) (9). (B) Ratio of separation force Fs to contact
radius Rc of ecto (n = 37), meso (n = 15), and endo
(n = 25) homotypic doublets after 5-min contact
time (table S5). (C) Sketch of a cell doublet showing
cadherin (purple), actin (cyan), and myosin (or-
ange). Optical sections through cell-cell contacts of
homotypic doublets stained with antibodies against
Cdh1, Ctnnb1, and Ctnna; phalloidin for F-actin; or
expressingMyl12.1-mCherry (fig. S3). Scale bar, 5mm.
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Fig. 3. Cytoskeletal anchoring of Cdh2 in progenitor cell-cell contact
formation. (A) Ectoderm homotypic doublets expressing Cdh2-eGFP plus
LifeAct-RFP (red fluorescent protein) (n = 15), eGFP-Ctnnb1 (n = 20), or
Ctnna-eGFP (n = 30) at 5 min contact time before and after separation
(movies S8 to S11). Fluorescence intensity at the contact and contact size
measured during the separation process (purple and/or cyan on diagram)
are plotted as mean T SEM relative to the value before the separation

(table S6). Scale bars, 10 mm. (B and C) Ratio of separation force to contact
radius Fs/Rc (B) or contact angle q (C) measurements of ectoderm (red) or
endoderm (blue) homotypic doublets expressing Cdh2-eGFP (n = 17/20) or
Cdh2Dcyto-eGFP (n = 20/14) at 5-min contact time. Values are plotted as
mean T SEM and normalized to Cdh2 expression level at the measured
contact and at the contact of ecto doublets (movies S12 to S15 and tables S7
and S8).
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Fig. 2. Contact strength and structure in pro-
genitor cell doublets. (A) Separation force Fs of
ectoderm (red; n = 104/41/18), mesoderm (green;
n = 30/16/11), and endoderm (blue; n = 44/23/16)
homotypic doublets is plotted as mean T SEM at 1-,
5-, and 10-min contact times (movie S7 and table
S4) (9). (B) Ratio of separation force Fs to contact
radius Rc of ecto (n = 37), meso (n = 15), and endo
(n = 25) homotypic doublets after 5-min contact
time (table S5). (C) Sketch of a cell doublet showing
cadherin (purple), actin (cyan), and myosin (or-
ange). Optical sections through cell-cell contacts of
homotypic doublets stained with antibodies against
Cdh1, Ctnnb1, and Ctnna; phalloidin for F-actin; or
expressingMyl12.1-mCherry (fig. S3). Scale bar, 5mm.
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Fig. 3. Cytoskeletal anchoring of Cdh2 in progenitor cell-cell contact
formation. (A) Ectoderm homotypic doublets expressing Cdh2-eGFP plus
LifeAct-RFP (red fluorescent protein) (n = 15), eGFP-Ctnnb1 (n = 20), or
Ctnna-eGFP (n = 30) at 5 min contact time before and after separation
(movies S8 to S11). Fluorescence intensity at the contact and contact size
measured during the separation process (purple and/or cyan on diagram)
are plotted as mean T SEM relative to the value before the separation

(table S6). Scale bars, 10 mm. (B and C) Ratio of separation force to contact
radius Fs/Rc (B) or contact angle q (C) measurements of ectoderm (red) or
endoderm (blue) homotypic doublets expressing Cdh2-eGFP (n = 17/20) or
Cdh2Dcyto-eGFP (n = 20/14) at 5-min contact time. Values are plotted as
mean T SEM and normalized to Cdh2 expression level at the measured
contact and at the contact of ecto doublets (movies S12 to S15 and tables S7
and S8).
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Reduction of force separation
with reduced coupling to F-actin

Smaller cell contact 
with reduced coupling to F-actin

• The force of adhesion depends on 
    F-actin coupling

J-L. Maître et al, CP Heisenberg

Adhesion Functions in Cell Sorting by
Mechanically Coupling the Cortices
of Adhering Cells
Jean-Léon Maître,1 Hélène Berthoumieux,2,3 Simon Frederik Gabriel Krens,1

Guillaume Salbreux,2 Frank Jülicher,2 Ewa Paluch,4* Carl-Philipp Heisenberg1*

Differential cell adhesion and cortex tension are thought to drive cell sorting by controlling
cell-cell contact formation. Here, we show that cell adhesion and cortex tension have different
mechanical functions in controlling progenitor cell-cell contact formation and sorting during
zebrafish gastrulation. Cortex tension controls cell-cell contact expansion by modulating
interfacial tension at the contact. By contrast, adhesion has little direct function in contact
expansion, but instead is needed to mechanically couple the cortices of adhering cells at their
contacts, allowing cortex tension to control contact expansion. The coupling function of adhesion
is mediated by E-cadherin and limited by the mechanical anchoring of E-cadherin to the cortex.
Thus, cell adhesion provides the mechanical scaffold for cell cortex tension to drive cell sorting
during gastrulation.

Cell adhesion and cortex tension are com-
monly assumed to function in cell sorting
by controlling cell-cell contact formation

(1–5), with adhesion increasing the contact size
and cortex tension decreasing it (3–7). To clarify
how cell adhesion and cortex tension function in

progenitor cell-cell contact formation and sort-
ing during zebrafish gastrulation, we first de-
veloped amechanical description of two progenitor
cells in contact, on the basis of previous models
of cell-cell adhesion and sorting (4, 5). The cells
are described as fluid objects with a viscoelastic

cortex under tension and adhesive bonds main-
taining the cell-cell contact. The size of the cell-
cell contact is determined by the balance of forces
at the contact boundary:

cosðqÞ ¼ gi
2gcm

¼ 2gcc − w
2gcm

ð1Þ

where q is the contact angle of the two adhering
cells (Fig. 1A) (8, 9). The tension gi at the cell-
cell interface has a positive contribution arising
from the cortex tension gcc of the two cells at the
contact and a negative contribution arising from
adhesion (adhesion tension) of magnitude w. Out-
side of the contact, the tension at the cell-medium
interface is equal to the cortex tension gcm at this
interface.

To characterize the mechanical parameters
that control progenitor cell-cell contact for-
mation, we first determined the ratio of the

1Institute of Science and Technology Austria, Klosterneuburg,
Austria. 2Max Planck Institute for the Physics of Complex
Systems, Dresden, Germany. 3CNRS, Laboratoire de Physique
Théorique de la Matière Condensée, UMR 7600, Université
Pierre et Marie Curie, Paris, France. 4Max Planck Institute of
Molecular Cell Biology and Genetics, Dresden, Germany and
International Institute of Molecular and Cell Biology, Warsaw,
Poland.

*To whom correspondence should be addressed. E-mail:
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Fig. 1. Surface tensions
and contact shape in pro-
genitor cell doublets. (A)
Surface tensions control-
ling cell doublet shape at
steady state. The contact
angle q results from the
balance between the ad-
hesion tension w and the
cortex tensions at the
cell-medium gcm and cell-
cell interfaces gcc (9).
(B) Homotypic ectoderm
(ecto), mesoderm (meso),
and endoderm (endo)
doublets during contact
formation (movies S1 to
S3). Scale bar, 10 mm.
Measured contact angles
q are plotted over time
as mean T SEM binned
over 100 s for ecto (red,
n= 39), meso (green, n=
20), and endo (blue, n =
26) doublets (table S1).
(C) Sketch of homotypic
triplets before and after
separation (9). Bulge vol-
ume Vb is measured at
the former cell-cell contact after separation and normalized to the cell
body volume Vc for ecto (n = 11), meso (n = 13), and endo (n = 5) triplets
(movies S4 to S6 and table S2). (D) Tension ratios gcc /gcm and w/2gcm
computed from homotypic triplet and doublet shapes plotted for ecto (n= 11),
meso (n = 13), and endo (n = 5). Mean T SEM (table S3) (9). (E) Sketch of

myosin [Myl12.1-eGFP (enhanced green fluorescent protein)] localization in
homotypic doublets of pTol2-b-actin::myl12.1-eGFP transgenic zebrafish. Mea-
sured mean fluorescence intensity at the cell-cell interface (Icc) is normalized to
themean intensities at the cell-medium interfaces (Icm) of both cells for ecto (n=
25), meso (n = 33), and endo (n = 17) doublets. Scale bar, 5 mm.
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Fig. 2. Contact strength and structure in pro-
genitor cell doublets. (A) Separation force Fs of
ectoderm (red; n = 104/41/18), mesoderm (green;
n = 30/16/11), and endoderm (blue; n = 44/23/16)
homotypic doublets is plotted as mean T SEM at 1-,
5-, and 10-min contact times (movie S7 and table
S4) (9). (B) Ratio of separation force Fs to contact
radius Rc of ecto (n = 37), meso (n = 15), and endo
(n = 25) homotypic doublets after 5-min contact
time (table S5). (C) Sketch of a cell doublet showing
cadherin (purple), actin (cyan), and myosin (or-
ange). Optical sections through cell-cell contacts of
homotypic doublets stained with antibodies against
Cdh1, Ctnnb1, and Ctnna; phalloidin for F-actin; or
expressingMyl12.1-mCherry (fig. S3). Scale bar, 5mm.
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Fig. 3. Cytoskeletal anchoring of Cdh2 in progenitor cell-cell contact
formation. (A) Ectoderm homotypic doublets expressing Cdh2-eGFP plus
LifeAct-RFP (red fluorescent protein) (n = 15), eGFP-Ctnnb1 (n = 20), or
Ctnna-eGFP (n = 30) at 5 min contact time before and after separation
(movies S8 to S11). Fluorescence intensity at the contact and contact size
measured during the separation process (purple and/or cyan on diagram)
are plotted as mean T SEM relative to the value before the separation

(table S6). Scale bars, 10 mm. (B and C) Ratio of separation force to contact
radius Fs/Rc (B) or contact angle q (C) measurements of ectoderm (red) or
endoderm (blue) homotypic doublets expressing Cdh2-eGFP (n = 17/20) or
Cdh2Dcyto-eGFP (n = 20/14) at 5-min contact time. Values are plotted as
mean T SEM and normalized to Cdh2 expression level at the measured
contact and at the contact of ecto doublets (movies S12 to S15 and tables S7
and S8).
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interfacial tensions at the cell-cell and cell-
medium interfaces by measuring the contact angle
q of freely adhering cell doublets ex vivo and
usingEq. 1.Homotypic ectodermdoublets showed
a larger contact angle q and consequently a lower
ratio of cell-cell to cell-medium interfacial ten-
sions gi/2gcm than mesoderm and endoderm
doublets (Fig. 1B).

To derive the relative contribution of the cor-
tex tension gcc and the adhesion tension w to the
ratio of cell-cell to cell-medium interfacial ten-
sions (2gcc – w)/2gcm, we measured the ratio of
cortex tensions at the cell-cell to cell-medium
interfaces gcc/gcm. To this end, we probed cortex
tension at the cell-cell interface by separating
contacting progenitor cells ex vivo, using a dual
pipette aspiration assay (DPA) and analyzing re-
sulting shape changes directly after separation
(Fig. 1C). We observed a rapid increase in cur-

vature in the region of the dissolved cell-cell
contact, indicative of reduced cortex tension gcc
at this location compared to cortex tension gcm
at the cell-medium interface. To calculate the
ratio of cortex tensions gcc/gcm from the curva-
ture change at the dissolved cell-cell contact in
the different progenitor cell types, we modeled
the cell-cell and cell-medium interfaces as
elastic shells under tension, consistent with the
short time scales of our experiment (9). Using
this model, we found gcc/gcm to be lower in
contacting ectoderm cells compared tomesoderm
and endoderm cells (Fig. 1D). Consistent with this,
we observed that in progenitor cell doublets, non-
muscle myosin-2 (Myl12.1) was reduced at cell-
cell compared to the cell-medium interfaces, and
that this reduction was more pronounced in
ectoderm compared to mesoderm and endoderm
doublets (Fig. 1E).

Having determined the ratio of tensions at
the cell-cell and cell-medium interfaces, we com-
puted the adhesion tensionw usingEq. 1.We found
that for all three progenitor cell types, the magni-
tude of the adhesion tension w was considerably
smaller than the cortex tension gcc at the cell-cell
interface (Fig. 1D). This indicates that the cell-cell
interfacial tension gi is dominated by the cortex
tension gcc at this interface. It further suggests that
the cell-cell contact angle q, and thus the contact
size, is predominantly controlled by the ratio of
cortex tensions gcc/gcm between these interfaces
and that adhesion tension w, contrary to pre-
vious suggestions (8), has only little function in
contact expansion.

Although these findings argue against a crit-
ical function of adhesion tension in cell-cell con-
tact expansion, formation of adhesive bonds is still
essential to mechanically couple the contractile

Fig.4.Progenitor cell sort-
ing in vitro and cell-cell
contacts structure in vivo.
(A) Sorting of red- or green-
labeled Cdh2-eGFP– or
Cdh2Dcyto-eGFP–expressing
progenitors in ectoderm
or endoderm cell aggre-
gates (movies S16 to S19
and fig. S7). Scale bar,
10 mm. (B) Myl12.1-eGFP
localization within the
shield region of pTol2-
b-actin::myl12.1-eGFP
transgenic zebrafish at
6 hours postfertilization
(hpf) (right to the sketch);
arrows demarcate the
epiblast-hypoblast bound-
ary (epi-hypo, movie S20).
Exemplary cells are shown
within the lateral mes-
endoderm (top) and at
the germ ringmargin (bot-
tom). Red arrows point
to Myl12.1 accumulation
at the cell-interstitial space
interface, and green arrows
to My12.1-depleted zones
at the cell-cell interfaces
(fig. S8). Scale bars, 10 mm.
(C) Ring-like accumulation
of Ctnnb1 at the contact
margin between epiblast
cells at the animal pole
revealed by antibody stain-
ing (movie S21). Boxes
highlight the contact on
the imaging planes and
orthogonal views. Scale
bar, 10mm. (D) Membrane
tethers (arrows) formed
between separating cells
within the lateral mesendoderm in 7-hpf embryos expressing hRas-eGFP (top, movie S22) or within the animal pole of shield-stage embryo expressing Cdh2-eGFP
(bottom, movie S23). Scale bars, 10 mm.
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in vitro

in vivo

2. Coupling to F-actin: contribution to cell-cell contacts

J-L. Maître et al, CP Heisenberg

Adhesion Functions in Cell Sorting by
Mechanically Coupling the Cortices
of Adhering Cells
Jean-Léon Maître,1 Hélène Berthoumieux,2,3 Simon Frederik Gabriel Krens,1

Guillaume Salbreux,2 Frank Jülicher,2 Ewa Paluch,4* Carl-Philipp Heisenberg1*

Differential cell adhesion and cortex tension are thought to drive cell sorting by controlling
cell-cell contact formation. Here, we show that cell adhesion and cortex tension have different
mechanical functions in controlling progenitor cell-cell contact formation and sorting during
zebrafish gastrulation. Cortex tension controls cell-cell contact expansion by modulating
interfacial tension at the contact. By contrast, adhesion has little direct function in contact
expansion, but instead is needed to mechanically couple the cortices of adhering cells at their
contacts, allowing cortex tension to control contact expansion. The coupling function of adhesion
is mediated by E-cadherin and limited by the mechanical anchoring of E-cadherin to the cortex.
Thus, cell adhesion provides the mechanical scaffold for cell cortex tension to drive cell sorting
during gastrulation.

Cell adhesion and cortex tension are com-
monly assumed to function in cell sorting
by controlling cell-cell contact formation

(1–5), with adhesion increasing the contact size
and cortex tension decreasing it (3–7). To clarify
how cell adhesion and cortex tension function in

progenitor cell-cell contact formation and sort-
ing during zebrafish gastrulation, we first de-
veloped amechanical description of two progenitor
cells in contact, on the basis of previous models
of cell-cell adhesion and sorting (4, 5). The cells
are described as fluid objects with a viscoelastic

cortex under tension and adhesive bonds main-
taining the cell-cell contact. The size of the cell-
cell contact is determined by the balance of forces
at the contact boundary:

cosðqÞ ¼ gi
2gcm

¼ 2gcc − w
2gcm

ð1Þ

where q is the contact angle of the two adhering
cells (Fig. 1A) (8, 9). The tension gi at the cell-
cell interface has a positive contribution arising
from the cortex tension gcc of the two cells at the
contact and a negative contribution arising from
adhesion (adhesion tension) of magnitude w. Out-
side of the contact, the tension at the cell-medium
interface is equal to the cortex tension gcm at this
interface.

To characterize the mechanical parameters
that control progenitor cell-cell contact for-
mation, we first determined the ratio of the

1Institute of Science and Technology Austria, Klosterneuburg,
Austria. 2Max Planck Institute for the Physics of Complex
Systems, Dresden, Germany. 3CNRS, Laboratoire de Physique
Théorique de la Matière Condensée, UMR 7600, Université
Pierre et Marie Curie, Paris, France. 4Max Planck Institute of
Molecular Cell Biology and Genetics, Dresden, Germany and
International Institute of Molecular and Cell Biology, Warsaw,
Poland.

*To whom correspondence should be addressed. E-mail:
heisenberg@ist.ac.at (C.-P.H.); paluch@mpi-cbg.de (E.P.)

Fig. 1. Surface tensions
and contact shape in pro-
genitor cell doublets. (A)
Surface tensions control-
ling cell doublet shape at
steady state. The contact
angle q results from the
balance between the ad-
hesion tension w and the
cortex tensions at the
cell-medium gcm and cell-
cell interfaces gcc (9).
(B) Homotypic ectoderm
(ecto), mesoderm (meso),
and endoderm (endo)
doublets during contact
formation (movies S1 to
S3). Scale bar, 10 mm.
Measured contact angles
q are plotted over time
as mean T SEM binned
over 100 s for ecto (red,
n= 39), meso (green, n=
20), and endo (blue, n =
26) doublets (table S1).
(C) Sketch of homotypic
triplets before and after
separation (9). Bulge vol-
ume Vb is measured at
the former cell-cell contact after separation and normalized to the cell
body volume Vc for ecto (n = 11), meso (n = 13), and endo (n = 5) triplets
(movies S4 to S6 and table S2). (D) Tension ratios gcc /gcm and w/2gcm
computed from homotypic triplet and doublet shapes plotted for ecto (n= 11),
meso (n = 13), and endo (n = 5). Mean T SEM (table S3) (9). (E) Sketch of

myosin [Myl12.1-eGFP (enhanced green fluorescent protein)] localization in
homotypic doublets of pTol2-b-actin::myl12.1-eGFP transgenic zebrafish. Mea-
sured mean fluorescence intensity at the cell-cell interface (Icc) is normalized to
themean intensities at the cell-medium interfaces (Icm) of both cells for ecto (n=
25), meso (n = 33), and endo (n = 17) doublets. Scale bar, 5 mm.
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2. Coupling to F-actin: contribution to cell sorting
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Adhesion Functions in Cell Sorting by
Mechanically Coupling the Cortices
of Adhering Cells
Jean-Léon Maître,1 Hélène Berthoumieux,2,3 Simon Frederik Gabriel Krens,1

Guillaume Salbreux,2 Frank Jülicher,2 Ewa Paluch,4* Carl-Philipp Heisenberg1*

Differential cell adhesion and cortex tension are thought to drive cell sorting by controlling
cell-cell contact formation. Here, we show that cell adhesion and cortex tension have different
mechanical functions in controlling progenitor cell-cell contact formation and sorting during
zebrafish gastrulation. Cortex tension controls cell-cell contact expansion by modulating
interfacial tension at the contact. By contrast, adhesion has little direct function in contact
expansion, but instead is needed to mechanically couple the cortices of adhering cells at their
contacts, allowing cortex tension to control contact expansion. The coupling function of adhesion
is mediated by E-cadherin and limited by the mechanical anchoring of E-cadherin to the cortex.
Thus, cell adhesion provides the mechanical scaffold for cell cortex tension to drive cell sorting
during gastrulation.

Cell adhesion and cortex tension are com-
monly assumed to function in cell sorting
by controlling cell-cell contact formation

(1–5), with adhesion increasing the contact size
and cortex tension decreasing it (3–7). To clarify
how cell adhesion and cortex tension function in

progenitor cell-cell contact formation and sort-
ing during zebrafish gastrulation, we first de-
veloped amechanical description of two progenitor
cells in contact, on the basis of previous models
of cell-cell adhesion and sorting (4, 5). The cells
are described as fluid objects with a viscoelastic

cortex under tension and adhesive bonds main-
taining the cell-cell contact. The size of the cell-
cell contact is determined by the balance of forces
at the contact boundary:

cosðqÞ ¼ gi
2gcm

¼ 2gcc − w
2gcm

ð1Þ

where q is the contact angle of the two adhering
cells (Fig. 1A) (8, 9). The tension gi at the cell-
cell interface has a positive contribution arising
from the cortex tension gcc of the two cells at the
contact and a negative contribution arising from
adhesion (adhesion tension) of magnitude w. Out-
side of the contact, the tension at the cell-medium
interface is equal to the cortex tension gcm at this
interface.

To characterize the mechanical parameters
that control progenitor cell-cell contact for-
mation, we first determined the ratio of the

1Institute of Science and Technology Austria, Klosterneuburg,
Austria. 2Max Planck Institute for the Physics of Complex
Systems, Dresden, Germany. 3CNRS, Laboratoire de Physique
Théorique de la Matière Condensée, UMR 7600, Université
Pierre et Marie Curie, Paris, France. 4Max Planck Institute of
Molecular Cell Biology and Genetics, Dresden, Germany and
International Institute of Molecular and Cell Biology, Warsaw,
Poland.

*To whom correspondence should be addressed. E-mail:
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Fig. 1. Surface tensions
and contact shape in pro-
genitor cell doublets. (A)
Surface tensions control-
ling cell doublet shape at
steady state. The contact
angle q results from the
balance between the ad-
hesion tension w and the
cortex tensions at the
cell-medium gcm and cell-
cell interfaces gcc (9).
(B) Homotypic ectoderm
(ecto), mesoderm (meso),
and endoderm (endo)
doublets during contact
formation (movies S1 to
S3). Scale bar, 10 mm.
Measured contact angles
q are plotted over time
as mean T SEM binned
over 100 s for ecto (red,
n= 39), meso (green, n=
20), and endo (blue, n =
26) doublets (table S1).
(C) Sketch of homotypic
triplets before and after
separation (9). Bulge vol-
ume Vb is measured at
the former cell-cell contact after separation and normalized to the cell
body volume Vc for ecto (n = 11), meso (n = 13), and endo (n = 5) triplets
(movies S4 to S6 and table S2). (D) Tension ratios gcc /gcm and w/2gcm
computed from homotypic triplet and doublet shapes plotted for ecto (n= 11),
meso (n = 13), and endo (n = 5). Mean T SEM (table S3) (9). (E) Sketch of

myosin [Myl12.1-eGFP (enhanced green fluorescent protein)] localization in
homotypic doublets of pTol2-b-actin::myl12.1-eGFP transgenic zebrafish. Mea-
sured mean fluorescence intensity at the cell-cell interface (Icc) is normalized to
themean intensities at the cell-medium interfaces (Icm) of both cells for ecto (n=
25), meso (n = 33), and endo (n = 17) doublets. Scale bar, 5 mm.
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• Cell sorting depends on Cadherin 
coupling to the actin cytoskeleton
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CADHERINS IN BRAIN MORPHOGENESIS
AND WIRING
Shinji Hirano and Masatoshi Takeichi

Department of Neurobiology and Anatomy, Kochi Medical School, Okoh, Nankoku-City; and RIKEN Center for
Developmental Biology, Minatojima-Minamimachi, Chuo-ku, Kobe, Japan

L
Hirano S, Takeichi M. Cadherins in Brain Morphogenesis and Wiring. Physiol Rev 92:
597–634, 2012; doi:10.1152/physrev.00014.2011.—Cadherins are Ca2!-depen-
dent cell-cell adhesion molecules that play critical roles in animal morphogenesis.
Various cadherin-related molecules have also been identified, which show diverse
functions, not only for the regulation of cell adhesion but also for that of cell proliferation

and planar cell polarity. During the past decade, understanding of the roles of these molecules in
the nervous system has significantly progressed. They are important not only for the development
of the nervous system but also for its functions and, in turn, for neural disorders. In this review, we
discuss the roles of cadherins and related molecules in neural development and function in the
vertebrate brain.
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IV. NONCLASSICAL CADHERINS 614
V. CONCLUSIONS AND FUTURE 624

I. INTRODUCTION

Cell-cell contact and adhesion are a crucial process in the
development of multicellular organisms. Fertilized eggs give
rise to numerous cells that form tissues and organs, and
these cells must keep in physical contact with others for
their structural and functional communications. The ner-
vous system is one of the most complex and sophisticated
parts of the animal body, requiring various forms of cell-cell
contacts for its development and functions.

Complex neural networks in the nervous system were first
described in the late 19th century. Santiago Ramon y Cajal
described precise structures and organization of the nervous
system by using Golgi staining (254). Cajal and others claimed
the “neuron theory,” in which nerve cells are connected not by
protoplasmic bridges but by close contacts (150). Harrison
speculated that cell surface events might be involved in neural
connections (116). To explain the mechanisms of how such
complex neural wiring develops has been one of the major
issues in neuroscience for over a century.

The formation of neural networks is achieved by a series of
developmental processes, including cell fate determination,
proliferation, migration, differentiation, axon elongation,
pathfinding, target recognition, synaptogenesis, synapse elim-
ination, synaptic plasticity, and so on. Many of these steps
require cell-cell interactions, and cell-cell contacts provide a
platform for these cell-cell interacting processes. The cell-
adhesion molecules themselves often play active roles in cell-

cell interactions, such as in cell recognition and signal trans-
duction via their cytoplasmic domains. There are several ma-
jor families of cell-adhesion molecules, including the
immunoglobulin superfamily and cadherin superfamily.

Cadherins are a group of transmembrane proteins that were
originally identified as the cell-surface molecules responsi-
ble for Ca2!-dependent cell-cell adhesion (338, 339, 397).
Subsequently, various molecules sharing amino acid se-
quences with the cadherins were identified, and this group
of proteins is defined as the cadherin superfamily. The roles
of these molecules in the development of the nervous system
as well as in mature neurons have extensively been studied.
In this review article we overview the progress of these
studies, focusing on the vertebrate nervous system.

II. DEFINITION AND CLASSIFICATION OF
THE CADHERIN SUPERFAMILY

Cadherins are defined as transmembrane proteins whose ex-
tracellular domain has a repeated primary sequence termed
the “cadherin motif” or “cadherin repeat” (338), which has
more recently been referred to as the “cadherin EC domain.”
These molecules, which were initially identified as cadherins,
have five cadherin motifs/EC domains, and these cadherins are
now called the “classical cadherins.” The majority of the other
members of the cadherin superfamily have even more EC do-
mains (FIGURE 1). Cadherins require Ca2! for their functions,
and the cadherin motif contains conserved Ca2!-binding se-
quences such as AXDXD, LDRE, and DXNDN. Cadherin
molecules thus defined are detected throughout multicellular
animal species and even in unicellular choanoflagellates (243).
Whatever the origin of the cadherin superfamily is, cadherin
molecules have successfully evolved in the animal kingdom. In
humans, there are more than 110 cadherin superfamily mem-
bers.

Physiol Rev 92: 597–634, 2012
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Ca2!(257), and the formation of such cis-dimers can actu-
ally be observed when cadherin-mediated adhesion takes
place (42, 343). Even a chimeric cis-heterodimer of N-cad-
herin and R-cadherin can be formed in L cells, and possibly
also in synapses overexpressing these molecules (304), al-
though its presence in native synapses remains unknown.
On the other hand, a recent study showed that cis-dimeriza-
tion is not mandatory for the trans-interactions between
classical cadherins (400). Whatever the case is, a pair of
monomers or cis-dimers derived from the apposed cells
should interact in trans configuration for adhesion.

For the trans-interaction, it is proposed that the extracellu-
lar domains first form a X-shaped trans-dimer near EC1-
EC2 (115) and then the tryptophan 2 (Trp2) residue in the
EC1 of one molecule adapts to the hydrophobic pocket of
the other molecule (115, 247, 251, 257, 305). This interac-
tion occurs reciprocally between the two interacting mole-
cules, and therefore is called “strand swap” or “strand ex-
change.” Although the trans-interaction at EC1s seems to
be a major occurrence (400), other EC domains may also
contribute to the trans-interactions between the cadherins
(52, 317, 360). The binding mechanisms between type II
cadherins are similar to those of type I cadherins, but two
tryptophan residues (Trp2 and Trp4) are inserted into the
hydrophobic pocket at the trans-interactions of type II cad-
herin EC1 domains (255).

Lateral clustering of cadherin molecules on the plasma mem-
brane is expected to strengthen cell adhesion and leads to the
development of junctional complexes (38, 137, 142, 392,
393). A study on desmosomal cadherins by electron tomogra-
phy suggested alternate cis- and trans-configurations, which
could make these molecules form clusters in a quasi-periodical
arrangement (10). However, this desmosomal model appears
not to be identical to the early observations on classical cad-
herins by electron microscopy, in which only sparsely posi-
tioned rodlike bridges rather than densely packed molecules
are seen in the extracellular space at the adherens junction
(FIGURE 2C) (131). Apparent differences in the images of ad-
herens junctions and desmosomes suggest that the model
based on the desmosome needs to be modified to explain the
structure of the adherens junction.

3. Cytoplasmic domain and cadherin-associated
molecules

The cytoplasmic domain of classical cadherins is important
for them to produce strong cell-cell adhesion (FIGURE 3).
Various molecules interacting with the cytoplasmic domain
have been identified, which include “catenins” as major
ones (see reviews in Refs. 176, 209, 233, 263) (TABLE 2).
There are three groups of catenins: !, ", and p120. The
"-catenin and p120-catenin groups directly bind the cad-

FIGURE 2. Cell-cell adhesion by classical cadherins. A: a simplified model of the cadherin-catenin complex. In
the cytoplasmic region, a cadherin binds p120-catenin and "-catenin. "-Catenin, in turn, binds !-catenin. This
cadherin-catenin complex interacts with the actin cytoskeleton via various mechanisms, and it also interacts
with many other molecules for regulating itself or for functioning as a signaling center for cell-cell communi-
cation. B: crystal structure of the ectodomain of C-cadherin. First, EC1s form an adhesion interface where
tryptophan residues are swapped with one another. [From Shapiro et al. (306), with permission from Annual
Review of Neuroscience.] C: deep-etch electron microscopic image of an intestinal adherens junction. Note
that rodlike bridges can be seen in the intercellular space (arrowheads). [Modified from Hirokawa and Heuser
(131).]
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FIGURES14and15Deep-etchimagesofthebridgingstructuresthatcanbeseentoextendbetweenadjacentcellsatthe
attachmentzone(Fig.14)andtheattachmentplaque(Fig.15).ThecellsinFig.14werefrozenwhilewhole,sotheircytoplasm
appearsgranular,whereasthecellsinFig.15wereextractedwithSaponinbeforefreezing,socytoplasmicfilamentscanbeseen
runninguptotheinnersurfacesoftheinterlinkedmembranes.Bar,0.1Am.

Instead,theonlyplacewhereasignificantnumberofactin
filamentsareseentocoursehorizontaltothecellapexisinthe
girdlethatcirclesthecelljustinsidethezonulaadherens.

Thechemicalcompositionofthecross-linkingwispsinthe
terminalwebisnotknown.Effortsareunderwaytodetermine
this,byusingtheviewingtechniquedescribedheretoanalyze
theresultsofexperimentsthataredesignedtoproduceselective
extractionandselectivedecorationofdifferentproteinspecies.
Thisviewingtechniquehasalreadyallowedustoresolve
analogouscross-linkers,suchasspectrinmoleculesintercon-
nectingmembraneproteinsinerythrocytes(26),andHMM
(heavymeromyosin)moleculesinterconnectingactinfilaments
insolution(HeuserandCooke,manuscriptsubmittedfor
publication.).Ithasalsoproventohavehighenoughresolution
todiscernantibodylabelingdirectly(10),soitcanbeusedto
evaluateattemptstodecoratesuchwispswithlikelyantibodies.
Finally,thisnewtechniquealsopermitsdirectvisualizationof
theeffectsoftreatmentsthatcouldextractsuchcross-linkers,
treatmentssuchaslowionicstrengththatremovesa-actinin,
detergentsthatremovethe95,000and68,000molwtactin

408
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bundlingproteinsfrommicrovillarcores(15),ormagnesium
ATPwhichremovesthe110K"lateralarm"proteinfrom
microvilli(15),andremovesmyosinfromcertainothercyto-
skeletalpreparations(29).Byanalogywithwhatwehaveseen
whenHMMcross-linkspurifiedactinfilaments(Heuserand
Cooke,opcit),ourworkinghypothesisisthatmanyofthe
cross-linkerswillturnouttobemonomersorsmalloligomers
ofmyosin.
WewishtothankRogerCooke,UniversityofCalifornia,SanFran-
cisco,forhiskindgiftofpurifiedS,.
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Conclusions

• Cell-cell adhesion energy cannot be straightforwardly extrapolated 
from single molecule Cadherin interaction energy.

• Other features than extracellular Cadherin/Cadherin interaction 
kinetics and binding energy are required to account for cell 
sorting behaviour

• Low affinity of single molecule Cadherin homodimerisation: role 
of molecule organisation in clusters? 

• Interaction with F-actin affects diffusivity of Cadherins: impact on 
clustering?

• Interaction with F-actin accounts for cell-cell force separation 
and cell sorting: integration of intra-/extra-cellular coupling. 
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1. Affinity and Adhesion: a specificity problem

2. Adhesion: a thermodynamic model

3. The molecular framework of adhesion  

6. Adhesion and dissipation 

Adhesion in multicellular organisms

4. Evolutionary origin of adhesion mechanisms

5. Adhesion as an active mechanism
4.1. Clustering
4.2. Mechanosensation - Mechano-transduction
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Figure 2. Diverse Origins of Multicellularity

Multicellular and colonial species are found throughout the diversity of eukaryotic phyla (Bonner, 1998; Buss, 1987). Although some phyla are
strictly multicellular (e.g., land plants and animals), many more contain a mix of unicellular and multicellular forms. The apparent clustering
of multicellularity among related branches of the tree suggests the existence of heritable genomic features that facilitate the evolution of
higher order cellular interactions. With regard to animal origins, it is worth noting that the closest relatives, the choanoflagellates, are thought
to be primitively unicellular and have evolved the ability to form colonies in some species. Modified from Baldauf, 2003.

profoundly impacted early events in animal evolution algae), multicellularity appears in at least 16 indepen-
dent eukaryotic lineages. In some of these lineages (e.g.,and development.
Fungi) the relationships among diverse multicellular
and unicellular members suggest that multicellularityThe Ties that Bind evolved repeatedly after the initial radiation of the lin-

Although studies of the transition to multicellularity were eage and was subsequently lost in select taxa (Medina
once hindered by uncertainty regarding the evolutionary et al., 2001). In contrast, land plants and animals are
relationships among extant taxa, progress on three phy- entirely multicellular, suggesting that the transition from
logenetic issues has rekindled interest and opened up unicellularity occurred early in their evolutionary his-
new avenues of research. Here I briefly discuss recent tories.
findings regarding the phylogenetics of multicellular or- Three groups, the plants, amoebozoa, and opistho-
ganisms, the common ancestry of all Metazoa, and the konts, are particularly enriched for multicellularity,
close relationship between Metazoa and a special group whereas others (e.g., the excavates, rhizaria, and alveo-
of protozoa, the choanoflagellates. lates) are notably deficient. The clustering of multicellu-
Multiple Transitions to Multicellularity lar origins within closely related groups may indicate
To place the origin of animals from protozoa in context, that some genomes and some cell biologies have been
it is valuable to consider the relationships among multi- better building blocks for multicellularity than others.
cellular eukaryotes. Despite the challenges of inferring Additionally, the natural histories of some groups (e.g.,
the evolutionary relationships from among long-diverged their susceptibility to predation) may have generated
taxa, a consensus picture of eukaryotic phylogeny has greater or lesser selective advantages for colonial forms
emerged (Figure 2; Baldauf, 2003). Armed with a new over solitary cells. The key to understanding the founda-
understanding of the eukaryotic tree, we are now equipped tions of multicellularity and development in each multi-
to ask if all multicellular eukaryotes are related, reflecting cellular lineage is to have a clearer picture of its unicellu-
a single transition to multicellularity, or if their evolution- lar prehistory.
ary histories imply multiple independent origins of multi- Monophyly of Animals
cellularity. Mapping all known examples of multicellu- A central question regarding animal origins, then, is
larity onto this phylogenetic framework reveals its roots whether animals are monophyletic and owe their history
throughout eukaryotic diversity (Bonner, 1998; Buss, to a single transition to multicellularity, or polyphyletic,
1987). Including the better-known multicellular groups meaning Porifera (i.e., sponges) and the remaining ani-

mal phyla derive from two or more separate protozoan(animals, land plants, fungi, and green, brown, and red

King N. Developmental Cell 2004Thomas LECUIT   2017-2018

• Multicellularity occurs in at least 16 independent 
eukaryotic lineages

• Multicellularity: 1) escape from predation; 2) solve 
motility/division antagonism 

• Molecular data support monophyletic origin of all 
Metazoa, including Porifera (sponges)

Emergence of multicellularity
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Table 1. Glossary

heterotrophic in the context of protozoa, the ability of cells to
capture and feed upon other living cells, typically
through phagocytosis

multicellular possessing stably adherent cells whose activities
are coordinated or integrated

protozoa a diverse, polyphyletic group of mainly single-
celled non-photosynthetic eukaryotes

Urmetazoan the first multicellular animal; the progenitor of
animal diversity

for laboratory cultures of unicellular eukaryotes. In an
experimental predator-prey system, predation by the
phagotrophic predator Ochromonas vallescia reproduc-
ibly selected for multicellularity within a population of the
unicellular alga Chlorella vulgaris (Boraas et al., 1998).
Whereas some predators secrete pheromones that can
induce colony formation in their prey, the transition to
multicellularity in this example was heritable and stable
in the absence of the predator. The rapid evolution of
multicellularity demonstrates a latent and normally un-
tapped genetic potential within populations of C. vul-
garis. Furthermore, it lends credence to the idea that
predation may have selected for fixation of multicellu-
larity in the unicellular progenitors of animals.
The Flagellar Synthesis Constraint
Given their unicellular lifestyle, the versatility and adapt-
ability of protozoa is remarkable. Protozoa have evolved
systems for locomotion, food capture, predator avoid-

Figure 1. Stages in the Transition to Multicellularityance, and response to environmental perturbations, all
(A) From unicellular flagellates evolved motile colonies of multipo-while maintaining the capacity to divide and reproduce
tent cells. Genetic variants of colonial flagellates may have produced

(Buss, 1983; Wolpert, 1992). Some of this juggling act differentiated cells, and eventually given rise to multicellular, inte-
comes at a cost, with cells specializing for one need at grated individuals with subsets of cells dedicated to proliferation
a time through a constant reorganization of cell morphol- and others dedicated to preserving colony motility. Cells may divide

on the colony surface (a) or introgress (b) and divide in the interiorogy and behavior.
of the colony (c).Two cellular activities in particular—motility and mito-
(B) Metazoa are monophyletic, and their last common ancestor,sis—compete for the same cellular machinery. De-
the Urmetazoan, was multicellular (3). The multicellular Urmetazoanpending on its location in the cell and the phase of the
evolved from a colonial flagellate (2), whose last common ancestor

cell cycle, the microtubule organizing center (MTOC) with choanoflagellates was a unicellular flagellate (1).
can serve either as a basal body supporting flagellar
synthesis or a mitotic spindle supporting chromosome
segregation. Hence, the challenge for those protozoa

of multipotent cells each of which took turns either divid-with limited numbers of MTOCs is to balance the require-
ing or providing flagellar activity. For each cell in a col-ments of motility against those of mitosis (Buss, 1987;
ony, a benefit of cooperation would be the maintenanceMargulis, 1981). In organisms that have not resolved the
of motility during cell division.competition between cell division and flagellar synthe-

As motile colonies grew, the balance between flagel-sis, the flagellum retracts and motility ceases prior to
lated and dividing cells would have been critical for theformation of the mitotic spindle (Buss, 1987; Margulis,
maintenance of motility (Figure 1A; Buss, 1983). Too1981). This conflict seems to hold as well for animals.
many dividing (and therefore unflagellated) cells wouldNo flagellated or ciliated animal cell—including sperm,
create an overpowering drag on the colony. Buss sug-epithelial cells, nerve cells, and statocysts—ever divides
gests that this constraint may have played into the evolu-(Buss, 1987; Cavalier-Smith, 1991; Margulis, 1981)
tion of gastrulation if selection acted against coloniesThe flagellation constraint may have had important
with unflagellated cells on the surface. If cells primedconsequences for animal origins. Leo Buss has argued
for mitosis first migrated into the hollow center of thethat the trade-off between locomotion and mitosis may
colony, they would have little impact on overall colonyhave granted a selective advantage to multicellular vari-
motility, thus balancing the flagellation constraint againstants in which these dueling functions were allocated to
environmental pressures (Figure 1A). Furthermore, this mi-different sets of cells (Buss, 1983). Whereas the MTOCs
gration would have led to an early pattern of spatialof the unicellular ancestors of animals alternated be-
differentiation, with flagellated cells on the peripherytween flagellar synthesis and mitotic spindle formation,
and unflagellated proliferating cells (precursors to thethus sacrificing motility during cell division, colony for-
germline) in the interior (Buss, 1983). Therefore, a simplemation would potentially circumvent the constraint. Ini-
feature of protozoan cell biology (that is, the participa-tially, the division of labor between cell fission and motil-

ity may have been temporal, with colonies composed tion of the MTOC in both mitosis and motility) may have
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Figure 3. Resemblance between Choano-
flagellates and Poriferan Choanocytes

In historical sketches by William Saville-Kent
(A Manual of the Infusoria [London: David
Brogue], 1880–1882), choanoflagellates (A
and B) and choanocytes (C) are shown to
display similar cellular architectures: a spher-
ical or ovoid cell body and an apical flagellum
subtended by a collar of tentacles. Both cho-
anoflagellates and choanocytes use the fla-
gellum to create water currents that propel
bacterial food onto the collar for capture. (A)
Monosiga consociata (as modified from plate
IV-19; Saville-Kent); (B) (left) Salpingoeca
convallaria (as modified from plate IV-13; Sa-
ville-Kent), (right) Salpingoeca infusionum (as
modified from plate VI-8; Saville-Kent); (C)
Leucosolenia coriacea. Triradiate spicule (sp)
and three associated choanocytes (arrow) (as
modified from plate X-2; Saville-Kent).

ancestors. Morphological analyses have been ambigu- independent, robust, and consistent support for the mo-
nophyly of Metazoa, including Porifera (Baldauf, 1999;ous, alternately supporting or rejecting the homology
Borchiellini et al., 1998; Cavalier-Smith et al., 1996;of early development in all animals, and highlighting
Schutze et al., 1999; Wainright et al., 1993).morphological and cell ultrastructural similarities and
Unicellular Relatives of Animalsdifferences between Porifera and the tissue-level Meta-
The key phylogenetic question regarding animal originszoa (reviewed in Leys, 2003; Maldonado, 2004; Morris,
concerns the identity of the closest protozoan relatives,1993; Nielsen, 1995). Further confusion has arisen from
particularly those that might inform considerations ofthe observation that the unique and specialized feeding
the transition to multicellularity. The similarities betweencells or “choanocytes” of Porifera bear a striking resem-
choanoflagellates, poriferan choanocytes, and the collarblance to a class of protozoa, the choanoflagellates
cells of Cnidaria and echinoderms prompted early spec-(Figure 3; reviewed in Leadbeater and Kelly, 2001). Im-
ulation that animals might have evolved from a choano-portantly, this cell type has been observed only in choa-
flagellate-like ancestor. In fact, choanoflagellates arenoflagellates and Metazoa, suggesting that the two
the only known protozoa whose cell biology uniquelygroups share recent common ancestry.
allies them with Metazoa. Nonetheless, as mentionedThe apparent homology between choanoflagellates
earlier, there remains uncertainty about the validity ofand poriferan choanocytes originally prompted Henry
uniting choanoflagellates with Metazoa based upon theJames-Clark to regard sponges as highly specialized
collar cell structure. To evaluate the evolutionary historychoanoflagellate colonies, and therefore separate from of animals relative to choanoflagellates and other proto-

the animal lineage (James-Clark, 1868). With the subse- zoa, several research groups have performed indepen-
quent discovery of collar cells in diverse non-poriferan dent phylogenetic analyses of multiple nuclear and mito-
animals (e.g., Cnidaria and Echinodermata), Porifera chondrial genes from diverse taxa. Although analyses of
tentatively gained re-entry into Metazoa, but the contro- rRNA sequences tend not to provide sufficient resolution
versy did not end (Lyons, 1973; Norrevang and Wing- for the question of choanoflagellate relationships with
strand, 1970). Both the homology of choanoflagellates Metazoa, those emphasizing protein sequences have
and choanocytes, and the utility of morphological char- consistently revealed strong statistical support for the
acters for assessing animal monophyly have been called grouping of choanoflagellates with animals (Atkins et
into question (Ax, 1996; Karpov and Leadbeater, 1998; al., 2000; Burger et al., 2003; Cavalier-Smith et al., 1996;
Mehl and Reiswig, 1991; Woollacott and Pinto, 1995). King and Carroll, 2001; Kumar and Rzhetsky, 1996; Phil-

As a complement to morphological data, comparisons ippe et al., 2004; Ragan et al., 1996; Snell et al., 2001;
of sequences from conserved genes may allow the infer- Wainright et al., 1993; Zettler et al., 2001).
ence of evolutionary relationships from among long- Given the potential importance of choanoflagellates
diverged and morphologically dissimilar taxa. In con- as a window on animal origins, the question of choano-
trast with the uncertainty derived from morphological flagellate monophyly warrants further examination. In
studies, analyses of ribosomal RNA sequences and se- the small number of studies for which SSU rRNA se-

quences from multiple choanoflagellate species werequences from low copy number nuclear genes provide
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Figure 3. Resemblance between Choano-
flagellates and Poriferan Choanocytes

In historical sketches by William Saville-Kent
(A Manual of the Infusoria [London: David
Brogue], 1880–1882), choanoflagellates (A
and B) and choanocytes (C) are shown to
display similar cellular architectures: a spher-
ical or ovoid cell body and an apical flagellum
subtended by a collar of tentacles. Both cho-
anoflagellates and choanocytes use the fla-
gellum to create water currents that propel
bacterial food onto the collar for capture. (A)
Monosiga consociata (as modified from plate
IV-19; Saville-Kent); (B) (left) Salpingoeca
convallaria (as modified from plate IV-13; Sa-
ville-Kent), (right) Salpingoeca infusionum (as
modified from plate VI-8; Saville-Kent); (C)
Leucosolenia coriacea. Triradiate spicule (sp)
and three associated choanocytes (arrow) (as
modified from plate X-2; Saville-Kent).

ancestors. Morphological analyses have been ambigu- independent, robust, and consistent support for the mo-
nophyly of Metazoa, including Porifera (Baldauf, 1999;ous, alternately supporting or rejecting the homology
Borchiellini et al., 1998; Cavalier-Smith et al., 1996;of early development in all animals, and highlighting
Schutze et al., 1999; Wainright et al., 1993).morphological and cell ultrastructural similarities and
Unicellular Relatives of Animalsdifferences between Porifera and the tissue-level Meta-
The key phylogenetic question regarding animal originszoa (reviewed in Leys, 2003; Maldonado, 2004; Morris,
concerns the identity of the closest protozoan relatives,1993; Nielsen, 1995). Further confusion has arisen from
particularly those that might inform considerations ofthe observation that the unique and specialized feeding
the transition to multicellularity. The similarities betweencells or “choanocytes” of Porifera bear a striking resem-
choanoflagellates, poriferan choanocytes, and the collarblance to a class of protozoa, the choanoflagellates
cells of Cnidaria and echinoderms prompted early spec-(Figure 3; reviewed in Leadbeater and Kelly, 2001). Im-
ulation that animals might have evolved from a choano-portantly, this cell type has been observed only in choa-
flagellate-like ancestor. In fact, choanoflagellates arenoflagellates and Metazoa, suggesting that the two
the only known protozoa whose cell biology uniquelygroups share recent common ancestry.
allies them with Metazoa. Nonetheless, as mentionedThe apparent homology between choanoflagellates
earlier, there remains uncertainty about the validity ofand poriferan choanocytes originally prompted Henry
uniting choanoflagellates with Metazoa based upon theJames-Clark to regard sponges as highly specialized
collar cell structure. To evaluate the evolutionary historychoanoflagellate colonies, and therefore separate from of animals relative to choanoflagellates and other proto-

the animal lineage (James-Clark, 1868). With the subse- zoa, several research groups have performed indepen-
quent discovery of collar cells in diverse non-poriferan dent phylogenetic analyses of multiple nuclear and mito-
animals (e.g., Cnidaria and Echinodermata), Porifera chondrial genes from diverse taxa. Although analyses of
tentatively gained re-entry into Metazoa, but the contro- rRNA sequences tend not to provide sufficient resolution
versy did not end (Lyons, 1973; Norrevang and Wing- for the question of choanoflagellate relationships with
strand, 1970). Both the homology of choanoflagellates Metazoa, those emphasizing protein sequences have
and choanocytes, and the utility of morphological char- consistently revealed strong statistical support for the
acters for assessing animal monophyly have been called grouping of choanoflagellates with animals (Atkins et
into question (Ax, 1996; Karpov and Leadbeater, 1998; al., 2000; Burger et al., 2003; Cavalier-Smith et al., 1996;
Mehl and Reiswig, 1991; Woollacott and Pinto, 1995). King and Carroll, 2001; Kumar and Rzhetsky, 1996; Phil-

As a complement to morphological data, comparisons ippe et al., 2004; Ragan et al., 1996; Snell et al., 2001;
of sequences from conserved genes may allow the infer- Wainright et al., 1993; Zettler et al., 2001).
ence of evolutionary relationships from among long- Given the potential importance of choanoflagellates
diverged and morphologically dissimilar taxa. In con- as a window on animal origins, the question of choano-
trast with the uncertainty derived from morphological flagellate monophyly warrants further examination. In
studies, analyses of ribosomal RNA sequences and se- the small number of studies for which SSU rRNA se-

quences from multiple choanoflagellate species werequences from low copy number nuclear genes provide
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• Similarities between choanoflagelates, choanocytes from Porifera, collar cells 
from Cnidaria and echinoderms suggested that Metazoa originate from 
choanoflagelate-like ancestors
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Table 1. Glossary

heterotrophic in the context of protozoa, the ability of cells to
capture and feed upon other living cells, typically
through phagocytosis

multicellular possessing stably adherent cells whose activities
are coordinated or integrated

protozoa a diverse, polyphyletic group of mainly single-
celled non-photosynthetic eukaryotes

Urmetazoan the first multicellular animal; the progenitor of
animal diversity

for laboratory cultures of unicellular eukaryotes. In an
experimental predator-prey system, predation by the
phagotrophic predator Ochromonas vallescia reproduc-
ibly selected for multicellularity within a population of the
unicellular alga Chlorella vulgaris (Boraas et al., 1998).
Whereas some predators secrete pheromones that can
induce colony formation in their prey, the transition to
multicellularity in this example was heritable and stable
in the absence of the predator. The rapid evolution of
multicellularity demonstrates a latent and normally un-
tapped genetic potential within populations of C. vul-
garis. Furthermore, it lends credence to the idea that
predation may have selected for fixation of multicellu-
larity in the unicellular progenitors of animals.
The Flagellar Synthesis Constraint
Given their unicellular lifestyle, the versatility and adapt-
ability of protozoa is remarkable. Protozoa have evolved
systems for locomotion, food capture, predator avoid-

Figure 1. Stages in the Transition to Multicellularityance, and response to environmental perturbations, all
(A) From unicellular flagellates evolved motile colonies of multipo-while maintaining the capacity to divide and reproduce
tent cells. Genetic variants of colonial flagellates may have produced

(Buss, 1983; Wolpert, 1992). Some of this juggling act differentiated cells, and eventually given rise to multicellular, inte-
comes at a cost, with cells specializing for one need at grated individuals with subsets of cells dedicated to proliferation
a time through a constant reorganization of cell morphol- and others dedicated to preserving colony motility. Cells may divide

on the colony surface (a) or introgress (b) and divide in the interiorogy and behavior.
of the colony (c).Two cellular activities in particular—motility and mito-
(B) Metazoa are monophyletic, and their last common ancestor,sis—compete for the same cellular machinery. De-
the Urmetazoan, was multicellular (3). The multicellular Urmetazoanpending on its location in the cell and the phase of the
evolved from a colonial flagellate (2), whose last common ancestor

cell cycle, the microtubule organizing center (MTOC) with choanoflagellates was a unicellular flagellate (1).
can serve either as a basal body supporting flagellar
synthesis or a mitotic spindle supporting chromosome
segregation. Hence, the challenge for those protozoa

of multipotent cells each of which took turns either divid-with limited numbers of MTOCs is to balance the require-
ing or providing flagellar activity. For each cell in a col-ments of motility against those of mitosis (Buss, 1987;
ony, a benefit of cooperation would be the maintenanceMargulis, 1981). In organisms that have not resolved the
of motility during cell division.competition between cell division and flagellar synthe-

As motile colonies grew, the balance between flagel-sis, the flagellum retracts and motility ceases prior to
lated and dividing cells would have been critical for theformation of the mitotic spindle (Buss, 1987; Margulis,
maintenance of motility (Figure 1A; Buss, 1983). Too1981). This conflict seems to hold as well for animals.
many dividing (and therefore unflagellated) cells wouldNo flagellated or ciliated animal cell—including sperm,
create an overpowering drag on the colony. Buss sug-epithelial cells, nerve cells, and statocysts—ever divides
gests that this constraint may have played into the evolu-(Buss, 1987; Cavalier-Smith, 1991; Margulis, 1981)
tion of gastrulation if selection acted against coloniesThe flagellation constraint may have had important
with unflagellated cells on the surface. If cells primedconsequences for animal origins. Leo Buss has argued
for mitosis first migrated into the hollow center of thethat the trade-off between locomotion and mitosis may
colony, they would have little impact on overall colonyhave granted a selective advantage to multicellular vari-
motility, thus balancing the flagellation constraint againstants in which these dueling functions were allocated to
environmental pressures (Figure 1A). Furthermore, this mi-different sets of cells (Buss, 1983). Whereas the MTOCs
gration would have led to an early pattern of spatialof the unicellular ancestors of animals alternated be-
differentiation, with flagellated cells on the peripherytween flagellar synthesis and mitotic spindle formation,
and unflagellated proliferating cells (precursors to thethus sacrificing motility during cell division, colony for-
germline) in the interior (Buss, 1983). Therefore, a simplemation would potentially circumvent the constraint. Ini-
feature of protozoan cell biology (that is, the participa-tially, the division of labor between cell fission and motil-

ity may have been temporal, with colonies composed tion of the MTOC in both mitosis and motility) may have

King N. Developmental Cell 2004

Emergence of multicellularity



PLATE Vr.

W.Sa>.illeKait del VvtShtii Ijfintem Bro^ imj

.

Kent W Saville A manual of Infusoria, 1882Thomas LECUIT   2017-2018

Monosiga brevicollis

S. rosetta Nicole King. Univ. Berkeley

Choanoflagelates: unicellular or colonial 



Review
317

Figure 4. Choanoflagellates Are an Outgroup of Metazoa

The cox2-ATP8-ATP6-cox3 gene cluster (yellow) is conserved in the mtDNAs of diverse animals, including Porifera, Cnidaria, arthropods,
echinoderms, and chordates (Boore, 1999; Watkins and Beckenbach, 1999). In contrast, the orthologous set of genes from a choanoflagellate
mtDNA contains 22 additional protein-coding genes, 14 of which (red) are absent from animal mtDNAs (Burger et al., 2003). Modified from
the supplement to King et al. (2003).

included, choanoflagellates have emerged as a mono- Are Choanoflagellates an Outgroup of Metazoa?
As confidence that choanoflagellates cluster closelyphyletic group (e.g., Medina et al., 2003). The analysis

of multiple independent molecular markers (including with animals has increased, so has concern that they
might, in fact, be degenerate Porifera (Maldonado, 2004;protein coding genes) from a greater diversity of species

will improve our understanding of the relationships Rieger and Weyrer, 1998). Unfortunately, poor sampling
of phylogenetically informative genes from Porifera hasamong choanoflagellates. Regardless, the relationship

between animals and the choanoflagellates thus far limited proper testing of the “Choanoflagellates from
Porifera” hypothesis. To evaluate the finer-scale rela-sampled has proven to be much closer than that be-

tween animals and their nearest multicellular neighbors, tionships between choanoflagellates and sponges and
examine whether choanoflagellates diverged before thethe Fungi.

A small number of nonchoanoflagellate protozoa of origin of animals or, instead, evolved from sponges,
multiple protein sequences from diverse sponges, twopreviously uncertain affinities, and with no obvious

structural similarities to animal cells, have also emerged choanoflagellates, and a variety of diploblasts and
triploblasts have been collected (Rokas et al., 2003a).from SSU rRNA studies as possible members of the

internode between Metazoa and Fungi (Mendoza et al., Analyses of the data set, the largest of its kind at the
time, failed to resolve either the relationships between2002). These taxa suffer from ambiguity regarding their

exact phylogenetic placement relative to choanoflagel- previously well-defined metazoan taxa (e.g., Bilateria)
or those between animals and choanoflagellates. Theselates and animals and, in some cases, have evolved

parasitic lifestyles that may mask their common ances- findings indicate that data sets with what we now con-
sider small numbers of genes are insufficient for resolv-try with animals. For example, although members of

Class Mesomycetozoea appear monophyletic with cho- ing the relationships of early-branching Metazoa. In-
stead, the problem calls for much more sequence dataanoflagellates in some analyses of SSU rRNA, analyses

of EF-1! failed to resolve their placement relative to than is commonly used (Rokas et al., 2003b). One such
source of data has recently become available with theanimals and Fungi (Cavalier-Smith and Allsopp, 1996;

Herr et al., 1999; Mendoza et al., 2002; Ragan et al., sequencing of a choanoflagellate mitochondrial genome
(Burger et al., 2003; Lang et al., 2002).1996, 2003; Zettler et al., 2001). In contrast, a recent

study using 11 mitochondrial genes strongly supports The mitochondrial genomes of animals are highly re-
duced and compact relative to those of diverse protists,their placement as an outgroup to the choanoflagel-

lates " Metazoa (Burger et al., 2003). Inferences about usually containing far fewer genes and little to no in-
tergenic DNA (Boore, 1999; Gray et al., 1999; Lang et al.,the phylogenetic positions of other potential outgroups,

e.g., Corallochytrium limacisporum, the nucleariid amoe- 1999). Sequences of the highly conserved cox2-ATP8-
ATP6-cox3 gene cassette from two sponge speciesbae, and two Ministeria species, remain somewhat un-

certain; future studies with larger numbers of inde- show that the compacted state of animal mtDNA
evolved before the divergence of Porifera and Cnidariapendent molecular markers will help clarify their

evolutionary relationships to animals (Cavalier-Smith from the lineage, giving rise to Bilateria (Figure 4; Wat-
kins and Beckenbach, 1999). In contrast, the same quar-and Chao, 2003; Medina et al., 2003; Zettler et al., 2001).

As we learn more about the biology and phylogenetic tet of genes from mtDNAs of diverse unicellular eukary-
otes is embedded with many additional genes that, whilerelationships of these groups, they may offer important

insights into protozoan evolution preceding the origin common to protistan mtDNAs, are never found in animal
mtDNAs. If choanoflagellates evolved from sponges,of Metazoa. In the meantime, the aggregate of morpho-

logical similarities between choanoflagellates and ani- their mtDNAs should resemble animal mtDNA, lacking
genes missing from animals, as well as introns and in-mals, and our relative confidence about their phyloge-

netic affinity, suggest that choanoflagellates are the tergenic DNA. Instead, the region of choanoflagellate
mtDNA containing cox2, ATP8, ATP6, and cox3 containsmost appropriate protozoan reference group for near-

term studies of animals origins. large numbers of extra genes found in protist mtDNAs

Choanoflagelates: an outgroup of Metazoa

• mtDNA from choanoflagelates is less compact than in Metazoa

Porifera Choanoflagelates
• Multiple genes initially thought to be « animal genes » present in choanoflagelates.Review
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Figure 6. Multidomain Signaling and Adhesion Proteins from Porifera and Choanoflagellates

The domain architectures of representative genes from Porifera (A) and choanoflagellates (B) were predicted using PFAM (http://www.sanger.ac.
uk/Software/Pfam/search.shtml) and SMART (http://smart.embl-heidelberg.de/). Poriferan sequences are labeled with their Genbank accession
numbers. Note that some sequences (e.g., MBSRC1 and PRCDH1) are not full-length.

adhesion pathways have been identified in nonanimals. lectins (Figure 6; King et al., 2003). In addition, several
predicted polypeptides from choanoflagellates containFor example, the EGF-like domain, once thought to be

diagnostic of animals, has now been found in diverse multiple protein-protein interaction domains (e.g., EGF,
SH2, TNFR, and CCP) that typically function in animalnonanimals including Paramecium, Eimeria, and Dicty-

ostelium (Fey et al., 2002; Sperling et al., 2002; Tomley signaling and adhesion proteins (Figure 6B).
These findings reveal that at least some gene familieset al., 2001). Furthermore, homologs of animal !-catenin

and STAT have been isolated from Dictyostelium, where intimately linked to animal multicellularity and develop-
ment evolved before the origin of animals, raising thethey are used for signaling and adhesion (Grimson et

al., 2000; Kawata et al., 1997). The finding in nonanimals possibility that they participated in the transition to
multicellularity. A full recounting of the history of theof protein domains used for animal cell interactions hints

that these domains, and the cellular activities they sup- animal proteome will require the comparison of com-
plete genome sequences from diverse Porifera, Cnida-ported in ancient eukaryotes, may have served as pread-

aptations for the origin of animals. Alternatively, some ria, Ctenophora, choanoflagellates, and other unicellular
relatives of animals. By identifying those genes sharedcomponents of the protein machinery that mediates ani-

mal cell interactions may have originally played other with choanoflagellates and those found only in animals,
it may prove possible to reconstruct early events in theroles in ancestral unicellular eukaryotes before being

co-opted to function in signaling and adhesion. assembly of the animal genome.
Evolving Novelty: Domain Shuffling, GeneA first step in understanding the early evolutionary

history (and prehistory) of the animal genome has been Duplication, and Differential Gene Expression
In the face of apparently high levels of coding-sequenceto catalog and characterize expressed genes of choano-

flagellates. As might be predicted from the phylogenetic conservation among animals, and perhaps between ani-
mals and choanoflagellates, how might novel morpholo-relationships between choanoflagellates and animals,

the vast majority of choanoflagellate-expressed genes gies evolve? The increase in morphological complexity
and the requirement for coordination of cellular activitieshave homologs in animal genomes (King et al., 2003). Of

particular interest is whether choanoflagellates express during the transition to multicellularity would seem to
have demanded radically new protein and cellular func-genes that are otherwise known only from animals; that

is, genes of the type in Table 2. Surveys of expressed tions. Three complementary scenarios for the genomic
bases of macroevolution have been proposed, each call-sequence tags (ESTs) and full-length cDNA sequences

reveal choanoflagellates to express multiple members ing upon the modularity of the genome and its pro-
pensity for recombination: domain shuffling, gene du-of gene families previously thought to be unique to ani-

mals. Despite the apparent simplicity of their lifestyle, plication, and divergence, and the evolution of gene
regulation (Bartel and Chen, 2004; Carrington and Ambros,choanoflagellates express a surprising diversity of ani-

mal signaling and adhesion gene homologs including 2003; Carroll, 2000; Levine and Tjian, 2002; Long, 2001;
Lundin, 1999; Patthy, 1999). While there is evidence ofTKs, G protein-coupled receptors, cadherins, and C-type

King N. Developmental Cell 2004Thomas LECUIT   2017-2018



Evolution of Key Cell Signaling
and Adhesion Protein Families
Predates Animal Origins

Nicole King, Christopher T. Hittinger, Sean B. Carroll*

The evolution of animals from a unicellular ancestor involvedmany innovations.
Choanoflagellates, unicellular and colonial protozoa closely related to Metazoa,
provide a potential window into early animal evolution. We have found that
choanoflagellates express representatives of a surprising number of cell sig-
naling and adhesion protein families that have not previously been isolated
from nonmetazoans, including cadherins, C-type lectins, several tyrosine ki-
nases, and tyrosine kinase signaling pathway components. Choanoflagellates
have a complex and dynamic tyrosine phosphoprotein profile, and cell prolif-
eration is selectively affected by tyrosine kinase inhibitors. The expression in
choanoflagellates of proteins involved in cell interactions in Metazoa demon-
strates that these proteins evolved before the origin of animals and were later
co-opted for development.

A central question in animal evolution is how
multicellular animals evolved from a protozoan
ancestor. One approach to animal origins is to
determine which developmental proteins pre-
dated the origin of animals and were subse-
quently co-opted for animal development.
Comparative genomics can identify the mini-
mal set of genes in place at the outset of animal
evolution by revealing those shared by all ani-
mals and their nearest relatives (1). The cho-
anoflagellates, a group of unicellular and colo-
nial flagellates that resemble cells found only in
Metazoa, have emerged as an important model
for studies of early animal evolution (2, 3).
Analyses of nuclear and mitochondrial genes
consistently support a close phylogenetic rela-
tionship between choanoflagellates and Meta-
zoa (4–7). Specifically, the presence in a cho-
anoflagellate mitochondrial genome of multiple
genes lost from a conserved portion of animal
(including sponge and cnidarian) mitochondrial
genomes suggests that choanoflagellates are an
outgroup of animals (8–11) (fig. S1 and tables
S1 and S2). Therefore, genes expressed by cho-
anoflagellates and animals to the exclusion of
other eukaryotes define the minimal complexity
of the eukaryotic genome before the emergence
of multicellular animals.

To sample the diversity of genes expressed
by choanoflagellates, we collected more than
5000 expressed sequence tags (ESTs) from two
choanoflagellate species, Monosiga brevicollis
and Proterospongia-like sp. ATCC50818 (11,
12). Under laboratory conditions, Monosiga is
strictly unicellular, whereas ATCC50818 occa-
sionally forms small colonies of apparently un-

differentiated cells; both may exhibit additional
behaviors in the natural environment. In marked
contrast to their simple lifestyle, choanoflagel-
lates express members of a wide variety of pro-
tein families involved in animal cell interactions,
including cadherins, C-type lectins, tyrosine ki-
nases (TKs), and a G protein–coupled receptor
(GPCR), as well as several multidomain
polypeptides that contain protein-protein interac-
tion domains involved in signaling and adhesion
in animals [such as the epidermal growth factor
(EGF) motif, Src homology 2 (SH2) domain,
tumor necrosis factor receptor (TNFR) domain,
and sushi or complement control protein (CCP)
domain (Fig. 1)].

The phylogenetic distribution of each protein
or domain of interest was determined by a com-
bination of strategies. First, the occurrence of

each domain in eukaryotes, Bacteria, Archaea,
and viruses was examined with two protein
domain annotation programs, SMART and
PFAM (13, 14 ). Second, we queried all avail-
able sequences from representative nonani-
mals, including Fungi, Plantae, Dictyostelium,
and diverse bacteria, using BlastX and key-
word searches. Third, we examined certain
sequences more closely for adherence to the
conserved traits of the protein domain family
(fig. S2). Proteins containing cadherin, fibrin-
ogen, GPCR proteolytic site (GPS), somato-
medin, and CCP domains were not detected in
Fungi, Plantae, or other eukaryotes (11). Al-
though putative TK and C-type lectin domains
were detected in plant genomes by the
SMART and PFAM annotation sites, further
scrutiny revealed these sequences to have been
classified incorrectly (11). We conclude that
choanoflagellates and animals share, to the
exclusion of other eukaryotes whose genomes
have been analyzed, proteins that contain se-
cretin-like GPCR, GPS, fibrinogen, somato-
medin, and CCP domains, as well as members
of the cadherin, C-type lectin, and TK protein
families.

In animals, cadherins mediate cell-cell ad-
hesion and signaling through homophilic inter-
actions (15). Both Monosiga and ATCC50818
were found to express a cadherin-encoding
gene (Fig. 1). MBCDH1 from Monosiga en-
codes at least two cadherin repeats and
PRCDH1 from ATCC50818 encodes at least
four. Comparisons of cadherin repeat se-
quences and the domain architectures of
cadherin-containing proteins have revealed at
least six subfamilies within the cadherin fam-
ily (16). Phylogenetic analysis revealed the
choanoflagellate cadherins to be most similar
to protocadherins and to the Flamingo class
of cadherins (11) (fig. S3).

Howard Hughes Medical Institute (HHMI), University
of Wisconsin, 1525 Linden Drive, Madison, WI 53706,
USA.
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Fig. 1. Choanoflagellates
express a variety of mul-
tidomain proteins that
contain animal-type pro-
tein motifs (11). Cad-
herin domains are found
as tandem repeats in
predicted proteins from
ATCC50818 (PRCDH1)
andMonosiga(MBCDH1).
Choanoflagellates also
express members of the
C-type lectin (MBCTL1
and MBCTL2) and TK
(MBSRC1, MBRTK2, and
MBRTK1) protein fami-
lies. Additional multido-
main proteins from cho-
anoflagellates (such as
MB3515) contain pre-
viously uncharacterized
combinations of protein domains that are commonly found in animal proteins thatmediate cell adhesion and
signaling. MB7TM1 resembles secretin-like GPCRs, and MBSPEC1 resembles spectrin-containing proteins,
both families of which are used in animals for signaling and cytoskeletal structure respectively. The source
species is indicated by the first two letters of each gene name; “PR” indicates predicted proteins from
ATCC50818 and “MB” indicates predicted proteins from Monosiga.
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Evolution of adhesion proteins predates animal origins

• C-type lectins involved in Calcium-dependent sugar recognition.
• Cadherins: Calcium-dependent cell adhesion molecule. 

• Function is unknown: binding to bacteria, prey recognition and capture? 



The Premetazoan Ancestry of Cadherins
Monika Abedin1 and Nicole King1,2*

Cadherin-mediated cell adhesion and signaling is essential for metazoan development and yet is
absent from all other multicellular organisms. We found cadherin genes at numbers similar to
those observed in complex metazoans in one of the closest single-celled relatives of metazoans, the
choanoflagellate Monosiga brevicollis. Because the evolution of metazoans from a single-celled
ancestor required novel cell adhesion and signaling mechanisms, the discovery of diverse cadherins
in choanoflagellates suggests that cadherins may have contributed to metazoan origins.

The evolution of animals (metazoans) from
their single-celled ancestors required ge-
nomic innovations that allowed cells to

adhere and communicate (1–3). Cadherins are
critical mediators of metazoan cell adhesion and
signaling and provide the structural basis for vital
developmental processes, including tissue mor-
phogenesis and maintenance, cell sorting, and
cell polarization (4–8). However, despite their im-
portance for metazoan multicellularity, cadherins
are apparently lacking from all nonmetazoan mul-
ticellular organisms (e.g., plants and fungi). In-
deed, cadherins have only been found inmetazoans
and their closest single-celled relatives, the choano-
flagellates (9, 10), which suggests that the study of
choanoflagellate cadherins may illuminate the
transition from single-celled organisms to multi-
cellular metazoans.

Choanoflagellates are unicellular and colony-
forming organisms that use a single apical
flagellum surrounded by a collar of actin-filled
microvilli to swim and capture bacterial prey.
Both the cell morphology and feeding strategy of
choanoflagellates are nearly indistinguishable
from those of feeding cells (choanocytes) in
sponges (11, 12). In contrast to sponges and other
metazoans, however, all choanoflagellates have a
unicellular stage in their life history. Furthermore,
choanoflagellates are not metazoans and did not
evolve from sponges or more recently derived
metazoan phyla (13–16). Thus, the common
ancestor of choanoflagellates and metazoans
was probably unicellular or, at most, capable of
forming simple colonies.

Given the absence of overt cell adhesion in
M. brevicollis, one might expect choanoflagel-
lates to have fewer cadherin genes than meta-
zoans. We identified cadherins in the recently
sequenced M. brevicollis genome and compared
them with those in four metazoan genomes:
Nematostella vectensis (phylum Cnidaria), Dro-
sophila melanogaster (phylum Arthropoda),
Ciona intestinalis (phylum Chordata), and Mus
musculus (phylum Chordata) (17). Cadherin
gene numbers range from 17 in D. melanogaster
to 127 in M. musculus (representing from 0.12

to 0.39% of the gene catalog; Table 1). Simi-
larly, 23 putative cadherin genes (represent-
ing 0.25% of the gene catalog) are present in
M. brevicollis, revealing that the absolute and
relative abundances of cadherins in choanoflagel-
lates are comparable to those of diverse metazoan
genomes despite a lesser degree of morpho-
logical complexity (Table 1 and table S1 and
fig. S1). In contrast, the numbers of extracellular
cadherin (EC) repeats (the defining domain of
cadherins) in M. brevicollis and N. vectensis
cadherins exceed those of more recently derived
metazoans (Table 1).

Cadherins containing epidermal growth fac-
tor (EGF), laminin G (LamG), and trans-
membrane domains linked to EC repeats
[proteins with these four linked domains are
classified as Fat cadherins (18)] are observed in
M. brevicollis, sponges, sea urchins, and humans,
among others (Fig. 1, A and B), which suggests
that cadherins with these physically linked
domains are ubiquitous and predate metazoan
origins. Additionally, M. brevicollis, the sponge
Amphimedon queenslandica, and N. vectensis
(19) share cadherins with EC repeats linked to the
Src homology 2 (SH2), Hedgehog N-terminal
peptide (N-hh), immunoglobulin (Ig), and von
Willebrand type A domains, which suggests that
cadherins containing these domains evolved be-
fore metazoans. Because SH2 domains bind sites
of tyrosine phosphorylation (20), choanoflagellate
and cnidarian cadherins containing cytoplasmic
SH2 domains [MBCDH1 and 2 and NvHedgling

(19); Fig. 1, A and C] could connect extracellular
cues to intracellular processes such as cell cycle
regulation and cellular metabolism. The pres-
ence of a protein tyrosine phosphatase domain
in two M. brevicollis cadherins, MBCDH21 and
MBCDH7 (Fig. 1, A and B, and fig. S1), pro-
vides further evidence of a connection between
choanoflagellate cadherins and tyrosine kinase
signaling. Likewise, the presence of an N-hh do-
main at the amino termini of cadherins in choano-
flagellates, sponges, and cnidarians (Fig. 1, A and
C) suggests an ancestral connection between
cadherins and hedgehog signaling components
important in metazoan development (21).

The linkage of EC repeats to SH2 and N-hh
domains inM. brevicollis and N. vectensis appears
to be absent in more recently derived lineages,
which suggests that this ancient protein architec-
ture was lost relatively early in metazoan evolu-
tion. In contrast, the connection between metazoan
cadherins and b-catenin, part of the Wnt develop-
mental signaling pathway (6, 22) and an important
regulator of cadherin-mediated adhesion (23, 24),
seemingly represents a metazoan innovation that
evolved after the divergence of choanoflagellate
and metazoan lineages. Unlike M. brevicollis,
metazoan classical cadherins contain a highly
conserved cadherin cytoplasmic domain (CCD)
with binding sites for b-catenin. N. vectensis has
five CCDs (fig. S2), and we found that a previ-
ously identified sponge cadherin also contains a
cadherin CCD domain (Fig. 1B) (17, 25). This
indicates that CCD-containing cadherins evolved
before the origin of Bilateria.

Monosiga brevicollis leads a unicellular life-
style and is not known to form cell-cell contacts.
Therefore, the biological processes mediated by
choanoflagellate cadherins remain enigmatic. We
investigated the subcellular localization of
MBCDH1 and MBCDH2, two nearly identical
cadherins (note S1 in supporting online text and
fig. S3) with domain contents resembling those
of inferred ancestral cadherins (Fig. 1C). Anti-
bodies raised against an extracellular portion of
MBCDH1, which has 95% sequence identity to
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Table 1. Cadherin abundance and number of EC repeats in M. brevicollis and diverse eukaryotes.
Atha, Arabidopsis thaliana; Ddis, Dictyostelium discoideum; Scer, Saccharomyces cerevisiae; Mbre,
Monosiga brevicollis; Nvec, Nematostella vectensis; Dmel, Drosophila melanogaster; Cint, Ciona
intestinalis; Mmus, Mus musculus. Normalized cadherin abundance is the percentage of EC repeat–
encoding genes in the draft gene catalog.

Genomic content

Plant
Slime
mold Fungus

Choano-
flagellate Cnidarian

Metazoa

Bilateria

Arthropod Ascidian Vertebrate

Atha Ddis Scer Mbre Nvec Dmel Cint Mmus

Genes/genome 27,273 13,607 6,609 9,196 18,000 13,601 14,182 32,661
Cadherins/genome 0 0 0 23 46 17 32 127
Normalized
cadherin
abundance

0 0 0 0.26% 0.12% 0.13% 0.23% 0.39%

EC repeats/cadherin
(average)

N/A N/A N/A 14.7 11 12.2 6.2 5.2
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MBCDH2, recognized a single protein band of
the predicted size (~191 kD; figs. S3 and S4) that
presumably represents both MBCDH1 and
MBCDH2. Subcellular cadherin localization
was revealed by probing cells with the antibody
either before or after cell membrane permeabili-
zation. MBCDH1 and MBCDH2 were detected
in four regions of the choanoflagellate cell: the
apical collar of actin-filled microvilli, the basal
pole of the cell, an unidentified structure at the
apical end of the cell, and puncta within the cell
body (Fig. 2, A to J). Antibodies bound to
extracellular MBCDH1 and MBCDH2 colocal-
ized with polymerized actin, most strikingly in
the apical collar and, to a lesser extent, near the

basal end of the cell (Fig. 2, F, G, and I). The
colocalization of actin filaments andM. brevicollis
cadherins suggests that associations between
cadherins and actin filaments predate the diversi-
fication of choanoflagellates and metazoans.
Metazoan SH2 domain–containing proteins, such
as mammalian Nck, interact with actin-binding
proteins through phosphorylated tyrosines (26, 27),
which suggests that the cytoplasmic tails of
MBCDH1 and MBCDH2 might indirectly inter-
act with the underlying actin cytoskeleton.

On the basis of the shared domain content of
M. brevicollis and metazoan cadherins (Fig. 1),
cadherins in the last common ancestor of cho-
anoflagellates and metazoans had, among others,

SH2, N-hh, LamG, EGF, immunoglobulin, and
transmembrane domains. The functions of these
domains suggest that some choanoflagellate
cadherins may mediate intracellular signaling.
For example, the SH2 domain interacts with tar-
gets of tyrosine kinase phosphorylation, one of
the few metazoan-type signaling networks found
in choanoflagellates (9, 28). In metazoan epithe-
lial cells, recruitment of b-catenin facilitates es-
sential interactions between classical cadherins and
the actin cytoskeleton to establish and maintain
cell shape and polarity (29, 30). If M. brevicollis
cadherins associate with the local actin cyto-
skeleton, as suggested by their colocalization,
this interaction merits further investigation as

Fig. 1. (A) Venn diagram anal-
ysis of domains linked to EC re-
peats inM. brevicollis,N. vectensis,
and M. musculus cadherins. (B)
Representative composition of Fat-
related cadherins fromM.brevicollis
and diverse metazoan taxa. The
cladogram depicts relations among
metazoan phyla (34, 35). Green
boxes highlight clusters of EGF
and LamG domains, and EC re-
peats are shown inblue. (C) Protein
domains shared by M. brevicollis
MBCDH1 and 2, MBCDH10, and
MBCDH11; the sponge cadherin
AmqHedgling; and the cnidarian
cadherin NvHedgling. These do-
mainsareabsent fromM.musculus
cadherins. Blue boxes contain SH2
domains, yellow boxes contain im-
munoglobulin domains, and red
boxes contain N-hh and VWA
domains. (Key) Symbols used in
(B) and (C). LCA, last common
ancestor. LamN and LamG do-
mains in MBCDH21 are below
the SMART e-value threshold but
above the Pfam threshold (36, 37).
See fig. S1 for the complete do-
main structure of MBCDH21,
table S2 for protein identifiers
and species names, and table S3
for domain abbreviations.
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Premetazoan ancestry of Cadherins

• Cadherins: multiple EC domain containing transmembrane proteins
      together with EGF and LamG domains.
• Equally abundant in choanoflagelates M. brevicolis than in Metazoa
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MBCDH1 and MBCDH2 lack the CCD and the
M. brevicollis genome lacks a b-catenin ortholog.

Metazoan E-cadherins and flamingo cadherins
are bound by pathogenic bacteria which exploit
them as extracellular tethers during host cell in-
vasion (31–33). It is possible that choanoflagellate
cadherins fill an equivalent role in binding bacte-
rial prey for recognition or capture, functions con-
sistent with the enrichment of MBCDH1 and
MBCDH2 on the feeding collar (Fig. 2). If an-
cient cadherins bound bacteria in the unicellular
progenitor of choanoflagellates and metazoans,
cadherin-mediated cell adhesion in metazoans
may reflect the co-option of a class of proteins
whose earliest function was to interpret and re-
spond to cues from the extracellular milieu. In-
deed, the transition tomulticellularity likely rested
on the co-option of diverse transmembrane and
secreted proteins to new functions in intercellular
signaling and adhesion.
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A Global Map of Human Impact on
Marine Ecosystems
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The management and conservation of the world’s oceans require synthesis of spatial data on the
distribution and intensity of human activities and the overlap of their impacts on marine
ecosystems. We developed an ecosystem-specific, multiscale spatial model to synthesize 17 global
data sets of anthropogenic drivers of ecological change for 20 marine ecosystems. Our analysis
indicates that no area is unaffected by human influence and that a large fraction (41%) is strongly
affected by multiple drivers. However, large areas of relatively little human impact remain,
particularly near the poles. The analytical process and resulting maps provide flexible tools for
regional and global efforts to allocate conservation resources; to implement ecosystem-based
management; and to inform marine spatial planning, education, and basic research.

Humans depend on ocean ecosystems for
important and valuable goods and ser-
vices, but human use has also altered

the oceans through direct and indirect means
(1–5). Land-based activities affect the runoff of
pollutants and nutrients into coastal waters (6, 7)
and remove, alter, or destroy natural habitat.
Ocean-based activities extract resources, add
pollution, and change species composition (8).
These human activities vary in their intensity of
impact on the ecological condition of commu-
nities (9) and in their spatial distribution across
the seascape. Understanding and quantifying,
i.e., mapping, the spatial distribution of human
impacts is needed for the evaluation of trade-
offs (or compatibility) between human uses of
the oceans and protection of ecosystems and the

services they provide (1, 2, 10). Such mapping
will help improve and rationalize spatial man-
agement of human activities (11).

Determining the ecological impact of hu-
man activities on the oceans requires a method
for translating human activities into ecosystem-
specific impacts and spatial data for the activi-
ties and ecosystems. Past efforts to map human
impacts on terrestrial ecosystems (12), coral reefs
(13), and coastal regions (14–16) used either
coarse categorical or ad hoc methods to translate
human activities into impacts. We developed a
standardized, quantitative method, on the basis of
expert judgment, to estimate ecosystem-specific
differences in impact of 17 anthropogenic drivers
of ecological change (table S1) (9). The results
provided impact weights (table S2) used to

Fig. 2. Subcellular local-
ization of MBCDH1 and
MBCDH2 (A and F),
compared with polymer-
ized actin stained with
rhodamine-phalloidin (B
and G), or antibodies
against b-tubulin (C and
H). Cells were exposed
to antibodies against
MBCDH1 after (A to E)
or before (F to J) perme-
abilization. Overlay of
MBCDH1 and MBCDH2
(green), actin (red), and b-tubulin (blue) reveals colocalization of MBCDH1 and MBCDH2 with actin
(yellow) on the collar and at the basal pole (D and I). Differential interference contrast microscopy shows
cell morphology (E and J). Brackets, collar of microvilli; arrow, apical organelle; arrowhead, basal pole;
asterisk, cluster of autofluorescent bacterial detritus.

JIHGF
****

EDBA C
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MBCDH1/2     F-actin

• Cadherins localise to feeding collar together with F-actin
• But: no ß-catenin identified in choanoflagelates. 
• Suggests a signalling function: e.g. recognition of preys, bacteria etc.

MBCDH2, recognized a single protein band of
the predicted size (~191 kD; figs. S3 and S4) that
presumably represents both MBCDH1 and
MBCDH2. Subcellular cadherin localization
was revealed by probing cells with the antibody
either before or after cell membrane permeabili-
zation. MBCDH1 and MBCDH2 were detected
in four regions of the choanoflagellate cell: the
apical collar of actin-filled microvilli, the basal
pole of the cell, an unidentified structure at the
apical end of the cell, and puncta within the cell
body (Fig. 2, A to J). Antibodies bound to
extracellular MBCDH1 and MBCDH2 colocal-
ized with polymerized actin, most strikingly in
the apical collar and, to a lesser extent, near the

basal end of the cell (Fig. 2, F, G, and I). The
colocalization of actin filaments andM. brevicollis
cadherins suggests that associations between
cadherins and actin filaments predate the diversi-
fication of choanoflagellates and metazoans.
Metazoan SH2 domain–containing proteins, such
as mammalian Nck, interact with actin-binding
proteins through phosphorylated tyrosines (26, 27),
which suggests that the cytoplasmic tails of
MBCDH1 and MBCDH2 might indirectly inter-
act with the underlying actin cytoskeleton.

On the basis of the shared domain content of
M. brevicollis and metazoan cadherins (Fig. 1),
cadherins in the last common ancestor of cho-
anoflagellates and metazoans had, among others,

SH2, N-hh, LamG, EGF, immunoglobulin, and
transmembrane domains. The functions of these
domains suggest that some choanoflagellate
cadherins may mediate intracellular signaling.
For example, the SH2 domain interacts with tar-
gets of tyrosine kinase phosphorylation, one of
the few metazoan-type signaling networks found
in choanoflagellates (9, 28). In metazoan epithe-
lial cells, recruitment of b-catenin facilitates es-
sential interactions between classical cadherins and
the actin cytoskeleton to establish and maintain
cell shape and polarity (29, 30). If M. brevicollis
cadherins associate with the local actin cyto-
skeleton, as suggested by their colocalization,
this interaction merits further investigation as

Fig. 1. (A) Venn diagram anal-
ysis of domains linked to EC re-
peats inM. brevicollis,N. vectensis,
and M. musculus cadherins. (B)
Representative composition of Fat-
related cadherins fromM.brevicollis
and diverse metazoan taxa. The
cladogram depicts relations among
metazoan phyla (34, 35). Green
boxes highlight clusters of EGF
and LamG domains, and EC re-
peats are shown inblue. (C) Protein
domains shared by M. brevicollis
MBCDH1 and 2, MBCDH10, and
MBCDH11; the sponge cadherin
AmqHedgling; and the cnidarian
cadherin NvHedgling. These do-
mainsareabsent fromM.musculus
cadherins. Blue boxes contain SH2
domains, yellow boxes contain im-
munoglobulin domains, and red
boxes contain N-hh and VWA
domains. (Key) Symbols used in
(B) and (C). LCA, last common
ancestor. LamN and LamG do-
mains in MBCDH21 are below
the SMART e-value threshold but
above the Pfam threshold (36, 37).
See fig. S1 for the complete do-
main structure of MBCDH21,
table S2 for protein identifiers
and species names, and table S3
for domain abbreviations.
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MBCDH2, recognized a single protein band of
the predicted size (~191 kD; figs. S3 and S4) that
presumably represents both MBCDH1 and
MBCDH2. Subcellular cadherin localization
was revealed by probing cells with the antibody
either before or after cell membrane permeabili-
zation. MBCDH1 and MBCDH2 were detected
in four regions of the choanoflagellate cell: the
apical collar of actin-filled microvilli, the basal
pole of the cell, an unidentified structure at the
apical end of the cell, and puncta within the cell
body (Fig. 2, A to J). Antibodies bound to
extracellular MBCDH1 and MBCDH2 colocal-
ized with polymerized actin, most strikingly in
the apical collar and, to a lesser extent, near the

basal end of the cell (Fig. 2, F, G, and I). The
colocalization of actin filaments andM. brevicollis
cadherins suggests that associations between
cadherins and actin filaments predate the diversi-
fication of choanoflagellates and metazoans.
Metazoan SH2 domain–containing proteins, such
as mammalian Nck, interact with actin-binding
proteins through phosphorylated tyrosines (26, 27),
which suggests that the cytoplasmic tails of
MBCDH1 and MBCDH2 might indirectly inter-
act with the underlying actin cytoskeleton.

On the basis of the shared domain content of
M. brevicollis and metazoan cadherins (Fig. 1),
cadherins in the last common ancestor of cho-
anoflagellates and metazoans had, among others,

SH2, N-hh, LamG, EGF, immunoglobulin, and
transmembrane domains. The functions of these
domains suggest that some choanoflagellate
cadherins may mediate intracellular signaling.
For example, the SH2 domain interacts with tar-
gets of tyrosine kinase phosphorylation, one of
the few metazoan-type signaling networks found
in choanoflagellates (9, 28). In metazoan epithe-
lial cells, recruitment of b-catenin facilitates es-
sential interactions between classical cadherins and
the actin cytoskeleton to establish and maintain
cell shape and polarity (29, 30). If M. brevicollis
cadherins associate with the local actin cyto-
skeleton, as suggested by their colocalization,
this interaction merits further investigation as

Fig. 1. (A) Venn diagram anal-
ysis of domains linked to EC re-
peats inM. brevicollis,N. vectensis,
and M. musculus cadherins. (B)
Representative composition of Fat-
related cadherins fromM.brevicollis
and diverse metazoan taxa. The
cladogram depicts relations among
metazoan phyla (34, 35). Green
boxes highlight clusters of EGF
and LamG domains, and EC re-
peats are shown inblue. (C) Protein
domains shared by M. brevicollis
MBCDH1 and 2, MBCDH10, and
MBCDH11; the sponge cadherin
AmqHedgling; and the cnidarian
cadherin NvHedgling. These do-
mainsareabsent fromM.musculus
cadherins. Blue boxes contain SH2
domains, yellow boxes contain im-
munoglobulin domains, and red
boxes contain N-hh and VWA
domains. (Key) Symbols used in
(B) and (C). LCA, last common
ancestor. LamN and LamG do-
mains in MBCDH21 are below
the SMART e-value threshold but
above the Pfam threshold (36, 37).
See fig. S1 for the complete do-
main structure of MBCDH21,
table S2 for protein identifiers
and species names, and table S3
for domain abbreviations.
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MBCDH2, recognized a single protein band of
the predicted size (~191 kD; figs. S3 and S4) that
presumably represents both MBCDH1 and
MBCDH2. Subcellular cadherin localization
was revealed by probing cells with the antibody
either before or after cell membrane permeabili-
zation. MBCDH1 and MBCDH2 were detected
in four regions of the choanoflagellate cell: the
apical collar of actin-filled microvilli, the basal
pole of the cell, an unidentified structure at the
apical end of the cell, and puncta within the cell
body (Fig. 2, A to J). Antibodies bound to
extracellular MBCDH1 and MBCDH2 colocal-
ized with polymerized actin, most strikingly in
the apical collar and, to a lesser extent, near the

basal end of the cell (Fig. 2, F, G, and I). The
colocalization of actin filaments andM. brevicollis
cadherins suggests that associations between
cadherins and actin filaments predate the diversi-
fication of choanoflagellates and metazoans.
Metazoan SH2 domain–containing proteins, such
as mammalian Nck, interact with actin-binding
proteins through phosphorylated tyrosines (26, 27),
which suggests that the cytoplasmic tails of
MBCDH1 and MBCDH2 might indirectly inter-
act with the underlying actin cytoskeleton.

On the basis of the shared domain content of
M. brevicollis and metazoan cadherins (Fig. 1),
cadherins in the last common ancestor of cho-
anoflagellates and metazoans had, among others,

SH2, N-hh, LamG, EGF, immunoglobulin, and
transmembrane domains. The functions of these
domains suggest that some choanoflagellate
cadherins may mediate intracellular signaling.
For example, the SH2 domain interacts with tar-
gets of tyrosine kinase phosphorylation, one of
the few metazoan-type signaling networks found
in choanoflagellates (9, 28). In metazoan epithe-
lial cells, recruitment of b-catenin facilitates es-
sential interactions between classical cadherins and
the actin cytoskeleton to establish and maintain
cell shape and polarity (29, 30). If M. brevicollis
cadherins associate with the local actin cyto-
skeleton, as suggested by their colocalization,
this interaction merits further investigation as

Fig. 1. (A) Venn diagram anal-
ysis of domains linked to EC re-
peats inM. brevicollis,N. vectensis,
and M. musculus cadherins. (B)
Representative composition of Fat-
related cadherins fromM.brevicollis
and diverse metazoan taxa. The
cladogram depicts relations among
metazoan phyla (34, 35). Green
boxes highlight clusters of EGF
and LamG domains, and EC re-
peats are shown inblue. (C) Protein
domains shared by M. brevicollis
MBCDH1 and 2, MBCDH10, and
MBCDH11; the sponge cadherin
AmqHedgling; and the cnidarian
cadherin NvHedgling. These do-
mainsareabsent fromM.musculus
cadherins. Blue boxes contain SH2
domains, yellow boxes contain im-
munoglobulin domains, and red
boxes contain N-hh and VWA
domains. (Key) Symbols used in
(B) and (C). LCA, last common
ancestor. LamN and LamG do-
mains in MBCDH21 are below
the SMART e-value threshold but
above the Pfam threshold (36, 37).
See fig. S1 for the complete do-
main structure of MBCDH21,
table S2 for protein identifiers
and species names, and table S3
for domain abbreviations.
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• Cadherins contain signalling domains:
- SH2: interacts with targets of Tyrosine Kinases
- N-hh: hedgehog amino-terminal peptide
- no link to Wnt signaling (ß-catenin)

Premetazoan ancestry of Cadherins

Abedin M. and King N. Science. 319:946. 2008
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The evolution of cadherins, which are essential for metazoanmulti-
cellularity and restricted to metazoans and their closest relatives,
has special relevance for understanding metazoan origins. To re-
construct the ancestry and evolution of cadherin gene families, we
analyzed the genomes of the choanoflagellate Salpingoeca rosetta,
the unicellular outgroup of choanoflagellates and metazoans Cap-
saspora owczarzaki, and a draft genome assembly from the homo-
scleromorph sponge Oscarella carmela. Our finding of a cadherin
gene in C. owczarzaki reveals that cadherins predate the diver-
gence of the C. owczarzaki, choanoflagellate, and metazoan line-
ages. Data from these analyses also suggest that the last common
ancestor of metazoans and choanoflagellates contained represen-
tatives of at least three cadherin families, lefftyrin, coherin, and
hedgling. Additionally, wefind that anO. carmela classical cadherin
has predicted structural features that, in bilaterian classical cadher-
ins, facilitate binding to the cytoplasmic protein β-catenin and,
thereby, promote cadherin-mediated cell adhesion. In contrastwith
premetazoan cadherin families (i.e., those conserved between
choanoflagellates andmetazoans), the later appearance of classical
cadherins coincides with metazoan origins.

The cadherin gene family is hypothesized to have had special
importance for metazoan origins (1–5). Cadherins are cell-

surface receptors that function in cell adhesion, cell polarity, and
tissue morphogenesis (6–8). Moreover, cadherins are found in
the genomes of all sequenced metazoans, including diverse
bilaterians, cnidarians, and sponges, and are apparently lacking
from multicellular lineages such as plants, fungi, and Dictyoste-
lium (9). Although it once seemed likely that cadherins were
unique to metazoans, 23 genes encoding the diagnostic extra-
cellular cadherin (EC) domain (10) have since been discovered
in the genome of the unicellular choanoflagellate Monosiga
brevicollis, one of the closest living relatives of Metazoa (1, 11).
Proteins in the cadherin family are characterized by the

presence of one or more tandem copies of the EC domain, an
∼100-aa protein domain that mediates adhesion with EC
domains in other cadherins (10, 12–14). Cadherins are further
assigned to different subfamilies based on the number and ar-
rangement of additional, non-EC protein domains and sequence
motifs that refine cadherin function and suggest shared ancestry
(2, 3). For example, classical cadherins are distinguished by the
presence of a cytoplasmic cadherin domain (CCD) at the C
terminus that regulates interactions with the cytoplasmic protein
β-catenin (2, 3, 12, 15). When bound to β-catenin, classical
cadherins on neighboring cells interact homophilically and,
thereby, promote cell-cell adhesion (16). When not bound to
β-catenin, classical cadherins are rapidly degraded (17, 18). The
regulation of classical cadherin function by β-catenin thereby
forms the foundation of adherens junctions and is crucial for cell
adhesion in all studied bilaterian tissues, including epithelia,
neurons, muscles, and bones (3, 19).
The classical cadherins are one of six cadherin families (in-

cluding fat, dachsous, fat-like, CELSR/flamingo, and proto-
cadherins) that are found in most metazoans. In contrast with
the cell adhesion functions of classical cadherins, CELSR/

flamingo, dachsous, fat, and fat-like cadherins regulate planar
cell polarity in organisms as disparate as Drosophila and mouse
(20–22). Members of the protocadherin family have diverse
functions that include mechanosensation in stereocilia and reg-
ulation of nervous system development (23, 24). It is not known
whether the bilaterian roles of these cadherin families had al-
ready evolved in the last common ancestor of metazoans, and it
is not clear how these cadherin families themselves originated.
To date, only one cadherin family—the hedgling family—is

inferred to have been present in the last common ancestor of
choanoflagellates and metazoans. Hedgling family members are
defined by the presence of an N-terminal hedgehog signal domain
(Hh-N) and are absent from Bilateria (25, 26). Differences in the
cadherin repertoire of choanoflagellates and metazoans have led
to the proposal that cadherins in these two lineages may have
largely independent histories—that is, one or a few ancestral
cadherins may have undergone independent evolutionary radia-
tions in each lineage (2). To reconstruct the evolutionary history
of cadherin families before and after the transition to metazoan
multicellularity, we have analyzed the diversity of cadherins in the
newly sequenced genomes of phylogenetically relevant taxa: the
colony forming choanoflagellate Salpingoeca rosetta, the close
choanoflagellate/metazoan outgroup Capsaspora owczarzaki, and
the homoscleromorph sponge Oscarella carmela.

Results
Reconstructing the Ancestry of Cadherin Diversity. By searching the
S. rosetta genome using BLAST analyses (27) and hidden Mar-
kov model (HMM)-based searches (28–30) for the EC domain
(Fig. 1), we identified at least 29 predicted cadherin genes (Fig. 1
and SI Appendix, Figs. S1 and S2), all of which were verified
through deep sequencing of the transcriptome (SI Appendix,
Table S1). The number of cadherin genes in S. rosetta, like that in
M. brevicollis (1), rivals that of most metazoans (Fig. 1), whereas
the C. owczarzaki genome assembly was found to contain only a
single cadherin gene.
To increase the taxonomic breadth of genomes available from

early branching metazoan lineages, we also sequenced the
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genome of the sponge O. carmela by using massively parallel
sequencing (Illumina). Although the genome assembly is frag-
mented relative to traditional Sanger assemblies (SI Appendix),
multiple cadherin-domain encoding sequences were detected
and two cadherin genes assembled in near entirety (GenBank
accession nos. JN197609 and AEC12441). The value of this draft
genome for providing unique insights into cadherin evolution is
demonstrated by the fact that one of the two assembled cad-
herins, JN197609, has homologs in choanoflagellates, despite
being absent from the genome of the only other sequenced
sponge, Amphimedon queenslandica, which encodes at least 17
cadherins (Fig. 2 and ref. 31).
To reconstruct the evolutionary relationships among cadherins

from nonmetazoans and early branching metazoans, we grouped
cadherins from C. owczarzaki, choanoflagellates, and sponges
according to shared structural features (i.e., domain composition
and arrangement). Mapping of the phylogenetic distribution of
cadherin families reveals that they have origins that predate the
evolution of Metazoa. Although the earliest branching lineage
to contain a predicted cadherin (Owcz_Cdh1) is C. owczarzaki,
the evolutionary connection between this and cadherin families
from choanoflagellate and metazoans is uncertain (Fig. 2A).
Owcz_Cdh1 has at least 10 predicted EC domains, two mem-
brane-proximal epidermal growth factor (EGF) domains, and
a transmembrane (TM) domain. This domain organization
resembles that of cadherins in the choanoflagellatesM. brevicollis
(accession no. MBCDH14) and S. rosetta (accession nos.
EGD82557 and EGD79002) but is not sufficiently complex to
definitively indicate that these proteins are orthologous.
In contrast, two cadherin families are clearly shared by choa-

noflagellates and sponges to the exclusion of all other lineages
analyzed in this study. The first, lefftyrins, are defined by the
presence of an amino-terminal “LEF” cassette [containing a
Laminin N-terminal (Lam-N) domain, four EGF domains, and
a Furin domain] and a carboxyl-terminus “FTY” cassette [con-
taining one or two Fibronectin 3 (FN3) domains, a TM domain
and a cytoplasmic protein tyrosine phosphatase (PTPase) do-
main; Fig. 2B]. The M. brevicollis lefftyrin family member,
MBCDH21, also has an N-terminal Laminin G (Lam-G) domain
that has prompted previous comparisons with metazoan classical
cadherins and fat cadherins (1, 4). Cadherins in the second

family, the coherins (Fig. 2C), are united by the presence of at
least one cohesin domain (not to be confused with the eukaryotic
cohesin protein that regulates sister chromatid separation). The
presence of cohesin domains (SI Appendix, Fig. S3) in coherins is
diagnostic because they are otherwise found only in bacteria and
archaea (32).
Members of the remaining premetazoan family of cadherins,

the hedglings (Fig. 2D), are found in choanoflagellates, sponges,
and the cnidarian Nematostella vectensis (1, 25, 26), but are ab-
sent from C. owczarzaki and bilaterians. Hedglings contain an
amino-terminal Hedgehog signal domain (Hh-N; ref. 33) that
was thought to be exclusive to the secreted signaling portion of
the metazoan-specific Hedgehog protein. The amino-terminal
Hh-N domain in all hedglings is adjacent to a von Willebrand
factor A (VWA) domain and, with the exception of one
M. brevicollis hedgling (accession no. MBCDH3), all hedglings
have a carboxyl-terminal cassette with between one and eight
extracellular EGF domains positioned proximal to the TM re-
gion. Although the first identified choanoflagellate hedgling,
MBCDH11 from M. brevicollis, contains additional domains
(including TNFR, Furin, and 9-cystein GPCR), all other choa-
noflagellate hedglings detected in this study and all known
metazoan hedglings lack these domains. Thus, hedgling in the
last common ancestor of metazoans more likely resembled hedg-
lings from metazoans (e.g., Aque_hedgling and Nvec_hedgling)
and S. rosetta (accession no. EGD79017) than MBCDH11. The
inference that the last common ancestor of choanoflagellates and
metazoans contained lefftyrins, cohesins, and hedgling cadherins
reveals the evolutionary foundations for the subsequent origin of
metazoan-specific cadherins.

Metazoan Classical Cadherin/β-Catenin Adhesion Complex. Among
the cadherins that evolved along the metazoan stem lineage,
classical cadherins have the clearest potential link to metazoan
origins, both because of their ubiquity in modern metazoan line-
ages and because of their central roles in bilaterian cell adhesion
(4). To investigate whether the adhesive functions of classical
cadherins might extend to the earliest branching lineages of
metazoans, we examined the possibility that the regulatory in-
teraction between classical cadherins and β-catenin is conserved
in sponges. The single detected classical cadherin homolog in
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Fig. 1. Phylogenetic distribution and abundance of cadherins in the genomes of diverse eukaryotes. Once thought to be restricted to metazoans, cadherins
are abundant in choanoflagellates and evolved before the divergence of Capsaspora owczarzaki, choanoflagellates, and metazoans (1). EC domains detected
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A. queenslandica; Cele, Caenorhabditis elegans; Cint, Ciona intestinalis; Cowc, C. owczarzaki; Ddis, Dictyostelium discoideum; Dmel, D. melanogaster; Hmag,
Hydra magnipapillata; Mbre, M. brevicollis; Mmus, Mus musculus; Nvec, N. vectensis; Pult, P. ultimum; Sros, S. rosetta; Tadh, T. adhaerens.
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O. carmela, OcCdh1 (GenBank accession no. AEC12441), enc-
odes at least seven EC domains and a CCD domain, as well as
multiple EGF and Lam-G domains that are typical of classical
cadherins in invertebrates (e.g., Drosophila melanogaster N-cad-
herin and Shotgun; Fig. 3A and refs. 3 and 34). By aligning the
amino acid sequence of the CCD of OcCdh1 with those of other
classical cadherins, we found that two residues (D675 and E682)
necessary for binding and modulating interactions with β-catenin
(35) in bilaterians are conserved (Fig. 3B).

We next investigated whether O. carmela β-catenin (Oc_bcat;
GenBank accession no. HQ234356) has diagnostic protein
domains and residues indicative of the ability to interact with
classical cadherins. Oc_bcat contains at least 11 of the 12 con-
served armadillo (arm) repeats (36, 37) that are typical of
eumetazoan β-catenin proteins (Fig. 3C) and shows 66.4% amino
acid sequence identity with human β-catenin over the conserved
arm-repeat region. Furthermore, Oc_bcat has two lysine residues
(homologous to positions K312 and K435 in mouse) required for
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Fig. 2. Predicted domain architecture of modern representatives of premetazoan cadherins. At least three cadherin families evolved before the origin of
metazoans. (A) The single cadherin discovered in the genome of C. owczarzaki has a cassette of EGF repeats positioned proximal to a single transmembrane
domain (blue box) that is also found in choanoflagellate and sponge cadherins. The phylogenetic relationships among cadherins with this feature are not yet
clear. The lefftyrin (B) and coherin (C) families are present only in choanoflagellates and sponges. Lefftyrins are distinguished by an N-terminal “LEF” cassette
(orange box) with a Lam-N domain, four EGF repeats, and a Furin repeat and a C-terminal “FTY” cassette (purple box) with one or two Fibronectin 3 domains,
a transmembrane domain, and a tyrosine phosphatase domain. Coherins contain a diagnostic bacterial/archaeal-like cohesin (50) domain. (D) The hedgling
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• 3 families of Cadherins in last common 
ancestor of choanoflagelates and 
Metazoa. 

• Lefftyrin Family:
LEF: Laminin N-terminal (Lam-N) domain, four EGF     
domains and a Furin domain 

FTY: Fibronectin 3 (FN3) domains, a TM domain 
and a cytoplasmic protein tyrosine phosphatase 
(PTPase) domain 

• Coherin Family: 
Coherin domains (only found in archea and 
bacteria.

• Hedgling Family: 
Hh-N domain (secreted portion of Hh) and VWA 
domains.
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the interaction of mouse β-catenin with E-cadherin (Fig. 3 D and
E and refs. 35, 38, and 39).
By threading the full-length sequence of Oc_bcat onto the

crystal structure of zebrafish β-catenin (Fig. 3D), we predict that
the third helix of each arm repeat in Oc_bcat orients along the
surface of a positively charged groove that has been shown to
contact E-cadherin directly in mouse (35, 38, 39). Moreover, the
conserved lysines of β-catenin that are required to mediate inter-
actions with E-cadherin are oriented similarly in the 3D models
of the full-length zebrafish (37) and Oc_bcat. Furthermore, an
unbiased yeast two-hybrid screen of O. carmela proteins using
Oc_bcat as the “bait” recovered OcCdh1 as a binding partner (SI
Appendix). Further study is required to determine whether OcCdh1
and Oc_bcat have the capacity to bind to each other directly in vivo
and, thereby, contribute to cell adhesion in O. carmela.

Discussion
Cadherins represent a compelling case study for how large
metazoan gene families evolve. Like members of most metazoan
signaling and adhesion protein families, cadherins are typically
large, multidomain proteins. Such protein families evolve
through duplication and divergence and through the shuffling of
protein domains among different protein families (40, 41). By
using a phylogenetically informed comparative genomic ap-
proach, we were able to reconstruct a concrete portrait of the
minimal cadherin diversity in the metazoan stem lineage. Fur-
thermore, by reconstructing the ancestral domain composition of
early-evolving cadherin families, we have been able to predict
their evolutionary relationships with other, later-evolving mod-
ern protein families.

Premetazoan Cadherin Diversity. An initially surprising result from
the genome of M. brevicollis was that the genomes of choano-
flagellates and most metazoans have comparable numbers of
cadherin genes (1), despite vast differences in their biology. This
result is further supported by our analysis of the S. rosetta genome,
which has at least 29 predicted cadherin genes. In contrast, our
analyses of cadherin relationships among metazoans, choano-
flagellates, and C. owczarzaki suggest that as few as three modern
cadherin families were present in the last common ancestor of
choanoflagellates and metazoans, and that potentially only one
cadherin was present in the last common ancestor ofC. owczarzaki,
choanoflagellates, and metazoans (Fig. 4A). However, these
inferences may represent an underestimate because of limited
available data. For example, C. owczarzaki is the only known
member of its lineage, it diverged from choanoflagellates and
metazoans more than 650 Mya, and it is a symbiont (42) that is
likely to have evolved from a free-living ancestor; hence, aspects of
its biology and genome content may be reduced.
The contrast between the large number of cadherins in modern

lineages and the low diversity of cadherins inferred in the meta-
zoan-stem lineage raises the intriguing possibility that modern
cadherin diversity arose from a handful of ancestral cadherin
families that still exist today (however, it is notable that all of the
premetazoan cadherin families detected are absent from Bilate-
ria). Alternatively, although future studies of a broader diversity
of choanoflagellates and early branching metazoans may reveal
additional members of the premetazoan cadherin repertoire, it is
also possible that cadherins present in the ancestors of metazoans
and choanoflagellates were subsequently lost (or evolved beyond
recognition) in both lineages.

Radiation of Cadherins in Choanoflagellate and Metazoan Lineages.
The study of cadherin families conserved in choanoflagellates
and metazoans promises to provide an unprecedented perspec-
tive on cadherin function before the evolution of metazoan
multicellularity. Three cadherin families—lefftyrins, coherins,
and hedglings—were present in the last common ancestor of
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Fig. 3. A conserved β-catenin/classical cadherin protein complex in a
sponge. (A) The genome of the sponge O. carmela encodes a classical cad-
herin, Oc_cdh1, identified by the presence of the diagnostic cadherin cyto-
plasmic domain (CCD). Oc_cdh1 also has EGF and Lam-G domains in
a membrane-proximal position that is typical of invertebrate classical cad-
herins (4). The dashed line at the N terminus of Oc_cdh1 indicates that the
gene model is incomplete because of the draft nature of the genome as-
sembly. (B) An alignment of a portion of the Oc_cdh1 CCD with bilaterian
CCDs demonstrates the conservation of two residues (Aspartate and Gluta-
mate, highlighted in green) required for binding to β-catenin (SI Appendix,
Fig. S4 depicts the full alignment and includes the only known CCD from the
demosponge A. queenslandica, in which critical β-catenin binding residues
are also conserved). Conserved residues are shaded gray and Casein Kinase II
and Glycogen Synthase Kinase 3b phosphorylation sites essential for the
regulation of adhesion dynamics are indicated by filled or open circles, re-
spectively (35, 38, 39). (C) The O. carmela genome also encodes a single
β-catenin ortholog (Oc_bcat) with 11 predicted armadillo (arm) repeats and
a helix-C domain; each arm repeat is numbered according to its similarity
(determined by best-reciprocal Blast) with the 12 arm repeats from other
metazoan β-catenin homologs (SI Appendix, Fig. S4). (D) Through compari-
son of a surface representation of the 3D structure of zebrafish β-catenin
(37) with a structural model of Oc_bcat, we predict the conservation of
a positively charged groove lined by the third helix (blue) of each arm re-
peat. Within this groove there are two lysine residues whose orientation
resembles that of conserved lysines from zebrafish β-catenin. (E) These
lysines align with Lysine-312 and Lysine-435 of mouse β-catenin, each of
which are required for binding to mouse E-cadherin (35, 38, 39) at Aspartate-
647 and Glutamate-682 (highlighted in B). Ocar_cdh1 was initially discovered
from a yeast two-hybrid screen using full-length Ocar_bcat as bait (SI Ap-
pendix, Table S2; see SI Appendix for further discussion). CCD, cadherin cy-
toplasmic domain; EC, extracellular cadherin; EGF, epidermal growth factor
domain; Lam-G, Laminin G domain; TM, transmembrane domain.
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• Presence of classical Cadherin in the sponge
       Oscarella carmela
• Conservation of 2 amino acids (Glutamate 

and Aspartate) involved in ß-catenin binding

• ß-catenin ortholog in O. carmela: 11 Arm 
repeats and helix C domain

• Arm repeat structure of zebrafish and 
predicted structure in sponge shows similar 
positively charged groove with 2 conserved 
Lysines with similar orientation.



metazoans and choanoflagellates and seem to have evolutionary
connections to diverse metazoan signaling and adhesion gene
families (Fig. 4B). For example, lefftyrins, so far known only
from choanoflagellates and the sponge O. carmela, contain
a Lam-N domain that is otherwise found in the proteins laminin,
netrin, and usherin. These proteins are united by the fact that
they function in the extracellular matrix (43–46). Furthermore,
the carboxyl-terminal FTY cassette of lefftyrins is diagnostic of
metazoan receptor PTPases, which help regulate cellular
responses to interactions with neighboring cells and the extra-
cellular matrix (47–49). C. owczarzaki is the most divergent
outgroup of metazoa that has cadherins, and we have discovered
that its genome also encodes a metazoan-like receptor PTPase
that lacks EC domains (GenBank accession no. EFW39745).
Thus, it seems that lefftyrins may have evolved through a do-
main-shuffling event that brought PTPase and EC domains
together in the choanoflagellate/metazoan stem lineage.
Whereas lefftyrins may represent a case of protein family

evolution through the process of domain shuffling, the newly
discovered coherin family may have evolved through horizontal
gene transfer. Coherins, which are restricted to choanoflagellates
and sponges, are defined by the presence of EC domains and the
cohesin domain. The cohesin domain is otherwise known only
from archaea and bacteria. In the bacterial genus Clostridium,
the cohesin domain functions in the assembly of the cellulosome,

a complex of enzymes used to degrade plant cell walls (50).
The possible evolutionary connection between coherins and
the prokaryotic cohesin domain-containing proteins highlights
the complexities of the evolutionary processes that shaped cad-
herin evolution during the early ancestry of Metazoa. Unless the
cohesin domain of coherins evolved by convergent evolution with
its prokaryotic counterpart, then it must have been acquired by
horizontal gene transfer (32); this explanation seems quite
plausible when considering that the earliest metazoan ancestors
likely were bacterivorous (51). Either way, the presence of
a cohesin domain in coherins is compelling evidence of the ho-
mology of these proteins between sponges and choanoflagellates.

Premetazoan Cadherin Functions. Our understanding of the scope
of cadherin function derives from their study in morphologically
complex bilaterians, but C. owczarzaki is unicellular (42) and
choanoflagellates exist as either single cells or simple undiffer-
entiated colonies (52–54). Cadherins in these organisms may
have functions that are unrelated to cadherin functions known
from bilaterians. For example, even in colony-forming S. rosetta,
adjacent cells are linked by cytoplasmic bridges and lack struc-
tures that resemble the cadherin-based adherens junctions of
metazoans (53). However, it is possible to identify some analo-
gous functions that might be served by cadherins in non-
metazoans. For example, cadherins in unicellular lineages could
have adhesive functions other than the regulation of stable cell-
cell adhesion, such as during bacterial prey capture, attachment
to ECM, attachment to environmental substrates, or gamete
recognition (although sex is undocumented in choanoflagellates).
One biological context in which cadherin function may be

conserved between choanoflagellates and metazoans is in the
collar cells of sponges. Like choanoflagellates, sponge collar cells
have amotile flagellum used to generate water flow for the capture
of bacterial prey on a surrounding microvillar collar where they
are phagocytosed. It is reasonable to hypothesize that cadherin
families restricted to sponges and choanoflagellates (i.e., lefftyrins
and coherins), in particular, may have functions specific to the
biology of collar cells. Such functions may include roles in the
regulation of microvillar collar integrity or bacterial prey capture.
Indeed, one cadherin (MBCDH1) has been shown to localize to
the microvillar collar of M. brevicollis (1). Furthermore, there is
precedent for a physiologically important interaction between
bacteria and cadherins in metazoans: Some pathogenic bacteria
interact with classical cadherins in gut epithelia, thereby stimu-
lating the host cells to phagocytose the invading pathogen (55–57).

Linking Cadherin Evolution to the Origin of Metazoa.A challenge for
relating cadherin gene family evolution to metazoan morpho-
logical evolution is that, until now, none of the functionally
characterized cadherin families of bilaterians have been studied
in nonbilaterians. Of all of the modern cadherin families, the
classical cadherin family is perhaps the strongest candidate for
having played a role in the evolution of metazoan multicellularity
(2, 4). The CCD of classical cadherins binds to β-catenin to
regulate cell-cell adhesion in all studied bilaterian tissues. Here,
we show that the genome of the sponge O. carmela encodes a
typical nonchordate classical cadherin with a CCD domain-
containing cytoplasmic tail that is predicted to be capable of
binding to O. carmela β-catenin. Thus, it is plausible that an
evolutionarily conserved classical cadherin/β-catenin adhesion
complex was a feature of the cell biology of the last common
ancestor of all modern metazoans.
The ubiquity of certain cadherin families in lineages that di-

verged more than 600 Mya indicates that these protein families
have conserved (and essential) roles in organisms with vastly
different biology. As we learn about their functions, we stand
to gain insight into ancestral features of metazoans and their
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Fig. 4. An emerging model of cadherin evolution. (A) At least five modern
families of cadherins—hedglings, coherins, lefftyrins, CELSR/flamingo and
classical cadherins—evolved before the diversification of modern metazoans.
Of these families, only the CELSR/flamingo and classical cadherin families are
clearly conserved in all metazoan lineages (2, 4, 31). In contrast, among
metazoans, hedgling is restricted to sponges and cnidarians. All of the cad-
herin families that evolved before the divergence of choanoflagellates and
metazoans (“premetazoan” cadherin families) have been lost or have
evolved beyond recognition in bilaterians. The relationships among the sin-
gle cadherin detected in the genome of C. owczarzaki (Cowc_Cdh1) and
other modern cadherin families are uncertain (indicated by dotted circle, also
see Fig. 2A). (B) In addition to having EC domains, members of many cadherin
families contain domains that provide clues to their evolutionary origins and
to their relationships with other modern protein families (see Discussion).
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Figure 2. Diverse Origins of Multicellularity

Multicellular and colonial species are found throughout the diversity of eukaryotic phyla (Bonner, 1998; Buss, 1987). Although some phyla are
strictly multicellular (e.g., land plants and animals), many more contain a mix of unicellular and multicellular forms. The apparent clustering
of multicellularity among related branches of the tree suggests the existence of heritable genomic features that facilitate the evolution of
higher order cellular interactions. With regard to animal origins, it is worth noting that the closest relatives, the choanoflagellates, are thought
to be primitively unicellular and have evolved the ability to form colonies in some species. Modified from Baldauf, 2003.

profoundly impacted early events in animal evolution algae), multicellularity appears in at least 16 indepen-
dent eukaryotic lineages. In some of these lineages (e.g.,and development.
Fungi) the relationships among diverse multicellular
and unicellular members suggest that multicellularityThe Ties that Bind evolved repeatedly after the initial radiation of the lin-

Although studies of the transition to multicellularity were eage and was subsequently lost in select taxa (Medina
once hindered by uncertainty regarding the evolutionary et al., 2001). In contrast, land plants and animals are
relationships among extant taxa, progress on three phy- entirely multicellular, suggesting that the transition from
logenetic issues has rekindled interest and opened up unicellularity occurred early in their evolutionary his-
new avenues of research. Here I briefly discuss recent tories.
findings regarding the phylogenetics of multicellular or- Three groups, the plants, amoebozoa, and opistho-
ganisms, the common ancestry of all Metazoa, and the konts, are particularly enriched for multicellularity,
close relationship between Metazoa and a special group whereas others (e.g., the excavates, rhizaria, and alveo-
of protozoa, the choanoflagellates. lates) are notably deficient. The clustering of multicellu-
Multiple Transitions to Multicellularity lar origins within closely related groups may indicate
To place the origin of animals from protozoa in context, that some genomes and some cell biologies have been
it is valuable to consider the relationships among multi- better building blocks for multicellularity than others.
cellular eukaryotes. Despite the challenges of inferring Additionally, the natural histories of some groups (e.g.,
the evolutionary relationships from among long-diverged their susceptibility to predation) may have generated
taxa, a consensus picture of eukaryotic phylogeny has greater or lesser selective advantages for colonial forms
emerged (Figure 2; Baldauf, 2003). Armed with a new over solitary cells. The key to understanding the founda-
understanding of the eukaryotic tree, we are now equipped tions of multicellularity and development in each multi-
to ask if all multicellular eukaryotes are related, reflecting cellular lineage is to have a clearer picture of its unicellu-
a single transition to multicellularity, or if their evolution- lar prehistory.
ary histories imply multiple independent origins of multi- Monophyly of Animals
cellularity. Mapping all known examples of multicellu- A central question regarding animal origins, then, is
larity onto this phylogenetic framework reveals its roots whether animals are monophyletic and owe their history
throughout eukaryotic diversity (Bonner, 1998; Buss, to a single transition to multicellularity, or polyphyletic,
1987). Including the better-known multicellular groups meaning Porifera (i.e., sponges) and the remaining ani-

mal phyla derive from two or more separate protozoan(animals, land plants, fungi, and green, brown, and red

Physarum polycephalum
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exception of Rh3, other opsins could replace Rh1
(Fig. 4C). However, the transgenic flies showed
significant differences from wild type when given
a choice between 18° and 20° to 22°C (Fig. 4D).
AnotherGPCRcoupled toGq [5-hydroxytryptamine
(5-HT2)] did not function in place of Rh1 (Fig. 1C).

The mammalian opsin that is most similar to
Drosophila Rh1 is melanopsin (OPN4) (21).
Expression of Opn4 under control of the ninaE
promoter did not reverse the phototransduction
defect in adult ninaEI17 (fig. S8). However,Opn4
enabled the ninaEI17 larvae to distinguish be-
tween 18°C and 24°C (Fig. 4C).

The observations that Rh1 is required for
thermosensory discrimination and that OPN4
could substitute for Rh1 suggest that Rh1 and
related opsins might be intrinsic thermosensors.
However, the intrinsic rate of thermal activation,
which is ~1/min in fly photoreceptor cells (22), is
far too low to account for the requirement for
Rh1 for thermosensation. We suggest that an ac-
cessory factor might interact with Rh1 and ac-
celerates its intrinsic thermal activity. Finally,
because rhodopsin has dual roles, it is interesting

to consider the question as to whether the arche-
typal role for rhodopsin was in light sensation or
in thermosensation.
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A Polarized Epithelium Organized by
b- and a-Catenin Predates Cadherin
and Metazoan Origins
Daniel J. Dickinson,1 W. James Nelson,1,2,3* William I. Weis1,3,4*

A fundamental characteristic of metazoans is the formation of a simple, polarized epithelium.
In higher animals, the structural integrity and functional polarization of simple epithelia require
a cell-cell adhesion complex that contains a classical cadherin, the Wnt-signaling protein
b-catenin and the actin-binding protein a-catenin. We show that the non-metazoan Dictyostelium
discoideum forms a polarized epithelium that is essential for multicellular development.
Although D. discoideum lacks a cadherin homolog, we identify an a-catenin ortholog that binds
a b-catenin–related protein. Both proteins are essential for formation of the epithelium, polarized
protein secretion, and proper multicellular morphogenesis. Thus, the organizational principles of
metazoan multicellularity may be more ancient than previously recognized, and the role of the
catenins in cell polarity predates the evolution of Wnt signaling and classical cadherins.

A simple epithelium is the most basic
tissue type in metazoans (multicellular
animals). It is the first overt sign of

cellular differentiation during embryogenesis and
is important for the morphogenesis of many
tissues and homeostasis in the adult (1). A simple
epithelium comprises a cell monolayer surround-
ing a luminal space. The cells have a polarized
organization of plasma membrane proteins, or-

ganelles, and cytoskeletal networks that together
regulate the directional absorption and secretion
of proteins and other solutes (1).

The structural integrity and functional polar-
ity of epithelial tissues in higher animals require
cell-cell adhesionmediated by classical cadherins
(2). Adhesion provides a spatial cue that initiates
cell polarization via recruitment of cadherin-
associated cytosolic proteins (3), including the
Wnt-signaling protein b-catenin (4) and the actin-
binding protein a-catenin (5). Classical cadherins,
which have extracellular cadherin repeats (6) and
a conserved cytoplasmic domain that can bind
b-catenin (7), are found in all multicellular animals,
including sponges, but not in choanoflagellates
(8–10), which suggests that classical cadherins
are restricted to metazoans. However, the evolu-
tionary history of the catenins is unknown, and

thus how the cadherin-catenin complex evolved
to mediate epithelial polarity in metazoans is
unclear.

The non-metazoan social amoeba Dictyoste-
lium discoideum undergoes multicellular mor-
phogenesis in response to starvation: Single cells
aggregate and undergo culmination to form a
fruiting body, which comprises a rigid stalk that
supports a collection of spores (Fig. 1A) (11).
The mechanical rigidity of the stalk is due to the
stalk tube, which contains cellulose and the ex-
tracellular matrix proteins EcmA/B (Fig. 1B)
(12, 13). Harwood and colleagues described a
ring of cells surrounding the stalk tube at the tip
of the culminant and speculated that these cells
might contribute to stalk formation during culmi-
nation (14, 15). However, the subcellular orga-
nization and function of tip cells have not been
characterized.

We confirmed the earlier observation (14)
that the tip consists of an organized monolayer
of cells surrounding the stalk (Fig. 1, A and B,
and movie S1). Additionally, we found that
these cells have a distinctive polarized organi-
zation: Centrosomes and Golgi localized to a
stalk side of nuclei (Fig. 1C), and the transmem-
brane protein cellulose synthase [encoded by the
dcsA gene (12)] localized to the plasma membrane
domain adjacent to the stalk tube (Fig. 1D). Thus,
D. discoideum tip cells have a subcellular orga-
nization that is characteristic of a simple polar-
ized epithelium (fig. S1), and we refer to these
cells as the tip epithelium.

In metazoans, b-catenin and a-catenin are es-
sential for the formation of polarized simple epithe-
lia (16, 17). A b-catenin–related protein called
Aardvark has been identified in D. discoideum
(fig. S2) (9, 14). We identified a member of the
a-catenin family in this organism, which we
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exception of Rh3, other opsins could replace Rh1
(Fig. 4C). However, the transgenic flies showed
significant differences from wild type when given
a choice between 18° and 20° to 22°C (Fig. 4D).
AnotherGPCRcoupled toGq [5-hydroxytryptamine
(5-HT2)] did not function in place of Rh1 (Fig. 1C).

The mammalian opsin that is most similar to
Drosophila Rh1 is melanopsin (OPN4) (21).
Expression of Opn4 under control of the ninaE
promoter did not reverse the phototransduction
defect in adult ninaEI17 (fig. S8). However,Opn4
enabled the ninaEI17 larvae to distinguish be-
tween 18°C and 24°C (Fig. 4C).

The observations that Rh1 is required for
thermosensory discrimination and that OPN4
could substitute for Rh1 suggest that Rh1 and
related opsins might be intrinsic thermosensors.
However, the intrinsic rate of thermal activation,
which is ~1/min in fly photoreceptor cells (22), is
far too low to account for the requirement for
Rh1 for thermosensation. We suggest that an ac-
cessory factor might interact with Rh1 and ac-
celerates its intrinsic thermal activity. Finally,
because rhodopsin has dual roles, it is interesting

to consider the question as to whether the arche-
typal role for rhodopsin was in light sensation or
in thermosensation.
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A Polarized Epithelium Organized by
b- and a-Catenin Predates Cadherin
and Metazoan Origins
Daniel J. Dickinson,1 W. James Nelson,1,2,3* William I. Weis1,3,4*

A fundamental characteristic of metazoans is the formation of a simple, polarized epithelium.
In higher animals, the structural integrity and functional polarization of simple epithelia require
a cell-cell adhesion complex that contains a classical cadherin, the Wnt-signaling protein
b-catenin and the actin-binding protein a-catenin. We show that the non-metazoan Dictyostelium
discoideum forms a polarized epithelium that is essential for multicellular development.
Although D. discoideum lacks a cadherin homolog, we identify an a-catenin ortholog that binds
a b-catenin–related protein. Both proteins are essential for formation of the epithelium, polarized
protein secretion, and proper multicellular morphogenesis. Thus, the organizational principles of
metazoan multicellularity may be more ancient than previously recognized, and the role of the
catenins in cell polarity predates the evolution of Wnt signaling and classical cadherins.

A simple epithelium is the most basic
tissue type in metazoans (multicellular
animals). It is the first overt sign of

cellular differentiation during embryogenesis and
is important for the morphogenesis of many
tissues and homeostasis in the adult (1). A simple
epithelium comprises a cell monolayer surround-
ing a luminal space. The cells have a polarized
organization of plasma membrane proteins, or-

ganelles, and cytoskeletal networks that together
regulate the directional absorption and secretion
of proteins and other solutes (1).

The structural integrity and functional polar-
ity of epithelial tissues in higher animals require
cell-cell adhesionmediated by classical cadherins
(2). Adhesion provides a spatial cue that initiates
cell polarization via recruitment of cadherin-
associated cytosolic proteins (3), including the
Wnt-signaling protein b-catenin (4) and the actin-
binding protein a-catenin (5). Classical cadherins,
which have extracellular cadherin repeats (6) and
a conserved cytoplasmic domain that can bind
b-catenin (7), are found in all multicellular animals,
including sponges, but not in choanoflagellates
(8–10), which suggests that classical cadherins
are restricted to metazoans. However, the evolu-
tionary history of the catenins is unknown, and

thus how the cadherin-catenin complex evolved
to mediate epithelial polarity in metazoans is
unclear.

The non-metazoan social amoeba Dictyoste-
lium discoideum undergoes multicellular mor-
phogenesis in response to starvation: Single cells
aggregate and undergo culmination to form a
fruiting body, which comprises a rigid stalk that
supports a collection of spores (Fig. 1A) (11).
The mechanical rigidity of the stalk is due to the
stalk tube, which contains cellulose and the ex-
tracellular matrix proteins EcmA/B (Fig. 1B)
(12, 13). Harwood and colleagues described a
ring of cells surrounding the stalk tube at the tip
of the culminant and speculated that these cells
might contribute to stalk formation during culmi-
nation (14, 15). However, the subcellular orga-
nization and function of tip cells have not been
characterized.

We confirmed the earlier observation (14)
that the tip consists of an organized monolayer
of cells surrounding the stalk (Fig. 1, A and B,
and movie S1). Additionally, we found that
these cells have a distinctive polarized organi-
zation: Centrosomes and Golgi localized to a
stalk side of nuclei (Fig. 1C), and the transmem-
brane protein cellulose synthase [encoded by the
dcsA gene (12)] localized to the plasma membrane
domain adjacent to the stalk tube (Fig. 1D). Thus,
D. discoideum tip cells have a subcellular orga-
nization that is characteristic of a simple polar-
ized epithelium (fig. S1), and we refer to these
cells as the tip epithelium.

In metazoans, b-catenin and a-catenin are es-
sential for the formation of polarized simple epithe-
lia (16, 17). A b-catenin–related protein called
Aardvark has been identified in D. discoideum
(fig. S2) (9, 14). We identified a member of the
a-catenin family in this organism, which we

1Program in Cancer Biology, Stanford University, Stanford, CA
94305, USA. 2Department of Biology, Stanford University,
Stanford, CA 94305, USA. 3Department of Molecular and
Cellular Physiology, Stanford University, Stanford, CA 94305,
USA. 4Department of Structural Biology, Stanford University,
Stanford, CA 94305, USA.

*To whom correspondence should be addressed. E-mail:
wjnelson@stanford.edu (W.J.N.); bill.weis@stanford.edu (W.I.W.)

11 MARCH 2011 VOL 331 SCIENCE www.sciencemag.org1336

REPORTS

its fundamental role in epithelial organ-
ization, the cadherin-catenin complex is
conserved in all metazoans.

Phylogenetically speaking, metazo-
ans belong to the unikonts, a group that
also includes fungi, social amoebae, and
a number of unicellular or colonial pro-
tists (see Fig. 2) [10, 11]. Historically, it
was thought thatmulticellularity evolved
independently in animals, fungi and
social amoebae, and that epithelial tissue
was a unique feature of animals [11–14].
However, two recent studies have
established the existence of polarized
epithelial tissue in the non-metazoan
social amoeba Dictyostelium discoideum
[15, 16]. This finding calls into question
the notion of an independent origin of
multicellularity in animals and social
amoebae. Here, we propose and discuss
the alternative hypothesis that all uni-
konts evolved from an ancestor with a
simple multicellular organization.

Identification of an
epithelial tissue in
Dictyostelium

D. discoideum is a representative of the
social amoebae, a group of organisms
that feed as single cells but undergo a
transition to a multicellular form upon
starvation (Fig. 1A) [17]. Starving cells
secrete cyclic AMP, which acts as a
chemoattractant and induces cells to
aggregate into spherical mounds (see
[18] for a detailed description of the
aggregation process). Once aggregation
is complete, the mound elongates to
form a slug. After a period of migration,
the slug develops into a fruiting body
by a process called culmination. The
developmental process can thus be div-
ided into three phases: (1) chemotaxis
and aggregation; (2) slug formation and
migration; and (3) culmination. Of these

three phases, chemotaxis has received
themost attention, and relatively little is
known about the later stages of develop-
ment. However, it is during culmination
that the greatest degree of complexity
in tissue organization and cell type
specialization is observed.

The fruiting body consists of a rigid
stalk supporting a collection of spore
cells at the top (Fig. 1B). The defining
event of culmination is the production
of the stalk, which elevates the spores
and eventually facilitates their disper-
sal. The stalk consists of stalk cells
encased in a rigid tube made of cellulose
and extracellular matrix (ECM) proteins
[19, 20]. During culmination, the stalk
cells increase in volume, but because
they are encased in a rigid tube, their
expansion is directed in the vertical
direction and contributes to the lifting
force that raises the spore head [21].
Stalk formation is orchestrated by the

Figure 1. Multicellular development and epithelial polarity in social amoebae. A: The developmental process of D. discoideum. Starvation
induces aggregation of individual amoebae to form a mound. The mound then undergoes morphogenesis, forming first a migrating slug, then
a fruiting body. A fruiting body in the process of formation is called a ‘‘culminant’’. B: Anatomy of the D. discoideum culminant. The culminant
consists of a collection of spores supported by a rigid stalk (left). The stalk is patterned by the tip, which is located at the apex of the
culminant and comprises a tubular epithelial monolayer surrounding the top of the stalk (right). The apical membrane of the tip epithelial cells
is adjacent to the stalk. Epithelial cells secrete cellulose and ECM proteins to form the stalk tube, which is the rigid exterior of the stalk. At the
same time, contractile force generated by the epithelial cells limits stalk diameter. C: Images of the tip epithelium stained for various markers,
as indicated. Note that tubulin staining is used to mark centrosomes. Scale bars represent 10 mm. Brackets indicate the tip epithelium, and
‘‘S’’ indicates the stalk. See [15] and [16] for materials and methods. Panels A and B were adapted from [16].
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Fig. 3. (A) Early culmi-
nants formed by wild-
type and Dda-catenin
knockdown cells. (B)
Confocal sections of the
tip in culminants of the
indicated cells. Severe
and mild Dda-catenin
knockdown phenotypes
are distinguished by the
absence or presence, re-
spectively, of a nascent
stalk. Asterisk indicates
nonspecific signal on the
exterior of the culminant
(fig. S8). (C) Maximum
intensity projections show-
ing centrosomes and nu-
clei. Arrowheads indicate
centrosomes that aremis-
localized relative to wild
type (Fig. 1C). (Bottom)
Higher-magnificationviews
of the boxed regions. (D)
Confocal sections of the
(top) tip and (bottom) tip
epithelium in culminants
of the indicated cells ex-
pressingmRFP-dcsA (cellu-
lose synthase). Arrowheads
indicate residual local-
ization of mRFP-dcsA in mild Dda-catenin knockdowns and Aardvark knockouts. Scale bars, (A) 25 mm, [(B) to (D)] 10 mm in lower-magnification views, or [(C)
and (D)] 2 mm in higher-magnification views.

Fig. 4. (A) Confocal sections of the tip
epithelium in culminants of the indicated cells.
Arrows indicate deposition of small amounts
of extracellular cellulose and EcmA/B in a
nascent stalk tube. Arrowheads indicate intra-
cellular accumulation of EcmA/B. (B) Confocal
section of the tip epithelium in a culminant of
cellulose synthase (dcsA) knockout cells (12).
(C) Confocal sections of tip epithelia in cul-
minants of the indicated cells. Arrowheads
indicate Sec15 localization. Asterisks indicate
nonspecific signal on the exterior of the cul-
minant (fig. S8). Scale bars, 2 mm.
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named Dda-catenin on the basis of structural
and functional characteristics (9). Dda-catenin
is approximately 35% homologous to human
a-catenins and their paralog vinculin (Fig. 2A
and figs. S3 to S5). Dda-catenin was expressed
at low levels in single D. discoideum cells but
was up-regulated during multicellular develop-

ment (Fig. 2B). Endogenous Dda-catenin lo-
calized to cell-cell contacts in the slug and fruiting
body (Fig. S6 and fig. S7A) and especially in
columnar cells of the tip epithelium (Fig. 2C).

We examined whether Dda-catenin is similar
to metazoan a-catenin or vinculin, or both (9).
Like metazoan a-catenin,Dda-catenin bound and

bundled actin filaments (Fig. 2, D and E). Dda-
catenin bound to the D. discoideum b-catenin–
related protein Aardvark (Fig. 2F) and mouse
b-catenin (fig. S9), and its localization to cell-
cell contacts in vivo was Aardvark-dependent
(Fig. 2C and fig. S7). Unlike mammalian aE-
catenin, but like the C. elegans a-catenin or-
tholog HMP-1 (18), purified Dda-catenin was
monomeric in solution (fig. S10), and it did not
inhibit the actin-nucleating activity of the Arp2/3
complex (Fig. 2G). In contrast to its overall sim-
ilarity to metazoan a-catenin,Dda-catenin lacked
key properties of metazoan vinculin (figs. S11
and S12) (9). Because Dda-catenin represents
the most basally branching members of the
a-catenin/vinculin family (fig. S4), these data
indicate that the ancestral member of this protein
family was probably a-catenin-like.

To test whether Dda-catenin and its binding
partner Aardvark are involved in the polarized or-
ganization of the tip epithelium,we depletedDda-
catenin using RNA interference (fig. S13). When
Dda-catenin was depleted below a level that
could be detected by means of immunofluores-
cence, multicellular development arrested at the
onset of culmination (Fig. 3A). Tip cells were
disorganized, and the stalk and tip epithelium
were absent (Fig. 3, A and B). Moreover, the
distributions of Golgi and centrosomes were not
polarized (Fig. 3C and fig. S14), and cellulose
synthasewasmislocalized intracellularly (Fig. 3D).
Culminants with partialDda-catenin knockdown
exhibited a milder phenotype: A distinct stalk and
tip epithelium formed, but the epithelium ap-
peared disorganized and was more than one cell
layer thick (Fig. 3B), and organelles (Fig. 3C and
fig. S14, arrowheads) and cellulose synthase
(Fig. 3D) were not correctly polarized. Prestalk
cell differentiation was unaffected inDda-catenin

Fig. 1. (A) D. discoideum developmental process. M, mound; Sl, slug; C, culminant; FB, fruiting body.
(B) Confocal section of the tip of a wild-type culminant. Brackets indicate the tip epithelium;
arrowheads indicate the stalk tube; S indicates the stalk. (C) Maximum-intensity projections showing
Golgi (left), centrosomes (right), and nuclei (4´,6´-diamidino-2-phenylindole stain) in the entire tip
(top) or tip epithelium (bottom). (D) Confocal section of the tip (top) and tip epithelium (bottom) in a
wild-type culminant expressing cellulose synthase (mRFP-dcsA). In tip epithelial cells, mRFP-dcsA
localizes to the tip epithelial cell membrane adjacent to the stalk (arrowheads). mRFP-dcsA is also
expressed in the stalk cells. Scale bars, [(B) to (D)] 10 mm in lower-magnification views and [(C) and
(D)] 2 mm in higher-magnification views. In views of the tip epithelium, the top of the images faces
the stalk.

Fig. 2. (A) Primary struc-
tures ofDda-catenin and
human a-catenin and
vinculin. Regions of ho-
mology are shaded gray.
NTD, N-terminal domain;
M,M-domain; ABD, actin-
bindingdomain; P, proline-
rich region. (B) Western
blot for Dda-catenin at
the indicated develop-
mental time points. (C)
Confocal sections of the
tip epithelium in a wild-
type culminant and an
Aardvark knockout (14).
Asterisks indicate non-
specific signal on the ex-
terior of the culminant
(fig. S8). (D) High-speed
pelleting assay demon-
strating binding of 5 mM full-length (FL) or the isolated tail domain of Dda-
catenin to 5 mM F-actin. (E) Negative-stain electron micrographs of actin
filaments in the absence or presence of 5 mM Dda-catenin. Scale bar, 500 nm.
(F) Bead-bound fractions from a glutathione S-transferase (GST) pull-down

assay demonstrating binding of Dda-catenin (10 mM) to GST-Aardvark (~0.3 mM).
5 mM GST is a negative control. (G) Pyrene actin polymerization assays were
performed in the presence of N-WASp VCA domain and the indicated additional
proteins. aE-catenin or Dda-catenin concentrations were 5 mM.
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tip epithelium formed, but the epithelium ap-
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layer thick (Fig. 3B), and organelles (Fig. 3C and
fig. S14, arrowheads) and cellulose synthase
(Fig. 3D) were not correctly polarized. Prestalk
cell differentiation was unaffected inDda-catenin

Fig. 1. (A) D. discoideum developmental process. M, mound; Sl, slug; C, culminant; FB, fruiting body.
(B) Confocal section of the tip of a wild-type culminant. Brackets indicate the tip epithelium;
arrowheads indicate the stalk tube; S indicates the stalk. (C) Maximum-intensity projections showing
Golgi (left), centrosomes (right), and nuclei (4´,6´-diamidino-2-phenylindole stain) in the entire tip
(top) or tip epithelium (bottom). (D) Confocal section of the tip (top) and tip epithelium (bottom) in a
wild-type culminant expressing cellulose synthase (mRFP-dcsA). In tip epithelial cells, mRFP-dcsA
localizes to the tip epithelial cell membrane adjacent to the stalk (arrowheads). mRFP-dcsA is also
expressed in the stalk cells. Scale bars, [(B) to (D)] 10 mm in lower-magnification views and [(C) and
(D)] 2 mm in higher-magnification views. In views of the tip epithelium, the top of the images faces
the stalk.
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Aardvark knockout (14).
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specific signal on the ex-
terior of the culminant
(fig. S8). (D) High-speed
pelleting assay demon-
strating binding of 5 mM full-length (FL) or the isolated tail domain of Dda-
catenin to 5 mM F-actin. (E) Negative-stain electron micrographs of actin
filaments in the absence or presence of 5 mM Dda-catenin. Scale bar, 500 nm.
(F) Bead-bound fractions from a glutathione S-transferase (GST) pull-down

assay demonstrating binding of Dda-catenin (10 mM) to GST-Aardvark (~0.3 mM).
5 mM GST is a negative control. (G) Pyrene actin polymerization assays were
performed in the presence of N-WASp VCA domain and the indicated additional
proteins. aE-catenin or Dda-catenin concentrations were 5 mM.
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2009). The mechanical stress itself might drive myosin to the
apical cortex due to the propensity of myosin to accumulate in
a mechanosensitive manner (Ren et al., 2009; Luo et al., 2012).
At the basolateral surface, IQGAP1/cortexillin and the catenins
might rigidify the cortex to help maintain shape. Because
myosin, cortexillin I and IQGAP1 contribute to several aspects
of cortical mechanics (measured in single cells; Surcel et al.,
2010; Kee et al., 2012), it is perhaps not surprising that these
proteins have significant impact on epithelial cell and tissue
morphology.
A model for the regulation of myosin activity by the catenins

and IQGAP1/cortexillin is presented in Figure 8. In the tip epi-
thelium, the IQGAP1/cortexillin complex antagonizes myosin at
the basolateral cortex, thereby restricting myosin accumulation
to the apical plasma membrane where IQGAP1/cortexillin is
absent. The catenins restrict the spatial distribution of IQGAP1/
cortexillin to the basolateral plasma membrane, allowing enrich-
ment of myosin apically. In the absence of a-catenin, IQGAP1
and cortexillin occupy the entire cortex, and myosin appears to
be excluded from the cortex (Figure S5). This result indicates
that a-catenin is not required simply to recruit IQGAP1 and cor-

Figure 8. Model of Myosin Regulation
during Dictyostelium Culmination
In tip epithelial cells, apical myosin localization

is enforced by IQGAP1 and cortexillins, which

together inhibit the association of myosin with

the basolateral cortex. a-Catenin and aardvark

control the asymmetric distribution of IQGAP1 and

cortexillins, which antagonize cortical myosin

recruitment. Apical myosin enrichment is neces-

sary to constrict the stalk and for the normal

monolayer organization of the tip epithelium.

texillins to the plasma membrane.
Instead, we propose that a-catenin in-
creases the affinity of IQGAP1/cortexillin
for the basolateral cortex, perhaps by
altering the organization or structure
of actin filaments. Alternatively, by in-
fluencing membrane trafficking events
(Dickinson et al., 2011), a-catenin may
cause the asymmetric localization of
another factor that affects IQGAP1/
cortexillin localization. The smallGTPases
Rac1 and RacE, which bind IQGAP1 (Faix
et al., 1998), are candidates for such
a factor.
Our model is based in part on the

epithelial phenotypes of ctnnA(RNAi),
aarA!, iqgA!, ctxA!, and mlkA! culmi-
nants, so we considered whether defects
occurring at earlier stages of develop-
ment could contribute to these phe-
notypes. Several observations argue
against this possibility. First, no gross
defects in slug formation (the stage im-
mediately preceding culmination) were
seen in any of themutants that we studied

(D.J.D., unpublished data). Second, culmination can occur nor-
mally under environmental conditions that eliminate the slug
stage entirely (Newell et al., 1969), indicating that culmination
is not critically dependent on events that occur during the slug
stage. Third, Dictyostelium development prior to culmination is
driven mainly by chemotactic cell migration (Weijer, 2004), and
iqgA! and ctxA! single mutants do not have strong cell migra-
tion defects (Lee et al., 2010). Together, these observations
support our interpretation of phenotypes observed in epithelial
cells as arising during culmination.
Our description of cortexillin I as part of amyosin-antagonizing

complex in the tip epithelium might appear to contrast with its
role in cytokinesis, where its actin cross-linking activity is essen-
tial for a mechanical feedback loop that enhances myosin
recruitment both to the cleavage furrow and to sites of ectopic
cortical deformation (Ren et al., 2009; Surcel et al., 2010).
However, the cortexillin I-binding protein IQGAP1 has been
described as an inhibitor of cortical myosin recruitment in both
systems (Kee et al., 2012; this work). The apparent difference
in cortexillin I function in the tip epithelium compared to single
cells likely reflects differential protein abundance: our data
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SUMMARY

Apical actomyosin activity in animal epithelial cells
influences tissue morphology and drives morphoge-
netic movements during development. The molec-
ular mechanisms leading to myosin II accumulation
at the apical membrane and its exclusion from other
membranes are poorly understood. We show that in
the nonmetazoan Dictyostelium discoideum, myosin
II localizes apically in tip epithelial cells that surround
the stalk, and constriction of this epithelial tube is
required for proper morphogenesis. IQGAP1 and its
binding partner cortexillin I function downstream of
a- and b-catenin to exclude myosin II from the baso-
lateral cortex and promote apical accumulation of
myosin II. Deletion of IQGAP1 or cortexillin compro-
mises epithelial morphogenesis without affecting
cell polarity. These results reveal that apical localiza-
tion of myosin II is a conserved morphogenetic
mechanism from nonmetazoans to vertebrates and
identify a hierarchy of proteins that regulate the
polarity and organization of an epithelial tube in a
simple model organism.

INTRODUCTION

Morphogenesis is the process that produces functional tissue
architectures during development of an organism. Cell migra-
tion, shape changes, and differentiation must occur in concert
for normal morphogenesis to occur. In animals, morphogenesis
often occurs via the reorganization of cells within epithelial
sheets (Keller, 2002; Bryant and Mostov, 2008; St Johnston
and Sanson, 2011), but it is unclear how individual cell behaviors
are coordinated to produce robust tissue shape changes.
Epithelial cells havemolecularly distinct apical and basolateral

plasma membrane domains and a polarized organization of the

cytoskeleton that allow the cells to undergo directional and
reproducible morphogenetic movements (Bryant and Mostov,
2008). The adherens junction, containing cadherin transmem-
brane adhesion molecules and their cytosolic binding partners
including a- and b-catenin, is critical for this polarized cell orga-
nization and for the structural integrity of the epithelium (Nelson,
2008).
In many animal epithelial tissues, nonmuscle myosin II (here-

after referred to as ‘‘myosin’’) and actin are enriched at the
apical membrane where actomyosin contractility generates
forces that lead to changes in tissue shape. In planar epithelia,
apical actomyosin activity can cause apical constriction, a
morphogenetic process in which apical membranes shrink re-
sulting in bending or invagination of the epithelial sheet (Sawyer
et al., 2010). Apical constriction occurs during gastrulation in
many animal embryos including Drosophila (Sweeton et al.,
1991), Caenorhabditis elegans (Lee and Goldstein, 2003) and
sea urchin (Kimberly and Hardin, 1998), and during vertebrate
neural tube closure (Baker and Schroeder, 1967). The ability of
actomyosin to power apical constriction in planar epithelia has
been relatively well described, but the function of actomyosin
in tubular epithelia, in which the apical membrane faces the
lumen, has been studied less. Epithelial tubes with apical acto-
myosin are found in the mammalian salivary gland (Masedun-
skas et al., 2011), pancreas (Bhat and Thorn, 2009), and the
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understood.
We examined this problemduringmulticellular development of

the social amoeba Dictyostelium discoideum. Social amoebae
provide insights into the molecular and cellular factors that
contributed to the early evolution of animal morphogenesis
because of their phylogenetic position as an outgroup to meta-
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SUMMARY
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INTRODUCTION

Morphogenesis is the process that produces functional tissue
architectures during development of an organism. Cell migra-
tion, shape changes, and differentiation must occur in concert
for normal morphogenesis to occur. In animals, morphogenesis
often occurs via the reorganization of cells within epithelial
sheets (Keller, 2002; Bryant and Mostov, 2008; St Johnston
and Sanson, 2011), but it is unclear how individual cell behaviors
are coordinated to produce robust tissue shape changes.
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plasma membrane domains and a polarized organization of the

cytoskeleton that allow the cells to undergo directional and
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2008).
In many animal epithelial tissues, nonmuscle myosin II (here-

after referred to as ‘‘myosin’’) and actin are enriched at the
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Multicellularity in Slime Molds: epithelium

Morphogenetic function
of catenins

without Cadherins



tip, which is a specialized structure
located at the apex of the culminant
[15, 16, 21–24]. Though the tip was pre-
viously thought to play an important
role in culmination, its subcellular
organization and function had not been
studied in detail.

Confocal microscopy showed that
the tip contains a highly organized cell
monolayer that forms a tube surround-
ing the apex of the stalk (Fig. 1B, C) [15],
consistent with earlier electron micro-

scopy data [25, 26]. These cells, which
we refer to as the tip epithelium, exhibit
many of the hallmarks of epithelial cell
polarity, including: a polarized organiz-
ation of the actomyosin and micro-
tubule cytoskeletons; a polarized
distribution of cytoplasmic organelles;
and division of the plasma membrane
into apical and basolateral domains
with distinct protein compositions
(Fig. 2) [15, 16]. Most importantly,
polarity of the tip epithelial cells in

Dictyostelium requires homologs of b-
and a-catenin, which are necessary for
epithelial organization and polarity in
metazoans.

Two distinct developmental func-
tions have been identified for the tip
epithelium. First, the epithelial cells
secrete cellulose and ECM proteins
directionally to form the rigid stalk tube
on the exterior of the stalk [15]. Second,
the epithelium is an actomyosin-based
contractile structure that applies a

Figure 2. Conservation of epithelial characters in unikonts. The table shows the presence (colored square) or absence (white square) of
the indicated characters in the indicated species. A question mark indicates that no information is available for this particular character and
species. Character descriptions and notes: (1) No molecular information about these species is available because their genomes have not yet
been sequenced. (2) Solid squares indicate constitutive multicellularity; cross-hatched squares indicates facultative multicellularity. (3) Indicates
a columnar monolayer of cells that morphologically resemble a simple epithelium. (4) Indicates a polarized organization of the plasma mem-
brane, cytoskeleton, and cytoplasmic organelles. (5) Indicates directional secretion of proteins and other solutes. (6) Indicates an apical enrich-
ment of myosin motor proteins, resulting in apical contractility. (7) Indicates the presence of cell-cell junctions linked to the actin cytoskeleton.
These are represented by adherens junctions in metazoans, and by junctions of unknown molecular composition in D. discoideum. See the
text for details. (8) Solid squares indicate classical cadherins that contain a cytoplasmic domain that can bind b-catenin; cross-hatched
squares indicate proteins with extracellular cadherin repeats but no classical cadherin cytoplasmic domains. (9) b-catenin orthologs are very
difficult to identify using sequence-based methods such as BLAST, due to the presence of armadillo repeats that are also found in many
other proteins. Therefore, we conservatively use solid squares to represent proteins that are known to be functionally similar to b-catenin and
cross-hatched squares to represent armadillo repeat proteins with sequence similarity to b-catenin but unknown function. (10) The a-catenin
ortholog from D. discoideum has been shown to be functionally similar to a-catenin but not the related protein vinculin [15]. Members of this
protein family from choanozoa and chytrid fungi are therefore inferred to be a-catenin-like. (11) Solid squares represent an essentially com-
plete set of polarity proteins (see text). A few polarity proteins, including Lgl, Par-1, Par-4, and Par-5 are members of protein families that also
include non-metazoan members.
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« Facultative multicellularity Hypothesis »

Dickinson DJ et al Bioessays, 34:833. 2012 (Review)

• The traditional view is that multicellularity evolved independently in metaoza 
and slime molds

• The « facultative multicellularity hypothesis » proposes that ancestors had a 
facultative epithelial organisation dependent on catenins that was subsequently 
lost, except in Metazoa
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Summary

• Cadherin based Adhesion most likely evolved in 3 parallel steps:

1. Emergence of Cadherins involved in sensing external 
environment and signalling in organisms with facultative 
multicellularity (LCA to Metazoa and Choanoflafelates ?).

2. Emergence of Catenins and actin coupling involved in cell-
cell interactions and epithelial organisation (possibly in LCA to 
slime molds, Metazoa, choanos etc ?)

3. Functional coupling of Catenins and Cadherins (LCA to 
Sponges and Bilateria ?)

Review
315

Figure 2. Diverse Origins of Multicellularity

Multicellular and colonial species are found throughout the diversity of eukaryotic phyla (Bonner, 1998; Buss, 1987). Although some phyla are
strictly multicellular (e.g., land plants and animals), many more contain a mix of unicellular and multicellular forms. The apparent clustering
of multicellularity among related branches of the tree suggests the existence of heritable genomic features that facilitate the evolution of
higher order cellular interactions. With regard to animal origins, it is worth noting that the closest relatives, the choanoflagellates, are thought
to be primitively unicellular and have evolved the ability to form colonies in some species. Modified from Baldauf, 2003.

profoundly impacted early events in animal evolution algae), multicellularity appears in at least 16 indepen-
dent eukaryotic lineages. In some of these lineages (e.g.,and development.
Fungi) the relationships among diverse multicellular
and unicellular members suggest that multicellularityThe Ties that Bind evolved repeatedly after the initial radiation of the lin-

Although studies of the transition to multicellularity were eage and was subsequently lost in select taxa (Medina
once hindered by uncertainty regarding the evolutionary et al., 2001). In contrast, land plants and animals are
relationships among extant taxa, progress on three phy- entirely multicellular, suggesting that the transition from
logenetic issues has rekindled interest and opened up unicellularity occurred early in their evolutionary his-
new avenues of research. Here I briefly discuss recent tories.
findings regarding the phylogenetics of multicellular or- Three groups, the plants, amoebozoa, and opistho-
ganisms, the common ancestry of all Metazoa, and the konts, are particularly enriched for multicellularity,
close relationship between Metazoa and a special group whereas others (e.g., the excavates, rhizaria, and alveo-
of protozoa, the choanoflagellates. lates) are notably deficient. The clustering of multicellu-
Multiple Transitions to Multicellularity lar origins within closely related groups may indicate
To place the origin of animals from protozoa in context, that some genomes and some cell biologies have been
it is valuable to consider the relationships among multi- better building blocks for multicellularity than others.
cellular eukaryotes. Despite the challenges of inferring Additionally, the natural histories of some groups (e.g.,
the evolutionary relationships from among long-diverged their susceptibility to predation) may have generated
taxa, a consensus picture of eukaryotic phylogeny has greater or lesser selective advantages for colonial forms
emerged (Figure 2; Baldauf, 2003). Armed with a new over solitary cells. The key to understanding the founda-
understanding of the eukaryotic tree, we are now equipped tions of multicellularity and development in each multi-
to ask if all multicellular eukaryotes are related, reflecting cellular lineage is to have a clearer picture of its unicellu-
a single transition to multicellularity, or if their evolution- lar prehistory.
ary histories imply multiple independent origins of multi- Monophyly of Animals
cellularity. Mapping all known examples of multicellu- A central question regarding animal origins, then, is
larity onto this phylogenetic framework reveals its roots whether animals are monophyletic and owe their history
throughout eukaryotic diversity (Bonner, 1998; Buss, to a single transition to multicellularity, or polyphyletic,
1987). Including the better-known multicellular groups meaning Porifera (i.e., sponges) and the remaining ani-

mal phyla derive from two or more separate protozoan(animals, land plants, fungi, and green, brown, and red
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