Experimental Cell Research xxx (xxxx) xxx–xxx

Contents lists available at ScienceDirect

Experimental Cell Research
journal homepage: www.elsevier.com/locate/yexcr

Early events in the assembly of E-cadherin adhesions
⁎

Kabir H. Biswasa, , Ronen Zaidel-Bara,b,⁎⁎
a
b

Mechanobiology Institute, National University of Singapore, Singapore
Department of Biomedical Engineering, National University of Singapore, Singapore

A R T I C L E I N F O

A BS T RAC T

Keywords:
Cadherin
Catenin
Cell-cell adhesion
Clustering
Cytoskeleton
Diﬀusion
Filopodia

E-cadherin is a calcium dependent cell adhesion molecule that is key to the organization of cells in the epithelial
tissue. It is a multidomain, trans-membrane protein in which the extracellular domain forms the homotypic,
adhesive interaction while the intracellular domain interacts with the actin cytoskeleton through the catenin
family of adaptor proteins. A number of recent studies have provided novel insights into the mechanism of
adhesion formation by this class of adhesion proteins. Here, we describe an updated view of the process of Ecadherin adhesion formation with an emphasis on the role of molecular mobility, clustering, and active cellular
processes.

1. Introduction
Organization of cells into tissues is at the heart of multicellular
organism development. In animals, cells in diﬀerent tissues are
organized primarily by the interaction of cell membrane-localized
receptors with either receptors on other cells or ligands in the
extracellular matrix. Cadherins are a large family ( > 100 members)
of cell membrane-localized receptors with multiple extracellular cadherin repeats that are instrumental in the adhesion of cells in a variety
of tissues. A subset of cadherins, known as classical cadherins, share a
conserved cytoplasmic tail that binds catenins and links them with the
actin cytoskeleton. Prominent among these are the epithelial (E)-,
neuronal (N)-, and vascular endothelial (VE)-cadherins that forms
adhesion between epithelial, neuronal and vascular endothelial cells,
respectively. In this review we will be focusing primarily on E-cadherin.
A large number of studies have helped uncover the molecular
structure of cadherins, which has been excellently reviewed elsewhere
[1]. Brieﬂy, the multidomain E-cadherin protein is expressed as a
120 kDa glycosylated protein with an extracellular domain containing
ﬁve cadherin repeats (EC1-5), a trans-membrane domain, and a short
unstructured intracellular domain (Fig. 1A) [1,2]. Each of the 5 EC
repeats is ~110 amino acids long, and assume an immunoglobulin-like
structure. Importantly, the structure of the extracellular domain is
signiﬁcantly altered by the binding of Ca2+ ions at four sites in between
the ﬁve EC repeats, from a ﬂoppy to a curved, rod-like rigid
conformation [3–5]. The trans-membrane domain of E-cadherin
contains a leucine-zipper motif that may promote its oligomerization

⁎

[6], and by analogy to VE-cadherin may promote interaction with other
transmembrane proteins [7]. The highly conserved intracellular domain [8] is ~150 amino acids long and binds adaptor proteins such as
p120- and β-catenin, which in turn interact with a multitude of
structural and signaling proteins, connecting E-cadherin with a variety
of cellular machineries, most notably the actin-cytoskeleton [9–11].
Thus, cadherins not only allow cells in a tissue to adhere to each other
but also organize signaling in the cells [12].
Here, we describe the mechanism of E-cadherin adhesion formation from a biophysical and mechanical perspective based on recent
reports in the literature. We begin by asking how the extracellular
domain of E-cadherin initiates adhesion between two apposing cells.
We then ask how cellular protrusions such as ﬁlopodia and lamellipodia impinge on assembly of E-cadherin-mediated adhesion sites.
Finally, we ask how mechanically sensitive adaptor proteins such as
α-catenin could be impacted in these processes.
2. Molecular basis of E-cadherin adhesion
At the center of E-cadherin-mediated cell-cell adhesion is the
homotypic trans-interaction formed by its extracellular domains present on apposing cell membranes (Fig. 1B). The trans-interaction
involves a partial swapping of the N-terminal A* β strand present in the
EC1 domains [13]. These swapped strands are stabilized by the docking
of a Trp (W2) residue from one monomer into a pocket in the EC1
domain of the other monomer, and other salt bridge interactions
formed by positively charged N-terminal residues [4,13–20].
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[32–35] or to the cis-interaction between non-ligated cadherin molecules [28]. Additionally, a general eﬀect of the physical properties of
the membrane on the mobility of E-cadherin, due to complex lipid
compositions, cannot be ruled out. In fact, some members of the
cadherin family have been found to be associated with ‘lipid rafts’,
membrane structures that could drastically reduce their long-range
molecular mobility [36–39]. Further, the mean diﬀusion coeﬃcient of
E-cadherin has been shown to be dependent on its oligomeric state
[33,40] as well as the formation of adhesion [41].
The idea that the freely diﬀusing cadherin molecules encounter
each other and form trans-interaction has been applied to in silico
simulations, which led to the proposition of a ‘diﬀusion trap’ model, in
which freely diﬀusing monomers from apposing membranes bind to
each other and are eventually trapped at the initial point of contact
between the two membranes [29]. Indeed, a reduction in the mobility
of cadherin has often been utilized as a marker for stable adhesion
formation [32,42]. However, this simplistic idea has been questioned
by recent observations made in hybrid assays involving live cells and
cadherin-functionalized supported lipid bilayers [43]. It is important to
point out that the role of molecular mobility on the assembly of
cadherins adhesions is diﬃcult to assess purely from cells in culture.
This is primarily due to the fact that any perturbation of molecular
mobility on live cell membranes such as by changing the membrane
composition or deleting the intracellular domain of E-cadherin will
aﬀect a multitude of processes in the cell. In contrast, a synthetic
supported lipid bilayer allows control over the molecular mobility of
proteins anchored to the bilayer by simply altering the constituent lipid
molecules. The supported lipid bilayer-based assays revealed that cells
rarely formed adhesion with bilayers displaying highly mobile Ecadherin molecules (diﬀusion coeﬃcient, D of 1.6 ± 0.2 µm2/s). In
contrast, cells readily formed adhesion with viscous bilayers that
display low mobility E-cadherin molecules. These results indicate that
it is the immobile fraction of E-cadherin molecules that are capable of
forming trans-interacting homodimers, and serve as the seed for
nucleating extended cadherin adhesions [43].

Fig. 1. Schematic representation of E-cadherin. (A) A cartoon showing the
domain architecture of E-cadherin [28] on a membrane. (B) A cartoon showing a pair
of E-cadherin molecules (extracellular domain) from apposing cells interacting with each.
The extracellular domain cartoons were recreated using the Pymol (The PyMOL
Molecular Graphics System, Version 1.8 Schrödinger, LLC).

Importantly, the trans-interaction is a relatively low aﬃnity interaction
with reported Kd values ranging from 100 to 700 μM obtained from
solution-based biochemical assays with the full-length versions of the
extracellular domain [13,18,21,22], and involves a high activation
energy barrier as determined from Nuclear Magnetic Resonance
(NMR) assays [21,22]. Key to the E-cadherin homotypic trans-interaction is its high stability with a very slow rate of dimer-monomer
interconversion [13].
The low aﬃnity trans-interaction between E-cadherin extracellular
domains is regulated in multiple ways at the molecular level. First, Ca2+
ion binding to, and subsequent structural stabilization of the extracellular domain strongly aﬀects homodimerization, a feature which has
been successfully exploited in the traditional ‘calcium switch assays’
wherein the adhesion of cells is controlled by reversible exchange of
Ca2+ ions in the media [3,4,23]. Second, the ﬁnal strand-swapped
homodimer is formed from the conversion of an X-dimer intermediate
that is formed during the initial encounter of the monomers
[3,4,13,24]. The formation of the X-dimer intermediate has been
implicated in the dynamics of both assembly and disassembly of
cadherin adhesions based on the mutational studies of residues
involved in this interaction [25]. Importantly, the X-dimer intermediate has been proposed to form a force-sensitive catch bond that could
potentially be directly regulated by the mechanical tension in a cell-cell
junction [26,27]. Third, the monomeric extracellular domain has been
found to interact in cis via residues in the EC1 and EC2 domains that
could potentially alter the adhesive function of cadherins by cooperatively regulating the trans-interaction [28,29]. Thus, it is clear that the
process of cadherin adhesion formation could be regulated by diﬀerent
factors working at the molecular level.

4. Nanoscale E-cadherin clusters as building blocks for cell
adhesion formation
A very basic observation made with cadherin adhesions is the
enrichment of trans-interacting homodimers at the cell-cell interface
[41]. This is not surprising as the local concentration of cadherin
molecules at the adhesion interface is a sum of the interacting (ligated)
dimers as well as non-interacting (non-ligated) monomers. The cisinteraction between the extracellular domains of cadherin [28] could
further enhance the local enrichment of cadherins, as suggested by in
silico molecular dynamics studies [29]. However, unlike the uniform
distribution of trans-interacting cadherin molecules seen between two
adhering vesicles in vitro [28], they are not uniformly distributed at the
adhesive interface of living cells. Instead, they are organized into
micron-scale clusters [41,43–49]. These micron-scale clusters have
been further resolved in recent super-resolution (3 dimensionalStochastic Optical Reconstitution Microscopy; 3D-STORM) studies
into nanometer-scale clusters that reach molecular densities close to
that seen in crystals [50,51]. Interestingly, molecular densities in these
nanometer-scale clusters of E-cadherin are regulated by the cisinteraction between the extracellular domains, while the size of these
clusters are limited by the underlying actin cytoskeleton through
interaction with the intracellular domain [50]. The nanometer-scale
clustering behavior of trans-interacting cadherins observed in the
super-resolution studies is further corroborated by the Fluorescence
Correlation Spectroscopy (FCS) measurements in the hybrid live cellsupported lipid bilayer experiments [43]. These experiments revealed a
marked reduction in the diﬀusion coeﬃcient as well as formation of
large oligomers of E-cadherin at the adhesive interface [43].
One of the key observations, however, made with the super-

3. Role of molecular mobility of E-cadherin in adhesion
formation
While biochemical and biophysical studies have laid out the
molecular basis of the trans-interaction between the extracellular
domains of E-cadherin in vitro, the formation of cell-cell adhesions
in cells is more complex. Basic molecular chemistry posits that Ecadherin molecules encounter each other by random physical translocation, and eventually form the trans-interacting dimers. The random
translocation of E-cadherin molecules on the cell membrane will be
dictated by laws of diﬀusion in two dimensions. However, single
particle tracking experiments with E-cadherin in live cells have
revealed three types of diﬀusion: unrestricted, free diﬀusion; restricted,
corralled movements; and directed movements [30,31]. These diﬀerent
diﬀusion behaviors of E-cadherin could be attributed to its interaction
with the actin and spectrin cytoskeleton underlying the cell membrane
2
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developed at cell-cell junctions [63,64]. β-catenin, in turn, interacts
with α-catenin, which undergoes a force-induced ‘closed’ to ‘open’
conformational transition, based on results obtained with a conformation sensitive antibody staining and truncation mutation experiments
[65]. This has been conﬁrmed with single molecule in vitro experiments, either with the isolated α-catenin protein [66] or with a trimeric
complex of E-cadherin, β-catenin and α-catenin [67]. This structural
transition is critical for it to be able to bind to both F-actin as well as
vinculin, a protein that is well known for its role in mechanical signal
transduction at integrin-based focal adhesions [68]. This conformational change and the associated interaction of F-actin and vinculin has
been proposed to allow mechanical tension sensing at cadherin
adhesions [65,66].
While this appears to be a convincing hypothesis, it generates the
question as to what causes α-catenin to assume the ‘open’, activated
conformation to bind F-actin at the ﬁrst place? In vitro reconstitution
experiments with puriﬁed proteins have shed some light on this [67].
The interaction of α-catenin with F-actin is enhanced upon application
of force on the actin ﬁlament. Importantly, this binding was found to be
highly cooperative i.e. once one α-catenin binds to the F-actin, the
probability of binding of other α-catenin is much higher. Thus, it is
likely that a small fraction of α-catenin molecules is present in the
‘open’ conformation at any given instance, and these molecules are
poised to bind F-actin. Binding of these molecules then increases the
probability of binding of other molecules due to physical proximity.
Hybrid live cell-supported lipid bilayer experiments revealed that
α-catenin is activated upon ﬁlopodia retraction-mediated nucleation
and clustering of E-cadherin into micron-scale clusters, as assessed by
the binding of the vinculin head domain (a vinculin construct lacking
the C-terminal, inhibitory domain) and the conformation speciﬁc
antibody, α18 [49]. The role of this micron-scale clustering on αcatenin activation was investigated by utilizing the ‘spatial mutation’
technology wherein physical barriers created on the glass substrate
restrict the mobility of proteins on the bilayer [69]. Abrogation of the
micron-scale clustering of E-cadherin resulted in an inhibition of the
conformational activation of α-catenin [49]. Importantly, α-catenin
was found to be stably activated upon micron-scale clustering of Ecadherin, and did not return to the ‘closed’, inactive state upon
reduction in the actomyosin tension in cells as expected from the
reversible conformational transition observed in vitro [66,67]. The
later is indicative of secondary events such as a phosphorylation of
residues in the linker region between the central and C-terminal
domain [70]. Alternatively, α-catenin could be stabilized in the active
state due to the stable binding of a protein that interacts with the
central, regulatory domain such as the actin crosslinking protein, αactinin [71].
In addition to α-catenin, some studies have implicated vinculin,
which is homologous to α-catenin, in the mechanical signal transduction at cadherin adhesions [65,72–74]. Similar to α-catenin, vinculin
also shows a ‘closed’ to ‘open’ conformational activation leading to
accessibility of its F-actin as well as α-catenin binding sites [75]. Superresolution microscopy revealed that following activation, vinculin can
extend ~30 nm to link the cadherin-catenin complex with F-actin [73].
Importantly, vinculin conformational activation requires both tension
and tyrosine phosphorylation, regulated by Abl kinase and PTP1B
phosphatase [73]. While some studies have suggested that vinculin can
directly interact with β-catenin [76], a more generally accepted view is
that it is recruited to cadherin adhesions via α-catenin [73]. It is clear
from biochemical studies that for vinculin to bind α-catenin at the sites
of adhesion, both α-catenin as well as vinculin need to be present in the
‘open’, active conformation. Indeed, in cells vinculin was shown to
associate only with the subset of adhesions that are under tension [65],
and vinculin associated only with the peripheral cadherin clusters in
adhesions reconstituted on supported lipid bilayers [49]. The fact that
α-catenin-bound vinculin could be further stretched under conditions
of increased tension between adhering cells and subsequently, F-actin

resolution imaging of epithelial cells in monolayer culture is the
presence of the smaller clusters of E-cadherin molecules on the nonadhering membranes [50]. These clusters were observed irrespective of
the trans- or the cis-interaction between the extracellular domains. The
fact that a construct consisting of just the intracellular domain of Ecadherin was also found to be clustered on the cell membrane points to
the role of the actin cytoskeleton in the formation of these clusters. In
agreement with these results, adhesion-independent cadherin clusters
have also been found on the surface of early Caenorhabditis elegans
embryos, where they play a role in regulating stability and contractility
of the actomyosin cortex [52]. This implies that clustered E-cadherin
molecules form the building blocks of cadherin-mediated cell-cell
junctions, instead of individual molecules.
5. Role of cellular protrusions in E-cadherin adhesion
formation
Given that the immobile cadherin molecules are the ones that are
functional with respect to adhesion formation, it becomes imperative to
elucidate the basis of their physical collision leading to the formation of
the trans-interacting homodimers. It has been established that cadherin junction formation is an active process requiring cellular energy
expenditure. A reduction in the cellular ATP levels by treating cells with
oxidative phosphorylation inhibitor antimycin A and glycolysis inhibitor 2′-deoxy glucose abrogates cell-cell adhesion formation [43].
Further, inhibition of myosin II by treating cells with blebbistatin
results in the loss of cell-cell adhesion [53–55].
Experiments with cells on culture dishes revealed that the initial
encounter of adhesive cells results in the formation of multiple ﬁngerlike, ﬁlopodial projections containing cadherin clusters and ﬁlamentous actin [44]. Similar structures were also observed in nematode, ﬂy
and mouse embryos [56–58]. A clear picture on the role of cellular
ﬁlopodia in cadherin clustering came from reconstitution experiments
with cadherin functionalized supported lipid bilayers and live cells
[43]. Cells forming adhesion on supported lipid bilayers displayed
extension of ﬁlopodia on the bilayer, and clustering of cadherin
molecules coincided with the retraction of ﬁlopodia as seen from epiﬂuorescence and Reﬂection Interference Contrast Microscopy (RICM)
imaging. Indeed, abrogation of ﬁlopodia formation by the pharmacological inhibition of the Rho family GTPase, Cdc42, which is required
for ﬁlopodia formation [59], resulted in the loss of cadherin clustering
and adhesion formation. These experiments also conﬁrmed the requirement for cellular actomyosin tension and energy in the form of
ATP. A diﬀerent set of experiments with solid, N-cadherin-functionalized substrates pointed out a role for cellular lamellipodia in the
formation of focal adhesion-like cadherin clusters [60,61]. Similar to
the experiments with supported lipid bilayers, cadherin clustering on
the solid substrates strongly associated with the actin polymerization in
the cell periphery. These observations clearly established that cadherin
adhesion formation is an active process, and actin polymerization is a
key actuator of cadherin clustering. Thus, unlike many other receptorligand interactions in the cell that are purely driven by biochemical
aﬃnities, E-cadherin-mediated cell-cell adhesion formation is an active
process requiring the interaction of its intracellular domain with the
cellular actin cytoskeleton.
6. Mechanical signal transduction in early E-cadherin
adhesion
The short intracellular domain of E-cadherin forms a high aﬃnity
interaction with β-catenin that extends across almost two-thirds of the
length of the intracellular domain [62]. Such an extended interaction is
allowed due to the lack of any speciﬁc structure of the intracellular
domain. Additionally, the modular nature of the interaction interface
could allow post-translational regulation of the intracellular domain-βcatenin complex, and it enables the withstanding of mechanical tension
3
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Fig. 2. Schematic illustration of the process of E-cadherin adhesion assembly. Cells explore their environment by extending protrusions such as ﬁlopodia. A zoomed in view
of two ﬁlopodia showing the nanoscale clusters of E-cadherin. The assembly of E-cadherin adhesion starts with the close juxtaposition of membranes of the cells. For instance, ﬁlopodia
bearing E-cadherin molecules may randomly come in close proximity. This probably leads to the formation of the intermediate, X-dimer structure, which then results in the formation of
the ﬁnal, strand-swapped dimer. Note that the probability of completion of these steps will be enhanced due to the presence of the nanoscale clusters of E-cadherin. Formation of the
strand-swapped dimer is coincident with the micron-scale clustering of a large number of E-cadherin molecules, a process during which α-catenin is activated from the ‘closed’ to the
‘open’ state. These are then organized into apical and lateral clusters at the interface between the two apposing cells.

development of novel experiments and assays including the supported
lipid bilayer system and super-resolution microscopy techniques have
provided deeper insights into the mechanism of cadherin adhesion
formation. Based on these advances, a picture of the mechanism of Ecadherin adhesion formation emerges (Fig. 2). Cells explore their
microenvironment with actin polymerization-based processes such as
ﬁlopodia or lamellipodia. These cellular processes bear nanometer
scale clusters of E-cadherin molecules, which are brought in collision
with each other by the physical movement of the cellular processes.
Once in contact, these cadherin molecules form the intermediate Xdimer structure. Retraction of the cellular processes then provides the
necessary force for the formation of long-lived catch-bonds between
the interacting cadherin molecules. The high aﬃnity, long-lived Xdimer is then converted to the ﬁnal strand-swapped dimer during the
retraction process. Concurrently, the cluster size as well as density of
cadherin molecules grows during this initial phase of adhesion formation. This growth of the clusters leading to the formation of the micron
scale clusters is associated with the conformational activation of αcatenin, which allows recruitment of vinculin to these clusters. In the

could be recruited to these tensed adhesions [74] indicates that the
simple one step ‘open’ to ‘close’ transformation may not be suﬃcient.
Instead, a multi-step conformational transition could be at play under
conditions of increased cellular tension, as seen in single molecule
force spectroscopy experiments [66]. Similar multi-step structural
transitions have been envisaged for α-catenin at cadherin clusters
[49,77]. Taken together, it appears that during the process of cadherin
cluster formation, conformational activation of α-catenin allows binding of vinculin to the clusters. This association of vinculin with αcatenin may enhance the eﬀect of the actin cytoskeleton on cadherin
adhesion formation, as it does in the case of mature junctions upon
increase in the junctional tension.
7. Conclusions
Given its essential role in the development and maintenance of
tissue structures in multicellular organisms, cadherin adhesions have
been the focus of a multitude of studies for a long time now. While
these studies have laid out the fundamentals of cadherin adhesions,
4
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future, we envisage that a number of these steps in cadherin adhesion
formation such as the X-dimer formation or α-catenin activation will be
visualized in real-time in live cell assays.
Acknowledgements
This work was supported by the National Research Foundation,
Singapore through the Mechanobiology Institute, National University
of Singapore, and Competitive Research Program Grant CRP001-084
awarded to R.Z.-B. Authors would like to acknowledgement Wong
Chun Xi for help with preparation of illustrations.
References
[1] J. Brasch, O.J. Harrison, B. Honig, L. Shapiro, Thinking outside the cell: how
cadherins drive adhesion, Trends Cell Biol. 22 (2012) 299–310.
[2] S.S. Pinho, R. Seruca, F. Gartner, Y. Yamaguchi, J. Gu, N. Taniguchi, C.A. Reis,
Modulation of E-cadherin function and dysfunction by N-glycosylation, Cell. Mol.
life Sci.: CMLS 68 (2011) 1011–1020.
[3] B. Nagar, M. Overduin, M. Ikura, J.M. Rini, Structural basis of calcium-induced Ecadherin rigidiﬁcation and dimerization, Nature 380 (1996) 360–364.
[4] O. Pertz, D. Bozic, A.W. Koch, C. Fauser, A. Brancaccio, J. Engel, A new crystal
structure, Ca2+ dependence and mutational analysis reveal molecular details of Ecadherin homoassociation, EMBO J. 18 (1999) 1738–1747.
[5] S. Pokutta, K. Herrenknecht, R. Kemler, J. Engel, Conformational changes of the
recombinant extracellular domain of E-cadherin upon calcium binding, Eur. J.
Biochem. / FEBS 223 (1994) 1019–1026.
[6] O. Huber, R. Kemler, D. Langosch, Mutations aﬀecting transmembrane segment
interactions impair adhesiveness of E-cadherin, J. Cell Sci. 112 (Pt 23) (1999)
4415–4423.
[7] B.G. Coon, N. Baeyens, J. Han, M. Budatha, T.D. Ross, J.S. Fang, S. Yun,
J.L. Thomas, M.A. Schwartz, Intramembrane binding of VE-cadherin to VEGFR2
and VEGFR3 assembles the endothelial mechanosensory complex, J. Cell Biol. 208
(2015) 975–986.
[8] P.S. Murray, R. Zaidel-Bar, Pre-metazoan origins and evolution of the cadherin
adhesome, Biol. Open 3 (2014) 1183–1195.
[9] A.E. McEwen, D.E. Escobar, C.J. Gottardi, Signaling from the adherens junction,
Sub-Cell. Biochem. 60 (2012) 171–196.
[10] Z. Guo, L.J. Neilson, H. Zhong, P.S. Murray, S. Zanivan, R. Zaidel-Bar, E-cadherin
interactome complexity and robustness resolved by quantitative proteomics, Sci.
Signal. 7 (2014) rs7.
[11] R. Zaidel-Bar, Cadherin adhesome at a glance, J. Cell Sci. 126 (2013) 373–378.
[12] A. Padmanabhan, M.V. Rao, Y. Wu, R. Zaidel-Bar, Jack of all trades: functional
modularity in the adherens junction, Curr. Opin. Cell Biol. 36 (2015) 32–40.
[13] O.J. Harrison, F. Bahna, P.S. Katsamba, X. Jin, J. Brasch, J. Vendome, G. Ahlsen,
K.J. Carroll, S.R. Price, B. Honig, L. Shapiro, Two-step adhesive binding by classical
cadherins, Nat. Struct. Mol. Biol. 17 (2010) 348–357.
[14] T.J. Boggon, J. Murray, S. Chappuis-Flament, E. Wong, B.M. Gumbiner,
L. Shapiro, C-cadherin ectodomain structure and implications for cell adhesion
mechanisms, Science 296 (2002) 1308–1313.
[15] E. Parisini, J.M. Higgins, J.H. Liu, M.B. Brenner, J.H. Wang, The crystal structure
of human E-cadherin domains 1 and 2, and comparison with other cadherins in the
context of adhesion mechanism, J. Mol. Biol. 373 (2007) 401–411.
[16] L. Shapiro, A.M. Fannon, P.D. Kwong, A. Thompson, M.S. Lehmann, G. Grubel,
J.F. Legrand, J. Als-Nielsen, D.R. Colman, W.A. Hendrickson, Structural basis of
cell-cell adhesion by cadherins, Nature 374 (1995) 327–337.
[17] W.S. Shan, A. Koch, J. Murray, D.R. Colman, L. Shapiro, The adhesive binding site
of cadherins revisited, Biophys. Chem. 82 (1999) 157–163.
[18] P. Katsamba, K. Carroll, G. Ahlsen, F. Bahna, J. Vendome, S. Posy, M. Rajebhosale,
S. Price, T.M. Jessell, A. Ben-Shaul, L. Shapiro, B.H. Honig, Linking molecular
aﬃnity and cellular speciﬁcity in cadherin-mediated adhesion, Proc. Natl. Acad. Sci.
USA 106 (2009) 11594–11599.
[19] E. Perret, A.M. Benoliel, P. Nassoy, A. Pierres, V. Delmas, J.P. Thiery, P. Bongrand,
H. Feracci, Fast dissociation kinetics between individual E-cadherin fragments
revealed by ﬂow chamber analysis, EMBO J. 21 (2002) 2537–2546.
[20] H. Tsuiji, L. Xu, K. Schwartz, B.M. Gumbiner, Cadherin conformations associated
with dimerization and adhesion, J. Biol. Chem. 282 (2007) 12871–12882.
[21] D. Haussinger, T. Ahrens, T. Aberle, J. Engel, J. Stetefeld, S. Grzesiek, Proteolytic
E-cadherin activation followed by solution NMR and X-ray crystallography, EMBO
J. 23 (2004) 1699–1708.
[22] Y. Li, N.L. Altorelli, F. Bahna, B. Honig, L. Shapiro, A.G. Palmer 3rd, Mechanism of
E-cadherin dimerization probed by NMR relaxation dispersion, Proc. Natl. Acad.
Sci. USA 110 (2013) 16462–16467.
[23] D. Haussinger, T. Ahrens, H.J. Sass, O. Pertz, J. Engel, S. Grzesiek, Calciumdependent homoassociation of E-cadherin by NMR spectroscopy: changes in
mobility, conformation and mapping of contact regions, J. Mol. Biol. 324 (2002)
823–839.
[24] S. Sivasankar, Y. Zhang, W.J. Nelson, S. Chu, Characterizing the initial encounter
complex in cadherin adhesion, Structure 17 (2009) 1075–1081.
[25] S. Hong, R.B. Troyanovsky, S.M. Troyanovsky, Cadherin exits the junction by
switching its adhesive bond, J. Cell Biol. 192 (2011) 1073–1083.

5

Experimental Cell Research xxx (xxxx) xxx–xxx

K.H. Biswas, R. Zaidel-Bar
of E-cadherin at cell-cell contacts, Mol. Biol. Cell 16 (2005) 4531–4542.
[55] Y. Miyake, N. Inoue, K. Nishimura, N. Kinoshita, H. Hosoya, S. Yonemura,
Actomyosin tension is required for correct recruitment of adherens junction
components and zonula occludens formation, Exp. Cell Res. 312 (2006)
1637–1650.
[56] W.B. Raich, C. Agbunag, J. Hardin, Rapid epithelial-sheet sealing in the
Caenorhabditis elegans embryo requires cadherin-dependent ﬁlopodial priming,
Curr. Biol.: CB 9 (1999) 1139–1146.
[57] M. Tanaka-Matakatsu, T. Uemura, H. Oda, M. Takeichi, S. Hayashi, Cadherinmediated cell adhesion and cell motility in Drosophila trachea regulated by the
transcription factor Escargot, Development 122 (1996) 3697–3705.
[58] J.C. Fierro-Gonzalez, M.D. White, J.C. Silva, N. Plachta, Cadherin-dependent
ﬁlopodia control preimplantation embryo compaction, Nat. Cell Biol. 15 (2013)
1424–1433.
[59] G. Jacquemet, H. Hamidi, J. Ivaska, Filopodia in cell adhesion, 3D migration and
cancer cell invasion, Curr. Opin. Cell Biol. 36 (2015) 23–31.
[60] J. Gavard, M. Lambert, I. Grosheva, V. Marthiens, T. Irinopoulou, J.F. Riou,
A. Bershadsky, R.M. Mege, Lamellipodium extension and cadherin adhesion: two
cell responses to cadherin activation relying on distinct signalling pathways, J. Cell
Sci. 117 (2004) 257–270.
[61] M. Lambert, O. Thoumine, J. Brevier, D. Choquet, D. Riveline, R.M. Mege,
Nucleation and growth of cadherin adhesions, Exp. Cell Res. 313 (2007)
4025–4040.
[62] A.H. Huber, D.B. Stewart, D.V. Laurents, W.J. Nelson, W.I. Weis, The cadherin
cytoplasmic domain is unstructured in the absence of β-catenin: a possible
mechanism for regulating cadherin turnover, J. Biol. Chem. 276 (2001)
12301–12309.
[63] A.H. Huber, W.I. Weis, The structure of the β-catenin/E-cadherin complex and the
molecular basis of diverse ligand recognition by β-catenin, Cell 105 (2001)
391–402.
[64] A. Valbuena, A.M. Vera, J. Oroz, M. Menendez, M. Carrion-Vazquez, Mechanical
properties of beta-catenin revealed by single-molecule experiments, Biophys. J. 103
(2012) 1744–1752.
[65] S. Yonemura, Y. Wada, T. Watanabe, A. Nagafuchi, M. Shibata, Alpha-Catenin as a
tension transducer that induces adherens junction development, Nat. Cell Biol. 12
(2010) 533–542.
[66] M. Yao, W. Qiu, R. Liu, A.K. Efremov, P. Cong, R. Seddiki, M. Payre, C.T. Lim,

[67]

[68]
[69]
[70]

[71]

[72]

[73]

[74]

[75]

[76]
[77]

6

B. Ladoux, R.M. Mege, J. Yan, Force-dependent conformational switch of alphacatenin controls vinculin binding, Nat. Commun. 5 (2014) 4525.
C.D. Buckley, J. Tan, K.L. Anderson, D. Hanein, N. Volkmann, W.I. Weis,
W.J. Nelson, A.R. Dunn, Cell adhesion. The minimal cadherin-catenin complex
binds to actin ﬁlaments under force, Science 346 (2014) 1254211.
E.S. Rangarajan, T. Izard, Dimer asymmetry deﬁnes alpha-catenin interactions,
Nat. Struct. Mol. Biol. 20 (2013) 188–193.
J.T. Groves, Spatial mutation of the T cell immunological synapse, Curr. Opin.
Chem. Biol. 10 (2006) 544–550.
D.J. Escobar, R. Desai, N. Ishiyama, S.S. Folmsbee, M.N. Novak, A.S. Flozak,
R.L. Daugherty, R. Mo, D. Nanavati, R. Sarpal, D. Leckband, M. Ikura, U. Tepass,
C.J. Gottardi, alpha-catenin phosphorylation promotes intercellular adhesion
through a dual-kinase mechanism, J. Cell Sci. 128 (2015) 1150–1165.
J.E. Nieset, A.R. Redﬁeld, F. Jin, K.A. Knudsen, K.R. Johnson, M.J. Wheelock,
Characterization of the interactions of alpha-catenin with alpha-actinin and betacatenin/plakoglobin, J. Cell Sci. 110 (Pt 8) (1997) 1013–1022.
Q. le Duc, Q. Shi, I. Blonk, A. Sonnenberg, N. Wang, D. Leckband, J. de Rooij,
Vinculin potentiates E-cadherin mechanosensing and is recruited to actin-anchored
sites within adherens junctions in a myosin II-dependent manner, J. Cell Biol. 189
(2010) 1107–1115.
C. Bertocchi, Y. Wang, A. Ravasio, Y. Hara, Y. Wu, T. Sailov, M.A. Baird,
M.W. Davidson, R. Zaidel-Bar, Y. Toyama, B. Ladoux, R.M. Mege,
P. Kanchanawong, Nanoscale architecture of cadherin-based cell adhesions, Nat.
Cell Biol. 19 (2017) 28–37.
F. Twiss, Q. Le Duc, S. Van Der Horst, H. Tabdili, G. Van Der Krogt, N. Wang,
H. Rehmann, S. Huveneers, D.E. Leckband, J. De Rooij, Vinculin-dependent
cadherin mechanosensing regulates eﬃcient epithelial barrier formation, Biol.
Open 1 (2012) 1128–1140.
H.J. Choi, S. Pokutta, G.W. Cadwell, A.A. Bobkov, L.A. Bankston, R.C. Liddington,
W.I. Weis, alphaE-catenin is an autoinhibited molecule that coactivates vinculin,
Proc. Natl. Acad. Sci. USA 109 (2012) 8576–8581.
X. Peng, L.E. Cuﬀ, C.D. Lawton, K.A. DeMali, Vinculin regulates cell-surface Ecadherin expression by binding to beta-catenin, J. Cell Sci. 123 (2010) 567–577.
T.J. Kim, S. Zheng, J. Sun, I. Muhamed, J. Wu, L. Lei, X. Kong, D.E. Leckband,
Y. Wang, Dynamic visualization of alpha-catenin reveals rapid, reversible conformation switching between tension states, Curr. Biol.: CB 25 (2015) 218–224.

