Chapter 3
The Three-Dimensional Structure
of the Cadherin—Catenin Complex

Noboru Ishiyama and Mitsuhiko Ikura

Abstract The cadherin—catenin complex is the major building block of the adhe-
rens junction. It is responsible for coupling Ca?*-dependent intercellular junctions
with various intracellular events, including actin dynamics and signaling pathways.
Determination of three-dimensional structures of cadherins, p120 catenin, -catenin
and a-catenin at atomic-level resolution has allowed us to examine how the structure
and function of cell adhesion molecules are further modulated by protein—protein
interactions. Structural studies of cadherins revealed the strand-swap-dependent
and -independent ¢rans-dimerization mechanisms, as well as a potential mechanism
for lateral clustering of cadherin #rans-dimers. Crystallographic and NMR analyses
of p120 catenin revealed that it regulates the stability of cadherin-mediated cell—
cell adhesion by associating with the majority of the E-cadherin juxtamembrane
domain, including residues implicated in clathrin-mediated endocytosis and Hakai-
dependent ubiquitination. Crystal structures of the B-catenin/E-cadherin complex
and the B-/a-catenin chimera revealed extensive interactions necessary to form
the cadherin/B-catenin/a-catenin ternary complex. Structural characterization of
a-catenin has revealed conformational changes within the N-terminal and modula-
tory domains that are crucial for its role as a mechanosensor of cell—cell adhesion.
Further insights into the connection between the cadherin—catenin complex and the
actin cytoskeleton are integral to better understand how adjoining cells communi-
cate through cell—cell adhesion.

3.1 Introduction

The multi-protein complex consisting of cadherin, a cell adhesion receptor, and its
cytosolic binding partners, the catenins, is the major building block of intercellular
junctions, such as the adherens junction (AJ). Adjoining cells can be physically
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connected when the extracellular regions of cadherins on adjacent cell surfaces form
Ca?*-dependent homophilic interactions (Hirano et al. 1987; Yoshida and Takeichi
1982). However, the adhesion of the extracellular regions of cadherin alone is in-
sufficient to establish a stable, mature cell-cell contact; the intracellular region of
cadherin establishes functional linkages to the actin cytoskeleton and various sig-
naling pathways through catenins (Meng and Takeichi 2009). The resulting archi-
tecture of cadherin-catenin-mediated cell—cell junctions is stable enough to support
tissue structure and integrity, yet remains sufficiently dynamic to quickly dissolve
obsolete connections and foster new connections among neighbouring cells during
embryogenesis and wound healing (Takeichi 1995). In contrast, the loss of cadherin
expression or dissociation between cadherin and catenins can be induced by a num-
ber of factors, including transcriptional regulation, mutation and aberrant cadherin
internalization (Mosesson et al. 2008), and has been associated with tumour inva-
siveness and metastasis (Hanahan and Weinberg 2000; Takeichi 1993).

To better understand how cadherins and catenins regulate cell-cell adhesion
mechanisms, cell adhesion molecules found in AJs, namely classical cadherins,
p120 catenin, B-catenin and a-catenin, have been subjected to extensive structural
characterization for over 15 years. Biophysical techniques, such as X-ray crystallog-
raphy, nuclear magnetic resonance (NMR) spectroscopy and electron microscopy
(EM), have been successfully employed to yield invaluable atomic-level views of
their three-dimensional structures, and more importantly the details regarding the
protein—protein interactions that are indispensable for the structure and function of
the cell adhesion complex. In this chapter, the roles of cadherins and catenins in the
regulation of cell—cell adhesion will be discussed based on recently obtained struc-
tural information regarding how cadherins and catenins assemble into an entire cell
adhesion complex.

3.2 Cadherin

3.2.1 The Overall Structure of Cadherin

Classical (Type I) cadherins, such as E- and N-cadherins, engage in Ca®"-dependent
homophilic interactions important for embryogenesis and development (Harris and
Tepass 2010; Nishimura and Takeichi 2009). These cadherins comprise the most
well characterized subfamily of the cadherin superfamily, which consists of a large
number of cell surface receptors recognized by the presence of multiple extracel-
lular cadherin (EC) domains (or ectodomains), ranging from 2 EC domains in the
worm cadherin HMR-1 to 34 EC domains in Fat cadherins found in flies to mam-
mals (Nollet et al. 2000). Classical cadherins are single-pass transmembrane pro-
teins that contain five EC domains (EC1-5) on the extracellular side and highly con-
served catenin-associating domains on the intracellular side (Fig. 3.1a). Cadherins
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Fig. 3.1 Three-dimensional structures of cadherin ectodomains. a Scheme of E-cadherin struc-
ture. E-cadherin consists of the extracellular cadherin domains 1-5 (ECI-5), the transmembrane
region (7) and the cytoplasmic tail, which contains the juxtamembrane domain (JMD) and the
catenin-binding domain (CBD). Amino acid residue numbers of cadherin are based on the mature
form unless indicated otherwise. b Overlay of crystal structures of EC1-5 trans-dimers of E-cad-
herin (blue; PDB code 3Q2V) (Harrison et al. 2011), N-cadherin (green; PDB code 3Q2W) (Har-
rison et al. 2011) and C-cadherin (magenta; PDB code 1L3W) (Boggon et al. 2002). Structures
of EC1-5 monomers from all three cadherins are virtually identical (see the superposed bottom
chains), however their frans-dimer arrangements vary slightly due to small differences in the
strand-swap EC1-EC1 dimer formation. ¢ Close-up view of the strand-swap dimer interface of
C-cadherin. The surface of one of two EC1 protomers is shown (gray) to highlight the hydropho-
bic pocket where the side chain of W2 from the adjacent protomer is buried. d The X-dimer inter-
face of T-cadherin EC1-2 (PDB code 3K5S) (Ciatto et al. 2010) involves the Ca*"-binding sites.
e Model of cadherin frans-dimerization and cis-interaction of cadherins during cell—cell adhesion
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are essential for connecting intercellular junctions, such as AJs, to the actin cyto-
skeleton and various signaling pathways.

3.2.2 Extracellular Cadherin Domains

The first three-dimensional structures of N- and E-cadherin EC1 domains deter-
mined by crystallographic and NMR studies, respectively, revealed that the individ-
ual EC domain consists of ~110 residues forming seven anti-parallel B-strands ar-
ranged into an immunoglobulin-like B-sandwich fold (Overduin et al. 1995; Shapiro
et al. 1995). More recently, high-resolution structures of the entire extracellular
region (EC1-5) have been determined for three classical cadherins: E-, N- and C-
cadherins, and revealed a conserved arch-shaped overall structure, which stretches
out ~190 A from the cell surface (Fig. 3.1b) (Boggon et al. 2002; Harrison et al.
2011). All three EC1-5 structures are in the Ca?*-bound state and five EC domains
are rigidified by coordinating three Ca?* ions between any two consecutive EC do-
mains connected by a short linker region (Nagar et al. 1996). The binding of Ca*
to cadherin is known to make its extracellular region resistant to proteolytic degra-
dation (Takeichi 1988). In contrast, the Ca?"-free state of EC1-5 is more prone to
proteolytic cleavage by trypsin, and has been shown to lose its rigidity and adopt a
globular shape by EM (Pokutta et al. 1994).

The first EC (EC1) domain of cadherin is crucial for the affinity and specificity
of its homophilic interaction (Nose et al. 1990; Tomschy et al. 1996). The molecular
basis of the underlying dimerization mechanism was first unveiled when the crystal
structure of the N-cadherin EC1 domain was determined in a dimeric state (Shapiro
et al. 1995). The dimerization of EC1 domains involves the ‘strand-swap’ mecha-
nism which involves two protomers exchanging the first f-strand so that the side
chain of Trp2 is firmly buried into the hydrophobic pocket of the adjacent molecule
(Fig. 3.1c) (Shapiro and Weis 2009). The presence of Trp as the second residue
on the N terminus is critical for this process and is attained by proteolytic cleav-
age of the cadherin prodomain (discussed later) (Haussinger et al. 2004). The EC1
domains of type Il-subfamily of cadherins, such as cadherin-8, cadherin-11 and
VE-cadherin, have been also shown to engage in strand-swap dimerization simi-
lar to the ones observed for classical cadherins, but their interactions involve two
N-terminal Trp residues (Trp2 and Trp4) being inserted into a larger hydrophobic
pocket (Brasch et al. 2011; Patel et al. 2006). While the critical role of Trp2 in
cadherin-mediated cell—cell adhesion was confirmed by mutagenesis/cell aggrega-
tion experiments (Tamura et al. 1998), the crystallographic (Shapiro et al. 1995) and
cross-linking (Brieher et al. 1996; Troyanovsky et al. 2003) studies suggested the
possibility of strand-swap interaction involved in cis-dimerization of cadherins on
the same cell surface. Surprisingly weak affinity displayed by the strand-swap in-
teraction of cadherins (K, =80-720 uM) (Haussinger et al. 2004; Koch et al. 1997)
also promoted the idea of cis-dimerization or lateral clustering playing a role in acti-
vating cadherins to form trans-dimerization between two adjoining cells (Leckband
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and Prakasam 2006; Stemmler 2008). However, single-molecule studies employing
fluorescence resonance energy transfer and atomic force microscopy have shown
that #rans-dimerization of cadherin does not require prior formation of cis-dimers
(Zhang et al. 2009). This is consistent with most currently available strand-swap
dimer structures depicting cadherins as trans-dimers: the arch-shaped EC domains
place the dimerized EC1 domains to be oriented in the similar direction while the C
termini of protomers aim toward the opposite direction (Boggon et al. 2002; Brasch
etal. 2011; Harrison et al. 2011; Patel et al. 20006).

3.2.3 Juxtamembrane and Catenin-Binding Domains
of Cadherin

The cytoplasmic region of classical cadherin comprises of ~150 residues and con-
tains several highly conserved sequence motifs (Fig. 3.1a) (Nollet et al. 2000). It
can be further divided into two major domains: the juxtramembrane domain (JMD)
and the catenin-binding domain (CBD). The JMD consists of ~50 residues im-
mediately after the transmembrane domain and provides a specific binding site for
p120 catenin and p120-related proteins, such as d-catenin, ARVCF and p0071 (see
below for further discussion) (Ishiyama et al. 2010; Thoreson et al. 2000). On the
other hand, the CBD consists of the C-terminal ~ 100 residues and specifically binds
to B-catenin and plakoglobin (Huber and Weis 2001) (see below for further discus-
sion). Circular dichroism and proton NMR spectroscopic studies revealed that the
recombinant form of the entire cadherin cytoplasmic region is largely unstructured
in solution (Huber et al. 2001).

3.2.4 Other Dimerization Mechanisms of Cadherin

The strand-swap dimer mechanism alone cannot explain the observations from
numerous biophysical studies of cadherin frans-dimerization suggesting that EC
domains other than EC1 also contribute to adhesive forces produced by cadherins
at different intermolecular bond distances (Shi et al. 2010; Sivasankar et al. 2001).
One such example was recently revealed when the EC1-2 domains of T-cadherin
were shown to dimerize through their Ca?*-binding sites depicting a character ‘X’
(Fig. 3.1d) (Ciatto et al. 2010). T-cadherin is a divergent member of classical cad-
herin that is glycosylphosphatidylinositol-anchored, and lacks the N-terminal Trp
required for the strand-swap dimer. Nonetheless, T-cadherin EC1-2 domains form
X-dimers with higher affinity (K,=~40 uM) than the strand-swap dimer of E-
cadherin EC1-2 domains (Ciatto et al. 2010). Interestingly, the X-dimer formation
was previously observed with E-cadherin EC1-2 domains when they were crystal-
lized with an N-terminal extension (Nagar et al. 1996). These observations suggest
that other classical cadherins may be capable of facilitating trans-interaction via
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X-dimerization in addition to the strand-swap mechanism. Since there are multiple
Ca?*-binding sites along the EC1-5 domains, it raises the possibility of other EC
domain pairs, e.g., EC2-3, participating in frans-interactions of cadherins at inter-
cellular junctions.

3.2.5 Clustering Through Cis-Interaction

The transformation of nascent cell-cell adhesion complexes into a stable inter-
cellular junction is likely to involve lateral clustering of #rans-dimers of cadherin
(Fig. 3.1e). While the cytoplasmic region of cadherin has been implicated in cad-
herin clustering (Ishiyama et al. 2010; Yap et al. 1998), this process likely involves
the cis-interaction of the EC domains as well (Yap et al. 1997). Visualization of the
human epidermis by Cryo-EM tomography revealed a well organized architecture
of the desmosome with the cell-cell junction mainly consisting of frans-dimers of
desmosomal cadherins laterally packed at ~70 A intervals (Al-Amoudi et al. 2007).
The crystal packing contacts observed in the cadherin EC1-5 domain crystals also
offer additional clues to how trans-dimers of cadherins would participate in cis-
interaction. In all three independently crystallized EC1-5 domains of E-, N- and
C-cadherins, it was observed that an EC1 surface opposite from the strand-swap
interface interacts with the EC2 domain of an adjacent molecule, depicting cis-
interaction of cadherin trans-dimer (Boggon et al. 2002; Harrison et al. 2011). Since
the occurrence of a common crystal packing interface in three different crystals is
extremely rare, it may be indicative of this cis-interface playing a physiological
role in lateral clustering of cadherin trans-dimers. Indeed, mutations within the cis-
interface (V81D/V175D) of E-cadheirn appears to interfere with proper formation
of intercellular junctions (Harrison et al. 2011).

3.2.6 Post-Translational Modifications

Post-translational modifications of classical cadherins are a critical part of modulat-
ing the structure and function of cadherin adhesion receptors (Takeichi 1988). First,
cadherins are N-glycosylated at numerous sites in the EC domains as part of the
quality control process in the endoplasmic reticulum and Golgi network to ensure
proper folding and stability (Boggon et al. 2002). Comparison of non-glycosylated
and glycosylated EC1-5 domains of VE-cadherin revealed that the glycosylation of
the extracellular region affects the oligomeric state of VE-cadherin (Brasch et al.
2011). It was previously reported that the bacterially expressed recombinant pro-
tein of VE-cadherin EC1-4 domains (no posttranslational glycosylation) forms a
hexamer made of two cis-trimers in trans-association (Legrand et al. 2001; Taveau
et al. 2008). However, when VE-cadherin EC1-5 domains were produced using
mammalian cell expression system, N-glycosylated recombinant proteins did not
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hexamerize, but instead formed strand-swap dimers in solution (Brasch et al. 2011),
suggesting that the glycosyl moieties block the surface patches involved in the tri-
mer/hexamer formation observed in vitro.

Second, a non-adhesive nascent cadherin molecule contains an N-terminal
prodomain (residues 1-156 in mouse E-cadherin) (Takeichi 1988), which is cleaved
by furin and other proprotein convertases in the trans-Golgi network to present the
Asp-Trp pair as the first two residues of the EC1 domain (Ozawa and Kemler 1990;
Stemmler 2008). The availability of these residues at the N terminus is critical for
homophilic interaction of classical cadherins, as addition of one or two residues
have been demonstrated to interfere with strand-swap dimerization (Ciatto et al.
2010; Hiussinger et al. 2004; Nagar et al. 1996). Structure determination of the N-
cadherin prodomain revealed that this region also has an EC-like fold despite a lack
of sequence similarity with the rest of the EC domains (Koch et al. 2004).

Third, the adhesion function can be positively or negatively modulated by post-
translational modifications of the cytoplasmic region of cadherin as well. Phosphor-
ylation of Ser686 and Ser692 in the CBD promotes tighter binding with -catenin,
while tyrosine phosphorylation within the JMD residues Tyr599-Tyr600 recruits
Hakai E3-ubiquitin ligase and induces ubiquitin-dependent internalization of cad-
herin (Fujita et al. 2002).

3.3 pl120 Catenin

3.3.1 The Overall Structure of p120 Catenin

p120 catenin (p120) was first discovered as a prominent Src tyrosine kinase sub-
strate (Reynolds et al. 1989), and subsequently recognized as an armadillo (arm)
repeat containing protein which interacts with the cytoplasmic region of cadherin
(Peifer et al. 1994; Reynolds et al. 1994; Reynolds et al. 1992). p120 specifically
interacts with the juxtamembrane domain (JMD) that is located between the trans-
membrane domain and the B-catenin-binding domain of cadherin (Ishiyama et al.
2010; Thoreson et al. 2000). This interaction is critical for regulating the stability of
cadherin—catenin cell-cell adhesion complexes at the cell surface, as downregula-
tion of p120 results in aberrant internalization of cadherins (Davis et al. 2003; Xiao
et al. 2003). Consistently, the loss, downregulation or mislocalization of p120 in
tumors has been linked to poor prognoses (Thoreson and Reynolds 2002).

The p120 arm domain is flanked by an N-terminal regulatory region (NTR) and
a C-terminal tail region (CTR), where the size of these regions depends on various
isoforms resulting from multiple start codons (residues 1, 55, 102 and 324) and
three alternatively spliced exons (A, B and C) (Fig. 3.2a) (Anastasiadis and Reyn-
olds 2000). Numerous phosphorylation sites have been identified within both NTR
and CTR (Mariner et al. 2001; Xia et al. 2003), but the functional consequence of
these modifications remains unclear (Bauer et al. 1998). In addition, p120 binds to
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Fig. 3.2 The p120 catenin/E-cadherin juxtamembrane domain (JMD) complex. a Scheme of p120
catenin structure. The N-terminal region (N7R) contains a coiled-coil region (Coil) and four alter-
nate start sites (residues 1, 55, 102 and 324). The arm domain contains nine arm repeats with exon
C and a long insert between repeats 5 and 6. The C-terminal region (CTR) contains exon A and
B. Binding sites for various p120-binding partners are indicated. b Crystal structure of the p120
catenin/E-cadherin JMD complex. p120 contains nine arm repeats (R/—9) with most repeats con-
sisting of three a-helices (H1, H2 and H3), except for R/ and R8 (H3 shown in different colours,

PDB codes 3L6X & 3L6Y) (Ishiyama et al. 2010). The JMD__ is shown in magenta (stick and
space filling representation). ¢ The surface electrostatic potential of the JMD___-binding site of
p120 with positively and negatively charged regions in blue and red, respectively (Ishiyama et al.
2010). 2F -F, electron density map (green mesh; contoured at 6=1.5) of the IMD_ _ (magenta)
is shown. In the electrostatic interface, basic residues of p120 (e.g., K401 & K444) pair up with
acidic residues of IMD__ (e.g., E604 & E608) to form several salt bridges. In the hydrophobic
interface, the side chain of L618 is buried in the hydrophobic pocket of R1. d Model of dynamic
and static interactions between p120 and the E-cadherin JMD. NMR studies revealed that JMD
residues 580-590 (containing the endocytic LL motif (orange)) constitute the dynamic p120-bind-
ing site (yellow). JMD residues 591-625 (containing the IMD__, the R593W cancer-associated
mutation site in human E-cadherin (green) and the YY phosphorylation/Hakai-binding site (blue))
constitute the static p120-binding site. (cyan) (Ishiyama et al. 2010)
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the Kaiso transcription repressor, which modulates non-canonical Wnt signaling
(Daniel and Reynolds 1999; Kim et al. 2004; Park et al. 2006), through its arm do-
main. The NTR and a large insert within the arm domain of p120 have been shown
to interact with Rho-GTPases, such as RhoA and Racl (Anastasiadis 2007; Yanagi-
sawa et al. 2008). The recently determined crystal structure of the p120-E-cadherin
complex has provided a first look at how this catenin specifically recognizes the
cadherin JMD and regulates the internalization of cadherin—catenin complexes via
endocytosis (Ishiyama et al. 2010).

3.3.2 Armadillo Domain of p120

p120 was initially thought to contain as many as 10 arm repeats based on its amino
acid sequence (Anastasiadis and Reynolds 2000; Reynolds and Roczniak-Ferguson
2004). A typical arm repeat consists of a ~40-residue motif forming three helices
(H1, H2 and H3) arranged into a triangular shape (Huber et al. 1997). The crystal
structure of a modified form of human p120 isoform 4A (containing a deletion in
the arm insert region) in complex with the mouse E-cadherin JMD core fragment
(IMD___; residues 602-619) revealed that p120 contains a central arc-shaped arm
domain (residues 368—825) with 9 arm repeats accompanied by a mostly disordered
NTR (residues 324-367) and CTR (residues 826-933) (Fig. 3.2b) (Ishiyama et al.
2010). The p120 arm domain is similar to that of a closely related desmosomal mole-
cule plakophilin-1 (PKP1) (Choi and Weis 2005) as both arm domains contain a long
unstructured insert region between arm repeats 5—6, and the two structures can be
superposed with a root mean square distance of 1.2 A over 324 C, atoms (Ishiyama
et al. 2010). In addition, the CTR of p120 forms two a-helices that fold over the hy-
drophobic surface of arm repeat 9 (Fig. 3.2b). Though other p120 isoforms contain
longer NTR, CTR and insert region than p120-4 A, the structure of the 9-repeat arm
domain is likely conserved in all p120 isoforms, as well as other members of the
p120-subfamily (p120, ARVCEF, é-catenin and p0071) and the PKP-subfamily (PKP-
1,-2 and -3) of arm repeat proteins (McCrea and Gu 2010; McCrea and Park 2007).

3.3.3 pl20-E-Cadherin Interfaces

Previous deletion and mutagenesis studies have determined that the 18-residue JM-
D, region s critical for the binding of E-cadherin with p120, and more importantly
for epithelial compaction (Ireton et al. 2002; Thoreson et al. 2000). In the crystal
structure of the p120-JMD complex, the bound JMD__ . peptide is stretched over
the N-terminal half of the p120 arm domain in the opposite orientation (Fig. 3.2b)
(Ishiyama et al. 2010). The JMD___ occupies part of the basic groove of the p120
arm domain formed by H3 helices of arm repeats 1-7 (Fig. 3.2¢). The interaction
between p120 and the JMD__ ., involves approximately 2400 A? of occluded sol-
vent accessible surface area, and this large interface can be further divided into two
different types of intermolecular interactions. The N-terminal acidic region (resi-
dues 602-610) of the JMD__ _ and p120 arm repeats 1-5 are involved in extensive
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electrostatic interactions, including the formation of five salt bridges formed be-
tween acidic residues (e.g., Glu604 and Glu608) from the cadherin JMD__ and
basic residues (e.g., Lys401 and Lys444) from p120 (Fig. 3.2¢) (Ishiyama et al.
2010). In the middle, the triple Gly motif (residues 605-607) of the IMD__ . forms
a turn that fits into a trough formed by p120, where the backbone of the IMD__ .
forms critical hydrogen bonds with p120 residues, including Asn478 (Fig. 3.2¢). In
comparison, the C-terminal half of the JMD__ . (residues 611-619) and the N termi-
nus of p120 are mainly involved in hydrophobic interactions (Fig. 3.2¢). This region
of the JMD__, is wedged between arm repeat 1 and the NTR of p120, resulting in
the insertion or anchoring of the Leu618 side chain into an N-terminal hydrophobic
pocket of the p120 arm domain. In VE-cadherin, Src-induced phosphorylation of
Tyr611 (F613 in E-cadherin) in this region has been shown to prevent the binding
of p120 (Potter et al. 2005). The importance of both electrostatic and hydrophobic
interactions between p120 and the cadherin JMD is underscored by the strict con-
servation of the triple Gly motif with two flanking Glu residues (EGGGE) and the
anchoring Leu in the JMD__  sequence from fly DE-cadherin to human E-cadherin
(Ishiyama et al. 2010; Nollet et al. 2000).

The significance of the crystallographically determined JMD binding site of
p120 was confirmed when single-residue mutations of p120, K401M and N478A,
were shown to completely abolish the interactions of p120 with E- and N-cadherins
by in vitro pull-down assays (Ishiyama et al. 2010). Compared to control p120,
expression of these p120 mutants in p120-downregulated Madin-Darby canine kid-
ney and MCF-7 cells resulted in complete loss of the p120-E-cadherin interaction
and significantly reduced expression of E-cadherin at the cell perimeter. Further-
more, NMR and isothermal titration calorimetry studies revealed that p120 tightly
binds to the majority of the IMD (residues 591-625), including the core, residues
associated with a hereditary diffuse gastric cancer mutation of human E-cadherin
(R593W) (Kaurah et al. 2007) and residues associated with Hakai-dependent ubiq-
uitination/internalization of E-cadherin (Fujita et al. 2002), with a sub-micromolar
affinity (Ishiyama et al. 2010). At the same time, it participates in a weak, dynamic
interaction with the N-terminal clathrin-dependent endocytic motif (L587-L588),
protecting it from endocytic proteins, such as the AP2 clathrin adaptor complex
(Fig. 3.2d) (Kelly et al. 2008; Miyashita and Ozawa 2007a; Miyashita and Ozawa
2007b). These observations strongly suggest that these interfaces between p120 and
E-cadherin JMD,__, are crucial for p120 to colocalize with E-cadherin at the cell
surface and to regulate the stability of cadherin—catenin complexes by countering
cadherin internalization mechanisms at AJs (Ishiyama et al. 2010).

3.4 pB-Catenin

3.4.1 The Overall Structure of f-Catenin

B-Catenin is an archetypal member of the armadillo repeat protein family, and
plays an integral role in establishing adherens junctions by directly interacting with
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cadherin (McCrea and Gumbiner 1991; McCrea et al. 1991). It is also a critical tran-
scriptional coactivator in the canonical Wnt signaling pathway that controls cell fate
and proliferation when it forms a complex with members of Tcf/LEF-1 transcrip-
tion factors in the nucleus (Graham et al. 2000). As B-catenin is involved in various
protein—protein interactions that are crucial for embryogenesis, development and
tumorigenesis, its population is tightly regulated by a dedicated degradation mech-
anism (Angers and Moon 2009). In the cadherin—catenin cell adhesion complex,
B-catenin can simultaneously interact with cadherin, a cell adhesion molecule, and
a-catenin, an actin-binding protein. The formation of a cadherin/p-catenin/a-catenin
ternary complex is essential for linking cadherin-mediated cell—cell adhesion with
actin dynamics (Meng and Takeichi 2009). The primary sequence of B-catenin is
highly conserved from insects to humans, and its critical biological role in verte-
brates is especially highlighted by strict conservation (>95% sequence identity) of a
781-residue sequence from frogs to humans. The overall structure of B-catenin con-
sists of three distinct domains, an N-terminal tail containing the a-catenin-binding
site, a central arm domain that binds to the cytoplasmic region of cadherin and a
C-terminal tail (Fig. 3.3a) (Shapiro and Weis 2009).

3.4.2 Armadillo Domain of f-Catenin

The arm domain (residues 146—662) of B-catenin is comprised of 12 arm repeats,
which are sequentially packed together through hydrophobic interfaces into a super-
helical architecture (Fig. 3.3a) (Huber et al. 1997). Structural determination of this
domain was facilitated by crystallizing a protease-resistant, structurally stable frag-
ment of B-catenin, containing residues 134-671, determined by limited trypsin di-
gestion (Huber et al. 1997). Most of the arm repeats are comprised of ~40 residues
forming three a-helices, H1, H2 and H3, that are arranged into a triangular shape
(Fig. 3.3b). The B-catenin arm domain also contains atypical repeats: repeats 1 and
7 are missing HI and repeat 10 contains a 15-residue insert between H2 and H3.
The arm domain is slightly twisted and this results in consecutively ordered H3 he-
lices forming a concave groove that is 95 A long and 20 A wide (Huber et al. 1997).
Multiple basic residues from H3 and the first turn of H1 in arm repeats 1-10 give
this groove a large positively charged surface critical for interacting with various li-
gands, including E-cadherin (Huber and Weis 2001). Besides the basic arm groove,
the arm domain has an exposed hydrophobic pocket on repeat 1, which is also in-
volved in ligand binding. More recently, structure determination of a full-length
B-catenin from zebrafish has revealed that the C-terminal tail forms an additional
a-helix that packs against the hydrophobic patch of repeat 12 (Xing et al. 2008).

3.4.3 p-Catenin-E-Cadherin Interfaces

Crystal structures of the B-catenin arm domain bound to either an unphosphory-
lated or phosphorylated E-cadherin cytoplasmic tail revealed the molecular basis



50 N. Ishiyama and M. Ikura

a C-terminal a-helix E-cadherin CBD

)& E-cadherin a-catenin
R10. Rg R8 Phosphorylation Sites Binding Site
b c d

» ®

22 e
., 680
A 686 wa 602

e 2% ¢

K486

) ﬁ‘i\: K354
N _.’\k ’ 4 Region il
-_.( P s 4 L & K444
€ ¥ - b Hydrophobic K312
£ \\ y B-cat ! Region IV
s O Kaot B-cat/CBD
EMD ‘0T RegionV K270 p120/ JMD

Fig. 3.3 The B-catenin/E-cadherin catenin-binding domain (CBD) complex. a The full-length
structure of B-catenin (PDB codes 117W, 117X & 2Z6G) consists of the central arm-repeat domain
with 12 repeats (R/—12; orange) flanked by the N-terminal tail containing the a-catenin-binding
site (blue) and the C-terminal tail that forms an additional a-helix (Huber et al. 1997; Huber and
Weis 2001; Xing et al. 2008). The crystal structure of B-catenin/E-cadherin complex revealed
that the entire arm domain is involved in associating with the CBD (rainbow coloured tube).
The N-terminal tail helix is expected to change its conformation to accommodate the binding of
a-catenin. b The arm repeat 5 of B-catenin contains three a-helices (H/-3) with a hydrophobic
core. ¢ Superposition of the p120/juxtamembrane domain (JMD)_ . and B-catenin/CBD com-
plexes. p120 (purple) and B-catenin (navy) arm domains are shown as cylinders. JMD (green) and
CBD (cyan) are shown as tubes. d Comparison of the basic arm grooves of p120 and B-catenin.
p120 arm repeats 2—4 and B-catenin arm repeats 4—6 (PDB codes 117X & 3L6X) are superposed
(Ishiyama et al. 2010). The Ca atoms of the IMD___(green) and CBD (cyan) are shown as spheres

core (

of the intimate interaction between B-catenin and E-cadherin (Huber and Weis
2001). Although the crystallized B-catenin-E-cadherin complex contained the en-
tire E-cadherin cytoplasmic region (residues 577-728), the structure of B-catenin-
bound cadherin was limited to the CBD (residues 628—728) with the IMD (residues
577-627) remaining unbound and disordered (Huber et al. 2001). This is consistent
with previous observation that B-catenin specifically interacts with the CDB of E-
cadherin (Aberle et al. 1994; Yap et al. 1998). The interaction between [B-catenin
and E-cadherin involves all 12 armadillo repeats of B-catenin and the majority of
the E-cadherin CBD. Similar to the p120-JMD complex (Ishiyama et al. 2010), the
bound CBD peptide generally follows the concave groove of the arm domain in
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the opposite orientation so that the C terminus of CBD is bound to the N-terminal
hydrophobic patch of B-catenin (Fig. 3.3a) (Huber and Weis 2001). The extensive
binding interfaces can be further divided into five different regions (regions I-V)
(Huber and Weis 2001). Most notably, region III forms the central interface in-
volving residues 667—-684 of E-cadherin forming critical electrostatic and hydrogen
bonding interactions with arm repeats 4-9 of B-catenin (Fig. 3.3¢c). The transcrip-
tion factor Tcf3 also utilizes the same binding interface to interact with -catenin
(Graham et al. 2000). Single-residue mutation of B-catenin residues, K312 and
K435, involved in intermolecular salt bridge formation at this interface has been
shown to abolish the interaction with the E-cadherin CBD (Graham et al. 2000).
Interestingly, similar salt bridges are essential for the interaction between p120 and
the E-cadherin JMD (Fig. 3.3d) (Ishiyama et al. 2010). On the other hand, region IV
involves B-catenin-E-cadherin interactions that depend on the phosphorylation state
of CBD residues 684—-699. While the unphosphorylated CBD displayed disordered
structure in region IV, phosphorylation of Ser684, Ser686 and Ser692 resulted in
a stable interface, with phosphorylated Ser686 and Ser692 involved in additional
ionic and hydrogen bonding interactions (Huber and Weis 2001). B-catenin has been
shown to bind unphosphorylated E-cadherin cytoplasmic tail with a K;; of 36 nM,
but phosphorylation of CBD by casein kinase II increases the affinity to a K, of
52 pM (Choi et al. 2006). In contrast, phosphorylation of B-catenin residue Tyr654
located in arm repeat 12 by Src kinase has been shown to disrupt the binding of
B-catenin to E-cadherin (Roura et al. 1999). The binding state of region IV also
affects region V, which involves hydrophobic interaction between two anti-paral-
lel a-helices formed at the C terminus of the CBD and the hydrophobic patch of
B-catenin arm repeat 1 (Huber and Weis 2001).

3.4.4 a-Catenin-Binding Site

The a-catenin-binding site of B-catenin is located in the N-terminal tail (residues
118-149) immediately adjacent to region V of the B-catenin-cadherin interface
(Aberle et al. 1994). The structure of the a-catenin-binding site in B-catenin in the
absence of a-catenin has been observed as disordered (Huber et al. 1997) or as a
long a-helix that further extends H2 of arm repeat 1 (Xing et al. 2008). When the
a-catenin-binding site of B-catenin binds to a-catenin, this region forms two helices:
a long helix (residues 120-141) and a short helix (residues 145-149) connected
by a 3-residue linker (Pokutta and Weis 2000). These observations suggest that
the cadherin-bound B-catenin could bind to a-catenin without any steric hindrance
by forming a discrete a-helix within the a-catenin binding site (Huber and Weis
2001). A closely related plakoglobin (y-catenin) also associates with E-cadherin
and a-catenin at AJs, but does not recruit a-catenin to desmosome where it as-
sociates with desmosomal cadherins (Witcher et al. 1996). The crystal structure
of a plakoglobin-E-cadherin CBD complex showed that observed interactions
are virtually identical to the interactions between [-catenin and E-cadherin CBD
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(Choi et al. 2009). However, further biochemical studies reveal that the a-catenin-
binding site is part of the desmosomal cadherin binding site, explaining the mutu-
ally exclusive nature of plakoglobin localization at the desmosome and its associa-
tion with a-catenin (Choi et al. 2009).

3.5 o-Catenin

3.5.1 The Overall Structure of a-Catenin

a-catenin is a 102 kDa cytosolic protein implicated in anchoring the cadherin—
catenin cell adhesion complex to the actin cytoskeleton at adherens junctions (Ko-
bielak and Fuchs 2004). Unlike -catenin and p120 catenin, it does not contain
any armadillo repeat motifs and does not directly bind to the cadherin cytoplasmic
region (Nagafuchi et al. 1991; Ozawa and Kemler 1992). Instead it is closely re-
lated to an actin-binding protein vinculin and it indirectly associates with cadherin
by binding to the N-terminal segment of B-catenin bound to cadherin (Aberle et al.
1994; Ozawa et al. 1990). In addition, an aE-catenin homodimer has been shown
to cross-link actin filaments (Rimm et al. 1995) as well as interfere with Arp2/3-
dependent actin polymerization/branching (Drees et al. 2005).

There are three known a-catenin subtypes in mammals, E (epithelial), N (neu-
ronal), and T (prevalent in heart and testis), but invertebrates only express one
homolog of a-catenin (Costa et al. 1998; Oda et al. 1993). Previous studies have
revealed that a-catenin contains three major domains: an N-terminal (N) domain
involved in B-catenin-binding and homodimerization (Aberle et al. 1994; Pokutta
and Weis 2000); a modulatory (M) domain involved in binding to vinculin (Yang
et al. 2001; Yonemura et al. 2010); and a C-terminal (C) domain involved in bind-
ing and bundling of actin filaments (Rimm et al. 1995) (Fig. 3.4a). All three do-
mains contain vinculin homology regions (VH1, VH2 and VH3 in N, M and C
domains, respectively) where a-catenin and vinculin share 25-35% sequence iden-
tity (Herrenknecht et al. 1991; Nagafuchi et al. 1991). As the N and C domains
of a-catenin contain discrete binding sites for B-catenin and actin filaments, re-
spectively, it was assumed that a-catenin would act as a stable linker between the
cadherin—catenin complex and actin filaments (Gates and Peifer 2005; Weis and
Nelson 2006). However, this ‘traditional’ model was called into question when oE-
catenin was shown to interact with actin filaments only as a homodimer and not
while being part of the cadherin—catenin complex by binding to pB-catenin (Drees
et al. 2005; Yamada et al. 2005). The Caenorhabditis elegans a-catenin homolog
HMP-1, on the other hand, does not homodimerize and is auto-inhibited for actin
binding as part of the complex or as a monomer (Kwiatkowski et al. 2010). These
observations led to three models with different conformational states of a-catenin
regulating its ability to interact with actin filaments (Fig. 3.4b) (Drees et al. 2005).
The first model involves a-catenin dissociating from the cadherin—catenin complex
to form homodimers to interact with actin filaments. The second model involves
a-catenin bound to the cadherin—catenin complex adopting an active conformation
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Fig. 3.4 The molecular architecture of a-catenin. a Scheme of the aE-catenin structure. It consists
of N, M and C domains, which contain vinculin homology regions 1, 2 and 3, respectively. The
N domain (blue) facilitates its homodimerization as well heterodimerization with B-catenin. The
M domain (yellow) includes the vinculin binding site (Yonemura et al. 2010) and the adhesion
modulation region (Yang et al. 2001). The C domain (red) is responsible for interacting with actin
filaments (Rimm et al. 1995). b Models of a-catenin-mediated connections between the cadherin—
catenin complex and actin filaments (F-actin). Model 1 shows auto-inhibited a-catenin dissociating
from the cadherin—catenin complex resulting in its homodimerization, which induces the confor-
mational change necessary to interact with F-actin (i). Model 2 shows auto-inhibited a-catenin
bound to the cadherin—catenin complex changing its conformation to facilitate the direct connec-
tion to F-actin (ii). Model 3 shows auto-inhibited a-catenin bound to the cadherin—catenin complex
changing its conformation to recruit other actin-binding proteins (brown) to the complex, allowing
indirect connection to F-actin (iii). ¢ Crystal structures of the a-catenin N domain in the homodimer
arrangement (PDB code 1DOV) and the B-a-catenin chimeric protein depicting the heterodimer
arrangement (PDB code 1DOW) (Pokutta and Weis 2000). d Crystal structures of the M fragments
have been determined in the open and closed conformation. (PDB codes 1H6G & 1L7C)
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to directly bind to actin filaments. The third model involves a-catenin bound to
the cadherin—catenin complex binding to other actin-binding proteins to indirectly
interact with actin filaments. Consistent with these models, several recent studies
have reported that a-catenin acts as a mechanosensor at AJs: actomyosin-dependent
forces trigger the conformational change in auto-inhibited a-catenin, which then
recruits vinculin to cell-cell contact sites and links the cadherin—catenin complex
with actin filaments both directly and indirectly (le Duc et al. 2010; Smutny et al.
2010; Yonemura et al. 2010).

3.5.2 N-Terminal Dimerization Domain

The structure of the N domain (residues 1-264) of aE-catenin has been determined
in two dimeric states: a homodimer and a B-/a-catenin heterodimer (Pokutta and
Weis 2000). The K, values for both aE-catenin homodimer formation and B-catenin
binding have been estimated to be in the single micromolar range (Drees et al. 2005;
Shapiro and Weis 2009). The heterodimer structure was determined by crystallizing
a chimeric protein consisting of the a-catenin binding region of B-catenin (resi-
dues 118-151) fused to the N domain fragment of aE-catenin starting at residue
57. It consists of two sets of four-helix bundles connected by a long central helix.
The N-terminal helical bundle contains an o-helix formed by B-catenin residues
120-141 (Fig. 3.4c). Interestingly, this chimeric structure of the a-catenin N domain
highly resembles the N-terminal D1 domain structure of vinculin (its VH1 region
shares 27% sequence identity) (Bakolitsa et al. 2004; Borgon et al. 2004), except
the B-catenin helix is replaced by vinculin residues 9—33 forming its first N-terminal
helix. Structural studies also suggest a-catenin and vinculin employ different het-
erodimerization mechanisms, as the vinculin/talin heterodimer complex structure
resulted in a five-helix N-terminal bundle (with a talin fragment forming the fifth
a-helix) instead of a mixed four-helix bundle observed in the B-/a-catenin chimera
structure (Izard et al. 2004).

In comparison, the homodimer structure of the a-catenin N domain was deter-
mined by crystallizing a proteolysis-resistant fragment (residue 82—-279) containing
aregion (residues 96-226) necessary for homodimerization (Koslov et al. 1997). N
domain residues 82258 in the homodimer state virtually adopt the same structure
as the heterodimer, except for two a-helices in the N termini (residues 86—142) of
two protomers which form an intermolecular four-helix bundle (Fig. 3.4c) (Pokutta
and Weis 2000). Differences in the homodimer and heterodimer structures of the N
domain suggests that the first a-helix (residues 57—83) of a-catenin observed in the
/a-catenin heterodimer is likely to pivot between open and closed conformations,
making the homo- and hetero-dimerization of a-catenin mutually exclusive events
(Fig. 3.4c) (Pokutta and Weis 2000). This is consistent with observations from other
studies suggesting that aE-catenin bound to the cadherin-f-catenin complex does
not directly associate with the actin cytoskeleton (Drees et al. 2005; Yamada et al.
2005).
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3.5.3 Modulatory Domain

The modulatory (M) domain of aE-catenin consists of residues 277—631, which
can be further divided into three subdomains: I, I and III (Fig. 3.4a). This region
contains the VH2 region (residues 377-585) and shares 31% sequence identity
with residues 582—796 of vinculin (Herrenknecht et al. 1991). Previously deter-
mined crystal structures of M domain fragments mostly consist of subdomains II
(M, residues 391-506) and III (M,,, residues 507-631) (Pokutta et al. 2002; Yang
et al. 2001), and form a pair of four-helix bundles connected by a hinge region
(Fig. 3.4d). Comparison of five independent crystal structures of the M fragment
reveals that the hinge region connecting M, and M, appears to be quite flexible
as the angle between two bundles ranges from 57-100°. Recently, aE-catenin sub-
domain I (M) was determined to contain the vinculin-binding site (residues 325~
360), but the association of aE-catenin with vinculin is normally inhibited by M,
(Yonemura et al. 2010). These observations have led to a proposal that actomyosin-
dependent conformational change within the M domain of aE-catenin attenuates
the M, ;-inhibition, resulting in the recruitment of vinculin to AJs (Yonemura et al.
2010).

3.5.4 C-Terminal Actin-Binding Domain

The C-terminal (C) domain of a-catenin is responsible for actin filament binding,
and shares considerable sequence similarity with the D5 actin-binding domain of
vinculin in the VH3 region (34% sequence identity) (Fig. 3.4a) (Herrenknecht et al.
1991). Previous studies have estimated the aE-catenin-F-actin interaction to have a
K, value of 0.3+0.4 uM, which is in the same affinity range between vinculin and
F-actin (Johnson and Craig 1995), with the stoichiometry of one a-catenin dimer to
14 actin monomers (equivalent to an actin filament helical repeating unit) (Rimm
et al. 1995). Nevertheless, a-catenin appears to have a distinct actin-binding mecha-
nism involving an additional 42-residue tail (residues 865-906) that is not present
in the C terminus of vinculin (Pokutta et al. 2002). A larger isoform of aN-catenin
present during development has been shown to contain a 48-residue insertion after
Gly810 in the C domain (Uchida et al. 1994). Although a high-resolution struc-
ture of the C domain of a-catenin remains elusive, VH3 region is expected have
a similar fold as the five-helix bundle found in the D5 of vinculin (Bakolitsa et al.
1999). Determination of full-length vinculin structures revealed that one of two
critical actin-binding interfaces within the D5 domain is occluded when vinculin is
in its inactive closed conformation (Bakolitsa et al. 2004; Borgon et al. 2004). As
vinculin has been shown to adopt an open conformation upon binding to various
ligands, e.g., talin and phosphatidylinositol-4,5-bisphosphate (Bakolitsa et al. 2004;
Winkler et al. 1996), it is tempting to speculate that activation of a-catenin could
also involve modulation of inter-domain interactions (Fig. 3.4b).
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3.6 The Cadherin—Catenin Cell Adhesion Complex

3.6.1 Hypothetical Model of the Cadherin—Catenin Complex

Since the determination of first high-resolution structures of E- and N-cadherin EC1
domains by NMR and X-ray crystallography over 15 years ago (Overduin et al.
1995; Shapiro et al. 1995), a nearly complete collection of three-dimensional struc-
tures of cadherins, catenins and their complexes have been determined, and more
importantly, have provided invaluable atomic-level details about cadherin-catenin-
dependent cell—cell adhesion mechanisms. To gain further insights into the multi-
meric arrangement of the cadherin—catenin complex in its entirety, a hypothetical
model of the cadherin—catenin cell adhesion complex was constructed (Fig. 3.5).
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The core cell—cell adhesion complex consists of the E-cadherin ectodomain (PDB
code 3Q2V; Harrison et al. 2011), the p120/JMD complex (PDB code 3L6X; Ishi-
yama et al. 2010), the B-catenin/CBD complex (PDB codes 117W and 117X; Huber
and Weis 2001), and a-catenin fragments including the f-/a-catenin complex and the
M domain (PDB codes 1IDOW and 1H6G; Pokutta and Weis 2000; Yang et al. 2001).
The model indicates that a single cadherin—catenin complex could take up an intra-
cellular space with the dimensions of ~140 A x ~140 A x ~180 A (length x width
x height). However, cadherin—catenin complexes found in AJs are likely to occupy
less space per complex by facilitating lateral clustering of both extracellular and
intracellular components (Fig. 3.1e). In a mature intercellular junction, the presence
of cadherin-bound p120, B-catenin and a-catenin in a tight space between the plasma
membrane and the actin filament would restrict endocytic machineries and kinases
from gaining access to the cytoplasmic tail of E-cadherin. The model also indicates
the close proximity of the N terminus of p120 to the arm domain of B-catenin. This
is consistent with the role of p120 in recruiting Fer kinase through its NTR to modu-
late the cadherin-f-catenin interaction (Lee et al. 2008; Xu et al. 2004). Additional
structural studies are still pending to decipher whether a-catenin could interact with
F-actin (PDB code 3B63; Cong et al. 2008) directly and/or indirectly via vinculin
(PDB code 1ST6; Bakolitsa et al. 2004) and other actin-binding proteins (Fig. 3.4b).

3.7 Conclusion

Cadherin-mediated cell—cell adhesion requires intimate and intricate interactions
between cadherins, catenins, and the actin cytoskeleton network. The structure and
function of individual cell adhesion molecules are further modulated by protein—
protein interactions, sometimes involving only a few amino acid residues. Three-
dimensional structures of multiple classical cadherins, p120 catenin, f-catenin and
parts of a-catenin have now been determined at atomic-level resolution, bringing
considerable advantages to researchers in the field to further explore the relation-
ships between the cadherin—catenin complex and various intracellular networks,
including the actin cytoskeleton and numerous signaling pathways. With the recent
recognition of a-catenin as a mechanosensor of cell-cell adhesion, precise structur-
al information regarding the intermolecular relationships among cadherins, catenins
and the actin cytoskeleton is indispensable to understand how adjoining cells com-
municate through cell-cell adhesion.
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